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Targeted CDX2 expression inhibits aggressive
phenotypes of colon cancer cells in vitro and in vivo
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Abstract. Loss of caudal type homeobox 2 (CDX2) is associ-
ated with the development of human colorectal cancer, while
human telomerase reverse transcriptase (hTERT) frequently
occurs in variety of human cancers. We investigated the effects
of restoration of CDX?2 expression using a hypoxia-inducible
hTERT promoter-driven vector (pLVX-SHRE-hTERTp-CDX2-
3FLAG) on colon cancer cell viability, cell cycle distribution,
apoptosis, colony formation, invasion ability and xenograft
tumor growth in nude mice. CDX?2 overexpression significantly
inhibited viability, colony formation, and the invasion and
migration ability of LoVo cells, and induced cell cycle arrest
and apoptosis in vitro, especially under hypoxic culture condi-
tions. Overexpression of CDX2 under normoxic conditions
significantly suppressed the expression of TGF-p, cyclin D1,
uPA, MMP-9, MMP-2, and Bcl-2, and stimulated the expression
of collagen IV, laminin-1, and Bax. Overexpression of CDX2
reduced colon cancer xenograft tumor formation in nude mice
which was associated with downregulation of Ki-67. In conclu-
sion, overexpression of CDX?2 using a hypoxia-inducible hTERT
promoter-driven vector suppressed malignant progression of
colon cancer cells in vitro and in vivo. These results suggest that
pLVX-SHRE-hTERTp-CDX2-3FLAG gene therapy may be a
promising novel approach to treat colon cancer.

Introduction

Colorectal cancer is the third most common cancer in the
world, with nearly 1.4 million new cases diagnosed in 2016 (1).
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Currently, methods of treatment for colorectal cancer include
surgery, radiotherapy, chemotherapy, and immunotherapy.
However, the curative effect of these methods, particularly for
advanced colorectal cancer, is limited (2-4). Tumor-targeted
gene therapy is a new and promising method for the effective
treatment of colorectal cancer. Gene therapy that uses vectors
to bring nucleic acids into cells to alter gene expression can
prevent or reverse malignant progression of the tumor. The
clinical trials on gene therapy are increasing worldwide.
Although tumor-selective delivery systems have made signifi-
cant progress in the past 20 years, development of therapeutic
vectors based on promoters that are specifically expressed in
cancer cells is still a challenge. Therefore, many strategies
use specific gene enhancers, promoters, and 5'-untranslated
regions that respond to tumor-targeted transcription factors,
in order to overexpress tumor suppressor genes or to reduce
cancer gene expression, have appeared.

In this study, we focused on the intestinal transcription
factor caudal type homeobox 2 (CDX?2). CDX2 participates in
the development, proliferation, and differentiation of intestinal
epithelial cells (5-7). Furthermore, CDX2 reduces the mobility
and dissemination of colon cancer cells both in vitro and
in vivo (8). CDX2 has tumor-inhibition properties in colorectal
cancer (9-11), reduced CDX2 expression is connected with
poor survival in patients with colorectal cancer (12). In our
previous studies, forced expression of CDX2 by a cytomega-
lovirus promoter inhibited invasion of LoVo colon cancer
cells (13). However, targeted expression of CDX2 to cancer
cells is required.

In most cancer cells, but not normal cells, the human
telomerase reverse transcriptase (hWTERT) promoter is acti-
vated (14,15). Therefore, the hTERT promoter has been used
in many tumor-targeted gene therapy studies to target cancer
cells, including A549 human lung adenocarcinoma cells and
human gastric cancer MKN45 cells (16,17).

Hypoxia is a major feature of solid tumors and induces
hypoxia-inducible factor-la. (HIF-1a) which binds to the
hypoxia-response elements (HREs) of various target genes
and activates their transcription to regulate glucose transport
and angiogenesis, and potentially enhance the survival of
tumor cells (18-22). Our previous studies have shown that
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hypoxia modulates the downregulation of CDX?2 in colorectal
cancer (23). In contrast, in this study we engineered a system
in which hypoxia promotes CDX2 expression. To restore
CDX2 expression in colon cancer cells, we constructed an
expression vector carrying CDX2 under the control of the
hypoxia-inducible hTERT promoter (pLVX-SHRE-hTERTp-
CDX2-3FLAG). Targeted genes simultaneously can be
dramatically upregulated by 5 copies of a hypoxia response
element (HRE) under hypoxic conditions (24,25).

We evaluated the effects of restored CDX2 expression on
LoVo colon cancer cell viability, cell cycle distribution, apop-
tosis, and colony formation and invasion ability in vitro and on
xenograft tumor growth in vivo. This study further explored
potential strategies of targeted gene therapy for colon cancer.

Materials and methods

Cell lines and cell cultures. All cell lines were purchased from
the Shanghai Institute of Cell Biology, Chinese Academy of
Sciences (Shanghai, China). The LoVo human colon cancer
cells were cultured in DMEM (Gibco BRL, Carlsbad, CA,
USA) supplemented with 10% FBS (Hyclone, Logan, UT,
USA) in a humidified atmosphere with 5% CO, at 37°C.
For hypoxic cell culture, cells were incubated with medium
containing a hypoxia-mimicking agent, CoCl,.

Lentivirus infection of LoVo cells. The recombinant plasmid
pLVX-SHRE-hTERTp-CDX2-3FLAG (designated as SHhC)
and the control plasmids pLVX-5SHRE-hTERTp-EGFP-
3FLAG (i.e., 5SHh) and pLVX-hTERTp-CDX2-3FLAG
(i.e., hC) have been previously described (26). These
vectors and corresponding viruses (1x10® pfu) were custom
constructed and prepared by GeneChem Co. Lentivirus infec-
tion was performed in the presence of polybrene (GeneChem)
in accordance with the manufacturer's protocol. LoVo cells at
5x10°/well were cultured in 6-well plates overnight, infected
with SHhC lentivirus or control SHh and hC lentiviruses,
and exposed to puromycin (800 pg/ml) for 2 weeks. The
S5HhC/LoVo, SHh/LoVo, and hC/LoVo cells were cloned
routinely. Drug-resistant clones were identified and used in the
following experiments.

Western blot analysis. The hC/LoVo, 5Hh/LoVo, SHhC/LoVo,
and untransfected LoVo cells were cultured under normoxic
or hypoxic conditions (200 xmol/l CoCl,) for 24 h. The rela-
tive ratios of CDX2, collagen IV, laminin-1, TGF-f, cyclin D1,
uPA, MMP-2, MMP-9, bcl-2, and bax protein to control
[-actin were determined by western blot analysis. Briefly, the
hC, 5Hh or 5HhC lentivirus-infected LoVo cells (1x10° cells)
were lysed with 150 pul of lysis buffer (50 mM Tris, 150 mM
NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), 5 mM
EGTA and 1% SDS, pH 7.5) and gently sonicated. After quan-
tification with Bradford reagent (Thermo Fisher Scientific,
Waltham, MA, USA), the protein lysates (80 pg/lane) of
each sample were subjected to SDS-PAGE (Shaanxi Pioneer
Biotech) on 10% acrylamide gels and transferred to polyvi-
nylidene fluoride membranes (Millipore, Billerica, MA, USA).
After blocking with 5% fat-free dry milk, the membranes
were incubated with 1:1000 diluted monoclonal rabbit anti-
CDX2 (Epitomics, Burlingame, CA, USA) or 1:3000 diluted
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polyclonal rabbit anti--actin (Bioworld Technology, St. Louis
Park, MN, USA) overnight at 4°C, and then horseradish perox-
idase-conjugated goat anti-rabbit IgG secondary antibody
(Zhongshan Goldbridge Biotechnology, Beijing, China). This
was visualized with enhanced chemiluminescence (Amresco,
Solon, OH, USA).

Reverse transcriptase polymerase chain reaction (RT-PCR)
and quantitative RT-PCR analysis. The hC/LoVo, SHh/LoVo,
5SHhC/LoVo and LoVo cells were cultured under normoxic or
hypoxic conditions (200 gmol/l CoCl,), and the transcription of
recombinant CDX2 mRNA was determined by RT-PCR using
the primers listed in Table I. In brief, total RNA was extracted
from the infected cells using TRIzol (Gibco Life Technologies,
Grand Island,NY, USA), in accordance with the manufacturer's
guidelines. The resulting RNAs were treated with RNase-free
DNase (Promega, Madison, WI, USA) and reverse transcribed
into cDNA using a RT-PCR kit (Invitrogen, Carlsbad, USA), in
accordance with the manufacturer's instructions. PCR ampli-
fication with the specific primers (Table I) was performed in
duplicate at 98°C for 2 min; 35 cycles of 98°C for 20 sec, 59°C
for 30 sec, and at 72°C for 1 min; and then an extension at 72°C
for 10 min. The PCR products were resolved via agarose gel
electrophoresis. RT-PCR was performed in triplicate for each
cell sample using a ChemiDoc System (ChemiDoc MP System
170-8280; Bio-Rad Laboratories). The cDNA was subjected to
quantitative RT-PCR analysis of CDX2 mRNA using SYBR
Premix Ex Taq II (Takara) and specific primers (Table I) in
an 1Q5 multicolor Realtime PCR Detection System (Bio-Rad,
Hercules, CA, USA). Each reaction was performed in triplicate
and the mean CDX2 mRNA level in each group was calculated
by the 2-2%°* method, where Ct is the cycle threshold.

MTT assay.The growth of LoVo cells of all experimental groups
was measured by methyl thiazol tetrazolium (MTT) assay. The
cells (hC/LoVo, 5Hh/LoVo, SHhC/LoVo, and LoVo; 5x10%/well
in triplicate) were cultured under normoxic or hypoxic condi-
tions (200 umol/l CoCl,) for 1, 3, 5 or 7 days. Subsequently,
the plates were washed extensively with serum-free DMEM to
remove CoCl, and dead cells, and were exposed to 20 ul (5 g/1)
of MTT (Amersco) for 4 h. The resulting formazan crystals
were dissolved in 200 ul of DMSO (Sigma-Aldrich), and the
absorbance was measured at 490 nm in a microplate reader
(Victor3, Perkin-Elmer, Waltham, MA, USA).

Colony formation assay. Two hundred cells (hC/LoVo,
5Hh/LoVo,5HhC/LoVo, or LoVo), plated in 60-mm cell culture
dishes, were cultured for 3 weeks. The hypoxic group was also
treated with CoCl, (200 gmol/l). Colony-forming clones were
fixed with methanol at room temperature for 15 min and then
stained with Giemsa solution, and clones containing 50 or
more cells were considered to be true clones. Colonies were
counted under an inverted microscope (Leica Microsystems
GmbH, Heidelberg, Germany).

Flow cytometric apoptosis and cell cycle distribution assays.
The hC/LoVo, SHh/LoVo, SHhC/LoVo and LoVo cells were
seeded into 60-mm culture dishes and the hypoxia group was
treated with CoCl, (200 ymol/l) for 24 h. For analysis of apop-
tosis, an FITC Annexin V Apoptosis detection kit I (Becton
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Table I. Sequences of PCR primers.

Gene Primer Base sequence 5'-3' PCR product (bp)
CDX2 RT-PCR Forward CGGAATTCATGTACGTGAGCTACC 943
TCCTGGACAAGGAC
Reverse CGGGATCCGTCTGGGTGACGGTG
GGGTTTAGCACCCCCCCAGTTG
CDX2 Quantitative RT-PCR Forward TTCACTACAGTCGCTACATCACC 100
Reverse ACTGCGGTTCTGAAACCAGATT
[-actin RT-PCR and Forward AATCTGGCACCACACCTTCTA 170
quantitative RT-PCR Reverse ATAGCACAGCCTGGATAGCA

Dickinson, Franklin Lakes, NJ, USA) was used, in accordance
with the manufacturer's instructions. For cell cycle analysis,
cells were fixed overnight in 75% ethanol at -20°C, incubated
with RNase A at 37°C for 30 min, and then incubated with
propidium iodide at room temperature for 30 min. Cells were
examined by flow cytometry and the data were analyzed using
CellQuest version 3.3 software (Becton Dickinson).

Wound-healing assay. The cells (hC/LoVo, SHh/LoVo, SHhC/
LoVo and LoVo; 2x10%) were cultured in a 6-well plate. After
12 h of culture, pipette tips (200 pl) were used to scratch
3 parallel vertical lines in each well. The wells were washed
with PBS, and then the cells were cultured in serum-free
DMEM. Scratch lines were observed under a microscope and
scratch distances were measured, with images captured at 24 h
after scratching.

Migration and invasion assay. For the migration assay, all
groups of cells (hC/LoVo, SHh/LoVo, SHhC/LoVo, and LoVo)
were digested with trypsin-EDTA (Sigma, St. Louis, MO,
USA), and 5x10° cells were suspended in serum-free medium
supplemented with 0.5% bovine serum albumin (BSA; Sigma).
For the hypoxia group, CoCl, (200 gmol/l CoCl,) was also
added to all cells before digestion. Cell suspensions were
seeded into the inserts of Transwells (Corning Inc., New York,
NY, USA) and incubated at 37°C for 48 h. All Transwell inserts
were then washed with fresh PBS and non-migratory cells on
the upper surface of the Transwell inserts were removed. The
migratory cells on the underside of the membrane were fixed
with 95% alcohol and stained with crystal violet (Beyotime,
Jiangsu, China). For the invasion assay, the upper chamber was
pre-coated with 50 mg/1 Matrigel (Sigma) prior to the addition
of 1x10* cells in serum-free medium supplemented with BSA.
The number of migratory or invading cells per membrane
was counted under an inverted microscope. Three randomly
selected fields of fixed cells were taken and counted.

Nude mouse xenograft assay. All animal procedures were
approved by the Institutional Animal Care and Use Committee
at the First Affiliated Hospital of Xi'an Jiaotong University.
Four-week-old female BALB/c athymic (nude) mice with
body weights of approximately 20 g were purchased from
Shanghai SLAC Laboratory Animal Co. Ltd. (Shanghai,
China) and housed in the Laboratory Animal Centre of Xi'an

Jiaotong University. After one week of acclimatization, all
nude mice were randomly divided into four groups (hC/LoVo,
5Hh/LoVo, SHhC/LoVo, and LoVo). The mice were subcuta-
neously inoculated at the right flanks with cells (1x10’/ml) of
the four groups in the logarithmic growth period. At 18 days
post-injection, tumor sizes were monitored every 3 days using
calipers, and tumor volumes were calculated according to the
standard formula: width?x length/? and expressed as mm?® (27).
At the end of 18 days, the mice were sacrificed by cervical
dislocation and the tumor tissues of each group were fixed
with 10% formaldehyde (Boster Biological Engineering) solu-
tion for subsequent immunohistochemical analysis.

Immunohistochemistry. Tumor tissues were embedded in
paraffin (Xi'an Chemical Reagents Instruments, Xi'an, China)
and the tissue sections (4-um) were immunostained for CDX2
(1:400) or Ki-67 (1:400). In accordance with the manufacturer's
instructions, an ABC Elite kit (Boster, Biological Technology)
was used to visualize antibody binding, and the slides were
subsequently counterstained with hematoxylin (Boster
Biological Engineering). Negative controls were included by
replacement of the primary antibody with PBS. Images were
captured using a microscope (Leica Microsystems GmbH).
The intensity of the staining was scored as 1 (negative),
2 (weakly positive), 3 (moderately positive) or 4 (strongly posi-
tive). The extent of the staining was categorized as 1 (stained
cells: 1-25%), 2 (26-50%), 3 (51-75%) or 4 (76-100%). The final
staining score was the product of the intensity and the extent
scores. Images of five random fields were taken from each
specimen for quantitative analysis (28).

Statistical analysis. The data are representative of three inde-
pendent experiments and are presented as the mean + standard
deviation (SD). A two-sample t-test was performed to analyze
two independent samples, whereas analysis of variance was
conducted for comparison among multiple groups. SPSS 13.0
software (SPSS, Chicago, IL, USA) was used to calculate the
P-value and a P<0.05 was considered to indicate a statistically
significant difference.

Results

Expression of CDX2 in hC/LoVo, LoVo, 5Hh/LoVo, SHhC/LoVo
under normoxic or hypoxic conditions. To investigate the role
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Figure 1. Expression levels of CDX2 in LoVo cells in all experimental groups under normoxic and hypoxic conditions. (A and C) Western blot analysis of
CDX2 expression under normoxic conditions. ("P<0.05 compared to LoVo, 5Hh/LoVo; “P<0.01 compared to LoVo, 5SHh/LoVo); (B and D) Western blot analysis
of CDX2 expression under hypoxic conditions (200 gmol/l1 CoCl,) for 24 h. (‘P<0.05 compared to LoVo, 5Hh/LoVo; “P<0.01 compared to LoVo, 5SHh/LoVo).
(E and F) RT-PCR analysis of CDX2 mRNA expression under normoxic or hypoxic conditions (200 zmol/l1 CoCl,) for 24 h. ("P<0.05 compared to LoVo,
5Hh/LoVo under normoxia; “P<0.01 compared to LoVo, SHh/LoVo and hC/LoVo under hypoxia); (G) Real-time RT-PCR analysis of CDX2 mRNA expression.
("P<0.05 compared to LoVo, 5Hh/LoVo under normoxia; “P<0.01 compared to LoVo, 5Hh/LoVo and hC/LoVo under hypoxia). The data shown are representa-
tive images of each group of cells from 3 separate experiments. The results are shown as means + SD.

of CDX2 expression in LoVo colon cancer cells, we stably  and real-time PCR (Fig. 1G). Compared to the control LoVo
transfected LoVo cells with SHhC or its control plasmids hC or  cells, mock-transfected cells, or cells transfected with the SHh
5Hh expression vector. We confirmed the expression of CDX2  vector, the expression of CDX2 was higher in hC/LoVo and
in transfected LoVo cells, especially under hypoxic condi- 5SHhC/LoVo. The highest expression of CDX2 was observed in
tions, by western blot (Fig. 1A-D), RT-PCR (Fig. 1E and F)  5HhC/LoVo cells under hypoxic conditions (P<0.01).
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Figure 2. SHhC inhibits proliferation and clonogenicity by restraining the G1 to S transition and induces apoptosis in colorectal cancer cells, especially under
hypoxia. (A) Cell proliferation curve of SHhC and control transfected cells by MTT assay under normoxic conditions. ("P<0.05 compared to LoVo, 5Hh/LoVo
under normoxia); (B) Cell proliferation curve of SHhC and control transfected cells by MTT assay under hypoxic conditions (200 gmol/l CoCl,; "P<0.05 com-
pared to he/LoVo, LoVo, SHh/LoVo under hypoxia). (C) Clone formation by SHhC and control cells; (D) Quantification of clone numbers showing high/low
values ("P<0.05 compared to LoVo, SHh/LoVo under normoxia; "P<0.05 compared to hc/LoVo, LoVo, SHh/LoVo under hypoxia). (E) Cell cycle analysis
of SHhC and control cells. Percentages of cells in each phase of the cell cycle are indicated. (F) SHhC induced apoptosis in human colorectal cancer cells,
especially under hypoxia. The data shown are representative images of each group of cells from 3 separate experiments. The results are shown as means + SD.
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Figure 3. Migration and invasion of LoVo cells in all groups under normoxic and hypoxic conditions. (A and B) SHhC/LoVo cells in the wound-healing
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normoxia; “P<0.05 compared to hc/LoVo, LoVo, 5Hh/LoVo under hypoxia). (C and D) 5HhC/LoVo cells displayed decreased migration ability compared
with control LoVo and 5Hh/LoVo cells, especially under hypoxic condition, ("P<0.05 compared to LoVo, SHh/LoVo under normoxia; “P<0.05 compared to
hc/LoVo, LoVo, SHh/LoVo under hypoxia). (E and F) SHhC/LoVo cells displayed decreased invasion ability compared with control LoVo and SHh/LoVo cells,
especially under hypoxic conditions. ("P<0.05 compared to LoVo, SHh/LoVo under normoxia; “P<0.05 compared to he/LoVo, LoVo, SHh/LoVo under hypoxia).
The data shown are representative images of each group of cells from 3 separate experiments. The results are shown as means + SD.

Expression of CDX2 in LoVo cells inhibits cell proliferation
and clonogenicity by restraining the GI to S transition. To
investigate the effects of exogenous CDX2 expression in SHhC/
LoVo, we performed MTT and colony-formation assays using
hC/LoVo, LoVo, SHh/LoVo, and SHhC/LoVo cells under
normoxic or hypoxic conditions. The MTT assay showed that
hC/LoVo and SHhC/LoVo cells grew much slower than the
control LoVo and SHh/LoVo cells under normoxic conditions
(Fig. 2A). SHhC/LoVo cells under hypoxic conditions showed
the least growth among all cells (Fig. 2B), suggesting that CDX?2
expression in SHhC/LoVo inhibited cell proliferation. As shown
in Fig. 2C and D, exogenous CDX2 expression in SHhC/LoVo
also led to decreased colony numbers and colony size in the
colony-formation assay, especially under hypoxic conditions.
These observations indicated that the CDX2 expression reduced
proliferation and clonogenic growth of LoVo cells in vitro.

Furthermore, the cell cycle analysis of the hC/LoVo and
5SHhC/LoVo cells showed a higher population of cells in the
GO0/G1 phases (63.59 and 64.82%) compared to the control
LoVo and 5SHh/LoVo cells (51.38 and 51.59%) under normoxic
conditions. The highest percentage of cells in the GO/G1 phases
of SHhC/LoVo cells was observed under hypoxic conditions
(Fig. 2E). These results suggest that CDX2 inhibits cell prolif-
eration and tumorigenicity by preventing G1-to-S transition.

Exogenous CDX2 expression in LoVo cells promotes apop-
tosis. Annexin V-FITC/propidium iodide flow cytometry was
used to assess the effect of CDX2 expression on apoptosis. In
Fig. 2F, the fourth quadrant (Q4) represents early apoptotic
cells and the second quadrant (Q2) represents late apoptotic
and necrotic cells. The results showed that hC/LoVo and
5HhC/LoVo underwent increased apoptosis, compared with
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Table II. Percentages of cells in each phase of the cell cycle and apoptotic cells.

Group Condition G0/G1 S G2/M Apoptosis
hC/LoVo Normoxia 63.59+0.55 26.01+2.21 10.40+1.32 9.03+1.93
Hypoxia 63.65+0.44 21.94+2 .04 14.41+0.98 9.25+1.69
LoVo Normoxia 51.38+0.70 30.02+0.66 18.60+1.13 4.25+1.17
Hypoxia 51.44+0.56 26.73+0.61 21.83+1.25 5.97+0.85
SHh/LoVo Normoxia 51.59+0.38 36.19+1.12 12.22+0.30 4.92+0.92
Hypoxia 52.60+0.99 32.04+1.23 15.36+0.17 5.65+£0.99
SHhC/LoVo Normoxia 64.82+2 .22° 24.88+1.98 10.30+0.32 12.58+2.38*
Hypoxia 71.38+3.02° 20.62+1.59 8.00+0.33 21.242.26°

"P<0.05 compared to LoVo, SHh/LoVo under normoxia; "P<0.05 compared to hc/LoVo, LoVo, SHh/LoVo under hypoxia.
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Figure 4. Expression of collagen IV, laminin-1, TGF-, Cyclin D, uPA,
MMP-2, MMP-9, bcl-2 and bax protein in hC/LoVo, LoVo, 5SHh/LoVo,
SHhC/LoVo cells.

LoVo and 5Hh/LoVo cells, with the greatest effect observed
under hypoxic conditions (Table II).

Effects of CDX2 overexpression in SHhC/LoVo on cell
invasion and migration potential. To investigate the effect
of CDX2 overexpression in SHhC/LoVo on cell invasion
and migration, wound-healing, and Transwell assays were
performed in all groups of LoVo cell lines under normoxic or
hypoxic conditions. The wound-healing assay clearly showed
that SHhC/LoVo cells had reduced migration, especially under
hypoxic conditions, since the remaining scratches in the wells
containing CDX2-expressing cells were wider than in the
controls (Fig. 3A and B). Furthermore, random microscopic

fields of invading and migrating cells transfected with hC,
S5Hh, SHhC, or untreated LoVo cells under normoxic and
hypoxic conditions are shown in Fig. 3C-F. The histogram
shows that the number of invading or migrating cells trans-
fected with hC and SHhC was significantly lower than in
cells transfected with SHh or untreated LoVo cells. The
lowest number of invading or migrating cells was seen in
5HhC/LoVo cells under hypoxic conditions. These results
showed that overexpression of CDX?2 substantially decreased
migration and invasion of LoVo cells, especially under
hypoxic conditions.

The effect of CDX2 on the expression of collagen IV,
laminin-1, TGF-B, cyclin DI, uPA, MMP-2, MMP-9, bcl-2,
and bax. We used western blotting to examine how CDX2
regulates the expression of proteins involved in proliferation,
apoptosis, migration, and invasion under normoxic conditions.
The western blot results showed that overexpression of CDX?2
in hC/LoVo and SHhC/LoVo cells upregulated expression of
collagen IV, laminin-1 and bax protein. In contrast, the expres-
sion of TGF-p, cyclinD, uPA, MMP-9, MMP-2, and BCL-2
protein was decreased by CDX2 (Figs. 4 and 5).

Overexpression of CDX2 in SHhC/LoVo inhibited tumorige-
nicity in vivo. LoVo cells (5x10°) were injected into athymic
nude mice and monitored for 18 days. At the end of the
study, the tumors were removed and dissociated, and both
the volume and the weight of the tumors were determined
(Fig. 6A). The volume of xenograft tumors in the hC/LoVo
and 5SHhC/LoVo groups revealed an obvious difference
compared with the LoVo and SHh/LoVo groups (Fig. 6B),
especially in the SHhC/LoVo group. Similarly, hC/LoVo
and SHhC/LoVo cells formed smaller subcutaneous tumors
than did LoVo and 5SHh/LoVo cells (Fig. 6C). The mean
tumor weights in mice of the hc, LoVo, SHh/LoVo, and SHhC
groups were 0.337+0.106 g, 0.609+0.302 g, 0.551+0.158 g and
0.201+0.112 g, respectively. The tumors formed by hC/LoVo
and SHhC/LoVo cells showed less Ki-67 expression than
tumors formed by LoVo and SHh/LoVo cells, with the lowest
level of Ki-67 expression in the SHhC/LoVo group (Fig. 7).
These results confirmed that CDX2 inhibits proliferation of
cancer cells in vivo.
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Discussion

Gene therapy is a promising option for the treatment of
human cancers. However, two keys to success, the persistent
expression of anticancer gene products, and a tumor-selective
delivery system, remain elusive. CDX2 expression in adults

is restricted to intestinal epithelial cells, where it main-
tains differentiated phenotype of mature enterocytes by
regulating expression of intestine-specific genes, including
lactase, sucrase-isomaltase, LI-cadherin, and guanylyl
cyclase C (GCC) (29). In addition, CDX2 also functions as
a tumor suppressor gene in the adult colon. Clinically and
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pathologically, CDX2 expression is decreased in human
colorectal cancer, and reduced expression of CDX2 is asso-
ciated with poor overall survival rates in colorectal cancer
patients (12,30,31). Histopathological studies have further
established that CDX2 expression is reduced in invasive
colorectal cancer cells, but is restored in metastases (32,33).
Our previous study confirmed that upregulation of CDX2
expression in human colon cancer cells inhibits invasion
and migration in vitro and tumorigenicity in vivo (13,34).
Therefore, we chose to investigate further CDX2 as a poten-
tial agent for anticancer gene therapy.

A tumor-selective delivery system is the key to successful
tumor gene therapy. The hTERT promoter, active in most
cancer cells, but not in normal tissues, is used as a strategy
for tumor-selective delivery (16,35-37). Hypoxia plays an
important role in tumor development and tumor progres-
sion (38). Herein, we used 5 copies of the hypoxia responsive
element (HRE) as an hTERT promoter enhancer (SHRE). The
SHRE element has previously been used as an enhancer to
utilize the hypoxic microenvironment (39). Harvey et al (40)
developed a hypoxia-targeted gene therapy strategy using
the herpes simplex virus thymidine kinase and bacterial
nitroreductase pro-drug-activating genes and showed that
5SHRE linked to the CMV minimal promoter could induce
optimum luciferase reporter gene expression. In our previous
study, gene therapy vectors under the control of SHRE and

a minimal tumor specific promoter also displayed optimal
activation at a low oxygen tension in hepatoma and gastric
cancer cells (25,41).

For gene therapy in colon cancer, we previously gener-
ated a recombinant lentivirus vector for hypoxia-inducible,
hTERT promoter-driven, and tissue-specific expression of
CDX2: pLVX-SHRE-hTERTp-CDX2-3FLAG (SHhC) (26).
To verify the specificity and the activity of pPLVX-5SHRE-
hTERTp-CDX2-3FLAG, the recombinant lentiviral vector
was transfected into hTERT" cells (LoVo) and hTERT cells
(HK-2). We confirmed by immunohistochemistry that the
hTERT" LoVo cells were infected with the recombinant lenti-
viral vector SHhC, while the hTERT HK-2 cells were not. The
expression of CDX2 protein and mRNA was further increased
by hypoxia in SHhC/LoVo cells, which was confirmed by
western blotting and RT-PCR. Thus, we concluded that hypoxic
microenvironment can increase the expression of CDX?2 using
gene therapy vector SHhC which is regulated by the hypoxia-
induced enhancer (HRE) and the hTERT promoter in hTERT*
LoVo cells (26). In the current study LoVo cells infected with
pLVX-5SHRE-hTERTp-CDX2-3FLAG lentivirus showed
reduced cell viability, lower colony formation and invasive
ability, but displayed increased apoptosis and cell cycle arrest
under hypoxic conditions. Most significantly, pPLVX-SHRE-
hTERTp-CDX2-3FLAG suppressed colon cancer xenograft
tumor formation and growth in nude mice. Although hypoxia
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causes downregulation of CDX2 expression in vivo and
promotes progression of colorectal cancer (23), our current
data indicate that pLVX-5HRE-hTERTp-CDX2-3FLAG can
effectively utilize hypoxia to drive the antitumor activity of
CDX2. Our current data strongly support the potential useful-
ness of pLVX-SHRE-hTERTp-CDX2-3FLAG as an effective
antitumor treatment option for colorectal cancer.

However, the mechanism whereby CDX2 exerts anti-
tumor properties and the downstream signaling pathways
in colorectal cancer have not been elucidated. Some studies
reported that CDX2 expression depends on the microenviron-
ment and is regulated by laminin-1 and collagen-1 (42,43).
In this study we demonstrated that CDX2 regulates the
expression of collagen IV, laminin-1, TGF-f, cyclin DI, uPA,
MMP-2, MMP-9, bcl-2 and bax protein in vitro, and of Ki-67
in vivo. The changes in the expression of these proteins may
mediate the tumor suppressor role of CDX2. Our previous
study established that exogenous expression of CDX2 in LoVo
cells results in a significant decrease in MMP-2 secretion,
which, subsequently, restrains cell invasion and migration
in vitro (13). Supporting this result, Gross et al (8) showed
increased expression of MMP-2 mRNA in SW480 cells
upon siRNA-mediated inhibition of CDX2 and found that
CDX?2 expression is regulated by epithelial-mesenchymal
transition (EMT)-inducing transcription factors such as Snail
and Slug. Yusra et al (44) demonstrated that transduction of
CDX2-expression vector into CD133* SW480 cells effectively
suppressed TGFBR1 and TGFBR3 expression but treatment
with TGF-f restored CD133* SW480 cells and induced EMT.
Wei et al (45) indicated that CDX2 promoted apoptosis in
the MGC-803 human gastric cancer cell line in vitro and
in vivo. Overexpression of CDX?2 upregulated expression of
Bax and downregulated levels of survivin, Bcl-2, cyclin D1,
Skp2, and c-Myc in tumor tissues. Seno et al (46) showed that
CDX2-positive gastric cancer tissue samples showed a signifi-
cantly lower index for Ki-67 immunostaining. Even among
intestinal-type gastric cancer cases, the CDX2-positive group
showed a lower Ki-67 index and longer postoperative survival
than did the CDX2-negative group. All of the above studies are
in agreement with our current results, which confirmed that
CDX2 acts as a tumor suppressor in colon cancer.

Much more work needs to be done to confirm the safety
and efficiency of the pLVX-5HRE-hTERTp-CDX2-3FLAG
lentivirus vector before our results can be translated into
clinical trials. Our system may help to solve two key problems
in gene therapy, that is, specificity and efficiency. We showed
that by using this vector we can regulate gene expression in
hTERT-positive colon cancer cells under hypoxic condi-
tions, further ensuring the cancer cell-specific expression of
therapeutic genes. In addition, this study confirms that the
expression of CDX2 effectively inhibits the growth of colon
cancer cells in vitro and in vivo. The system described in this
study may provide a potential tool for treatment and gene
therapy of colon cancer.
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