
 

 

Introduction 
 
Surgical treatment combined with chemother-
apy or radiotherapy has significantly improved 
clinical outcomes for patients with colorectal 
carcinoma (CRC). In spite of these advance-
ments, better treatment options are needed 
because CRC is still associated with a high rate 
of mortality in men and women worldwide [1]. 
 
Vascular endothelial growth factor A (VEGFA) 
plays a critical role in the growth of primary tu-
mors and tumor-related angiogenesis. VEGFA is 
secreted by most solid tumors [2-4] and, via its 
interaction with its receptor VEGFR-2, promotes 
endothelial cell proliferation, invasion, migra-
tion, and survival, as well as vessel permeabil-
ity. In human CRC, high levels of VEGFA corre-
late with tumor progression and invasiveness 
[5], and VEGFA expression in CRC has been 
found to be a strong prognostic indicator of me-
tastasis and survival [6].  
 
Bevacizumab, a monoclonal antibody against 
VEGFA, has been approved in combination with 

platinum-based chemotherapy for the treatment 
of patients with advanced CRC [7]. However, 
clinical trial results have shown that while 
bevacizumab may be effective as adjuvant ther-
apy, many tumors fail to respond from the out-
set or after a few months of treatment and tu-
mor regression occurs in some cases. Further-
more, some investigators have observed resis-
tance to this therapy owing to the ability of tu-
mor cells to up-regulate the expression of 
VEGFA and thereby overcome the anti-
angiogenic effect [8].  
 
As an alternative to immunologic suppression of 
VEGFA activity, a potential and promising strat-
egy is to silence VEGFA gene expression at the 
messenger RNA (mRNA) level. The purpose of 
the current study was to use RNA interference 
(RNAi) technology in order to explore the effects 
of VEGFA knock-down on RKO cell proliferation, 
tumor formation and tumor cell signaling. Our 
results demonstrate that lentivirus-mediated 
delivery of short hairpin RNA (shRNA) in RKO 
cells significantly down-regulates the expression 
of VEGFA and dramatically decreases tumor cell 
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proliferation, colony formation, invasion and 
migration. Furthermore, our results suggest that 
knocking down VEGFA suppresses tumor pro-
gression in part by reducing the activity of the 
MEK/ERK-Smac/DIABLO signaling pathway in 
RKO cells. 
 
Materials and methods 
 
Patients and tissue samples 
 
Sixteen colorectal tumor samples were obtained 
with informed consent from patients at the De-
partment of Surgical Oncology, First Affiliated 
Hospital of Xiamen University (Xiamen, China). 
For RNA extraction, tissues were immediately 
snap-frozen in liquid nitrogen and stored at       
–80°C. The Surgical Oncology Ethics Committee 
approved this study. 
 
Cell cultures 
 
Human RKO cells were obtained from the ATCC 
Cell Biology Collection and cultured in DMEM 
(Dulbecco’s modified Eagle medium) supple-
mented with 4.5 g/l glucose, 10% FBS, 4 mM L-
glutamine, 100 U/ml penicillin, and 0.1 mg/ml 
streptomycin. RKO cells were seeded at 1 × 105 
cells per well in 6-well plates and incubated 
overnight at 37°C with 5% CO2.  
 
VEGF siRNA lentivirus package  
 
Two short hairpin RNAs (shRNA-1, 5’- GACAA-
GAAAAUCCCUGUGG -3’ and shRNA-2, 5’- 
AAGUGGUGAAGUUCAUGGAUG -3’) targeting the 
VEGFA ORF (Genbank no. NM_001025368) and 
a non-targeting RNA sequence serving as a 
negative control (Scr-shRNA) were cloned into 
the pENTR/U6 entry vector (Invitrogen). A 
shRNA-expressing lentivector was then con-
structed following the manufacturer’s instruc-
tions (BLOCK-iT™ U6 RNAi Entry Vector Kit, Invi-
trogen) and packaged using the Virapower pack-
aging mix (Invitrogen). Virus particles were 
titered using 293FT cells, as described in the 
Invitrogen Instruction manual for Virapower Len-
tiviral Expression Systems (Version E).  
 
Lentiviral vector transduction 
 
RKO cells were transduced with shRNA-
expressing lentivirus at a multiplicity of infection 
(MOI) of 20 particles/cell in serum-free growth 
medium containing 6 μg/mL polybrene at 37°C, 

5% CO2 in 96-well or 6-well plates. GFP expres-
sion was observed by fluorescent microscopy 
three to six days post-transduction, and cells 
were harvested 7 days for RT-PCR or 10 days 
for Western blot post-transduction. 
 
RNA extraction and real-time RT-PCR 
 
RNA from tissue samples or cell cultures was 
extracted using Trizol reagent (Gibco) according 
to the manufacturer’s instructions. First strand 
cDNA was synthesized from 5 µg of total RNA 
using SuperScript II RT 200 U/µl (Invitrogen). 
VEGFA and Smac/Diablo mRNA expression was 
evaluated by RT-PCR on an ABI 7500 (Applied 
Biosystems) with SYBR Green PCR core re-
agents. Actin was used as the input reference. 
Primers used were: VEGFA, 5’- CAACATCAC-
CATGCAGATTATGC -3’ (forward) and 5’- 
TCGGCTTGTCACATTTTTCTTGT-3’ (reverse); and 
actin 5’-GGCAGTCCACAGCAAGAAC-3’ (forward) 
and 5’-CACCCTGTTGCTGTAGCCAAA-3’ (reverse). 
RT-PCR analysis was performed in triplicate and 
results are presented as Ct values, defined as 
the threshold PCR cycle number at which an 
amplified product is first detected. The mean Ct 
was calculated, and ΔCt was determined as the 
mean Ct for the target gene minus the mean Ct 
for actin.  
 
Western blot and ELISA 
 
RKO cells were collected, washed with PBS and 
then lysed in lysis buffer containing 100 mM 
Tris–HCl, pH 7.5, 0.5% NP-40 and protease in-
hibitor cocktail. The supernatant was collected 
after centrifugation and protein concentrations 
were determined using a BCA Protein Assay Kit 
(Pierce, Rockford, IL). Cell lysate samples (40 
µg) were separated by SDS-PAGE, blotted onto a 
nitrocellulose membrane and incubated with a 
primary antibody for 4 hours, including mono-
clonal antibodies against Smac/Diablo and p-
ERK. Samples were then incubated with a sec-
ondary antibody for an hour and detected using 
an enhanced chemiluminescence kit (Pierce, 
Rockford, IL). Beta-actin was used as a loading 
control. VEGFA ELISA was performed using a 
VEGFA-specific ELISA kit (R&D Systems) follow-
ing the manufacturer’s instructions. Each ex-
periment was performed in triplicate.  
 
Cell proliferation and colony formation assays 
 
Briefly, cells were seeded at an initial density of 
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3x104 cells/ml in a 96-well plate for 24h. After 
lentivirus infection, MTT (3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) was 
added into each well to a final concentration of 
0.5 mg/ml. The formazan precipitate was col-
lected, dissolved in dimethylsulfoxide and meas-
ured using an ELISA reader (Bio-Rad, U.S.A.) at 
a wavelength of 490 nm. Analysis of colony for-
mation in Matrigel was performed following the 
manufacturer’s instructions (BD Biosciences). 
RKO cells were seeded at a density of 0.5 × 105 

cells/well in growth medium and incubated for 
24 h at 37°C, after which images were cap-
tured. All studies were performed in triplicate. 
 
Cell migration assays 
 
Cell migration was evaluated using QCM-
Collagen I Quantitative cell migration assay kit 
(ChemiconA). Cells from the various treatment 
groups were added to the top compartment and 
cell migration assays were carried out at 37°C 
for 12 hours. Cells that remained in the top 
compartment were removed with cotton swabs 
and insert filters were fixed with 3% paraformal-
dehyde and stained with 1% (v/v) crystal violet 
in acetic acid. The number of migrated cells was 
determined using Image Pro-Plus 3D Imaging 
System (Apparatus Co., Ardmore, PA).  
 
Cell cycle analysis 
 
Cells were treated as indicated. Cell cycles were 
analyzed using Multicycle-DNA Cell Cycle Analyz-
ing Software (BD Biosciences). In brief, the unin-
fected and infected cells were collected and 
washed with PBS. After centrifuge, the cells 
were fixed in 70% ethanol at 4°C for half an 
hour. Prior to analysis, Cells were collected by 
centrifugation and washed with PBS, then re-
suspended in PBS containing 20 g/ml RNase 
A and 50 g/ml PI, and then incubated at 4°C 
for 30 min in the dark. Cells were analyzed by 
flow cytometry and the data were analyzed with 
FlowJo 7.6.1 software. 
 
In vivo tumor formation 
 
Cultured RKO cells were harvested with trypsin-
EDTA, washed and resuspended in PBS. 
C57Bl/6 nude mice (10 weeks old) were subcu-
taneously injected along the dorsal midline with 
5 × 106 RKO cells (in 100 ml PBS) per site. Tu-
mor sizes were measured using calipers up to 
27 days after injection. 

 
Statistical analysis 
 
Statistical analyses were performed using SPSS-
12.0 software. All results are expressed as 
mean ± standard error. Each experiment was 
repeated 3 times, unless otherwise indicated. 
Comparisons between groups were done using 
the unpaired Student’s t-test. A p-value of 
< 0.05 was considered statistically significant 
for all analyses.  
 
Results 
 
Elevated expression of VEGFA in CRC tumor 
samples 
 
To explore the role of VEGFA in human colorec-
tal tumors, we began by analyzing the expres-
sion of VEGFA in human colorectal cancer tis-
sues. Colorectal tumor samples and healthy 
tissue were obtained from 16 node-positive pa-
tients, and VEGFA expression levels were exam-
ined by RT-PCR. We observed elevated levels of 
VEGFA mRNA in tumors compared with corre-
sponding healthy colon tissues (P = 0.035, Fig-
ure 1), confirming the positive relationship be-
tween VEGFA expression levels and tumor ma-
lignancy in colon cancer. 

Figure 1. VEGFA expression in malignant colon tumor 
tissues. Graph shows VEGFA mRNA levels relative to 
β-actin in total RNA samples prepared from normal 
(N) or tumour (T) colon tissue from patients with 
colorectal cancer. The cut-off point was determined 
using ROC (receiver operating characteristics) curve-
based statistical analysis; the number of samples 
above the ROC cut-off in each group is indicated 
(Positive).  
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Effect of VEGFA knockdown on cell proliferation 
and tumor growth 
 
RKO is a poorly differentiated colon carcinoma 
cell line that constitutively expresses high levels 
of VEGFA. To suppress VEGFA expression, RKO 
cells were infected with lentivirus containing 
shRNAs directed against VEGFA (VEGFA-shRNA1 
and VEGFA-shRNA2) or a non-targeting negative 
control shRNA (Scr-shRNA). The lentivirus infec-
tion rate was quite high as measured by GFP 
fluorescence (Figure 2A). VEGF mRNA expres-
sion was then measured by RT-PCR. As shown 
in Figure 2C, endogenous VEGFA mRNA was 
significantly reduced in VEGFA-shRNA express-

ing cultures compared with control cultures. We 
further analyzed the degree of suppression by 
measuring VEGFA protein levels by Western blot 
and ELISA. The results showed that cellular lev-
els of VEGFA protein (Figure 2B) and the con-
centration of secreted VEGFA (Figure 2D) were 
significantly reduced by VEGFA-shRNA lentivirus 
treatments. As determined by RT-PCR, the ex-
pression of the VEGFA receptor VEGFR-2 was 
not affected by VEGFA-shRNA expression (data 
not shown).  
 
We next investigated cancer cell proliferation 
and invasiveness, both hallmarks of tumor pro-
gression, in RKO cells treated with VEGFA-

Figure 2. Knock-down of VEGFA in RKO cells by lentivirus-mediated RNAi silencing. (A) RKO cell cultures 4 days after 
transduction with lentivirus containing either negative-control shRNA (Scr-shRNA) or VEGFA-targeting shRNA con-
structs. GFP expression (bottom panels) indicates that the cell has been infected with shRNA. (B) Western blot show-
ing VEGFA protein levels in cultures treated as in (A). (C) VEGFA mRNA levels in cultures treated as in (A) measured by 
RT-PCR. (D) Concentrations of secreted VEGFA in the medium of cultures treated as in (A) as determined by ELISA. 
*p<0.05 relative to control; n=3 per group.  
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shRNA. Under normal culture conditions, VEGFA 
down-regulation inhibited cell proliferation 
rates, as indicated by a lower growth rate in 
VEGFA-shRNA groups compared to control cells 
(Figure 3A). The capacity to form colonies in soft 
agar was also inhibited in cells with reduced 
levels of VEGFA (Figure 3B), indicating that 
VEGFA down-regulation inhibits cancer cell 
growth.  
 
Next, to examine the invasive and metastatic 
potential of these cells, invasion assays showed 
that VEGFA knock-down significantly decreased 
the number of cells that penetrate Matrigel-
coated membranes (Figure 3C). We also found 
that VEGFA knock-down decreased the migra-
tory ability of RKO cells (Figure 3D). The results 
of these assays indicate that the proliferation 
rate and metastatic potential of the cancer cells 
was significantly inhibited by VEGFA knock-
down.  
 
We then studied the effects of VEGFA down-
regulation on cell cycle rates by fluorescence 
activated cell sorter analysis (FACS). The results 

showed that almost 70% of VEGFA-shRNA ex-
pressing cells were arrested in G0/G1-phase 
compared to 45% of control cells (P < 0.05, Fig-
ure 3E) with an associated decrease in the per-
centage of cells in S and G2/M phases, indicat-
ing that suppressing VEGFA levels reduces the 
rate of cell proliferation. 
 
To further confirm the suppressive effect of 
VEGFA knock-down on tumor progression in 
vivo, we stably transfected RKO cells with VEGF-
shRNA-1 or -2 and subcutaneuously xeno-
grafted cell masses (5 × 106 cells) into nude 
mice and measured tumor sizes up to 27 days 
after implantation. Consistent with our in vitro 
proliferation data, significantly less tumor 
growth was observed in mice injected with cells 
expressing VEGFA-shRNA-1 or -2 compared to 
control and Scr-shRNA tumors. As shown in Fig-
ure 3F, VEGFA-shRNA expressing tumors had a 
41% T/C ratio (mean treated tumor volume to 
mean control tumor volume) after 27 days. Fur-
thermore, mice injected with tumors expressing 
VEGFA-shRNA had a significantly higher survival 
rate than controls (Figure 3G). These results 

Figure 3. Effect of VEGFA suppression on RKO cell growth in vitro and in vivo. (A) Growth rates of control and VEGFA-
shRNA infected cells measured by MTT assay. (B) Formation of control and VEGFA-shRNA expressing RKO cell colo-
nies on soft agar plates. Four weeks after seeding, colonies with a diameter of > 100 μm were counted under a mi-
croscope. (C) Quantification of the volume of control and VEGFA-shRNA expressing RKO cells in the matrigel matrix-
coated upper chamber of 96-well plates 24 h after being seeded with RKO cells on filters with 8 μm pores. (D) Quanti-
fication of the volume of control and VEGFA-shRNA expressing RKO cells in the uncoated upper chamber of 96-well 
plates 24 h after being seeded with RKO cells on filters with 8 μm pores. (E) FACS analysis showing the proportion of 
control and VEGFA-shRNA expressing RKO cells in different phases of the cell cycle. (F) Tumor growth curves in nude 
mice injected with RKO cell masses. Tumor sizes are expressed as the percentage of the mean control tumor size on 
day 3. (G) Survival of nude mice treated as in (F). *p<0.05 relative to control; n=3 per group. 
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suggest that knocking down VEGFA suppresses 
tumor progression both in vitro and in vivo. 
 
Effect of VEGF knockdown on downstream 
signaling 
 
To investigate the mechanisms underlying the 
growth suppression effect of VEGFA knock-
down, we analyzed the expression of factors 
involved in angiogenesis and cell growth. VEGFA 
is an important promoter of angiogenesis in 
cancers and is known to activate several mito-
chondrial apoptosis pathway associated pro-
teins, such as Bcl-2 and Mcl-1. We investigated 
whether VEGF could also regulate Smac/Diablo, 
another important mitochondrial protein. In 
VEGFA-depleted RKO cells, Smac/Diablo mRNA 
(data not shown) and protein (Figure 4A and B) 
levels were significantly down-regulated. Since 
the MEK/ERK pathway is tightly associated with 
cell growth [9, 10] and VEGFA has been re-
ported to activate and phosphorylate MEK and 
ERK [11], we further investigated whether the 
MEK/ERK pathway was involved in the down-
regulation of Smac/Diablo. As shown in Figure 
4A and B, levels of phosphorylated ERK were 
reduced following VEGFA knock-down, correlat-
ing with reduced levels of Smac/Diablo. Specifi-

cally inhibiting MEK and ERK activity with 
PD98059 also reduced Smac/Diablo protein 
levels without affecting VEGFA. We also meas-
ured the level of phospho-Akt to assess PI3K-
Akt pathway signaling and found that Akt activa-
tion is not affected by VEGFA suppression. 
These results demonstrated that VEGFA acts 
upstream to promote Smac/Diablo expression 
via activation of the MEK/ERK pathway. To 
evaluate the specificity of the VEGFA-shRNA-1 
and -2 knock-down, and to examine the effect 
upon downstream pathways, we analyzed pro-
tein levels of four other genes related to cell 
growth (survivin, cyclinE, cyclinD1 and c-myc). 
The results showed that knocking down VEGFA 
did not affect the expression of these genes in 
RKO cells (data not shown). Taken together, 
these data suggest that suppressing VEGFA with 
short interfering RNA constructs in RKO colorec-
tal cancer cells decreases tumor formation and 
proliferation potential by suppressing the activ-
ity of the MEK/ERK-Smac/Diablo pathway. 
 
Discussion 
 
Although surgical treatment combined with che-
motherapy or radiotherapy has significantly im-
proved clinical outcomes for patients with  CRC,  

Figure 4. Effect of VEGFA suppression on the expression of downstream signaling factors. (A) Representative Western 
blot showing levels of VEGFA, Smac/DIABLO, phosphorylated ERK and phosphorylated Akt in RKO cells treated as 
indicated. Actin was included as a loading control. (B) Quantification of results in (A). Values are normalized to con-
trol. *p<0.05 relative to control; n=3 per group. 
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the disease is still associated with a high rate of 
mortality in men and women worldwide [1]. 
VEGFA is a critical effector of tumor angiogene-
sis and vasodilatation, and is expressed in 
many solid tumors [15-16]. However, the role of 
VEGFA in those solid tumors is poorly under-
stood. Our findings revealed that VEGFA is ex-
pressed at high levels in colon cancer tissues 
from patients, which led us to hypothesize that 
VEGFA stimulates tumor growth not only via its 
actions on endothelial cells but also by directly 
stimulating its receptor VEGFR-2 on tumor cells 
[17-18]. 
 
Using lentivirus-mediated shRNA silencing, we 
stably suppressed the expression of VEGFA both 
at the mRNA and protein levels in cultured RKO 
colorectal cancer cells and significantly de-
creased the amount of secreted VEGFA pro-
teins, as shown by ELISA. Treating RKO colorec-
tal cancer cells with VEGFA shRNA decreased 
cell cycle progression, proliferation and inva-
siveness in vitro, demonstrating that autocrine 
VEGFA signaling plays a critical role in colon 
cancer cell growth. Furthermore, we show that 
when injected into nude mice, VEGF-shRNA ex-
pressing RKO cells fail to grow as quickly as 
control RKO cell masses, leading to higher sur-
vival rates. These results provide a foundation 
for further study into the clinical potential of 
lentiviral-mediated delivery of VEGFA RNAi 
therapies for the treatment of CRC.  
 
The advantage of using lentivirus-mediated 
RNAi as an anti-angiogenic therapeutic tool is its 
ability to specifically suppress target genes long 
term. This is in contrast to other methods for 
targeting VEGFA, such as neutralizing antibod-
ies, which do not stably reduce the expression 
and which the tumor may overcome by up-
regulating VEGFA transcription and translation 
[8],[19]. Furthermore, lentiviral-mediated RNAi 
has advantages over other RNAi delivery meth-
ods, such as injecting naked siRNA, including a 
higher infection rate and stability, and duplica-
tion-defective lentivirus particles are bio-safe 
and are currently in use in clinical trials. Thus, 
lentivirus-mediated RNAi VEGFA therapy may 
provide the greatest therapeutic benefit for the 
treatment of CRC [20]. However, these treat-
ments, like most current gene therapy experi-
ments, show promise but are yet to be estab-
lished as safe and effective in controlled human 
studies. Furthermore, the use of lentivirus in 
humans is in black future due to critical safety 
concerns such as the generation of replication 

competent virus through recombination with 
related primate viruses. Therefore, a gene trans-
fer system based on non-primate lentiviruses, 
such as feline immunodeficiency virus (FIV) or 
adeno-associated viruses, may circumvent such 
concerns. 
 
In this study we also show that VEGFA knock-
down down-regulates the expression of the pro-
apoptotic protein Smac/DIABLO by reducing 
MEK/ERK pathway activity. Furthermore, al-
though VEGF-shRNA arrested the cell cycle in 
G0/G1 phase, this was not due to changes in 
cyclin D1 and c-Myc transcription. Smac/
DIABLO functions as an endogenous inhibitor of 
IAP genes (Inhibitors of Apoptosis), and is be-
lieved to neutralize IAP function, liberating cas-
pase activity and promoting apoptosis. Thus, 
the down-regulation of Smac/DIABLO down-
stream of VEGFA suppression would be ex-
pected to inhibit caspase activity and promote 
apoptosis. 
 
In conclusion, this study further highlights the 
crucial role of VEGFA in promoting colorectal 
cancer cell proliferation and tumor growth and 
demonstrates that suppressing VEGFA with tar-
geted shRNA constructs delivered to tumor cells 
via lentivirus is an effective method to reduce 
VEGFA activity long term. The production of 
VEGFA is associated with tumor progression and 
poor prognosis in CRC [23-26], and strategies 
targeting VEGFA activity improve survival in co-
lon and lung cancer [27]. Therefore, lentivirus-
mediated VEGFA knock-down could prove to be 
an effective and targeted anti-angiogenic ther-
apy. 
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