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Abstract: The clinical use of endostatin has been hampered by its insolubility, instability, and frequent dosing sched-
ule. In the current study, we genetically engineered a mutant recombinant human endostatin (rhES) by introducing 
an integrin binding motif RGDRGD via site-directed mutagenesis. MTT assays showed an IC50 of 185 μg/mL for 
wildtype rhES and 27 μg/mL for the mutant rhES (P<0.05). Wound assays further demonstrated a migration inhibi-
tory rate of 69.0% for wildtype rhES and 90.0% for the mutant rhES (P<0.05). Mouse xenograft assays showed a 
tumor inhibitory rate of 40.7% for the wildtype rhES group and 51.1% for the mutant rhES. Immunohistochemical 
staining further revealed that the mutant rhES caused a more significant reduction in mean microvessel density and 
VEGF and PCNA expression than wildtype rhES (P<0.05). These findings demonstrate that the mutant rhES with the 
RGDRGD motif possesses more potent tumor inhibitory effects than wildtype rhES. The mutant rhES may be further 
studied as a biological agent to improve tumor therapeutic efficacy. 
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Introduction

Endostatin is a 20 kDa protein generated from 
the non-collagenous carboxyl-terminal frag-
ment of collagen XVIII as a result of proteolysis 
of large precursor proteins. It is a potent inhibi-
tor of angiogenesis. It suppresses VEGF and 
bFGF-induced endothelial proliferation and 
tumor growth. Recombinant human endostatin 
(rhES) is a modified human endostatin in which 
a nine-amino acid sequence is added to the 
N-terminus of the endostatin molecule, render-
ing it more stable and at the same time retain-
ing endogenous endostatin activity. rhES has 
been investigated as a broad-spectrum anti-
angiogenesis and tumor suppressing agent and 
is used in the clinical setting for the treatment 
of non-small cell lung cancer [1-3]. However, its 
clinical application has been hampered by 
issues such as insolubility, instability, high price 
and need for high dosage of rhES [4].

To improve its in vivo efficacy and reduce its 
dosing frequency, investigators have modified 
the sequence of rhES such as by changing the 

internal RGIRGAD sequence at position 25-31 
of the molecule to RGDRGD [5], which is a 
potential recognition sequence for binding in- 
tegrins. In the current study, using an E. coli 
expression system, we generated mutant rhES 
by introducing a mutation at the nucleotide 
position 27 to 30 of the endostatin gene, result-
ing in a change from ATC to GAC, and removal of 
GCC at the nucleotide position 27 to 30, lead-
ing to a polypeptide sequence RGDRGD. We 
then investigated the effects of mutant rhES on 
tumor growth in vitro and in a mouse tumor 
xenograft model.

Materials and methods

Animals

Five to 6-week old BALB/c nu/nu nude mi- 
ce, weighing approximately 20 g each, were 
purchased from HFK Bioscience Co. (Beijing, 
China) and were housed under specific patho-
gen-free conditions at the Animal Center, the 
2nd Affiliated Hospital of Harbin Medical Uni- 
versity, Harbin, China. The animals were allow- 
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colorimetric assays at daily intervals (24, 48, 
and 72 h) as instructed by the manufacturer 
(Sigma, St. Louis, MO, USA). Absorbance was 
read at 490 nm. Each experiment was carried 
out in sextuplicates and at least three times 
independently. The viability rate was calculated 
as OD490 of the treatment group divided by 
OD490 of the control group × 100% and the inhi-
bition rate was calculated as 100% minus the 
viability rate. IC50 was determined by plotting 
the viability rate (y axis) and rhES concentration 
(x axis).

Tissue wound assays

For cell migration studies, human bladder carci-
noma T-24 cells were cultured in tissue flasks 
and after the cells formed monolayer, wounding 
was performed by scraping through the cell 
monolayer with a 10 µL pipette tip. Medium 
and non-adherent cells were removed, and 
cells were washed twice with PBS, and fresh 
medium with 10 μg/mL wildtype rhES, 10 μg/
mL mutant rhES or PBS was added. Cells were 
permitted to migrate into the area of clearing 
for 72 h. Wound healing was photographed 
microscopically (Carl Zeiss Meditec, Jena, 
Germany). The number of migrated cells was 
counted in five separate visual fields under an 
inverted microscope and averaged. The migra-
tion inhibitory rate was calculated as the num-
ber of migrated cells in the control group minus 
the number of migrated cells in the treatment 
group divided by the number of migrated cells 
in the control group (%).

Mouse xenograft assays

Human bladder carcinoma T-24 cells were pre-
pared in suspension and 18 BALB/C scid mice 
were inoculated subcutaneously at 1 × 107 
cells per mouse. After 20 days, when the long 
diameter of the tumor grew to 1 cm, mice were 
randomized to receive PBS (n=6), wildtype rhES 
(n=6) or mutant rhES (n=6) subcutaneously at 
a daily dose of 20 mg/kg. After 21 days, tumor 
xenografts were excised and weighed and 
tumor volume was calculated using the formu-
la: a2 × b × 0.5, where a represents the short 
diameter and b the long diameter. Tumor inhibi-
tory rate was calculated as the tumor weight of 
the control mice minus the tumor weight of the 
treated mice divided by the tumor weight of the 
control mice (%).

Immunohistochemistry 

Immunohistochemistry was performed by a 
two-step method using the Picture detection 

ed to accommodate for 5 days before they were 
used for experiments. The animal experiment 
was reviewed and approved by the Animal  
Care and Use Committee of the 2nd Affiliated 
Hospital of Harbin Medical University ethics 
committee and performed in accordance with 
the Guidelines for the Care and Use of 
Laboratory Animals. 

Generation of mutant recombinant human 
endostatin

Plasmids were extracted from rhES E. coli  
BL21 (DE3, Promega, Madison, WI) using com-
mercially available kits (Promega) as instructed 
by the manufacturer and site directed muta-
genesis of wildtype rhES E. coli strain BL21 
(DE3, Promega) was performed using Quick 
Change site directed mutagenesis kit (Merck) 
as instructed by the manufacturer. Primers for 
human endostatin were designed according to 
the human endostatin sequence in GenBank. 
The sequence of the forward primer was 5’-GG- 
CATGCGGGGCGACCGCGGGGACTTCCAGTGC-3’ 
and that of the reverse primer was 5’-GCACT- 
GGAAGTCCCCGCGGTCGCCCCGCATGCC-3’ (Bo- 
yaBiotech, Shanghai).

PCR was run in a 50 μL reaction containing 1 
μL plasmid DNA (10 ng/μL), 2.5 μL each primer 
(100 ng/μL), 1 μL each dNTP, 1 μL PfuTurbo 
DNA polymerase (2.5 U/μL) and 5 μL 10 × reac-
tion buffer. PCR was performed at 95°C for 30 
seconds followed by 18 cycles of 95°C for 30 
seconds, 55°C for 1 minute and 68°C for 8 
minutes. The PCR products were digested with 
DpnI and ligated with plasmids and the plas-
mids were then transformed into supercompe-
tent XL1-Blue cells. After incubation on LB plate 
containing ampicillin at 37°C for 18 hours,  
single colonies were chosen for sequencing 
(Boya Biotech). Plasmids were extracted from 
XL1-blue supercompetent cells and trans-
formed into BL21 (DE3) to obtain engineered 
rhES strain. Wildtype and mutant rhES protein 
was purified from engineered rhES strains as 
described previously [6].

The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-
tetrazolium (MTT) assays

For cell proliferation studies, human bladder 
carcinoma T-24 cells were plated onto 96-well 
plates at 2 × 104 cells/well and cultured over-
night to allow cell attachment. The cells were 
treated with 10 μg/mL wildtype or recombinant 
rhES or 10 μg/mL cisplatin. The number of via-
ble cells was determined by the MTT bromide 
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Under the high power view, five representative 
fields were captured using the Leica Q Win Plus 
v3 software in an identical setting and the num-
ber of VEGF or PCNA positive cells enumerat- 
ed and averaged. For quantification of mean 
microvessel density (MVD), three or four fields 
per tumor were scored at × 200 magnification 
independently by two observers using double 
blind method and the scores were averaged. 
MVD was quantified as CD34-positive area/
total area [7].

Transmission electron microscopy

Tissue blocks were postfixed in 3% glutaralde-
hyde for 2 h at room temperature, and the tis-

system (Zhongshan Biotechnology Co., Beijing, 
China). The following primary antibodies were 
used: anti-CD34 antibody, anti-VEGF antibody 
and anti-PCNA antibody (Santa Cruz Biote- 
chnology, Santa Cruz, CA, USA). In negative 
controls, PBS was used instead of primary anti-
bodies. Yellow or yellow brown staining of the 
cytoplasm was considered positive for VEGF 
and yellow or yellow brown staining of the 
nucleus was considered positive for PCNA. The 
density of positive staining was measured us- 
ing a computerized image system composed  
of a Leica CCD camera DFC420 (Leica Mic- 
rosystems Imaging Solutions, Ltd., Cambridge, 
UK) connected to a Leica DM IRE2 microscope. 

Figure 1. A. The sequencing result of mutant rhES; B. SDS-PAGE of the purified protein. 1: Molecular weight stan-
dard; 2: E. coli induced for 3 hours (wildtype rhES); 3, 7: Supernatant obtained after centrifugation of lysed E. coli 
(3, wildtype rhES; 7, mutant rhES); 4, 8: Inclusion bodies after three general washes (4, wildtype rhES; 8, mutant 
rhES); 5, 9: Inclusion bodies after two washes by urea wash fluid (5, wild rhES; 9, mutant rhES); 6, 10: Protein after 
refolding (6, wildtype rhES; 10, mutant rhES). C. Concentration-survival rate curves of AGZY lung cancer cell line. 
Left panel: Wildtype and mutant rhES; right panel: CDDP.
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in, 185 μg/mL for wildtype rhES, and 27 μg/mL 
for the mutant rhES, suggesting that mutant 
rhES was more potent than wildtype rhES in 
inhibiting AGZY lung cancer cell growth.

Mutated recombinant human endostatin com-
promises migration of cancer cells in vitro to a 
greater extent than the wildtype endostatin

Wound assays further demonstrated that both 
mutant rhES and wildtype rhES effectively sup-
pressed the migration of human bladder carci-
noma cells T-24 in vitro (Figure 2). The migra-
tion inhibitory rate was 69.0% for the wildtype 
rhES group and 90.0% for the mutant rhES 
group, indicating that mutant rhES was more 
effective than wildtype rhES in inhibiting the 
migration of tumor cells in vitro.

sue was embedded in Epon 812. Ultrathin sec-
tions (50-80 nm) were cut with an ultrami- 
crotome (Leica RM 2165, Leica Ultracut UCT, 
Germany) and stained with uranyl acetate and 
lead citrate. Observations and photomicro-
graphs were made with a transmission electron 
microscope (TEM; JEOL JEM-2100, Japan) oper-
ated at 60 kV.

Statistical analysis

Continuous variables are shown as mean ± 
standard deviations (SD). The data of different 
groups were compared using Student’s t test or 
one-way ANOVA. P<0.05 (two sided) was con-
sidered to be significantly different. All data 
were analyzed by SPSS version 19.0 (SPSS Inc., 
Chicago, IL).

Figure 2. Photographs of migration inhibition of lung cancer Agzy cells in 
different groups. A. Before administration. B. Control. C. Wildtype rhES. D. 
Mutant rhES.

Table 1. Comparison of the data between the control group and 
the treatment groups (X±S)

Group Tumor  
volume, cm3

Tumor  
weight, g

Mouse net  
weight, g

Tumor weight/
Net weight

Control 1.83±0.48 2.68±0.57 12.20±1.39 0.22±0.06
Wildtype rhES 0.70±0.18 1.59±0.23 16.94±1.50 0.10±0.02
Mutant rhES 0.57±0.17 1.31±0.27 17.50±1.62 0.08±0.18

Results

Mutated recombinant human 
endostatin more effectively 
suppresses the growth of 
lung cancer cells in vitro than 
the wildtype endostatin

Gene sequencing revealed 
that a mutation was intro-
duced at the nucleotide posi-
tion 27 of the endostatin 
gene, resulting in a change 
from ATC to GAC, and GCC at 
the nucleotide position 30 
was removed, generating a 
nucleotide sequence 5’-CGG- 
GGCGACCGCGGGGAC-3’, whi- 
ch encodes a polypeptide se- 
quence RGDRGD (Figure 1A). 
SDS-PAGE showed a distinct 
protein band from both the 
wildtype rhES and mutant 
rhES E. coli strains with a puri-
ty of 95% (Figure 1B).

MTT assays showed that cis-
platin dose-dependently sup-
pressed the growth of AGZY 
lung cancer cells (Figure 1C). 
Both wildtype and mutant 
rhES also dose-dependently 
inhibited the growth of AGZY 
cells (Figure 1B and 1C). The 
IC50 was 10 μg/mL for cisplat-
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mouse xenografts was markedly reduced by 
mutant rhES compared to the controls (P< 
0.05) (Figure 3E), No significant difference in 
PCNA expression was observed between the 
mutant and wildtype rhES group or between 
the wildtype and control group (P>0.05).

Mutated recombinant human endostatin more 
effectively suppresses neoangiogenesis than 
wildtype endostatin

H&E staining showed fewer necrotic areas and 
abundant vasculature in the control group. By 
contrast, more extensive necrosis and scant 
vessels and collapsed or thrombosed vessels 
were seen in the mutant rhES group than the 
wildtype rhES group or the control group (Figure 
4A). Transmission electron microscopy revealed 
the presence of necrotic and apoptotic cells 

Mutated recombinant human endostatin inhib-
its tumor xenograft growth

We established mouse xenografts bearing hu- 
man bladder carcinoma cells T-24. We noticed 
marked tumor volume growth in mice receiving 
PBS. At day 41 post inoculation, mouse xeno-
grafts treated with wildtype or mutant rhES 
showed significantly reduced tumor volume 
(P<0.05 vs. controls) (Table 1 and Figure 3A-D). 
Though there was no statistical difference bet- 
ween the two groups (P>0.05), mouse xeno-
graft volume was apparently smaller in mice 
receiving mutant rhES than mice receiving wild-
type rhES. Furthermore, the tumor inhibitory 
rate was 40.7% for the wildtype rhES group and 
51.1% for the mutant rhES group. Consistently, 
immunohistochemical staining revealed that 
the expression of proliferation marker PCNA in 

Figure 3. A. Tumor volume changes 
over time for the 3 groups. B. Tumor 
weight changes over time for the 3 
groups. C. Mouse net weight changes 
over time for the 3 groups. D. Tumor 
weight/net weight changes over time 
for the 3 groups. E. Immunostaining for 
PCNA. Data are expressed as mean ± 
SD.
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chondria (Figure 4C) and vacuole degeneration 
was observed in the mitochondria of vascular 
endothelial cells (Figure 4D).

treated with mutant or wildtype rhES (Figure 
4B). Lipid droplets appeared inside the cells 
and the electron density increased in the mito-

Figure 4. (A) Photographs of H&E 
staining results in the 3 groups. (B-D) 
Photographs of immunohistochemi-
cal staining for CD-34 (B), PCNA (C) 
and VEGF (D). (E) Mean microvessel 
density (MVD) and (F) VEGF are ex-
pressed as mean ± SD.
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Rehn et al. showed that by binding to integrin 
α5β1 and αvβ3, endostatin prevented interaction 
between integrins and the extracellular matrix, 
thus preventing attachment of endothelial cells 
to the extracellular matrix [12]. The RGD (Arg-
Gly-Asp) sequence was found to be a versatile 
cell recognition signal and binds to integrins 
[13, 14]. Saiki et al. demonstrated that poly 
(RGD) more potently suppressed metastasis of 
lung and liver cancer cells than a single RGD 
motif due to more effective binding to RGD-
dependent integrins [15, 16]. By introducing a 
RGDRGD sequence in mutant rhES, we demon-
strated that the mutant rhES was more potent 
in suppressing the growth of lung cancer cells 
in vitro than wildtype rhES and was also more 
effective in inhibiting the growth of mouse 
xenograft bearing human bladder carcinoma 
cells. Furthermore, mutant rhES was more 
effective than wildtype rhES in inhibiting tumor 
cell migration. 

It has been shown that the integrins play a criti-
cal role in neoangiogenesis. Yang et al. showed 
that integrin α5 deficient mice exhibited multi-
ple defects in formed vessels [17]. Brook et al. 
further demonstrated that antagonists of integ-
rins αvβ3 selectively induced apoptosis of newly 
formed vessels [18]. Stromblad et al. also 
found that integrin αvβ3 was associated with 
angiogenesis and apoptosis of endothelial cells 
[11]. We showed here that reduction in xeno-
graft growth was associated with a significant 
decrease in MVD, and mutant rhES caused a 
more significant decline in MVD than wildtype 
rhES. Mutant also caused a more marked 
decrease in VEGF expression in the tumor tis-
sues than wildtype rhES. These findings sug-
gest that enhanced tumor inhibitory effects by 
mutant rhES was at least partially attributed to 
impaired neoangiogenesis.

The clinical use of endostatin is hampered by 
insolubility, instability, and frequent dosing [4]. 
The mutant recombinant rhES generated in this 
study is active and has a significantly lower IC50 
than wildtype rhES. Our in vitro and in vivo data 
suggest that the mutant rhES possesses more 
potent tumor inhibitory effects than wildtype 
rhES. Our study demonstrates that this mutant 
rhES may be further studied as a biological 
agent to improve tumor therapeutic efficacy.
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Immunohistochemical staining further show- 
ed that wildtype and mutant rhES caused a sig-
nificant reduction in MVD than controls (P< 
0.05) (Figure 4E). ANOVA showed that the MVD 
in the mutant rhES group was also noticeably 
lower than that of the wildtype rhES group 
(P<0.05). Consistently, both mutant and wild-
type rhES caused a marked decrease in VEGF 
expression in the tumor tissues compared to 
the control group (P<0.05) (Figure 4F). ANOVA 
further showed that mutant rhES was more 
effective than wildtype rhES in reducing VEGF 
expression (P<0.05). 

Discussion

Solid tumor growth and metastasis rely on  
neoangiogenesis. When the volume of a tumor 
reaches above 3 mm3 or when the number of 
cells in a tumor reaches above 107, the tumor 
needs newly formed vessels to obtain its nec-
essary nutrients for growth [8]. Endostatin, as a 
natural inhibitor of angiogenesis, has shown 
promise in a variety of cancers, including non-
small cell lung cancer. Consistent with earlier 
studies, our study demonstrated that wildtype 
rhES inhibited tumor growth and migration in 
vitro and tumor xenograft growth in vivo. More 
importantly, we showed that mutant rhES, 
which has a novel RGDRGD sequence, was 
more effective than wildtype rhES in suppress-
ing tumor growth both in vivo and in vitro.

Integrins as membrane receptors mediate 
interactions between cells and the extrace- 
llular matrix and intercellular interactions. 
Metastasis and invasion of tumor cells involve 
attachment to the extracellular matrix, a pro-
cess in which integrins play an important role. 
Because of differences in the components of 
the extracellular matrix, tumor cells synthesize 
different integrins during infiltration and migra-
tion of tumor cells. Upon attachment to the 
extracellular matrix, the motility, infiltration and 
viability of tumor cells are modulated by integ-
rin mediated signaling. Overexpression of integ-
rin αvβ3 in melanoma cells or overexpression of 
integrin αvβ6 in colorectal carcinoma cells were 
found to promote tumor growth [9, 10]. 
Stromblad et al. found that integrin αvβ3 inhib-
ited P53 activity and suppressed expression 
ofP211

WAF/CIPI and increased the ratio of BCL-2 to 
bax, thus enhancing survival of tumor cells [11]. 

Sudhakar et al. and Furumatsu et al. found that 
endostatin directly binds to integrins [10, 11]. 
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