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Abstract. KLA (sequence, KLAKLAKKLAKLAK) is a 
peptide which leads to programmed cell death by disrupting 
the mitochondrial membrane. However, low penetration in 
tumors greatly limits its application and efficacy. To develop 
a KLA-based cancer therapy, KLA-iRGD, a recombinant 
protein was constructed. It consists of the KLA peptide and 
iRGD (CRGDKGPDC), a tumor-homing peptide with high 
penetration into tumor tissue and cells. The conjugated KLA 
exhibits pro-apoptotic activity to prevent the growth of a 
tumor once it is inside the cell. Once KLA-iRGD is internal-
ized in cultured tumor cells, via the activation of the receptor 
neuropilin-1, it spreads extensively throughout the mass of 
the tumor. The recombinant KLA-iRGD protein showed anti-
tumor activity in vivo in mice and in vitro in tumor cell lines. 
Repeated treatment with KLA-iRGD greatly prevented tumor 
growth, resulting in a considerable reduction in tumor volume. 
According to our data, KLA-iRGD may serve as a potential 
anticancer agent with limited systemic toxicity and high selec-
tivity for the treatment of MKN45 gastric cancer, which may 
lead to the enhancement of new targeted anticancer agents.

Introduction

As a leading cause of cancer-related death, gastric cancer 
has a high rate of mortality and incidence, particularly in 
the Eastern world (1,2). Despite the recent progress in cancer 
therapy, including biological immune therapy, radiotherapy 
and chemotherapy, a majority of malignancies are still not 
curable today (3). Therefore, it is important to conduct studies 
to discover and develop advanced therapeutics.

Programmed cell death has been considered as a defense 
mechanism whereby defective and harmful cells are elimi-
nated  (4). Disruption of programmed cell death signaling 
pathways may result in elevated cell proliferation and 
eventually cancer. As a cationic amphipathic peptide which 
disrupts the mitochondrial membrane, KLA (sequence, 
KLAKLAKKLAKLAK) may lead to mitochondrial swelling 
and permeabilization (5-7), and ultimately programmed cell 
death by causing the release of cytochrome c (8-10). However, 
this peptide fails to effectively permeate the eukaryotic plasma 
membrane and in the end shows low cytotoxicity in mamma-
lian cells (11,12). Accordingly, KLA requires the assistance 
of other cell penetrating peptides for effective translocation 
in micromolar concentrations. As KLA can pass through the 
plasma membrane, it preferentially interferes with the charged 
mitochondrial membrane to release cytochrome c, causes 
disruption in mitochondrial membrane potential and eventu-
ally induces cell death (13,14).

We undertook the present study to fully understand the 
action mechanism of KLA, and explore its use as an antitumor 
drug. In the present study, to circumvent the difficulties of low 
drug penetration into solid tumors and to efficiently deliver 
KLA into the tumor, CRGDKGPDC, a C-end rule peptide 
iRGD, was introduced into KLA. Similar to regular peptides 
of the RGD (Arg-Asp-Gly) type, iRGD mediates tumor-
homing by first binding to αv integrins, which are selectively 
expressed in various cell types in tumors and the endothelium 
of tumor vessels, but not in normal tissues (15). When proteo-
lytically cleaved in tumors, iRGD generates CRGDK/R which 
has an affinity for NRP-1, a receptor which becomes activated 

Tumor-penetrating peptide fused to a pro-apoptotic peptide  
facilitates effective gastric cancer therapy

Ying Huang1*,  Xihan Li2*,  Huizi Sha3,  Lianru Zhang3,   
Xinyu Bian3,  Xiao Han4  and  Baorui Liu1

1The Comprehensive Cancer Centre, Nanjing Drum Tower Hospital Clinical College of Nanjing Medical University;  
2State Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences, Nanjing University;  
3The Comprehensive Cancer Centre of Drum Tower Hospital, Medical School of Nanjing University  

and Clinical Cancer Institute of Nanjing University; 4Key Laboratory of Human Functional Genomics  
of Jiangsu Province, Jiangsu Diabetes Center, Nanjing Medical University, Nanjing, Jiangsu, P.R. China

Received July 14, 2016;  Accepted September 6, 2016

DOI: 10.3892/or.2017.5440

Correspondence to: Dr Baorui Liu, The Comprehensive Cancer 
Centre, Gulou Clinical Medical School of Nanjing Medical 
University, Nanjing, Jiangsu, P.R. China
E-mail: baoruiliu@nju.edu.cn

Dr Xiao Han, Key Laboratory of Human Functional Genomics 
of Jiangsu Province, Jiangsu Diabetes Center, Nanjing Medical 
University, Nanjing, Jiangsu, P.R. China
E-mail: hanxiao@njmu.edu.cn

*Contributed equally

Key words: recombinant protein, iRGD, KLA, drug penetration



Huang et al:  KLA-iRGD facilitates effective gastric cancer therapy2064

and mediates its penetration into tissue (16). KLA-iRGD was 
shown to exhibit all the characteristics of a tumor-specific 
homing peptide with tissue penetration activity. Additionally, 
the penetration of KLA-iRGD was assessed using in vivo 
approaches. Finally, the anticancer activity of the KLA-iRGD 
recombinant protein was examined.

Materials and methods

Reagents, cell lines and tumors. Fluorescein isothiocyanate 
(FITC) was obtained from Sigma Chemical Co. (St. Louis, MO, 
USA). DAPI was purchased from Beyotime Biotechnology 
(Wuhan, China). To assay for cell viability, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was 
obtained from Sigma Chemical Co. The Annexin V-FLUOS 
staining kit was purchased from Roche Applied Science 
(Indianapolis, IN, USA). The primary antibodies mouse 
monoclonal anti-human CD31 (GM082301 1 ml RTU) were 
purchased from Gene-Tech Co. Ltd. (Shanghai, China). The 
secondary antibody rat monoclonal anti‑mouse CD31 (553370; 
0.5 mg/ml) was purchased from BD Pharmingen (San Jose, 
CA, USA). The Cell Death Detection kit for terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labeling 
(TUNEL) was acquired from Roche Applied Science. The 
αvβ3 antibody was purchased from Cell Signaling Technology 
(Danvers, MA, USA). The human NRP-1 antibody was 
purchased from Abcam (Cambridge, MA, USA).

The human gastric carcinoma cell lines MKN45 and 
KATO III were purchased from the Cell Bank of the Shanghai 
Institute of Biochemistry and Cell Biology (Shanghai, China). 
All human cell lines were cultured in RPMI-1640 medium 
with 10% fetal bovine serum (FBS) (both from Invitrogen, 
Carlsbad, CA, USA), with glutamine, streptomycin and peni-
cillin at 37˚C and 5% CO2.

BALB/c mice (male, 18-22 g and 5- to 6-weeks old) were 
purchased from the BK Lab Animal Ltd. (Shanghai, China), 
and were maintained at 25±1˚C, under specific pathogen-free 
(SPF) condition, and were given access to food and water 
ad libitum. All animal procedures were conducted according to 
the regulations of the Animal Care Committee at Drum Tower 
Hospital (Nanjing, China). MKN45 gastric cancer cells (5x106) 
in 0.1 ml phosphate‑buffered saline (PBS) were subcutaneously 
injected into the lower right flank of athymic nude BALB/c 
mice, so as to generate tumor xenografts. The volume of the 
tumors was computed with a digital Vernier caliper and using 
the following formula: Tumor volume = (length x width2)/2, 
where the width has the widest dimension and the length has 
the longest dimension.

Peptide synthesis. High purity (>90%) peptides were obtained 
from Bankpeptide Biological Technology Co. Ltd. (Hefei, 
China). An integrated product of iRGD and KLA was generated 
for delivery into the mitochondria. Two unstructured glycine 
residues, as a spacer, were inserted. All the peptide products 
were analyzed by analytic high-pressure liquid chromatog-
raphy. Additionally, the predicted molecular weight (MW) 
of the resulting conjugates are listed in Table I. Freeze‑dried 
peptides were reconstituted in high-purity dimethyl sulfoxide 
(DMSO) (10 mM) and kept at -70˚C until use.

Western blotting to assess αvβ3 and NRP-1 expression. 
Protein extracts were prepared from MKN45 and KATO III 
cells (2x106), cultured for 30 min, using the following protein 
lysis buffer: 150  mM NaCl, 1  mM dithiothreitol (Merck, 
Cefoperazone, Germany), 50 mM Tris-HCl (pH 7.5), 0.1% 
sodium dodecyl sulfate (SDS), and protease inhibitors (Roche, 
Basel, Switzerland). The extracts were separated using SDS 
polyacrylamide gel electrophoresis and electrophoretically 
transferred to nitrocellulose membrane (Millipore, Waltham, 
MA, USA). Standard western blot analyses were conducted 
using the antibodies against αvβ3 and NRP-1. The blots were 
incubated at room temperature for 1  h with the antibody 
conjugated to horseradish peroxidase (HRP) and detected 
with an enhanced chemiluminescence reagent (Cell Signaling 
Technology Inc., USA). The autoradiographic intensity of each 
band was scanned and quantified using BandScan software 
(Glyko, Inc., Novato, CA, USA). Values were normalized to 
GAPDH and the ratio to the control values was calculated.

Cell internalization of the recombinant proteins. MKN45 
and KATO III cells, in the logarithmic growth phase, were 
seeded at 1.0x106/well in 24-well chamber slides (Nalge 
Nunc International Corp., Rochester, NY, USA). Subconfluent 
tumor cells on the chamber slides were incubated for 1 h with 
10 µg/ml FITC-labelled protein. Afterwards, the cells were 
rinsed 3  times with PBS (pH 7.4) and fixed with ice‑cold 
methanol for 10  min. The cells were then rinsed 3  times 
with PBS (pH 7.4) and the nuclei were stained with DAPI. 
Subsequently, the cells were observed with a laser scanning 
confocal microscope (LSCM; Zeiss LSM 710).

Antiproliferation assay. MKN45 and KATO III cells, in the 
logarithmic growth phase, were seeded at 5x103 cells/well in 
96-well plates and cultured in a humid environment at 37˚C 
in 5% CO2 for 12 h. Thereafter, the medium was removed, 
and the cells were exposed to serum-free medium containing 
KLA, KLA-iRGD and KLA-RGD. After incubation for 24 h, 

Table Ι. Peptide sequences and molecular weight of the peptides.

	 Sequences
	 -----------------------------------------------------------------------------------------------------------------------------------------------------
Peptides	 Protein transduction domain	 Linker	 Pro-apoptotic domain	 Expected molecular weight (Da)

KLA			   KLAKLAKKLAKLAK	 1,524.01
KLA-iRGD	 CRGDKGPDC	 GGGGS GGGGS	 KLAKLAKKLAKLAK	 3,086.62
KLA-RGD	 ACDCRGDCFC	 GGGGS GGGGS	 KLAKLAKKLAKLAK	 3,228.81
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the viability of the cells was evaluated using an MTT assay 
following the manufacturer's instructions. The cell viability 
values were calculated by a nonlinear regression study utilizing 
GraphPad Prism v5.0 software (San Diego, CA, USA).

Flow cytometric analysis. The induction of apoptosis was 
detected with the Annexin V-FLUOS staining kit following 
the manufacturer's instructions. Briefly, the cells were cultured 
at a density of 1.0x106 cells/ml at 37˚C in 5% CO2, treated with 
100 ng/ml fusion protein (KLA, KLA-iRGD and KLA-RGD), 
and continued to culture for 4 h. Afterwards, the cells were 
washed 2  times with cold PBS and a volume of 100 µl of 
Annexin V-FLUOS was added to the cells. Then, all cell 
samples were cultured in the dark for 15 min at room tempera-
ture and gently vortexed, before flow cytometric analysis on 
a FACSort flow cytometer (Becton-Dickinson, San Jose, CA, 
USA).

Tumor tissue penetration in vivo. An animal model was used 
to study the recombinant protein penetration and to trace the 
location of the protein. BALB/c mice were subcutaneously 
inoculated with MKN45 cells. The MKN45 tumor-bearing 
mice were inoculated via a tail vein with FITC-labeled 
KLA-iRGD when tumors of ~200 mm3 were formed. One 
hour after administration of the peptide, the mice were sacri-
ficed and tumors were harvested. As mentioned previously, 
immunofluorescence analysis was carried out with frozen 
tumor tissues. For immunostaining, the slides were first 
blocked at room temperature with 20% goat serum for 1 h, 
and then incubated with an anti-mouse antibody against CD31 
(1x300 dilution) at 4˚C overnight. Finally, the slides were 
subjected to DAPI staining for nuclear counterstaining and 
visualized with a LSCM laser scanning confocal microscope.

Tumor treatment in nude mice. Animal handling was 
performed in accordance with the protocols of the Institutional 
Animal Care and Use Committee (IACUC) of Ohio State 
University. Five-week-old BALB/c nude mice were subcutane-
ously implanted with 2x106 MKN45 cells in the right flank. 
Tumor-bearing mice were assigned to 3  treatment groups 
~2  weeks after the inoculation of the MKN45 cells. The 
assignment was based on tumor size to ensure that there was 
no statistical difference in tumor volume among the groups 
when the treatment began. The peptide molecules, at 1 mg/
ml in PBS, were intraperitoneally injected. A total of 4 injec-
tions were administered into the mice of the MKN45 model 
every 3 days. The volume of the tumor was evaluated with an 
electronic caliper and the tumor volume was computed from 
measurements of 2 parameters utilizing the following formula: 
Tumor volume = (length x width2)/2. Based on the guideline 
of IACUC, the experiments were halted when the diameter of 
the tumors reached 1.5 cm. Finally, xenografts were weighed 
and removed and mice were sacrificed. Regarding the toxico-
logical assessment of the peptide treatments, organs, including 
the heart, kidney, liver, spleen and lung, were fixed in neutral 
buffered formalin, embedded in paraffin, and stained with 
hematoxylin and eosin (H&E) for pathological study after 
the animals were euthanized. TUNEL assay was used for 
evaluation of tumor cell apoptosis. The collected slices were 
evaluated using optical microscopy.

Statistical analysis. All the in vitro experiments were repeated 
at least 3  times. Statistical analysis was conducted using 
GraphPad Prism version 5.0 (GraphPad Software). Statistical 
values are expressed as means ± SD. The statistical analysis was 
performed using the two-tailed Student's t-test, followed by the 
Bonferroni test. Different group comparison was conducted 
by one-way analysis of variance (ANOVA). Two-way ANOVA 
was used to examine whether the difference between the data 
from the various groups was significantly different regarding 
peptide and the effects of the fused peptides for every param-
eter. A p-value of <0.05 was regarded as significantly different.

Results

Internalization of the recombinant proteins into cells. To 
deliver the KLA molecule into cells and potentially into 
the cytoplasm, we fused KLA to a tumor-penetrating iRGD 
peptide. For comparison, we also used RGD (sequence: 
ACDCRGDCFC), a peptide in which the CendR motif is 
constitutively active. The internalization of the conjugate by 
MKN45 and KATO III cells was studied by LSCM using 
FITC-labeled KLA, KLA-iRGD and KLA-RGD. KLA with 
no CendR peptide showed negligible binding to the MKN45 
cells (Fig. 1A), a cell line that expresses high levels of NRP-1 
and αvβ3 integrin (Fig. 1B and C). Additionally, KLA also 
showed negligible binding to the KATO III cells, a cell line 
that expresses low levels of NRP-1 and αvβ3 integrin. In 
contrast, both KLA-iRGD and KLA-RGD effectively bound 
to the MKN45 cells, but KLA-RGD was only weakly internal-
ized. As expected, KLA-iRGD and KLA-RGD did not bind to 
or were internalized into the NRP-1-deficient KATO III cells. 
The entry of KLA-iRGD into the cells was rapid, as indicated 
by the finding that after a 30-min incubation, the protein was 
detectable in the MKN45 cells.

Reduction in cell viability by recombinant proteins. In order to 
confirm the pharmacological activity of KLA-iRGD, in vitro 
cytotoxicity analyses were performed using the MTT assay 
to monitor the viability of the MKM45 and KATO III cells. 
The results revealed that KLA-RGD had no antiproliferative 
activity against the MKN45 cells at the highest concentration 
(200 µg/ml) tested compared with KLA (p=0.136) (Fig. 2A). 
In contrast, a dose-dependent cytotoxicity was detected for 
KLA-iRGD (p=0.002), indicating that the extra iRGD motif 
enhanced the antiproliferative activity of KLA-iRGD in the 
human gastric cancer cell line MKN45. Regarding the cell 
line KATO III (Fig. 2B), KLA-iRGD and KLA-RGD exhib-
ited no obvious antiproliferative activity compared with KLA 
(p=0.144 and p=0.287). Although KLA-iRGD exhibited a 
stronger inhibitory effect on KATO  III proliferation, the 
differences between KLA, KLA-iRGD and KLA-RGD were 
not evident.

To ascertain whether these fusion peptides induce apop-
tosis, we analyzed the apoptotic rates by flow cytometric 
analysis. The overlapping effects in the MKN45 cells were 
measured by an Annexin V-FLUOS staining apoptosis assay. 
The finding of differential staining can be expressed as the 
percentage of positive cells compared to the total number of 
cells. Our results revealed that both KLA and KLA-RGD 
induced low levels of apoptosis in the MKN45 cells (Fig. 3A), 
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as indicated by the percentages of early and late apoptotic 
MKN45 cells following treatment with KLA and KLA-RGD 
(4.3±2.2 and 11.9±3.9%, respectively; p=0.115). In comparison, 
KLA-iRGD induced not only apoptosis, but also necrosis as 
shown in Fig. 3A, and the percentage of early and late apop-
tosis was much higher (63.9±17.0%) compared with KLA and 
KLA-RGD (p=0.023 and p=0.024). According to these find-
ings, KLA-iRGD increased apoptosis in vitro and effectively 
entered into cancer cells (Fig. 3B).

Penetration of KLA-iRGD into tumor tissue. Through the use 
of tumor tissue derived from the MKN45 tumor-bearing mice, 
we studied the penetration capability of KLA-iRGD (Fig. 4A). 
According to the fluorescence signal on the LSCM images, the 
locations of the recombinant protein were displayed as FITC-
labelled KLA, KLA-iRGD and KLA-RGD. An anti‑CD31 
antibody and a Cy3-conjugated secondary antibody bound to 
blood vessels. Therefore, red fluorescence was detected in blood 
vessels. Actually, KLA-RGD was localized in the vicinity of 
blood vessels 1 h post-injection, and it was additionally found 
that it could be targeted to the tumor tissue. In contrast, the 
KLA-iRGD peptide was found to penetrate into extravascular 
tumor tissue, with a tumor penetration activity that was readily 
apparent. In fact, a strong KLA-iRGD signal was detectable in 
all sections from the entire tumor. KLA-iRGD traveled further 
from the tumorous vessels and was found on a greater field in 

the tumor tissues in comparison with KLA-RGD. Specifically, 
the FITC fluorescence mean intensity of KLA-RGD was 
5  times weaker than that of KLA-iRGD (Fig. 4B). All the 
statistical analysis results support the notion that as a func-
tional group, iRGD mediates the active tumor penetration of 
KLA-iRGD protein.

Inhibitory effect of KLA-iRGD in the xenograft model. In 
order to examine the in vivo antitumor effects of KLA-iRGD, 
we systemically administered the peptide into nude mice with 
established MKN45 tumors. We initially injected KLA and 
KLA-iRGD intraperitoneally at 10 mg/kg of mouse body 
weight every 3 days. The tumor size was measured during 
the different treatment times. The size of the MKN45 tumors 
increased rapidly in mice intraperitoneally injected with PBS. 
In comparison, in the KLA-iRGD-treated mice, the inhibition 
of tumor growth was evident as early as 3 days after treatment. 
Representative images of nude mice with established MKN45 
tumors after a 12-day post treatment period with KLA-iRGD, 
KLA or PBS as control are presented in Fig. 5A. The time-
dependent changes in MKN45 tumor growth in the nude mice 
are shown in Fig. 5B. Clearly, systemic delivery of KLA-iRGD 
led to the effective suppression of MKN45 tumor growth in 
the xenograft model. After completion of the xenograft experi-
ment, we dissected and weighed the MKN45 tumor xenografts. 

Figure 1. (A) Internalization of KLA, KLA-iRGD and KLA-RGD into the 
MKN45 and KATO III cells. The MKN45 cells, which are positive for 
NRP-1 and αvβ3 integrin, and NRP-1-deficient, αvβ3-deficient KATO III 
cells were incubated with 10 µg/ml of FITC-labeled fusion proteins (green). 
The cells were treated with methanol for 10 min, and then washed with PBS. 
DAPI (blue) was used to stain the nuclei. The proteins were visualized by 
confocal microscopy. MKN45 and KATO III cells were incubated with KLA, 
KLA‑iRGD and KLA-RGD for 30 min. Scale bar, 20 µm. (B) Evaluation of 
αvβ3 and NRP-1 protein leveld by western blot analysis in yjr MKN45 and 
KATOⅢ celld. (C) Quantification of protein expression.

Figure 2. Cytotoxicity of the protein KLA-iRGD in tumor cell lines. KLA, 
KLA-iRGD and KLA-RGD were added, at various concentrations, to the 
(A) MKN45 and (B) KATO III cell suspensions and incubated for 48 h. Cell 
viability was measured by the MTT assay. All data are expressed as the 
mean ± standard deviation (SD), n=3. Data represent the means of 3 inde-
pendent experiments. Statistical analyses were performed using the Student's 
t-test and one-way ANOVA; **p<0.01; ns, not significant.
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Figure 3. KLA-iRGD induces tumor cell apoptosis in vitro. (A) Cell apoptosis in the MKN45 cells after the addition of 100 ng/ml KLA, KLA-RGD and 
KLA-iRGD were assessed using the Annexin V/PI apoptosis assay. (B) Percentages of apoptotic cells as detected by flow cytometry. The average percentage 
of apoptotic cells (± SD) is shown; *p<0.05; ns, not significant.

Figure 4. Tumor penetration of the KLA, KLA-iRGD and KLA-RGD peptides into the MKN45 tumor-bearing mice at 1 h post-injection. (A) Frozen tissue sec-
tions were examined under a confocal microscope. Blood vessels were visualized with anti-CD31 (red), nuclei were stained with DAPI (blue), while the protein 
peptides were labeled in green. Scale bar, 20 µm. (B) Quantification of the fluorescence intensity. Error bars denote mean ± SD; **p<0.01; ns, not significant.
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The results shown in Fig. 5C, revealed that KLA-iRGD signifi-
cantly suppressed MKN45 tumor growth. To test the potential 
toxicity of KLA-iRGD in the experimental mice, H&E-stained 
section of the kidney, lung, heart, liver and spleen were 
examined after peptide treatment. As shown in Fig. 5D, there 
were no obvious changes in these organs following treatment 
with KLA-iRGD compared with the control. Additionally, 
no skin abnormality around the injection sites was observed, 
suggesting the tumor‑specific penetration of KLA-iRGD.

H&E-stained tumor sections showed differences among 
tumors treated with KLA-iRGD, KLA or PBS (Fig. 6A). In 
the control groups treated with either KLA or PBS, small 
amounts of necrotic regions were present. In contrast, 
the KLA-iRGD‑treated group displayed larger necrotic 
regions, which explains the smaller volumes of the tumors 
in the group at the pathological level. Furthermore, tumors 

from the KLA-iRGD group showed significantly stronger 
TUNEL staining than tumors treated with PBS or KLA, 
indicating substantial cell death in the KLA-iRGD-treated 
tumors (Fig. 6B).

Discussion

As one of the main cause of cancer-related death worldwide, 
gastric cancer has a high rate of incidence and mortality (2). 
Accordingly, it is important to develop therapeutic agents 
with reduced side-effects and high specificity for gastric 
cancer (17). Several available cancer chemotherapy agents are 
limited by their serious side-effects and acquired resistance 
(18). Thus, there is an urgent need for a drug delivery system 
which delivers drugs at the target sites of tumor tissues. Phage 
display peptide libraries improve the therapeutic efficacy of 

Figure 5. KLA-iRGD suppresses tumor growth with no toxic effects in the xenograft model. (A) MKN45 cells were subcutaneously injected into the right 
flanks of nude mice and xenografts were allowed to grow for 2 weeks. KLA-iRGD (10 mg/kg), KLA or PBS was administered into the mice via intraperitoneal 
injection. Images were captured 12 days after treatment. (B) The MKN45 xenograft volume from animals treated with KLA-iRGD was significantly smaller 
than the tumor volumes observed in the animals treated with the control KLA or PBS (n=6). (C) The mean tumor weight showed significant suppression 
following treatment with KLA-iRGD. (D) Morphological details were examined using H&E staining. No significant pathological changes were observed in 
the kidney, heart, liver, lung and spleen of nude mice following treatment with KLA-iRGD. Scale bar, 50 µm. Two-way ANOVA was used for the analysis of 
tumor volume and one-way ANOVA for the tumor weight; ***p<0.001; ns, not significant.
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anticancer drugs by providing peptides with high affinity and 
specificity, and in addition they typically have low interaction 
with the immune system and good tumor and tissue penetra-
tion (19). In the targeted delivery of anticancer drugs into 
cancer tissue the ability to penetrate deep into the solid tumor 
tissue can potentially be a great challenge for the targeted 
therapeutic (3). In solid cancer, the homeostatic regulation of 
tissue fails, cancer cells are in a hypoxic state, the pressure of 
interstitial fluid increases (20-23), and the extracellular matrix 
(ECM) impedes the motion of molecules and drugs into the 
tumor tissue (24-26).

As a pro-apoptotic peptide, KLA leads to cellular apoptosis 
by disrupting mitochondrial homeostasis and activating 
caspases. Caspase-activating cytochrome  c release from 
damaged mitochondria induces activation of caspases-9 and -3, 
and mediates both early and late apoptosis (17,27). Originally 
developed as an antibacterial peptide, KLA is non-toxic in 
eukaryotic cells as it cannot be actively internalized (6,28). 
Indeed, since KLA fails to efficiently pass through eukaryotic 
plasma membranes  (29), an alternative method has been 
developed that involves the integration of KLA with other 
drugs, which are more efficient than the individual therapy. 
In this regard, the pro-apoptotic activity of the targeted 
fusion protein KLA-iRGD was reported. The iRGD peptide 
was shown to follow a multistep tumor-targeting mechanism. 
The intact peptide binds to αv integrins expressed on the cell 
surface, where it is proteolytically cleaved to generate the 
fragment of CRGDK (15). Such fragmenst bind to neuropilin-1 
and are internalized into tumor cells, thus penetrating tumor 
tissues (16). The cell-penetrating activity of iRGD is greater 
than that of common RGD peptides (15). It is actually greater 
than what can be accomplished with regular RGD peptides 
and mimics, which only deliver payloads to the tumor vessels.

In the present study, we coupled iRGD to KLA to study 
their antiproliferation and penetration activities on gastric 
cancer. We also showed that the KLA peptide is highly active 
when introduced into tumor cells using protein transduction 
mediated by the cell-internalizing peptide iRGD. Moreover, 
the present study showed that the fusion protein is an excel-
lent antitumor agent which can be released and spread in 
tumor tissues through intravenous injection. In addition, 
in the present study, we demonstrated that these peptides 
provide a protein with anticancer activity with the ability to 
penetrate readily into tumor tissue. Furthermore, the in vitro 
cytotoxicity of KLA-iRGD to MKN45 cells was effectively 
enhanced. The results from the MTT assay indicated that 
KLA-iRGD clearly decreased cell viability. Flow cytometric 
analysis of cell apoptosis also demonstrated that KLA-iRGD 
increased the induction of both early and late apoptosis in the 
MKN45 cells. We also showed that KLA-iRGD is effective in 
suppressing the growth of gastric cancer cell lines in vivo. The 
improved antitumor activity of KLA-iRGD can be attributed 
to the iRGD peptide, which facilitates the internalization of 
the formulation into MKN45 cells.

A recombinant protein iRGD-CDD was defined and 
constructed by Chen et al (30) who confirmed the extensive 
distribution of iRGD-CDD in tumors and showed that the 
iRGD peptide can be active in protein transduction. Similarly, 
in the present study, after intraperitoneal injection, the fusion 
protein KLA-iRGD was found to be a promising antitumor 
agent to spread in tumor tissue. We made use of the tumor 
penetration activity of KLA-iRGD in the development of a 
new anticancer treatment approach. The treatment of tumor-
bearing mice with KLA-iRGD effectively inhibited tumor 
growth in vivo, resulting in marked reduction in MKN45 tumor 
volume. Furthermore, KLA-iRGD did not cause detectable 

Figure 6. Effect of KLA-iRGD on the cell death of MKN45 tumors. (A) H&E staining of tumor sections from mice treated with intraperitoneal injection of 
PBS, KLA or KLA-iRGD. Scale bar, 100 µm. (B) Cell death was evaluated by immunohistochemistry of TUNEL. Scale bar, 25 µm. (C and D) Quantification 
of (C) tumor necrosis area and (D) TUNEL immunohistochemical positivity. Error bars denote mean ± SD; **p<0.01, ***p<0.001; ns, not significant.



Huang et al:  KLA-iRGD facilitates effective gastric cancer therapy2070

toxicity to important organs, such as the lung, liver, heart, 
spleen and kidney, in the tumor-bearing mice. KLA together 
with iRGD led to an improved pro-apoptotic effect, likely due 
to the high concentration of KLA in the targeted tumor cells.

To conclude, the present study provides an approach to 
construct a fusion protein of peptide KLA and iRGD to target 
tumors. The construct facilitated the entry of KLA into human 
MKN45 gastric carcinoma cells, where it decreased the growth 
of tumors in mice and exerted an apoptotic effect. There are 
still many issues associated with this approach that need to 
be addressed in order to ensure the enhanced clinical appli-
cation, including pharmacokinetic properties and stability of 
the recombinant proteins, and the mechanisms underlying the 
antitumor effect of KLA-iRGD. We believe that KLA-iRGD 
could be utilized as an anticancer agent. However, further 
research is warranted to confirm this suggestion.
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