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Abstract: The Six1 homeodomain protein is a developmental transcription factor that has been implicated in tumor 
onset and progression. Recently, it’s reported that overexpression of Six1 is sufficient to induce epithelial-to-mes-
enchymal transition (EMT) and metastasis of colorectal cancer. Moreover, its expression is significantly associated 
with poorer overall survival probability in advanced-stage colorectal cancer. To address whether Six1 could serve 
as a therapeutic target for human colorectal cancer, we used a lentivirus-mediated short hairpin RNA (shRNA) 
gene knockdown method to suppress the expression of Six1 in colorectal cancer cells. We showed that lentivirus-
mediated shRNA targeted to Six1 gene efficiently reduced its expression in colorectal cancer cells at both mRNA and 
protein levels. In vitro functional assays revealed that knockdown of Six1 significantly suppressed cell proliferation, 
and inhibited cell migration and invasion of colorectal cancer cells. Furthermore, tumor xenograft model demon-
strated that downregulation of Six1 dramatically inhibited colorectal cancer growth in vivo. In conclusion, these 
findings suggest that lentivirus-mediated Six1 inhibition may represent a novel therapeutic approach for treatment 
of colorectal cancer.
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Introduction

Colorectal cancer is one of the most common 
causes of cancer-related deaths in the world [1, 
2]. Great advances have been made in clinical 
treatment in the past few decades. Still, the 
prognosis of patients with colorectal cancer, 
especially those with advanced disease, is very 
poor due to the recurrence and distant metas-
tasis [3]. Therefore, a better understanding of 
the molecular mechanisms involved in colorec-
tal cancer tumorigenesis and malignant pro-
gression is essential for the management of 
hard-to-treat colorectal cancer.

Six1 is a member of the Six family of homeodo-
main transcription factors and is highly con-
served from Drosophila to humans [4, 5]. It is 
broadly expressed in many tissues and pro-
motes the progenitor cell proliferation and sur-
vival during early mammalian development, 

while in most adult tissues Six1 expression is 
low or absent [4-6]. However, Six1 is aberrantly 
upregulated in a variety of human cancers, 
including breast cancer [7, 8], cervical cancer 
[9, 10], ovarian cancer [11], etc., where it leads 
to increased proliferation, survival and metas-
tasis [12-14]. It was recently reported that Six1, 
which is aberrantly upregulated in human 
colorectal cancer, promotes epithelial-mesen-
chymal transition via ZEB1 activation, and its 
expression is significantly associated with poor-
er overall survival probability in advanced-stage 
colorectal cancer [15]. These evidences strong-
ly support an essential role for Six1 in the 
tumorigenesis and progression of colorectal 
cancer; we therefore propose that blocking the 
expression of Six1 would be a rational thera-
peutic strategy for colorectal cancer.

In this study, we investigated the effects of Six1 
silencing on the growth and invasion of colorec-
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tal cancer cells by constructing recombinant 
shRNA-expressing lentiviral vector targeting 
Six1. In addition, the effect of Six1 down-regu-
lation on the tumor growth of colorectal cancer 
in vivo was examined as well. Our data suggest 
that lentivirus-mediated Six1 inhibition could 
be a novel approach for colorectal cancer 
therapy.

Material and methods

Cell culture

Human colorectal cancer cell lines HT29, 
SW620, SW480, LOVO, HCT15 and HCT116 
were obtained from American Type Culture 
Collection ATCC (Rockville, MD, USA). All cell 
lines were cultured in Dulbecco’s modified 
Eagle’s medium (Hyclone, Logan, UT, USA) sup-
plemented with 10% fetal bovine serum 
(Hyclone, Logan, UT, USA), 100 units/ml penicil-
lin, and 0.1 mg/ml streptomycin (Invitrogen, 
California, USA) in 5% CO2 atmosphere at 37°C.

Lentivirus-mediated shRNA knockdown of Six1 
expression

The following small interfering RNA (siRNA) tar-
get sequences in the human Six1 gene 
(NM_005982) were selected: #1, AGTTTG- 
AGCTCCTGGCGTG; and #2, TTTCTATTTACAA- 
GTGTCC. A scrambled sequence (TTCTCC- 
GAACGTGTCA CGT) was used as negative con-
trol for RNA interference (RNAi), which had no 
significant homology to any human gene 
sequences. Inverted and self-complementary 
hairpin DNA oligos targeting Six1 mRNA were 
obtained from Genchem Biotechnology Com- 
pany (Shanghai, China). The stem-loop oligonu-
cleotides were synthesized and cloned into a 
lentivirus-based vector pGCSIL-GFP and result-
ing plasmids were named as scrambled shRNA, 
Six1-shRNA-1 and Six1-shRNA-2, respectively. 
Lentiviruses were generated in 293T cells by 
co-transfection of Six1-shRNA-1, Six1-shRNA-2, 
or scrambled shRNA, with pHelper plasmids. 
These plasmids were transfected into 80% con-
fluent 293T cells using Lipofectamine 2000 
(Invitrogen, USA). Then lentiviral particles were 
harvested from the media forty-eight hours 
after transfection, and purified with ultracentri-
fugation. Viral titer was determined by the 
method of end point dilution through counting 
the numbers of infected green cells at × 100 
magnification under fluorescence microscope 

(Olympus, Tokyo, Japan) three days after infec-
tion to 293T cells. Titer in IU/ml = (the numbers 
of green fluorescent cells) × (dilution factor) / 
(volume of virus solution). For lentivirus trans-
duction, SW620 and LOVO cells were subcul-
tured at 5 × 104 cells/well into 6-well culture 
plates. After grown to 30% confluence, cells 
were transducted with scrambled shRNA, Six1-
shRNA-1 and Six1-shRNA-2 lentivirus at a multi-
plicity of infection (MOI) of 50. Cells were har-
vested at 72 hours after infection and the 
knockdown efficiency of Six1 was evaluated by 
quantitative real-time RT-PCR and western blot 
analysis.

RNA isolation and quantitative real-time RT-
PCR

Total RNA was isolated from patient specimens 
by the RNeasy mini kit according to the manu-
facturer’s instructions (Qiagen, Germany). 
Quantitative Real-time RT-PCR analysis was 
done as described. Primer sets used were as 
follows: for β-actin, 5’-CATGTACGTTGCTATCCA- 
GGC-3’ and 5’-CTCCTTAATGTCACGCACGAT-3’; 
for Six1, 5’-AAGGAGAAGTCGAGGGGTGT-3’ and 
5’-TGCTTGTTGGAGGAG GAGTT-3’.

Western blot analysis

Western blot analysis was performed as we 
previously described [16]. Briefly, cells were 
lysed in cold lysis buffer contaning protease 
inhibitor mixture. Proteins (10-25 μg) were 
resolved on SDS-PAGE, transferred onto nitro-
cellulose membranes (Amersham Biosciences, 
Piscataway, NJ, USA). The membrane was 
blocked in TBS-T buffer containing 5% (w/v) 
non-fat milk at room temperature for 1 hour 
and then probed with antibodies for Six1 and 
β-actin (all from Santa Cruz Biotech, Santa 
Cruz, CA, USA) at 4°C overnight. Detection was 
performed with the SuperSignal West Femto 
Maximum Sensitivity Substrate Trial Kit (Pierce, 
Rockford, IL, USA). The band images were digi-
tally captured and quantified with a FluorChem 
FC2 imaging system (Alpha Innotech, San 
Leandro, CA, USA).

Cell count assay

Cell count assay was performed as we previ-
ously described [16]. Briefly, cells plated in 
6-well plates were incubated at 37°C for differ-
ent periods of time and then removed by tryp-
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sinization, and the number of viable cells was 
counted in a hemocytometer with the use of 
trypan blue staining. Every sample was mea-
sured in triplicate and repeated three times.

BrdU incorporation

Cells were exposed to 10 μM BrdU (BD 
Biosciences, Mountain View, CA) for 30 min 

and fixed in 70% ethanol, and then washed with 
PBS, resuspended, and incubated with 4N HCL 
and 0.5% Triton X-100 for 30 min at room tem-
perature. After washing with PBS, cells were 
neutralized with 0.1 M sodium borate before 
being labeled with FITC-conjugated BrdU anti-
body (BD Biosciences, Mountain View, CA) and 
incubated with 50 μg/ml propidium iodide 
(Sigma Chemical Company, St. Louis, MO) 

Figure 1. Suppression of Six1 expression in colorectal cancer cells by lentivirus-mediated RNA interference. (A) 
Western blot analysis showed the expression of Six1 in colorectal cancer cell lines. β-actin was used as an internal 
control. (B and C) Both SW620 and LOVO cells were transduced with lentiviral vectors encoding either a scrambled 
control sequence (scrambled shRNA) or two different shRNAs targeting Six1 (Six1-shRNA-1/2). 72 hours after trans-
duction, the relative Six1 mRNA and protein expression was determined by quantitative real-time RT-PCR (B) and 
western blot analysis (C), respectively. β-actin was used as an internal control. Data represent the mean ± SEM of 
three independent experiments. *, P<0.05, compared with the scrambled shRNA group.
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according to the manufacturer’s protocol 
before being analyzed by a Becton Dickinson 
FACStar Plus flow cytometer.

Colony formation assay

Six hundred cells were seeded into a six-well 
plate. After 14 days, cells were stained by 0.5% 
crystal violet (Sigma-Aldrich, St. Louis, MO, 
USA) in methanol for 10 min. Colonies (more 
than 50 μm diameter) were counted directly on 
the plate. Statistical significance was calculat-
ed from at least three independent experi- 
ments.

Wound healing and cell invasion assays

Cells (5 × 105) were seeded on a six-well plate 
and cultured for 24 hours. A scratch was made 
on the cell monolayer with a 200 μL pipette tip 
and monitored with a microscope every 12 
hours. The migration was determined by the 
rate of cells filling the scratched area. The nor-
malized wound area was calculated by the soft-
ware TScratch [17]. The Boyden chamber and 
polycarbonate membrane precoated with 
matrigel (BD Biosciences) was used to evaluate 
invasion ability of the cancer cell. DMEM with 
10% fetal bovine serum was added to the lower 
compartment as a chemoattractant. SW620 or 
LOVO cells (5 × 104) suspended in 50 μL DMEM 
with 0.5% BSA was loaded onto the upper com-
partment of each chamber. After incubation for 
36 hours, Cells migrated through the chamber 
were stained by hematoxylin and eosin (H&E) 
and subsequently counted under the micro-
scope. Statistical significance was calculated 
from at least three independent experiments.

Tumor xenografts in nude mice

All procedures were conducted in accordance 
to Animal Care and Use Committee guidelines 
of Zhengzhou University. Female BALB/c athy-
mic nude mice (6-week-old) were housed at 
five/cage in microisolator units under humidity 
and temperature controlled conditions with 
12-hour light-dark cycles. The mice were ran-
domly distributed into two groups (n=5). SW620 
cells transduced with either scrambled shRNA 
or Six1-shRNA-1 were injected subcutaneously 
into the flank regions of nude mice. The tumor 
size was measured with calipers from week 1 
to week 4. The tumor volume was calculated 
with the formula: (Length × Width2)/2. Four 

weeks following implantation, mice were eutha-
nized by asphyxiation in a CO2 chamber and 
tumor weights were measured. The average val-
ues were expressed as mean ± SEM.

Statistical analysis

All data were expressed as mean ± standard 
error of the mean (SEM). Between groups and 
among groups comparisons were conducted 
with Student t test and ANOVA, respectively. 
Mann-Whitney U test is used for nonparametric 
variables. Statistical analysis was performed 
using GraphPad Prism software version 4.0 
(PRISM4) (GraphPad Software Inc, LaJolla, CA), 
and P<0.05 was considered significant.

Results

Suppression of Six1 expression in colorectal 
cancer cells by lentivirus-mediated RNA inter-
ference

We first compared the expression of Six1 in 
several colorectal cancer cell lines by western 
blot analysis. As shown in Figure 1A, higher 
expression of Six1 was detected in SW620 and 
LOVO cells, therefore those two cell lines were 
selected in the following loss of function experi-
ments. Next, both SW620 and LOVO cells were 
transduced with lentiviral vectors encoding 
either a scrambled control sequence (scram-
bled shRNA) or two different shRNAs targeting 
Six1 (Six1-shRNA-1/2). At 72 hours upon trans-
duction, quantitative real-time RT-PCR and 
western blot analysis were performed to deter-
mine the knockdown efficiency of Six1. Results 
showed that both mRNA and protein levels of 
Six1 in cells transduced with Six1-shRNA-1/2 
were significantly decreased in comparison 
with that in cells transduced with scrambled 
shRNA (Figure 1B and 1C; *, P<0.05). These 
results indicated that lentivirus-mediated RNA 
interference could efficiently and specifically 
suppress Six1 expression in both SW620 and 
LOVO cells.

Knockdown of Six1 inhibits colorectal cancer 
cells growth in vitro

The effect of Six1 knockdown on the growth of 
colorectal cancer cells in vitro was assessed by 
cell count, BrdU incorporation and colony for-
mation assay. Firstly, cell proliferation was 
determined using cell count assay once daily 
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for 5 days. As shown in Figure 2A, Six1 silenc-
ing inhibited SW620 cell proliferation in a time-
dependent manner. Compared with the scram-
bled shRNA group, the cell number in 
Six1-shRNA1/2 group was significantly reduced 
on day 5 (scrambled shRNA: (8.8 ± 0.8) × 105, 
Six1-shRNA-1: (5.7 ± 0.6) × 105 and Six1-
shRNA-2: (5.5 ± 0.7) × 105; *, P<0.05). Similar 
results were found in LOVO cells, as shown in 
Figure 2B (scrambled shRNA: (7.6 ± 0.6) × 105, 
Six1-shRNA-1: (5.1 ± 1.1) × 105 and Six1-
shRNA-2: (4.6 ± 0.5) × 105; *, P<0.05). Cell pro-
liferation was then assessed by BrdU incorpo-
ration assay. A significant decrease the growth 
rate of SW620 cells in Six1-shRNA-1/2 group 
(29.3% ± 1.7% and 27.0% ± 2.2%, respectively) 
was detected compared to scrambled shRNA 
group (39.0% ± 1.9%) and that was further con-
firmed in LOVO cells (Figure 2C; scrambled 
shRNA: 36.3% ± 4.2%, Six1-shRNA-1: 24.6% ± 
2.8%, Six1-shRNA-2: 25.0% ± 2.9%; *, P<0.05). 
Furthermore, the colony formation capacity in 
both SW620 and LOVO cells transduced with 
scrambled shRNA or Six1-shRNA1/2 lentivirus 

was estimated. As shown in Figure 2D, the 
numbers of SW620 cell colonies in the scram-
bled shRNA, Six1-shRNA1 and Six1-shRNA-2 
group were 157 ± 14, 83 ± 14 and 76 ± 20, 
respectively (Figure 2D; *, P<0.05). Similar 
findings were observed in LOVO cells (Figure 
2D; scrambled shRNA: 142 ± 20, Six1-shRNA1: 
100 ± 15, and Six1-shRNA-2: 95 ± 7; *, P<0.05). 
Collectively, these results showed that knock-
down of Six1 by lentivirus-mediated siRNA 
could inhibit colorectal cancer cells growth in 
vitro.

Six1 silencing decreases cell motility and inva-
sion of colorectal cancer cells

The cell motility of colorectal cancer cells was 
evaluated by wound healing assay. The migra-
tion was determined by the rate of cells filling 
the scratched area. The normalized wound 
area was calculated by the software TScratch. 
As shown in Figure 3A, compared to cells trans-
duced with scrambled shRNA, the cells trans-
duced with Six1-shRNA-1/2 showed a wider 
wound area 36 hours after wound generation. 

Figure 2. Knockdown of Six1 inhibited colorectal cancer cells growth in vitro. (A and B) Cell proliferation was de-
termined by cell count assay once daily for 5 days in both SW620 (A) and LOVO cells (B). (C) DNA synthesis was 
measured by BrdU incorporation assay in the two cell lines after transduction. (D) Detection of cell proliferation by 
colony formation assay in both SW620 and LOVO cells. Representative photographs showed cell colony in 6-well 
plate. Cell colonies were scored visually and counted using a light microscopy. Data represent the mean ± SEM of 
three independent experiments. *, P<0.05, compared with the scrambled shRNA group.
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The normalized wound area was calculated by 
the software TScratch [17]. It indicated that 
knockdown of Six1 inhibits cell motility in 
colorectal cancer. We further investigated the 
cell invasiveness using matrigel-coated tran-
swell assay, and the number of invaded cells 
was quantified in Figure 3B. Consistent with 
the findings in wound healing assay, cells trans-
duced with Six1-shRNA-1/2 showed a signifi-
cant reduction in cell invasion ability when com-
pared with scrambled shRNA-treated cells. The 
number of invaded SW620 cells transduced 
with scrambled shRNA, Six1-shRNA-1 and Six1-
shRNA-2 were 61 ± 14, 39 ± 9 and 36 ± 10, 
respectively (Figure 3B; *, P<0.05). Similar find-
ings were observed in LOVO cells (Figure 3B; 
scrambled shRNA: 65 ± 8, Six1-shRNA-1: 40 ± 
10, and Six1-shRNA-2: 52 ± 14; *, P<0.05). 
Taken together, these results indicated that 
silencing of Six1 decreased the invasive prop-
erties of colorectal cancer cells.

Knockdown of Six1 inhibits tumor growth in 
colorectal cancer xenografts

We have demonstrated that Six1 silencing can 
efficiently inhibit cell proliferation and suppress 
the migration and invasion of colorectal cancer 
cells in vitro. To confirm the above findings, an 
in vivo tumor xenograft model was used. 
SW620 cells transduced with either scrambled 
shRNA or Six1-shRNA-1 were injected subcuta-
neously into the flank regions of nude mice. As 
expected, the tumor growth curve showed that 
tumors derived from Six1-shRNA-1 group grew 
more slowly than those from scrambled shRNA 
group. Four weeks after injection, the tumor vol-
ume in scrambled shRNA group and Six1-
shRNA-1 group were (0.65 ± 0.32) cm3 and 
(0.14 ± 0.12) cm3, respectively (Figure 4A; *, 
P<0.05). Then the mice were sacrificed and the 
weights of the tumors were recorded. Consistent 
with tumor volume results, the mean tumor 

Figure 3. Six1 silencing decreased 
cell motility and invasion of colorectal 
cancer cells. A: Wound healing assay 
was used to evaluate the migration of 
both SW620 and LOVO cells after si-
lencing Six1. Monolayers of cells were 
mechanically wounded with a pipette 
tip and monitored with a microscope 
every 12 hours. The migration was 
determined by the rate of cells filling 
the scratched area. The normalized 
wound area was calculated by the 
software TScratch (right panel). B: Cell 
invasion was determined by matrigel-
coated transwell assay. Cells crossed 
the Matrigel-coated filter were fixed, 
stained and counted. Data represent 
the mean ± SEM of three independent 
experiments. *, P<0.05, compared 
with the scrambled shRNA group.
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weight of the Six1-shRNA-1 group (0.15 ± 0.07 
g) was prominently reduced compared to the 
scrambled shRNA group (0.76 ± 0.23 g) (Figure 
4B; *, P<0.05). These data indicated that 
knockdown of Six1 expression dramatically 
inhibits colorectal cancer growth in vivo.

Discussion

RNA interference mediated gene silencing is 
already being tested as potential therapy in 
clinical trials for a number of diseases [18-20]. 
With the ability to transduce non-dividing and 
dividing cells, stable transgene expression and 
minimal toxicity, lentivirus vectors are consid-
ered one of the most promising vehicles to effi-
ciently deliver a gene for basic research and 
gene therapy [21]. In the present study, we con-
structed recombinant shRNA-expressing lenti-
viral vector targeting Six1, and then evaluated 
the effects of Six1 silencing on the celluar 
growth and invasion in colorectal cancer. The 
results demonstrate that lentivirus-mediated 
RNAi which downregulate Six1 specifically 
might be an effective and convenient approach 
for the treatment of colorectal cancer. The 
decreased cell growth and invasion of colorec-
tal cancer cells as well as the suppressive 
effect on xenografted tumors by silencing Six1 
lend further support to the effectiveness of this 
treatment.

Six1 is a powerful developmental regulator 
affecting a variety of cellular processes includ-
ing proliferation, survival, migration and inva-
sion [5, 22]. Deregulation of Six1 expression 
leads to an out of context activation of its 
developmental functions, contributing to tumor 
initiation and progression [23]. It is reported 
that overexpression of Six1 in mammary epi-
thelial cells causes an inappropriate reactiva-
tion of the cyclin A1, promoting cell cycle pro-
gression, genomic instability and malignant 
transformation [7, 8, 24]. In colorectal cancer, 
overexpressed Six1 in tumor cell contributes to 
progression of cancer through induction of EMT 
[15]. Unlike the aberrantly upregulated level in 
tumor cells, Six1 is not normally expressed in 
most adult tissues [6, 7, 25]. Currently most 
cancer therapy strategies can not exclusively 
target cancer cells, leading to unwanted and 
frequently severe side effects. Our study pro-
vides evidence that knockdown of Six1 may 
serve as an effective therapeutic measure with 
specificity to inhibit cancer progression. It has 
been reported that overexpression of Six1 ren-
ders ovarian carcinoma cells resistant to tumor 
necrosis factor-related apoptosis inducing 
ligand (TRAIL)-mediated apoptosis [11, 26]. 
Knockdown of endogenous Six1 in the TRAIL-
resistant ovarian cancer cells dramatically sen-
sitizes the cells to TRAIL [11]. We previously 
reported that Six1 might function as an impor-

Figure 4. Knockdown of Six1 inhibited tumor growth in colorectal cancer xenografts. SW620 cells transduced with 
either scrambled shRNA or Six1-shRNA-1 were injected subcutaneously into two groups of nude mice (n=5). Tumor 
volume was determined on day 7, 14, 21 and 28. Growth curve of tumor xenografts was assessed by serial micro-
caliper measurements (A). Average Weights of tumor xenografts 28 days after inoculation were recorded (B). Data 
represent the mean ± SEM. of three independent experiments. *, P<0.05, compared with the scrambled shRNA 
group.
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tant modifier of the paclitaxel response in 
breast cancer cells, and knockdown of Six1 by 
siRNAs in breast cancer cells sensitizes their 
response to paclitaxel treatments [27]. These 
results suggest that lentivirus-mediated knock-
down of Six1 could also be used to circumvent 
drug resistance or re-sensitize the resistant 
cancer cells, and further studies are then need-
ed to confirm it.

In summary, we established a lentivirus-medi-
ated RNAi system to specifically suppress Six1 
expression in colorectal cancer. Knockdown of 
Six1 could inhibit cell growth and invasion of 
colorectal cancer cells, and therefore provide a 
novel approach for colorectal cancer therapy.
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