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Abstract The melanoma diVerentiation-associated
gene-7 (mda-7/IL-24) is a unique member of the inter-
leukin 10 (IL-10) family of cytokines, with ubiquitous
tumor cell pro-apoptotic activity. Recent data have
shown that IL-24 is secreted as a glycosylated protein
and functions as a pro-Th1 cytokine and as a potent
anti-angiogenic molecule. In this study, we analyzed
the activity of Ad-mda7 and its protein product,
secreted IL-24, against human breast cancer cells. We
show that Ad-mda7 transduction of human breast can-
cer cells results in G2/M phase cell cycle arrest and
apoptotic cell death, which correlates with secretion of
IL-24 protein. Neutralizing antibody against IL-24

signiWcantly inhibited Ad-mda7 cytotoxicity. IL-24 and
IL-10 both engage their cognate receptors on breast
cancer cells resulting in phosphorylation and activation
of STAT3, however, IL-10 receptor binding failed to
induce cell killing, indicating that tumor cell killing by
IL-24 is independent of STAT3 phosphorylation.
Treatment with exogenous IL-24 induced apoptosis in
breast cancer cells and this eVect was abolished by
addition of anti-IL-24 antibody or anti-IL-20R1, indi-
cating that bystander cell killing is mediated via IL-24
binding to the IL-20R1/IL-20R2 heterodimeric recep-
tor complex. Co-administration of the related cytokine
IL-10 inhibited killing mediated by IL-24 and concomi-
tantly inhibited IL-24 mediated up-regulation of the
tumor suppressor proteins, p53 and p27Kip1. In sum-
mary, we have deWned a tumor-selective cytotoxic
bystander role for secreted IL-24 protein and identiWed
a novel receptor-mediated death pathway in breast
cancer cells, wherein the related cytokines IL-24 and
IL-10 exhibit antagonistic activity.

Keywords MDA-7 · Apoptosis · IL-24 · Gene therapy · 
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Introduction

Breast cancer is the most common malignancy in
American and western European women [1–3].
Approximately one-third of women with breast cancer
develop metastases and ultimately die from the dis-
ease. The most common sites for metastasis, excluding
lymph nodes, are bone, liver, and lung [1]. In 2003, the
World Health Organization reported that breast can-
cer is the leading cause of cancer-related death in
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women worldwide despite advances in detection and
chemotherapy. Therefore, development of novel
molecularly targeted therapies such as immunotherapy
or gene therapy should help to improve treatments for
this malignancy.

The melanoma diVerentiation-associated gene-7
(mda-7) gene is located within a cytokine cluster on
chromosome 1q32 that encodes IL-10; IL-19 and IL-20
[4, 5]. Based upon its localization, weak identity to IL-10
and its t30% amino-acid identity to the other IL-10
family members, mda-7 has now been designated as
IL-24. MDA-7/IL-24 displays distinct functional attri-
butes [6]. When IL-24 is over expressed via adeno-
virus-mediated gene delivery (Ad-mda7) it induces
apoptosis selectively in cancer cells but not in normal
cells [7–10]. Recent data indicate that IL-24 protein
also functions as a pro-Th1 cytokine in human periph-
eral blood mononuclear cells (PBMCs) and induces
secretion of IL-6, IFN-� and TNF-� [6, 11]. In primary
human endothelial cells, IL-24 engages a speciWc cell
surface receptor, IL-22R1/IL-20R2, and functions as a
potent anti-angiogenic factor [12]. Mda-7 gene transfer
can also induce selective inhibition of tumor cell
growth via apoptosis and cell cycle arrest in cell lines
derived from breast cancer, melanoma, lung cancer
and other solid tumors [7–9, 13, 14]. This tumor-cell-
speciWc growth-inhibitory eVect has also been demon-
strated using multiple in vivo animal models and has
also been observed in human clinical trials [15–18]. The
tumor suppressor activity of IL-24 is independent of
the status of other tumor suppressor genes such as p53,
Rb, p16 or Ras [9, 15, 19–26].

The IL-10 family of cytokines signals through two
types of heterodimeric receptors: R1-type (with a long
cytoplasmic domain) and an R2-type (with a short
cytoplasmic domain) [4, 27–29]. Transfection with spe-
ciWc receptor subunits and binding assays with IL-24
protein have identiWed two distinct receptors engaged
by IL-24. Maximum binding activity for IL-24 and acti-
vation of IL-24 signaling pathways were detected only
when cells were transfected with a combination of IL-
20R1/IL-20R2 (type 1 IL-20 receptor) or IL-22R1/IL-
20R2 (type 2 IL-20 receptors), indicating that these
receptor complexes can mediate IL-24 signal transduc-
tion [30–32]. IL-24 is the only member of the IL-10
superfamily known to induce death in tumor cells.
Although the other IL-10 family members (IL-10, -19, -20
and -22) can engage cognate receptors and induce
STAT3 phosphorylation in melanoma cells, they do
not activate cellular apoptotic pathways [5].

IL-24 regulates many proliferative control mechanisms
in tumor cells. Infection of tumor cells with Ad-mda7
results in apoptosis which correlates with downregulation

of antiapoptotic proteins (Bcl-2/BCL-xL) and upregu-
lation of proapoptotic proteins (Bax, Bak); these
eVects are not observed in normal cells [33, 34]. IL-24
upregulates and activates the double-stranded RNA-
dependent protein kinase, PKR [22], in lung and breast
cancer cells and also activates p38 MAPK signaling in
melanoma and glioma cells [25, 35]. However, Ad-
mda7 does not require activation of the JAK-STAT
pathway or expression of IL-20/IL-22 receptor subunits
to induce cell death [36], suggesting that distinct killing
pathways exist for intracellular IL-24 compared to
extracellular IL-24. To further understand the role of
IL-24 as a potential anti-cancer agent, we have ana-
lyzed the activity of Ad-mda7 and its therapeutic pro-
tein product, glycosylated secreted human IL-24
protein, against human breast cancer cells. IL-24 pro-
tein induces phosphorylation and nuclear translocation
of STAT3 in breast tumor cells. We have compared the
cytotoxic activity of the IL-10 family of cytokines in
breast cancer cells, the distribution of IL-20R1 and IL-
22R1 receptors subunits in breast cancer cells and have
identiWed their role in IL-24 tumor-speciWc killing. Fur-
thermore, we also identiWed a novel antagonistic rela-
tionship between IL-10 and IL-24 in regulation of
tumor cell death.

Materials and methods

Cell culture and reagents

MDA-MB231 and MDA-MB453 breast cancer lines
were obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA, USA) and were main-
tained in DMEM (Hyclone, Inc., Logan, UT, USA)
supplemented with 10% fetal bovine serum (Life Tech-
nologies, Inc.), 100 units/ml penicillin, 100 �g/ml strep-
tomycin, 2 mM L-glutamine, and HEPES buVer (Life
Technologies, Inc., Grand Island, NY, USA). The cells
were screened routinely to verify lack of mycoplasma
contamination and were used in the log phase of
growth. Monoclonal anti-IL-24 antibody was prepared
as described previously [6]. Rabbit phospho-Stat3
(Tyr705) antibody was purchased from Cell Signaling
Technology Inc. (Beverly, MA, USA), �-Actin mono-
clonal antibody and terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick-end labeling
(TUNEL) kits were purchased from Oncogene
Research Products (San Diego, CA, USA), and all
other primary and secondary antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Cell viability was analyzed by trypan blue
exclusion assay. Cells were trypsinized and an aliquot
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suspended 1:1 volume with 0.4% trypan blue. Total cell
numbers and cell viability counts were assessed using a
hemocytometer by light microscopy.

PuriWcation and treatment with human IL-24

Full-length mda-7 cDNA was cloned into pCEP4
FLAG vector (Invitrogen, San Diego, CA, USA) con-
taining the CMV promoter. The plasmid was trans-
fected into HEK 293 cells, and stable sub-clones were
isolated using hygromycin (0.4 �g/ml). Supernatant
from 293-IL24 cells was concentrated and puriWed
using aYnity chromatography as described [6]. Cells
were either treated with puriWed IL-24 protein at 0–
30 ng/ml, or co-cultured with 293-IL24 producer cells
using a transwell system [33–34].

Gene transfer

Replication-deWcient human type 5 adenovirus (Ad5)
carrying the mda-7 gene was previously described [9].
The mda-7 gene was linked to an internal CMV-IE
promoter, followed by an SV40 polyadenylation
sequence. The same adenoviral vector containing the
sequence for expression of luciferase (Ad-luc) was
used as control virus. Cells were plated 1 day before
infection. Target cells were infected with adenoviral
vectors (Ad-mda7 or Ad-luc) using 625–10,000 viral
particles per cell (33–500 pfu/cell).

Immunoblotting

Immunoblotting using various antibodies and standard
procedures was performed as described previously
[33]. Primary antibodies tested were: p-STAT3,
caspase-3, p-cdc2 (tyr-15), p-cdc25 (ser-216) (Cell
Signaling Technologies, Beverly, MA, USA), anti-
p27Kip1 rabbit polyclonal, anti-�-catenin monoclonal,
anti-p-Akt anti-Akt, �-actin (Santa Cruz Biotechnol-
ogy, Santa Cruz CA, USA) or anti-IL-24 antibodies
(Introgen Therapeutics, Houston, TX, USA). Proteins
were visualized using enhanced chemiluminescence
(Amersham Biosciences). Activation of STAT-3 was
determined by immunoXuorescence assay using a
phospho-STAT3-speciWc antibody [33]. Pictures were
taken using a Xuorescence microscope 1–2 h after
staining.

FACS analysis

Cell surface receptor subunits IL-20R1 and IL-22R1
were examined by Xow cytometry. BrieXy, monolayer
cells were detached by adding 0.2% EDTA/PBS,

washed once with ice-cold PBS, pelleted and resus-
pended to 0.1 ml 1% FBS in PBS and incubated with
either anti-IL-20R1, anti-IL-22R1 or normal IgG con-
trol antibody for 60 min at room temperature. Cells
were washed and incubated in FITC-conjugated sec-
ondary antibody in 1% FBS in PBS for 30 min on ice.
Cell were washed 3 times with 0.1% Tween 20 in PBS,
pelleted and resuspended in 500 �l of 1% paraformal-
dehyde and data were acquire and analyzed. Apoptosis
was determined via FACS analysis by Annexin V
assay, which was performed according to the manufac-
turer’s protocol. The cells were analyzed by Xow cyto-
metric analysis on a FACScalibur Xow cytometer (BD
Biosciences, San Jose CA, USA). A sample population
of 10,000 cells was used for analysis.

ImmunoXuorescence assay

Cells growing in chamber slides were treated with
human IL-24 protein at various concentrations
(0–20 ng/ml) for 30 min. Cells were Wxed with
ethanol:acetic acid (9.5:0.5) and then stained with
phospho-Stat3 primary antibody and FITC-labeled
secondary antibody. The slides were analyzed using a
Nikon Xuorescence microscope.

Statistical analysis

The statistical signiWcance of the experimental results
was evaluated using the Student’s t test. SigniWcance
was set at P < 0.05.

Results

Ad-mda7 vector induces high levels of IL-24 expres-
sion and cell killing in breast cancer cells

In this study, we focused on two well-established breast
tumor cell line models, MDA-MB231 and MDA-
MB453. These breast cancer cells were transduced with
Ad-mda7 at various dosages (from 0 to 10,000 virus
particles per cell; 0–500 pfu/cell) and after 72 h, super-
natants and cellular lysates were collected and probed
by western blotting for IL-24 protein expression. Both
cell lines showed high level expression and secretion of
IL-24 that increased in correlation with the dose of Ad-
mda7 (Fig. 1a). Multiple bands are observed on the
blot reXecting processing of IL-24 into its mature gly-
cosylated form. IL-24 expression is the direct result of
gene delivery as untreated cells or cells treated with the
control vector carrying the luciferase gene (Ad-luc)
demonstrated no IL-24 expression.
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Cell cultures were monitored for viability by Trypan
Blue exclusion analysis 3 days after transduction.
Treatment with the luciferase control vector caused
only minor killing compared to untreated cells,
whereas Ad-mda7 induced signiWcantly greater
(P < 0.001) killing in a dose-dependent manner
(Fig. 1b). Cell death strongly correlated with the
expression of secreted IL-24, with correlation
coeYcients of 0.98 and 0.93 for MDA-MB231 and
MDA-MB453 cells, respectively (Table 1). These data
strongly suggest that the observed cell killing eVects
are the direct result of increasing levels of IL-24
protein expression.

Ad-mda7 blocks cell cycle progression and induces 
apoptosis in breast cancer cells

To understand the mechanisms of cell death induced
by Ad-mda7 in breast cancer cells, we performed cell
cycle analysis by PI staining and Xow cytometry. Ad-
mda7 transduced cells showed a signiWcant increase

(P < 0.05) in the G2/M population compared to the
untreated control or Ad-luc transduced cells, indicat-
ing cell cycle arrest at this phase (Fig. 2a). Further sup-
port for Ad-mda7 blocking cell cycle progression was
obtained by analysis of cell cycle proteins. Western
analyses showed that treatment with Ad-mda7
increased phosphorylation of CDC-25 and increased
total p27Kip1 levels (Fig. 2b). CDC-25 is a phosphatase
involved in G2/M cell cycle progression that is inacti-
vated by phosphorylation on Ser216. Inactivation of
CDC-25 prevents dephosphorylation of downstream
targets which would then allow cell cycle progression.
p27Kip1 is another critical cell cycle regulatory protein
whose levels increase in quiescent cells. Increased cell
cycle block also correlated with decreased phosphory-
lation of CDC-2 (Fig. 2b). In contrast, untreated cells
and those transduced with Ad-Luc control vector
showed no change in p27Kip1 or p-CDC-25 or p-CDC-2
levels.

To evaluate the role of Ad-mda7 in activation of
programmed cell death pathways, Annexin V assays
were performed to analyze early apoptotic events.
Treatment of both MDA-MB231 and MDA-MB453
cells with Ad-mda7 resulted in signiWcant increases in
Annexin V positive cells (P < 0.01), indicating a higher
fraction of apoptotic cells, as compared to Ad-luc
treated controls (Fig. 2c). Western analyses demon-
strated dose-dependent cleavage and activation of cas-
pase-3 in breast tumor cells after Ad-mda7 treatment
(Fig. 2d). The PI3K survival pathway has been impli-
cated in breast tumorigenesis and chemoresistance;
thus we examined the regulation of protein expression
in the PI3K and Wnt survival signaling pathways in
MDA-MB 453 cells [37–39]. Western blot analyses

Fig. 1 Ad-mda7 vector infected breast cancer cells express IL-24
protein and cell killing. a The breast cancer cell lines MDA-
MB231 and MDA-MB453 were transfected with various doses of
Ad-mda7 (0–10,000 virus particle/cell) for 72 h. Cell lysates and
supernatants were collected and IL-24 proteins were examined by
Western blot assay using monoclonal antibody. b MDA-MB231
and MDA-MB453 were transduced with various amount of either
Ad-mda7 or Ad-luc as indicated for 72 h. Results of cell counting
by trypan blue exclusion assay are plotted as mean § SD of two
independent experiments using triplicate samples. **P < 0.001
compared to Ad-luc
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Table 1 IL-24 protein kills breast cancer cells. Various amounts
(0–10,000 vp/cell) of Ad-mda7 were transduced to MDA-MB231
and MDA-MB453 cells

Supernatants were collected after 72 h incubation and relative
levels of IL-24 were obtained by quantifying the bands on West-
ern blots. Parallel samples of cells were also harvested and viabil-
ities were analyzed by trypan blue exclusion assay. Pearson
correlations were calculated

Ad-mda7 (vp/cell) MDA-MB231 MDA-MB453

Cell death 
(%)

IL-24 
signal

Cell death 
(%)

IL-24 
signal

0 0.92 132 0.92 87
1,250 5.03 586 4.21 381
2,500 8.34 1279 9.71 822
5,000 10.58 3827 20.95 1,783
10,000 33.17 6104 38.75 5,117
Pearson 

correlation 
coeYcient (R)

0.93 0.98
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Fig. 2 Ad-mda7 induces cell cycle arrest and apoptosis. a MDA-
MB453 cell was infected with various amount of either Ad-mda7 or
Ad-luc as indicated. Cells were assessed by FACS assay following
72 h incubation. Figures showed PI stained cell distribution.
Arrows indicates G2/M cell population which were signiWcant high-
er than control (P < 0.05). Results are plotted as mean § SD of two
independent experiments. b MDA-MB453 cell infected with
3,000 vp/cell Ad-luc or Ad-mda7 for 48 h and cell lysates analyzed.
IL-24, p27Kip1, p-cdc25 (ser216), p-cdc2 (Y15) and �-actin were
examined by western blotting. c 5,000 vp/cell of Ad-mda7 or Ad-
luc was added to both MDA-MB231 and MDA-MB453 for 3 days’

treatment and apoptotic cell percentages were quantiWed by Ann-
exin V analysis. * indicates apoptotic cell population which were
signiWcant higher than control (P < 0.05). Results are plotted as
mean § SD of three independent experiments. d MDA-MB453
cells were treated with either Ad-luc or Ad-mda7 for 72 h and then
cell lysates were made. Caspase-3 and �-actin were examined by
Western blot assay. e Ad-mda7 regulates PI3K/�-catenin pathways
in MDA-MB453 cell. MDA-MB453 cells were infected with vari-
ous number of Ad-luc or Ad-mda7 as indicated for 48 h and cell ly-
sates were analyzed by western blotting. SpeciWc antibodies against
IL-24, Akt, �-catenin, phosphor-Akt and �-actin were used

0

10

20

30

40

50

60

70

80A B

C D

E

UT 1,250 2,500 5,000 10,000 10,000 
Ad-lucAd-mda7 (vp/cell)

%
 c

el
ls

 

G1 S G2/M

β-actin

p27

IL-24

UT
Ad luc

Ad mda7

p-cdc25

p-cdc2

0

5

10

15

20

25

MDA-MB-231 MDA-MB-453

%
 a

p
o

p
to

si
s 

Ad-luc

Ad-mda7

*

*

Ad luc Ad mda7

Caspase 3

0

1,250

2,500

5,000

10,000

625 0

1,250

2,500

5,000

10,000

625

β-actin

Ad luc Ad mda7 

0

1,250

2,500

5,000

625 0

1,250

2,500

5,000

625

IL-24

β-actin

Akt

β-catenin

p-Akt
123



210 Cancer Immunol Immunother (2007) 56:205–215
showed that increased levels of MDA-7/IL-24 expres-
sion correlated with inhibition of proteins related to
cell survival pathways; as IL-24 levels increase within
the cell, a concomitant decrease in Akt, p-Akt and
�-catenin were observed (Fig. 2e).

Exogenous IL-24 protein kills breast cancer cells and 
activates STAT3

Because IL-24 protein is present in both the superna-
tant and intracellular compartments of Ad-mda7 trans-
duced cells (Fig. 1a), we wanted to evaluate the
function of intracellular versus extracellular IL-24 in
growth inhibition of breast cancer cells. We used
MeWo melanoma cells as a positive control cell line
since IL-24 has been reported to eVectively kill mela-
noma cells via ligand-receptor engagement [14]. We
added increasing concentrations of an anti-MDA7 neu-
tralizing antibody to cultures of Ad-mda7 transduced
cells. In breast and melanoma cell lines, neutralization
of IL-24 signiWcantly decreased cell killing (P < 0.01)
compared to addition of a nonspeciWc IgG antibody
(Fig. 3a), indicating the eVect was IL-24 speciWc. Note
that anti-IL-24 was not able to fully abrogate cell kill-
ing, suggesting that Ad-mda7 kills breast cancer cells
by both intracellular and extracellular mechanisms.

All IL-10 cytokine family members, including
MDA-7/IL-24 have been shown to induce the activa-
tion of STAT3 in receptor-positive cell lines via
engagement of heterodimeric cytokine receptors (type
1 IL-20R or type 2 IL-20R) [40]. Therefore we evalu-
ated IL-24 receptor engagement by testing STAT3
phosphorylation and translocation to the nucleus in
breast cancer cells after exposure to IL-24 or IL-10
proteins. The receptors for IL-24 are heterodimeric
cytokine receptors termed type 1 IL-20R (IL-20R1/IL-
20R2) and type 2 IL-20R (IL-22R1/IL-20R2). Immu-
noXuorescence microscopy analysis using an antibody
directed against phospho-STAT3 demonstrated that
both IL-24 and IL-10 were able to activate STAT3 in
both breast cancer cell lines (Fig. 3b, c). Although the
activation of STAT3 is not required for IL-24-induced
toxicity on tumor cells, this assay demonstrates that the
IL-24 and IL-10 receptors are functional in breast can-
cer cells, and able to activate their downstream signal-
ing pathways.

IL-24 requires binding to its IL-20 receptors to induce 
apoptosis

Since IL-24 and IL-10 both bind to related receptors and
activate STAT3, but only IL-24 has the ability to kill
cells, we sought to identify which of the two receptors

mediated IL-24-induced cell death. MDA-MB453 and
MDA-MB231 cells were treated with neutralizing anti-
bodies against IL-24, IL-20R1, or IL-22R1, exposed to
IL-24 and monitored for cell death (Fig. 4a). Anti-IL-24
was able to signiWcantly inhibit (¸80%, P < 0.01) IL-24
mediated cell killing. Treatment with anti-IL-22R1
showed a modest reduction (16% for MB231 and 22%
for MB453), while anti-IL-20R1 signiWcantly reduced
killing (¸60%, P < 0.01) in both cell lines (Fig. 4a).
Combining both receptor neutralizing antibodies further
reduced cell death signiWcantly to levels comparable to
controls. These results suggest that the IL-20R1 receptor
mediates cell killing to a greater extent than the IL-22R1
receptor. We then examined the relative cell surface
expression of IL-20R1 and IL-22R1 using speciWc anti-
bodies to these receptors and FACS analysis. The results
show that IL-20R1 staining is almost fourfold higher
than IL-22R1 staining, suggesting that either IL-20R1 is
in greater abundance on the cell surface or that the
anti-IL-22R1 antibody has a lower binding aYnity than
anti-IL-20R1 (Table 2). The positive control MeWo
melanoma cell line expresses high levels of both cell sur-
face IL-20R1 and IL-22R1 receptor subunits, whereas
levels of these receptors were very low on A549 cell
(lung cancer cells).

IL-24 is the only IL-10 family member that induces 
dose-dependent apoptosis in breast cancer cells

To evaluate the mechanism of cell death mediated by
IL-24 protein, we used the Annexin V assay to assess
apoptosis in breast tumor cells after exposure to IL-24
protein. Supernatants from parallel cultures were ana-
lyzed for steady-state IL-24 protein levels by Western
blotting. Treatment of breast tumor lines with IL-24
protein resulted in induction of signiWcant cell death,
with increasing levels of apoptosis directly correlated
to the dose of IL-24 (Fig. 4b). This result was not
observed with other IL-10 family cytokines. IL-10,
IL-19, IL-20 and IL-22 were evaluated for cytotoxicity
against breast tumor cells, but none of these induced
cell death above background levels (Fig. 5a). Thus, in
breast cancer cells, although IL-10 and all the other
family members can activate STAT3 (data not shown),
IL-24 is the only family member with direct cytotoxic
properties.

IL-10 antagonizes killing mediated by IL-24 protein

Because previous studies have demonstrated that IL-10
blocks the expression of IL-6, interferon-�, TNF-� and
other cytokines induced by IL-24 in PBMCs [6, 31], we
hypothesized that IL-10 and IL-24 may antagonize each
123
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other in signal transduction and cell proliferation. To
determine whether IL-10 can regulate IL-24 induced
growth inhibition, we treated both MDA-MB231 and
MDA-MB453 cells with identical amounts of IL-24 pro-
tein and increasing amounts of recombinant IL-10. Our
results show that treatment with IL-10 signiWcantly
inhibited IL-24-protein-induced killing in a dose-depen-
dent manner (Fig. 5b). Equimolar amounts of IL-10
inhibited IL-24 killing by >50% and a Wvefold molar
excess of IL-10 blocked killing by >75%. IL-10 alone

did not stimulate cell proliferation or killing of breast
cancer cell lines. As an additional control for speciWcity,
IL-10 was boiled to denature the protein and thus block
its function. Boiling of IL-10 abrogated its ability to
inhibit killing mediated by IL-24 (Fig. 5b). We then
investigated eVector molecules involved in IL-24 medi-
ated apoptosis induction. Expression of the tumor sup-
pressor proteins p53 and p27Kip1 were signiWcantly
increased after IL-24 treatment. In breast cancer cells,
IL-10 administration did not alter expression of p53 or

Fig. 3 IL-24 protein activated phospho-STAT3 and induced cell
killing in breast cancer cells. a Both MDA-MB231 and MDA-
MB453 and MeWo cells (melanoma cell as a control) were treated
with 3,000 vp/cell Ad-mda7 plus normal mouse IgG or anti-
MDA7 monoclonal antibody at various concentrations as indi-
cated. After a 4 days incubation, Results of cell counting by trypan

blue exclusion assay are plotted as mean § SD of two independent
experiments using triplicate samples. Both b MDA-MB231 and
c MDA-MB453 were treated with 20 ng/ml IL-10 or IL-24 for
30 min. Fixed cells were treated with monoclonal phospho-STAT3
antibody and then FITC-labeled secondary antibody. DAPI was
added and images were taken using Xuorescence microscopy
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p27Kip1, consistent with its lack of growth regulation in
these cells (data not shown). However, co-administra-
tion of IL-10 results in inhibition of activation of p53
and p27Kip1 induced by IL-24 protein (Fig. 5c).

Discussion

IL-24 is a unique cytokine with broad-spectrum cancer-
speciWc growth suppressing properties and no apparent
harmful eVects on normal cells [5, 8, 9, 11], making it a
strong candidate for use as a human cancer gene thera-
peutic. IL-24 functions as a pro-TH1 cytokine and
potently inhibits angiogenesis. Ad-mda7 transduced
cells express high levels of IL-24 with tumor speciWc
cytotoxic eVects reported in a variety of cancer cells.
Since Wrst recognizing that IL-24 can induce apoptosis

in cancer cells, the molecular pathways mediating this
eVect have been a focus for various researchers, how-
ever, few common features or mechanisms have
emerged from a growing array of literature [11, 40, 41].
We evaluated the eVects of mda-7 gene transfer and
investigated the role of secreted IL-24 in a metastatic
breast cancer cell line (MDA-MB231) and a non-meta-
static cell line (MDA-MB453). In this study, we dem-
onstrate that Ad-mda7 promotes cell cycle arrest and
induces cell death, via apoptosis, in breast cancer cells.
Furthermore, we show that secreted IL-24 protein
exhibits bystander killing activity and kills breast can-
cer cells via ligand-receptor engagement.

We have previously shown that transduction of can-
cer cells with Ad-mda7 induces high levels of secreted
IL-24 protein expression [42, 43]. In this study, we con-
Wrmed that IL-24 is both present intracellularly and as
a secreted glycoprotein after Ad-mda7 treatment of
breast cancer cells. The secreted IL-24 protein binds
and signals through two distinct cytokine heterodi-
meric receptor complexes, IL-20R1/IL-20R2 and
IL-22R1/IL-20R2 (termed type 1 and type 2 IL-20R,
respectively), and activates STAT3 [30, 31]. We origi-
nally identiWed secreted IL-24 as a putative cytotoxic
“bystander” factor in H460 lung cancer cells [19] and
have recently demonstrated IL-24 bystander activity
against melanoma [43] and pancreatic tumor cells [42].
In melanoma cells, the bystander activity is mediated
via type 1 IL-20R, whereas both receptors mediate
killing in pancreatic cancer cells. Our results using anti-
IL-24 and IL-20/IL-22 receptor blocking antibodies
indicate that secreted IL-24 kills breast cancer cells in a
receptor-mediated manner and the type 1 IL-20R com-
plex appears to be the primary receptor involved in
killing breast cancer cells. Cell surface analysis by Xow
cytometry revealed that in breast cancer cells IL-20R1
was more prevalent than IL-22R1, although RT-PCR
showed high mRNA levels for both receptors (data not
shown). Exogenous IL-24 protein activates STAT3 in
breast cancer cells, indicating speciWc receptor engagement.

Fig. 4 The killing eVect of IL-24 protein was IL-20R related.
a Both MDA-MB231 and MDA-MB453 were treated with 30 ng/
ml IL-24 plus 500 ng/ml various antibodies (anti-MDA7, anti-IL-
20R1, IL-22R1 or normal mouse IgG) as indicated for 96 h. Data
are shown as mean § SD of triplicate samples. b IL-24 protein
induces apoptosis in MDA-MB4543 cells. Various human IL-24
proteins were added to MDA-MB453 cell culture medium. After
96 h treatment, supernatants were collected to identify the IL-24
protein concentrations by Western blot assay
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Table 2 Breast cancer cells, A549 (negative control) and MeWo
cell (positive control) were probed with the indicated primary
antibodies and FITC-labeled secondary antibodies, Wxed with
paraformaldehyde and the cell populations were analyzed by
FACS assay

Data are shown as mean § SD of two independent experiments

Cell line IL-20R1+ (%) IL-22R1+ (%)

MeWo 76 § 2 54 § 15
A549 6 § 3 7 § 4
MDA 231 80 § 14 21 § 6
MDA 453 82 § 16 21 § 3
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Although all the IL-10 family members (IL-10, IL-19,
IL-20, IL-22 and IL-24) demonstrate STAT3 activation
in breast cancer cells, IL-24 is the only IL-10 family
member with cytotoxic and apoptotic activity.

IL-10 antagonizes breast tumor cell killing mediated
by IL-24. IL-10 has previously been shown to inhibit
IL-24 induced cytokines (tumor necrosis factor-�,
interferon-�, IL-1b, IL-12 and granulocyte-macro-
phage colony-stimulating factor) in human PBMCs,
indicating a novel immune control loop [6, 31]. IL-10 is
an important immunoregulatory cytokine, induces
T-cell anergy [44] and prevents tumor antigen presen-
tation to CD8+ cytotoxic T lymphocytes by suppressing
expression of MHC class I and II antigens [45]. This
eVect may contribute to the lack of immune response
toward transformed cells [46–48]. A number of studies
have implicated IL-10 dysregulation in breast cancer
pathogenesis. Elevated serum levels of IL-10 are
strongly associated with breast cancer and correlate
with clinical stage of disease [49]. Breast tumors pro-
duce higher levels of IL-10 than normal breast tissue
[50]. Furthermore, Venetsanakos et al. [51] showed in
human tumor specimens that increased IL-10 mRNA
expression in breast tumor cells correlated spatially
with reduced cytotoxic function of TIL (tumor inWltrat-
ing lymphocytes). Collectively, these studies suggest
that IL-10 expression is strongly associated with the
prognosis of breast cancer. In this study, we demon-
strate that IL-10 may function in breast cancer to block
apoptotic activity of IL-24 (Fig. 5b, c). Since it is well
established that each cytokine uses a distinct set of
receptors [40], it is likely that the inhibition of IL-24
cell killing by IL-10 occurs further down the signaling
cascade.

In summary, we have shown that MDA-7/IL-24
tumor suppressor protein is expressed at high-levels
and secreted in a dose-dependent manner by human
breast cancer cells transduced with Ad-mda7. We dem-
onstrated that Ad-mda7 induces cell death in breast
cancer cells, and we have identiWed a bystander mecha-
nism of cell death activated by exposure of these cells
to exogenous IL-24 protein. We also show that IL-24
can activate multiple cell cycle control proteins as well
as promote apoptosis. Finally, we present evidence that
this bystander eVect is mediated by IL-24 cognate
receptors, and provide further proof of its speciWcity
using antibodies against IL-24 and anti-receptor anti-
bodies. Together, the above results identify IL-24 as a
potent tumor suppressor targeting several molecular
pathways to induce its tumor speciWc apoptotic eVects,
and warrant its further investigation for therapeutic
application against breast cancer.
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Fig. 5 IL-10 reduced the killing activity of IL-24. a MDA-MB231
and MDA-MB453 cells were treated with 30 ng/ml IL-10, IL-19,
IL-20, IL-22 or IL-24 for 96 h. Results of cell counting by trypan
blue exclusion assay are plotted as mean § SD of two indepen-
dent experiments using triplicate samples. *P < 0.01 compared to
IL-10. b Both MDA-MB231 and MDA-MB453 cells were treated
with 30 ng/ml IL-24, 300 ng/ml IL-10, IL-24 with IL-10 or with
300 ng/ml denatured (by boiled for 5 min) IL-10 as control. Stars
indicates dead cells were signiWcant reduced compare to IL-24
alone (P < 0.05). Data are showed as mean § SD of two indepen-
dent experiments using triplicate samples. c MDA-MB453 cells
were treated with PBS control, 100 ng/ml IL-24, 100 ng/ml IL-10
or both IL-10 and IL-24 for 72 h and cellular lysates were used for
examination of p53 and p27Kip1 levels by Western blotting assay.
Data are showed as one of three independent experiments
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