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Abstract
The interleukin-24 (IL-24), a member of the IL-10–related cytokine gene family, is well known for its tumor suppressor
activity in a broad spectrum of human tumors without damaging normal cells. However, poor tumor penetration
remains a key problem for the efficacy of IL-24 as a treatment. iRGD is a novel tumor-specific peptide with unique
tumor-penetrating and cell-internalizing properties. To enhance the tumor-penetrating and antitumor effects of IL-24,
we engineered a recombinant protein consisting of the IL-24 fused to iRGD, which was named IL-24-iRGD. The aim of
the present study was to investigate the antitumor effects of IL-24-iRGD in prostate cancer cells in vitro and in vivo. It
was observed that IL-24-iRGD induced cell apoptosis, suppressed cell growth of PC-3 in vitro, and promoted protein
penetration into tumors in vivo, whereas it had no effect on normal cell line RWPE-1. Then, PC-3 cells were
subcutaneously injected into nude mice, and these tumor-bearing mice were administered with IL-24, IL-24-iRGD, or
PBS via the tail vein. The IL-24– and IL-24-iRGD–treated groups exhibited tumor growth inhibition rates of 38.6% and
65.6%, respectively, when compared with the PBS-treated group. Besides, cell apoptosis was examined by TdT-
mediated dUTP nick end labeling, and the expression of cleaved caspase-3 was analyzed by immunohistochemical
staining. The results demonstrated that IL-24-iRGD induced apoptosis and inhibited the growth of PC-3 cells to a
significantly greater extent when compared with IL-24 treatment alone. It may provide an improved strategy for
antitumor therapy and the clinical treatment of prostate cancer.

Translational Oncology (2019) 12, 453–461
dress all correspondence to: Professor Junnian Zheng or Doctor Qing Zhang, Cancer
stitute, Xuzhou Medical University, 84 West Huai-hai Road, Xuzhou, Jiangsu
1002, China.
mails: jnzheng@xzhmu.edu.cn, qingzhang@xzhmu.edu.cn
hese authors contributed equally.
ceived 1 December 2018; Revised 4 December 2018; Accepted 4 December 2018

2018 Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open access
icle under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
36-5233/19
tps://doi.org/10.1016/j.tranon.2018.12.002
troduction
ostate cancer (PCa) is the most frequently diagnosed cancer in 105
untries [1] and the second leading cause of cancer-associated
ortality in men in America [2] despite improvements in chemo-,
dio-, and hormonal therapies [3]. Although PCa may be a slowly
ogressing disease that allows enough time for early detection,
fortunately, many men who are diagnosed with localized PCa have
sease recurrence despite therapy [4]. For that reason, it is imperative
find ways of treating PCa [3].
The interleukin-24 (IL-24) is a member of the IL-10–related
tokine gene family [5] having potent antitumor activity in almost all
pes of cancers [6]. It has shown significant clinical benefits in patients
d is well known for its tumor suppressive activity without damaging
rmal cells [7,8]. Previous studies have confirmed that IL-24 inhibits
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e migration and invasion of PCa cells, selectively inhibits cancer cell
owth, and induces apoptosis [9,10]. However, the growth inhibitory
fects were mediated by the intracellular and not by extracellular IL-24
otein [10]. Moreover, it was acknowledged that the crossing of the
scular wall and the penetration into the tumor parenchyma against
e elevated interstitial pressure in tumors remainmajor problems to the
erapeutic efficacy of most clinical drugs [11,12]. Therefore, the
fective delivery of IL-24 to PCa cells and increasing accumulation
ithin the tumor are urgent requirements.
iRGD (CRGDK/RGPDC), developed on the basis of RGD
ptides, is a novel tumor-specific peptide with unique tumor-
netrating and cell-internalizing properties [11]. It binds to integrins
vβ3 and αvβ5 and possesses the activity of binding to neuropilin-1
RP-1)–dependent cells [13]. Following the initial binding to αv
tegrins, iRGD is cleaved by proteases to expose the NRP-1 binding
te, CRGDK/R, which effectively induces the process of tumor
netration [11]. Due to this novel delivery system and low toxicity in
rmal cells, iRGD has become a particular focus of location for
mor imaging, diagnosis, and preclinical research [11–14]. Coupled
ith iRGD, drugs, nanoparticles, and proteins can be effectively
livered to the tumor site, which reduces side effects [14].
In the present study, we prepared recombinant protein in which
GD was fused with the C-terminal domain of IL-24, termed IL-24-
GD, and then investigated the antitumor effects of IL-24-iRGD in
Ca cells in vitro and in vivo.

aterials and Methods

ice and Cell Lines
Male BALB/c nude mice (age, 5-6 weeks) were purchased from the
nimal Center of Xuzhou Medical University (Xuzhou, China) and
used in the specific pathogen-free animal facility of the Experimental
nimal Center, Xuzhou Medical University. Mice were housed in a
mperature (22°C ± 1°C)- and humidity (55% ± 5%)-controlled
om with 12-hour light/dark cycles and allowed free access to sterile
ater and food. All cages housed up to six mice and contained wood
avings and an independent air supply system. All animal procedures
rformed complied with the National Institutes of Health Guide for
e Care and Use of Laboratory Animals.
The human prostate cancer cell line PC-3 and normal human
ostate cell line RWPE-1 were obtained from the cell bank of
hinese Academy of Science and available in the authors' laboratory.
C-3 cells were maintained in growth medium containing F-12K
edium supplemented with 10% heat-inactivated fetal bovine serum
d 100 U/ml penicillin/streptomycin at 37°C under a humidified
mosphere of 95% air–5% CO2. RWPE-1 cells were maintained in
owth medium containing Keratinocyte Serum Free Medium with
vine pituitary extract (0.05 mg/ml) and human recombinant
idermal growth factor (5 ng/ml) in the same culture conditions as
C-3. All reagents were supplied by Gibco.
fo
an
V
re
0.

F

ce
onstruction of IL-24-iRGD Plasmids
The gene sequence of iRGD encoding CRGDKGPDC was fused
ith Cterminus of IL-24, and the IL-24-iRGD gene sequence was
plified by nested polymerase chain reaction using four oligonu-

eotide primers from the ZD55-IL-24 plasmid [15]. The sequences
ere as follows: S1, forward, 5′-CATG CCATGG GC CAT CAT
AT CAT CAT CAT CAT CAT CAT CAC GCC CAG GGC CAA
AA TTC CAC TTT GG-3′ [bold letters (CCATGG) indicate the
zyme site of NcoI and italic letters represent the histidine (His)-
g]; S2, first reverse primer, 5′-GAA ATT CTA CAA GCT CGG
GG TGG TGG TAG CGG CGG CGG CGG CAG TGG-3′; S3,
cond reverse primer, 5′-GGC GGC GGC GGC AGT GGT GGC
GT GGC TCT TGC CGC GGC GAC-3′; S4, third reverse
imer, 5′-CGC GGATCC TTA TTA GCA GTC GGG GCC CTT
TC GCC GCG GCA AGA GCC-3′ [italic letters represent the
GD sequence, and the bold letters (GGATCC) indicate the
zyme site of BamHI]. The thermal cycling protocol was as follows:
cycles of denaturation at 98°C for 15 seconds, annealing at 55°C

r 5 seconds, and polymerization at 72°C for 1 minute, followed by
final polymerization step at 72°C for 10 minutes. The polymerase
ain reaction product was digested with NcoI and BamHI (Thermo
isher Scientific, Inc.), purified, and cloned into the pET19b vector
aintained in our lab), which had been predigested with NcoI and

amHI. The generated plasmid was named pET19b-IL-24-iRGD
igure 1A). All construct sequences were confirmed by DNA
quencing (Beijing Genomics Institute/BGI, Shanghai, China).

xpression and Purification of IL-24-iRGD
The pET19b-IL-24-iRGD plasmid was transformed into the BL21
rain of Escherichia coli (E. coli). The bacteria were cultured in LB
oth medium (Invitrogen; Thermo Fisher Scientific, Inc.) contain-
g 50 μg/ml ampicillin (Sigma-Aldrich; Merck KGaA, Darmstadt,
ermany) at 37°C and efficiently expressed IL-24-iRGD with the
opropyl-β-D-thiogalactoside (IPTG) inducer at a concentration of
mmol/l. Following a 10-hour induction period, the bacteria were
rvested, resuspended in phosphate-buffered sodium (pH 6.8), and
sed by ultrasonication in ice water at 4°C for 10 minutes.
entrifugation was performed at 16,000×g for 20 minutes at 4°C.
rea (8 mol/l) was used to denature the undissolved proteins. The
oteins were then purified by Co-NTA His Bind resin chromatography
ALONMetal Affinity Resin; cat. no. 635502; Takara Biotechnology,
o., Ltd., Dalian, China) and eluted with 250 mmol/l imidazole.
enaturation of IL-24-iRGD protein was performed by dialyzing against
low concentration of urea solution (4-0 mol/l). Finally, the purified
oteins were dialyzed against water and stored at −80°C following
ophilization. Samples were analyzed by 15% SDS-PAGE analysis
igure 1B).

estern Blot Analysis to Determine the Specificity of Anti–IL-
4 Antibodies
Western blotting was used to analyze the specificity of anti–IL-24
tibodies (Figure 1C). IL-24-iRGD and IL-24 (PeproTech, cat. no.
-200-35, USA) were electrophoresed on a 15% SDS-PAGE gel and
en transferred to a nitrocellulose membrane (Merck KGaA). The
embrane was blocked with 5% bovine serum albumin for 1 hour at
om temperature (RT), washed with PBS + Tween 20 (PBST), and
obed with a rabbit anti-human IL-24 antibody (dilution, 1:500; cat.
. ab115207; Abcam, Cambridge, MA) for 1 hour at 37°C. This was
llowed by incubation with a horseradish peroxidase–conjugated goat
ti-rabbit IgG secondary antibody (dilution, 1:500; cat. no. VA001;
icmed Biotech Co., Ltd., Xuzhou, China) for 1 hour at RT. The
action was completed with 0.05% 3,3′-diaminobenzidine and
012% H2O2 for 15 minutes at 37°C (Figure 1C).
low Cytometry
A total of 1 × 106 PC-3 cells were digested with accutase-enzyme
ll detachment medium (cat. no. 85-00-4555-56; eBioscience) for
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minutes at 37°C and washed with PBS twice. And then, cells were
cubated with 5 μl fluorescent-labeled antibodies diluted in 100 μl
S for 30 minutes at RT. The cells were then washed, resuspended,
d analyzed using flow cytometer (FACSCanto II; BD Biosciences,
anklin Lakes, NJ). The Annexin V-fluorescein isothiocyanate
ITC)–conjugated mouse anti-human integrin αvβ3 antibody (cat.
. MAB1976F) and integrin αvβ5 antibody (cat. no. MAB1961F)
ere purchased from Merck KGaA. The matched isotype control
tibody, FITC-conjugated mouse IgG1κ, was purchased from
ioscience, Inc. (cat. no. 11-4714-42; San Diego, CA). The
ycoerythrin-conjugated mouse anti-human NRP-1 antibody was
rchased from Miltenyi Biotec, Inc. (cat. no. 130-098-876;
ambridge, MA). The flow cytometry results were analyzed using
wjo software 7.6.1 (Figure 2A).

ell Apoptosis Assessment by Flow Cytometry
Annexin V-FITC/propidium iodide (PI) staining was used for cell
optosis assay. Briefly, PC-3 and RWPE-1 cells (2 × 105/well) were
ltured in 6-well plates at 37°C, 5% CO2, and treated with 60 μg/
l of IL-24-iRGD or IL-24 for 48 hours and then washed twice with
S. After that, 500 μl Binding Buffer, 5 μl Annexin V-FITC, and
μl PI were added to the cells in turn and incubated for 15 minutes
RT. The flow cytometry results were analyzed using flowjo software
6.1 (Figure 2, B-E).

ell counting kit-8 (CCK-8) Method for Cytopathic Assay
In order to assess its cytopathic effect on inhibiting tumor cell
owth of IL-24-iRGD in vitro, CCK-8 (Tiagen, Beijing, China) was
ed as instructions. PC-3 and RWPE-1 cells (4 × 103/well) were
ated in 96-well plates and treated with 20-100 μg/ml of IL-24-
GD or IL-24 at 37°C the next day. After incubation for 24, 48, 72,
d 96 hours, CCK-8 (10 μl) was added to each well, and the cells
gure 1. Preparation of IL-24-iRGD-expressing plasmid vector. (A) A s
as attached to the N-terminus of the IL-24 protein, while the iRGD pep
ptides. (B) 15% SDS-PAGE analysis of the expression and purification
otein from BL21 E. coli prior to IPTG induction; lane 3, total cell prote
llowing lysis by ultrasonication; lane 5, protein precipitate following
romatography. (C) Western blot analysis of IL-24 and IL-24-iRGD. Lane
, interleukin-24; His, histidine; E. coli, Escherichia coli; IPTG, isoprop
ere incubated for 4 hours. Finally, absorbance from the plates was
ad on an ELX-800 spectrometer (Bio-Tek Instruments Inc., USA)
450 nm (Figure 3). We set three replicate wells per assay, and each
periment was repeated three times. The maximum value in PBS
oup was the basis used to calculate cell viability (%).

umor Model
PC-3 cells (2 × 106 cells diluted in 100 μl PBS) were subcuta-
ously injected into the right flank of 30 mice. Tumor-bearing nude
ice were randomly divided into PBS, IL-24, or IL-24-iRGD groups
~4 weeks following injection of PC-3 cells. Assignment of mice
to each group was based on tumor size to ensure that there were no
atistically significant differences in tumor volume between the
oups at the time treatment commenced.

valuation of Tumor Tissue Penetration
Four PC-3–bearing mice in each group received an intravenous
jection into caudal vein of 10 μg/g IL-24, 10 μg/g IL-24-iRGD, or
ual volume of PBS, respectively. At 3 and 7 hours following
eatment, the tumors were excised, paraffin embedded, and divided
to 4-μm sections (undertaken by pathology department of the
filiated hospital of Xuzhou Medical University, Jiangsu, China). The
gree of protein penetration in tumors was analyzed by immunoflu-
escence. Briefly, tissue sections were stained with a primary rabbit
ti-human IL-24 antibody (dilution, 1:100; cat. no. ab115207,
bcam) overnight at 4°C prior to staining with a DyLight 549-
njugated goat anti-rabbit IgG (H + L) secondary antibody (dilution,
100; cat no. E032320, Earthox Life Sciences, Millbrae, CA) at 37°C
r 1 hour. The sections were then stained with 4′,6-diamidino-2-
enylindole at 37°C for 15 minutes. Tissue sections were analyzed and
otographed using a fluorescence microscope (DS-Ri1 Digital
amera; Nikon Corporation, Tokyo, Japan) (Figure 4).
chematic of the pET19b-IL-24-iRGD expression vector. A His-tag
tide was attached to the C-terminus of the IL-24 protein by linker
of IL-24-iRGD. Lane 1, molecular weight marker; lane 2, total cell
in from BL21 E. coli induced by IPTG; lane 4, protein supernatant
lysis; lanes 6, protein sample following purification by affinity
1, molecular weight marker; lane 2, IL-24-iRGD; lane 3, IL-24. IL-
y-β-D-thiogalactoside; Mw, molecular weight.
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reatment In Vivo
The other 18 mice were injected with 10 μg/g IL-24 or IL-24-
GD, or equal volume of PBS in the tail vein every 3 days, and
eanwhile, the tumor volume (Figure 5) and the weight of nude mice
ere determined. The volume of the tumors was calculated from two
ameter measurements using a digital Vernier caliper and the
llowing formula: tumor volume = (length × width2) / 2. Following
ve rounds of treatment, all of the mice were sacrificed by neck death
r body and tumor weight analysis. The tumor tissues were saturated
10% formalin solution for 48 hours at RT.

dT-Mediated dUTP Nick End Labeling (TUNEL) Assay
Tumor tissue sections from mice in each treatment group were
rmalin fixed, paraffin embedded, and divided into 4-μm sections
ing the aforementioned procedures. The number of apoptotic cells
as detected using an In Situ Cell Death Detection kit (Roche)
gure 2. Flow cytometry analysis. (A) Expression analysis of integrin αv
presented the isotype, and the blue line represented the sample. The f
C-3 (B) and RWPE-1 (D) cells (2 × 105/well) were cultured in 6-well pla
nd then Annexin V-FITC/PI staining was used for cell apoptosis assay,
ht corners and top right corners. Quantitative representation of the p
ata are expressed as the mean ± SD. P b .05, P b .01, and P b .0
cording to the manufacturer's instructions. The number of
UNEL-positive cells was counted in five fields of view selected at
ndom for each tumor tissue sample (n = 6; magnification, ×400),
d the apoptotic index in each field was calculated as the percentage
TUNEL-positive cells relative to 100 randomly selected cells. It
as undertaken by fluorescent inverted microscope (IX83, Olympus).
he integrated optical density (IOD) index for each selected area was
alyzed using Image-Pro Plus 6.0 software (Figure 6, A and B).

xpression of Cleaved Caspase-3 in Tumor Tissues
The expression of cleaved caspase-3 was analyzed by immunohis-
chemical analysis, and the experiments were performed using a
reptavidin-peroxidase kit according to the manufacturer's instruc-
ons (cat. no. SP9000; ZSGB-BIO, Beijing, China). Briefly, tumor
ssues that had been formalin fixed were paraffin embedded and
vided into 4-μm sections. The tissue sections were then incubated
β3 and αvβ5, and NRP-1 in PC-3 cells by flow cytometry. Red line
low cytometry results were analyzed using flowjo software 7.6.1.
tes and treated with 60 μg/ml of IL-24-iRGD or IL-24 for 48 hours.
and FITC-positive parts represent cell apoptosis, including lower
roportion of cell apoptosis analyzed in PC-3 (C) and RWPE-1 (E).
01, as indicated. ns, not significant.
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Figure 3. Inhibition and cytopathic effect of IL-24-iRGD on cell growth. PC-3 (A) and RWPE-1 (C) cells were treated with the dose of 20-
100 μg/ml of IL-24-iRGD or IL-24 for 48 hours. PC-3 (B) and RWPE-1 (D) cells were treated with the time of 24, 48, 72, and 96 hours, along
with the dose of 60 μg/ml of IL-24-iRGD or IL-24. On days 1, 2, 3 and 4 postadministration, cells were subjected to the CCK-8 assay. The
maximum value in PBS group was the basis used to calculate cell viability (%). Data are presented as the mean ± SD from three
independent experiments (n = 3).
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ith a rabbit anti-human cleaved caspase-3 antibody (dilution with
S, 1:100; cat. no. ab13847, Abcam) overnight at 4°C. Following
cubation with solutions B and C at 37°C for 30 minutes,
spectively, the sections were stained with 50 μl diaminobenzidine
r 30 seconds and hematoxylin for 4 minutes at RT. All sections
ere observed and photographed with a fluorescence microscope
igure 6C). To determine the IOD index of cleaved caspase-3, five
presentative fields of view that were positive for cleaved caspase-3
aining were examined for each tumor section (n = 6, magnification,
00). The IOD index for each selected area was analyzed using
age-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville,
D) (Figure 6D).

ytopathic Effect Assessment
Hematoxylin and eosin (H&E) staining was used to assess the
topathic effect of IL-24-iRGD. Briefly, tissues of internal organs
ere fixed with 4% paraformaldehyde, embedded in paraffin, and cut
4-μm sections. The slices were deparaffinized with alcohol, washed
ith distilled water, stained with hematoxylin for 5 minutes, washed
ith distilled water, restained with eosin for 2 minutes, and then
colorized with distilled water. After dehydration, the slices were
ade transparent with two treatments of xylene for 1 minute each.
nally, the slices were mounted with neutral gum to be observed
der the microscope (Figure 7B).
atistical Analysis
Quantitative data are presented as the mean ± standard deviation
D). An independent-samples t test was used to compare two
oups. P b .05 was considered to indicate a statistically significant
fference.

esults

onstruction, Expression, and Purification of IL-24-iRGD
The pET19b-IL-24-iRGD vector was generated to express IL-24-
GD (Figure 1A). IL-24-iRGD (molecular weight, 21 kDa) was
ficiently expressed in recombinant BL21 E. coli and purified by
finity resin chromatography to approximate homogeneity on a 15%
S-PAGE gel (Figure 1B). In addition, IL-24 and IL-24-iRGD

ere analyzed by Western blot using an anti–IL-24 antibody to verify
e correct preparation of the proteins (Figure 1C).

xpression of ανβ3, ανβ5, and NRP-1 in PC-3
To verify whether PC-3 was suitable for this experiment,
pression of αvβ3, αvβ5, and NRP-1 in PC-3 cells was tested by
w cytometry. As shown in Figure 2A, the positive expression rates
αvβ3, αvβ5, and NRP-1 were 19.7%, 39.1%, and 90.7%,

spectively. These results demonstrated that the PC-3 cell line may
useful for the establishment of a human PCa model to study the

fects of IL-24-iRGD.
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Figure 4. Analysis of the penetration of IL-24 in PC-3 tumor tissues. A total of 10 μg/g of IL-24 or IL-24-iRGD was injected into the tail vein
of PC-3–bearing mice. After 3 and 7 hours of treatment, the penetration of IL-24 in PC-3 xenograft tumors was detected by
immunofluorescence staining. n = 4; magnification, ×400. Red staining indicates IL-24 protein, and blue represents DAPI staining,
indicating the nucleus. DAPI, 4′,6-diamidino-2-phenylindole.
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poptosis by Annexin V-FITC/PI Staining
Besides, Annexin V-FITC/PI staining and flow cytometry were
ed for cell apoptosis assay in vitro. As shown in Figure 2, FITC
sitivity of PC-3 cells of IL-24-iRGD group was significantly more
an that of PBS group (P b .001) (Figure 2, B and C), whereas there
ere no significant difference in the FITC positivity of RWPE-1 cells
groups (Figure 2, D and E). These results suggested that IL-24-
GD could effectively induce tumor cell (PC-3) apoptosis in vitro
t have no effect on normal cell line RWPE-1.

CK-8 Assay
Here, CCK-8 assay was used to assess its cytopathic effect on
hibiting tumor cells growth of IL-24-iRGD in vitro. We compared
e results of the treatments with the time of 24, 48, 72, and
hours, and the dose of 20-100 μg/ml of IL-24-iRGD or IL-24. As

own in Figure 3, PC-3 (A) and RWPE-1 (C) cells were treated with
e dose of 20-100 μg/ml of IL-24-iRGD or IL-24 for 48 hours. PC-
(B) and RWPE-1 (D) cells were treated with the time of 24, 48, 72,
d 96 hours, along with the dose of 60 μg/ml of IL-24-iRGD or IL-
. CCK-8 results demonstrated that both of IL-24-iRGD and IL-24
uld inhibit tumor cell (PC-3) growth in vitro and result in dose-
me dependence (Figure 3, A and B), while they had no effect on
rmal cell line RWPE-1 (Figure 3, C and D). Besides, the treatment
IL-24-iRGD had higher inhibition ability than the other groups.
he data showed that IL-24-iRGD effectively inhibited PC-3 cell
oliferation in vitro.

umor Tissue Penetration
In order to confirm the in vivo effects of the tumor-penetrating
ptide iRGD and examine the expression of IL-24 in tumor tissues,
e developed a BALB/c nude mouse model using the human PC-3
ll line. The penetration of IL-24 into tumors was determined by
munofluorescence staining. As shown in Figure 4, IL-24 displayed
odest binding to the surface of the tumor tissue following injections
3 and 7 hours, whereas IL-24-iRGD bound strongly, and even
netrated, several cell layers into the tumor tissue. The results
monstrated that iRGD effectively enhanced the penetration of IL-
into tumor tissues.

herapeutic Efficacy of IL-24-iRGD Against PC-3 In Vivo
To examine the therapeutic efficacy of IL-24-iRGD, the PC-3
ouse xenograft tumor model was first established. A schematic of
e tumor model and treatment of mice was shown in Figure 5A. The
te of tumor growth in the IL-24-iRGD group was reduced when
mpared with the IL-24 group, and the tumor volume of the IL-24-
GD group was significantly reduced when compared with the PBS
b .001) and IL-24 groups (P b .001; Figure 5, B and C). These
servations were confirmed by an analysis of the tumor weight in
ch group (P b .001; Figure 5, D). The rate of tumor growth
hibition was then analyzed further. Tumor inhibition (%) was
lculated by the subtraction and division of average weight of tumors
PBS group and IL-24 or IL-24-iRGD group. At the end of the
periment, tumors from mice in the IL-24 group and the IL-24-
GD group exhibited growth inhibition rates of 38.6% and 65.6%,
spectively (Figure 5, E). These results demonstrated that iRGD
ficiently enhanced the therapeutic efficacy of IL-24 in human PC-3
lls in vivo.

poptosis Analysis of Tumor Tissue
Next, to assess and verify the apoptosis of tumor tissue, TUNEL
d the expression of cleaved caspase-3 were analyzed by immuno-
stochemical staining. As shown in Figure 6, A and B, tumors from
ice in the IL-24-iRGD group exhibited significantly stronger
UNEL staining (the brown) when compared with tumors from
ice treated with PBS or IL-24, which indicated substantial cell
optosis in the IL-24-iRGD–treated tumors (P b .001). Similarly,
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Figure 5. Therapeutic efficacy of IL-24-iRGD in vivo. Mice were injected with 10 μg/g IL-24 or IL-24-iRGD, or equal volume of PBS in the tail
vein every 3 days. Following five rounds of treatment, all of the mice were sacrificed. (A) Establishment of the PC-3-mouse tumor model
and treatment regimen. (B) Solid tumors excised from mice injected with PBS, IL-24, or IL-24-iRGD (n = 6). (C) Tumor volume over the
course of treatment. Tumor volume was measured once every 3 days until day 15. (D) Comparison of the average tumor weight in each
group at the end of treatment. (E) Tumor inhibition rate of IL-24 and IL-24-iRGD. Tumor inhibition (%) = (WPBS − WIL-24-iRGD)/WPBS. Data
are expressed as the mean ± SD. P b .05, P b .01, and P b .001, as indicated.
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e results shown in Figure 6, C and D revealed a significant increase
cleaved caspase-3 expression in the tumor tissues from mice in the
-24-iRGD group when compared with the PBS (P b .001) and IL-
groups (P b .01).

ice Body Weight Analysis
To evaluate the influence of IL-24-iRGD tomice, the bodyweight of
ice in each experimental group was assessed. As shown in Figure 7A,
ere was no significant difference in the PBS, IL-24, or IL-24-iRGD
oups.

&E Analysis
Finally, to assess the cytopathic effect on mice of IL-24-iRGD, the
ices of heart, liver, spleen, lung, and kidney of treated mice were
alyzed by H&E staining. As shown in Figure 7B, there was no
gnificant difference in the PBS, IL-24, or IL-24-iRGD groups.
hese data showed that IL-24-iRGD was safe to these organs of the
ice.
ad
ge
in
m
ad
pr
iscussion
he aim of the present study was to assess the use of iRGD peptide as
tool for improving the delivery and therapeutic efficacy of IL-24
eatment against PCa. The results demonstrated that it enhanced the
cumulation and therapeutic efficacy of IL-24 in mouse PC-3
nograft tumors, which were established using the PC-3 cell line that
hibited high expression levels of αvβ3, αvβ5, and NRP-1. In
dition, the results demonstrated that the IL-24-iRGD protein
duced apoptosis, accelerated cell death, and inhibited tumor cell
owth to a greater extent than IL-24 treatment alone. This was
nsidered to be due to the efficient iRGD-mediated increase in the
mor penetration ability of IL-24 in human prostate tumors.
Previous studies have confirmed that IL-24 is a multifaceted killer
numerous cancer cells that has shown great clinical benefit in
tients [8]. However, as we mentioned above, the crossing of the
scular wall and the penetration into the tumor parenchyma against
e elevated interstitial pressure in tumors remain major obstacles to
e therapeutic efficacy of IL-24 and other drugs [11,12]. The low
ncentration of anticancer drugs at the tumor site is a substantial
rrier for tumor treatment, which limits the anticancer efficacy and
ggests that the effective drug concentration at the tumor site is
arkedly lower compared with the dose of exposure [14]. Thus,
search investigating IL-24 as an anticancer treatment has employed
enoviruses as carriers for transfecting cancer cells with the IL-24
ne, and IL-24 is a well-studied cytokine established as a therapeutic
a wide array of cancers upon delivery as a gene therapy [9,10]. This
ethod has demonstrated satisfactory anticancer effects. However,
enoviral delivery of genes against cancer has been faced with many
oblems, such as their cancer-specific targeting ability and safety
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Figure 6. Immunohistochemical analysis of PC-3 xenograft tumor tissues. (A) Representative microscope images of TUNEL-stained
tumor tissue sections derived from mice treated with PBS, IL-24, or IL-24-iRGD. TUNEL-positive nuclei are stained brown, and TUNEL-
negative nuclei are stained blue (n = 6; magnification, ×400). (B) Quantitative analysis of TUNEL staining in each group. The percentage
of TUNEL-positive cells was counted from 100 tumor cells selected at random in each tissue section, and five sections were counted per
tumor (n = 6). (C) Expression of cleaved caspase-3 in PC-3 tumor xenograft tissues following treatment with PBS, IL-24, or IL-24-iRGD.
Brown staining indicates positive cleaved caspase-3 expression, and blue staining indicates cell nuclei. Representative images from each
group are shown (n = 6; magnification, ×400). (D) Quantitative analysis of cleaved caspase-3 staining in each treatment group. A total of
five fields of view for each tumor tissue section were selected at random. IOD values of positively stained regions were calculated using
Image-Pro Plus software. Data are expressed as the mean ± SD. Scale bar = 50 μm, n = 6. P b .001, as indicated.
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sues [16]. In 2016, Zhang et al. reported the use of a transactivator
the transcription (TAT 47-57) from human immunodeficiency

rus type 1 as a carrier to deliver the IL-24 recombinant protein into
lls [16]. The TAT peptide has been demonstrated to deliver various
ological molecules, including proteins, DNA, and RNA, into
most all tissues and cell types and even penetrates the blood-brain
rrier. However, the high efficiency of penetration into virtually all
ssues and cells poses a great risk to human health. It may be
nsidered that the indistinguishableness of TAT penetration could
use serious problems of the brain and other healthy organs.
In the present study, we explored the potential anticancer properties
IL-24 delivered as a recombinant protein. The iRGD peptide was
ed to overcome this tissue penetration problem, enhancing drug
fects against tumors and reducing the drug dose in needed and in other
althy organs. It has been demonstrated that the tumor-penetrating
ility of iRGD primarily depends on the expression of ανβ3/5 and
RP-1 in cancer cells [11,12]. The expression of integrins is largely
stricted to tumors, and NRP-1 is frequently overexpressed in a
mber of tumors [17]. Previously, the highly invasive human prostate
ncer PC-3 was described as a positive expression model of αvβ3,
vβ5, and NRP-1 [17–19], and it was confirmed in this study. Flow
tometry analysis in our study confirmed that ανβ3, ανβ5, and NRP-
which mediate the tumor-penetration activity of iRGD, were
erexpressed in human PC-3 cell line. In contrast, the noninvasive
NCaP prostate cancer cell line was reported to have negative
pression of αvβ3 [18,19]. And DU145 cell line was reported to
ve positive expression of ανβ3 similar to PC-3 but weak positive
pression of ανβ5 [18]. Additionally, RWPE-1 cells were reported to
ve positive expression ofαvβ3, weak positive expression ofαvβ5 [18],
t negative expression of NRP-1 [20].
The normal RWPE-1 cells unlike PC-3 cells did not show any
ditional increase in sensitivity in our study, suggesting that normal
lls are resistant to IL-24–mediated killing. Our results are in
reement with the report of Saito et al. [10], who showed normal
ostate epithelial cells to be resistant to IL-24. These results suggest
at IL-24 selectively inhibits prostate cancer cells, sparing normal
lls. The results of H&E staining assays also verified it.
In the in vivo xenograft tumor model, tail vein administration of
-24-iRGD in mice bearing PC-3 significantly inhibited tumor
owth, and the suppressive effect was much stronger than that in the
-24– and PBS-treated groups. These facts are in accordance with
e results from in vitro studies in which IL-24-iRGD was more
fective in growth suppression and apoptosis induction. As shown by
munofluorescence staining assay, much more penetration of IL-24
tumor tissue was observed in the IL-24-iRGD–treated group.

urthermore, the TUNEL staining and the cleaved caspase-3
pression of tumor slices indicated that tumors treated with IL-24-
GD induced more extensive apoptosis of tumor cells than those in
e IL-24– and PBS-treated groups.

onclusion
-24-iRGD enhanced the effect of IL-24 against PC-3 cells by
hancing penetrating of IL-24, inducing apoptosis, and inhibiting
mor cell growth in vitro and in vivo. The mechanisms underlying
e antitumor effects of IL-24-iRGD against PCa were explored in a
eliminary study. The results present a novel strategy for improving
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Figure 7. Toxicity evaluation. (A) Body weights of mice in each group over the course of treatment (n = 6). (B) H&E analysis of internal
organs of treated mice. To test whether the tissue of internal organs was injured when IL-24-iRGD was administered in vivo, the heart,
liver, spleen, lung, and kidney of mice were excised and analyzed by H&E staining (magnification, ×400). Data are expressed as the
mean ± SD; ns, not significant. Scale bar = 50 μm.
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e efficacy of IL-24 antitumor therapy, which may be used for the
inical treatment of patients with PCa in the future.
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