
INTRODUCTION
Colorectal cancer (CRC) is one of the

most common cancers in industrialized
countries. In the United States, approxi-
mately 145,000 people are diagnosed
with CRC annually, and the global figure
is >875,000 (1). The genesis of CRC in-
volves a series of steps, starting with en-
vironmental and/or endogenous carcino-
gens inducing or promoting cancer
development via the activation of onco-

genes, such as ras, and the inactivation of
tumor suppressor genes, such as APC,
Tp53 and DCC, and genes involved in
DNA mismatch repair (2–5).

Genetic factors have been reported to
play a key role in the predisposition to
CRC as well as in the initiation and pro-
gression of the disease. High-penetrance
mutations in several genes, such as APC;
and DNA mismatch repair genes, LKB1
and SMAD4, confer predispositions to fa-

milial cases of CRC (that is, familial ade-
nomatous polyposis, Lynch syndromes
and hamartomatous polyposis), which ac-
count for <5% of all CRC cases (6). How-
ever, low-penetrance variants of these and
other genes, such as common alleles at
single nucleotide polymorphisms (6,7), ac-
count for much of the predisposition, re-
sulting in sporadic cases of CRC and are
likely responsible for much of the unchar-
acterized influence of inherited genetic
changes on the development of CRC.

In the field of medical genetics, it has
become increasingly apparent that few, if
any, human diseases are homogeneous
and solely the result of one mutation in a
single gene. Even when a Mendelian dis-
order has one obvious predisposing ge-
netic cause, the phenotype may still be
subject to wide variation. The lack of a
clear observed genotype/phenotype as-
sociation, even in such single-gene disor-
ders, suggests that additional modifier
factors, including both environmental
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and genetic components, influence clini-
cal phenotypes (8). For example, the phe-
notypes of FAP (familial adenomatous
polyposis) and HNPCC (hereditary non-
polyposis colorectal cancer), with regard
to colonic disease, vary considerably, not
only between families, but also within
families (9,10). The considerable varia-
tion in disease expression (age of onset
and tumor site) in these disorders cannot
entirely be explained by the type and po-
sition of the mutation in the respective
genes (11). Several reports have shown
that genetic polymorphisms may be con-
tributing factors to disease in HNPCC
and sporadic cases of CRC (12–17).

MicroRNAs (miRNAs) are endoge-
nously expressed RNAs 18–24 nucleo -
tides in length that regulate gene expres-
sion through translational repression by
binding to a target mRNA. Accumulat-
ing evidence suggests that miRNAs play
a role in the pathogenesis of various
human cancers (18–20). Recently, Chen
and Rajewsky (21) reported that the vari-
ant rs2737 created a potential miRNA379
target site in the IC53 gene, which was
highly expressed in eight tumor cell
lines, including the colon adenocarci-
noma cell line SW480, compared with
negligible expression in normal colon tis-
sue (22). IC53 was also overexpressed in
tumor tissues of lung adenocarcinoma
(23). In contrast, IC53 was reported as a
tumor suppressor in Hela, H1299,
HT1080 and U2OS cell lines (24–26). To
our knowledge, the association between
IC53 and the development of CRC has
not been established. These data led us
to hypothesize that IC53 could regulate
colon cancer progression and the rs2737
in the IC53 gene could modify the inci-
dence of colon cancer as well as the tim-
ing of colon cancer onset.

MATERIALS AND METHODS

Materials
Protein kinase inhibitors (LY294002)

and antibodies against Akt and phospho-
Akt Ser473 were obtained from Cell Sig-
naling Biotechnology (Beverly, MA,
USA). Antibodies against integrin α2, α3

and β4 and laminin β1 and β2 were pur-
chased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Wortmannin was
obtained from Sigma Chemical (St.
Louis, MO, USA). Nu/nu mice (BALB/c,
4- to 6-wk-old females) were purchased
from the Laboratory Animal Center, Chi-
nese Academy of Medical Sciences (Bei-
jing, China). Colon cancer tissues and
their corresponding normal mucosa were
obtained from patients who underwent
surgical resection of their tumors with
informed consent. The human tissue col-
lection protocol was approved by the
Fuwai Hospital Ethics Committee. In-
formed written consent was obtained
from patients themselves or their legal
representatives. Animal experiments con-
formed to the guiding principles of
China National Law for Animal Use in
Medical Research and were approved by
the Fuwai Hospital Committee for Ani-
mal Care and Use.

Cell Lines
The colon cancer adenocarcinoma cell

lines HCT-116, HT-29 and mouse embry-
onic fibroblast cell line NIH3T3 were ob-
tained from the Institute of Cell Biology,
Academic Sinica, and propagated in Dul-
becco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal
bovine serum (FBS) (Hyclone, Logan,
UT, USA) and 1% penicillin/ strepto-
mycin. Cells were cultured at 37°C in a
humidified atmosphere of 5% CO2.

Production and Purification of the
IC53 Monoclonal Antibody

The monoclonal antibody to IC53 was
produced in BALB/c mice against the
keyhole-limpet hemocyanin (KLH)-
 conjugated synthetic peptide CQKQQ
EALEEQAALEPKLD corresponding to
amino acid residues 369–386 of human
IC53. The first N-terminal cysteine
residue was added to facilitate covalent
KLH conjugation. BALB/c mice were im-
munized by intraperitoneal injection
with the KLH-conjugated synthetic pep-
tide. Murine antibodies were prepared
by conventional hybridoma technology
as previously described (27), and the re-

sulting hybridoma cells were screened
for antibody production in an ELISA
using bovine serum albumin (BSA)-
 conjugated synthetic peptide. Hy-
bridoma cells producing anti-IC53 mono-
clonal antibody were grown and
subsequently injected into pristane-
primed BALB/c mice. After 10 d, ascites
fluid was collected. The IgG was ex-
tracted from the ascites fluid by using
protein A–Sepharose CL-4B (Amersham
Pharmacia Biotech, Amersham, UK).

Tissue Microarray Analysis
The human tissue microarray of colon

cancer tissue was obtained from Cybrdi
(Xi’an, Shanxi, China). The array con-
tained 182 dots in total and each dot rep-
resented one diseased tissue spot from
one individual specimen that was se-
lected and pathologically confirmed. The
arrays were fixed with formalin, embed-
ded in paraffin and immunostained with
mouse monoclonal anti-IC53 antibody
(1:900 dilution) by using the avidin-
 biotin peroxidase complex method. The
intensity of IC53 staining was scored as
weak (1+), moderate (2+) or strong (3+).
To test the expression of miR-379, the
locked nucleic acid (LNA)-modified
probe U6, scramble and miR-379 were
purchased from Exiqon (Vedbaek, Den-
mark). In situ hybridization was per-
formed according to the manufacturer’s
protocol, and the intensity of miR-379
staining was scored as negative (0),
weak (1+) or moderate (2+).

Expression Plasmid Construction
The open reading frame of IC53 was

amplified by polymerase chain reaction
(PCR) by using the EST clone (accession
number AF110322) and the mammalian
expression plasmid [pcDNA3.1/Myc-His
(–) A-IC53], constructed as previously
 reported (22).

Tumorigenicity
Tumorigenicity studies were per-

formed as described previously (28).
Briefly, cells from exponential cultures of
HCT-116 transfectants and nontransfec-
tants were resuspended in PBS and inoc-
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ulated subcutaneously into 5-wk-old
athymic nude mice (7 × 106/mouse).
Mice were maintained in a pathogen-free
environment. Growth curves for xeno -
grafts were determined by externally
measuring tumors in two dimensions.
Volumes were determined by using the
equation V = (L × W2) × 0.5, where V =
volume, L = length and W = width.

Stable Transfection
Cells were placed in a six-well plate at

a density of 2 × 104 cells/well and grown
for 16 h. The cells were then transfected
with the empty plasmid or plasmids car-
rying the open reading frame of IC53 by
using Lipofectamine 2000 reagents (Invit-
rogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol. After 24 h
of transfection, fresh media were added
containing G418 (200 μg/mL; Invitro-
gen). After 2 wks, stably transfected
clones were pooled and propagated in
DMEM containing G418 (200 μg/mL).
The level of IC53 expression was deter-
mined by Western blot analysis.

Stealth siRNA Treatment
IC53 stealth siRNA (number 111322F11)

and the negative control were purchased
from Invitrogen. HCT-116 cells were
transfected by 20 pmol IC53 stealth
siRNA or the negative control with
 Lipofectamine 2000 transfection reagent
(Invitrogen) in 1 mL OptiMEM (Invitro-
gen) according to the manufacturer’s in-
structions. The level of IC53 expression
was determined by Western blot analysis.

MTT Assay
The MTT assay (Sigma Chemical) was

performed according to the manufac-
turer’s instructions, with some modifica-
tions. Briefly, the cells (5,000 cells/well)
were cultured in 96-well plates with
100 μL media/well. MTT (20 μL, 
5 mg/mL) solution was added to each
well at 72, 120 and 144 h after plating
and incubated at 37°C for an additional 
4 h in a CO2 incubator. The absorbance at
570 nm was recorded with a microtiter
plate reader (Bio-Rad, Hercules, CA,
USA).

Cell Migration Assay
Cell migration assays were performed

by using 24-well transwell migration
chambers (Corning Costar, New York,
NY, USA) with an 8-μm pore size poly-
carbonate filter. Cells were starved in
media containing 0.5% FBS for 12 h and
then transferred to transwell chambers
from the culture flasks by trypsin/EDTA
digestion. Briefly, the transwell units
were precoated with type I collagen 
(20 μg/mL), isolated from rat tails
overnight at 4°C, washed with PBS and
blocked with 0.1% BSA in PBS for 1 h at
37°C. The lower wells of the chamber
were filled with 600 μL 0.5% FBS in
DMEM. Cells were placed in the top
chamber at 1 × 105 cells/mL in 0.1 mL
DMEM containing 0.1% BSA and al-
lowed to migrate for 4 h at 37°C in a hu-
midified CO2 incubator. For antibody
blocking experiments, the cells were
preincubated with media containing an-
tibodies against integrin α2 (10 μg/mL),
α3 (10 μg/mL), and β4 (20 μg/mL) and
the phosphatidylinositol 3-kinase (PI-3K)
inhibitor wortmannin (100 nmol/L) or
LY294002 (25 μmol/L), respectively, for
30 min at room temperature. After re-
moving the cells from the upper surface
of the membrane with a swap, cell num-
bers on the underside were determined
by using the colorimetric crystal violet
assay. Six independent fields per filter
were counted, and the mean of six counts
was used as the migrated cell number.

Adhesion Assay
Cell adhesion was performed in 24-well

plates (Corning Costar, New York, NY,
USA) precoated with matrigel (5 μg/mL
in cold DMEM; BD Biosciences, Bedford,
MA, USA) overnight at 4°C. Cells were
serum-starved in media containing 0.5%
FBS for 12 h, washed with PBS and
blocked with PBS containing 2% BSA for
30 min at 37°C. The cells were then
plated on coated plates at a density of
2 × 105 cells/mL in 0.1 mL DMEM con-
taining 0.1% BSA and incubated for 1 h.
For antibody blocking experiments, cells
were pretreated with or without anti -
bodies against integrin α2, α 3 or β4 for

30 min as described previously. After re-
moving the media, along with the nonat-
tached cells, 0.2% crystal violet was
added, and the cells were incubated for
10 min. The plate was gently washed
with tap water and then air-dried for
24 h. SDS (5%, 0.1 mL) containing 50%
ethanol was added for 20 min, and the
plate was read at 570 nm.

Microarray Analysis
RNA was isolated from cultured HCT-

116 cells either stably transfected with
plasmids carrying IC53 or empty plas-
mids, and mRNA was isolated from the
total RNA (200 μg) by using the Oligotex
mRNA Midi Kit (Qiagen, Hilden, Ger-
many). The mRNA was then used for
 microarray analysis. Briefly, cDNA was
synthesized by in vitro transcription and
labeled as a probe according to the man-
ufacturer’s manual (Clontech, Palo Alto,
CA, USA). Hybridization of the cDNA
probes to the Atlas human cancer array
(Clontech; category number 7742-1) was
performed by using a Hybridization
Oven Robbin 1000 (Robbin’s Scientific,
Sunnyvale, CA, USA), and resultant
spots were scanned with Phosphoimage
(BAS-MS 2340; Fujifilm, Nakanuma,
Japan). Data were analyzed by using
 ArrayGauge, version 1.0 (Fuji Photo
Film, Tokyo, Japan). The data were then
sorted to obtain genes differentially ex-
pressed ≥2-fold.

Immunocytochemistry
HCT-116 cells transfected with IC53

and control untransfected cells were
plated onto glass coverslips in six-well
plates and grown to 75% confluence. The
cells were then serum-starved in media
containing 0.5% FBS for 12 h, washed
twice with PBS and fixed with 3.7% for-
malin for 20 min, and then rinsed twice
with PBS. The cells were immunostained
with polyclonal antibodies and detected
by using the horseradish peroxidase
staining method. Endogenous horserad-
ish peroxidase was inhibited by incubat-
ing the cells in 3% H2O2 solution for 10
min at room temperature and removed
by washing twice with PBS. The cells
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were incubated in media containing pri-
mary antibodies (anti-integrin α2, α3, and
β4 and anti-laminin β1 and β2) with a di-
lution of 1:100–1:400 for 30 min at 37°C,
washed 3x with PBS and incubated with
the peroxidase-conjugated secondary an-
tibody (Santa Cruz Biotechnology) for 10
min at room temperature. Positive stain-
ing was visualized by applying the di-
aminobenzidine substrate (DAKO, Car-
pentaria, CA, USA) and then
counterstaining with hematoxylin.

Western Blot Assay
HCT-116 cells, HCT-116 cells trans-

fected with empty plasmid, plasmids
carrying the IC53 open reading frame,
IC53 stealth siRNA or the negative con-
trol were grown to confluence in 75-mm
dishes. For Akt and phospho-Akt West-
ern blot analysis, HCT-116 cells trans-
fected with empty plasmid or plasmids
carrying the IC53 open reading frame
were serum-deprived for 12 h and
treated with platelet-derived growth fac-
tor BB (PDGF-BB) or LY294002 at a con-
centration of 30 ng/mL or 10 μmol/L for
2 h, respectively. For  analysis of the ef-
fects of micro379 on IC53 translation,
HT-29 cells (with the T/C genotype) or
LOVO cells (with the T/T genotype)
were transfected with 20 pmol precursor
miR-379 or pre-miR negative control.

Cells were harvested with trypsin,
washed twice with PBS and directly
lysed in ice-cold lysis buffer containing
50 mmol/L Tris-HCl (pH 8.0),
150 mmol/L NaCl, 0.1% SDS, 0.02%
sodium azide, 100 μg/mL phenylmethyl-
sulfonyl fluoride, 1 μg/mL aprotinin,
1 mmol/L EDTA, 1 mmol/L EGTA and
1% NP-40. The cell lysate was incubated
on ice for 10 min and centrifuged at
10,000g at 4°C for 5 min. Protein concen-
trations were quantified by using the
Bradford colorimetric method (Bio-Rad).
A total of 25 μg lysate protein was boiled
for 5 min in Laemmli sample buffer with
100 μmol/L dithiothreitol and was then
separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-
PAGE). Separated proteins were then
transferred to nitrocellulose membranes

(Amersham Pharmacia Biotech) and
blocked with 5% nonfat milk. The mem-
branes were then incubated with anti-
bodies against Akt; phospho-Akt; inte-
grins α2, α3 and β4; IC53 (1:1,000); or
GAPDH (1:5,000) at 4°C for 16 h and
then incubated with a horseradish
 peroxidase–conjugated anti-mouse IgG
antibody at 25°C for 1 h. Protein bands
were visualized by enhanced chemilumi-
nescence (ECL; Santa Cruz Biotechnology).

Human IC53 3′UTR Luciferase
Constructs

To construct IC53 3′UTR-luciferase re-
porter plasmids, a 75-bp sequence (Sup-
plementary Table S1), carrying either the
wild-type or the variant genotype of
rs2737, was synthesized and cloned into
the pMIR-REPORT vector (Ambion,
Austin, TX, USA) by using restriction en-
zymes HindIII and SpeI. The reporter
plasmid containing rs2737T was defined
as pMIR-TT, and the reporter plasmid
containing rs2737C was defined as
pMIR-CC. The resulting constructs
(pMIR-TT and pMIR-CC) were verified
by sequencing.

Luciferase Target Assay
HCT-116 cells (1 × 105 cells per well)

were cotransfected with 0.8 μg pMIR-CC
or pMIR-TT plasmid, 50 ng Renilla and
20 pmol pre-miR miRNA precursor of
miR-379 (Ambion) or pre-miR negative
control (Ambion), all combined with
Lipofectamine 2000 (Invitrogen). After
48 h, cells were washed and lysed with
Passive Lysis Buffer (Promega, Madison,
WI, USA), and their luciferase activity
was measured by using a luminometer
 (SIRIUS, Pforzheim, Germany). Firefly
luciferase expression levels were ad-
justed on the basis of Renilla luciferase
activity. Three independent experiments
were performed for each reporter.

Study Subjects
We consecutively selected 222 Chinese

CRC patients with histologically con-
firmed colon or rectal adenocarcinoma be-
tween 2004 and 2006 in the Beijing Cancer
Hospital. A total of 260 controls were se-

lected from patients admitted to orthope-
dics, general surgery or otorhinolaryngol-
ogy wards, and patients with a prior his-
tory of malignant neoplasms were
excluded. The age and sex distribution of
the two groups was similar in both cases
(mean ± SD age, 59.0 ± 13.9 years; 57.2%
male) and control groups (mean ± SD age,
59.6 ± 9.3 years; 55.4% male). All subjects
were of Han nationality, and all patients
and controls provided written informed
consent for the genetic studies, which
were approved by the ethical committee
of Beijing Cancer Hospital, China.

Genotyping of rs2737
For IC53-rs2737 genotyping, to test as-

sociation between rs2737 and risk of
CRC, DNA was isolated from blood sam-
ples by using the RelaxGene Blood DNA
System (TianGen, Beijing, China). To test
correlation between expression of miR-
379 and that of IC53 in subjects carrying
a different genotype of rs2737, DNA was
isolated from formalin-fixed paraffin-
 embedded tissue (Cybrdi) by using the
MagneSil Genomic, Fixed Tissue Purifica-
tion Module (Promega), according to the
manufacturer’s protocol. Variant rs2737
was genotyped by PCR–restriction frag-
ment length polymorphism, analyzed by
amplification of a 244-bp sequence with
the following primers: forward 5′-CAAGA
ACCCCACGAAAACAG-3′, reverse
5′-AAGATGGAAAGCCACAGGAA-3′.
The PCR assay was performed by using
50 ng genomic DNA, 5 pmol of each
primer and EasyTag PCR SuperMix
(TransGen, Beijing, China). The amplifi-
cation protocol consisted of 35 cycles of
94°C for 30 s, followed by 59°C for 30 s
and 72°C for 30 s. The resultant PCR
products were digested with AccI (New
England Biolabs, Beverly, MA, USA),
separated on a 4% agarose gel and
stained with ethidium bromide. Two
DNA fragments of 147 and 97 bp were
expected for the C allele and only one
band for the T allele (Supplementary Fig-
ure S1). In each plate (96 reactions), three
positive and three blank controls were
added; the positive control was from the
sample confirmed by sequencing. Repro-
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ducibility of genotyping was confirmed
by sequencing in 50 randomly selected
samples with 100% concordance.

Statistical Analysis
All experiments were repeated 3 or

4x, and each treatment was carried out

in triplicate, unless otherwise stated.
Similar results were obtained in all
cases. Each figure shows 1 of 3 represen-
tative experiments. Results were ex-
pressed as mean ± SD. The Student
t test (two-sided) was used to compare
the values of the test and control sam-

ples. A Spearman correlation analysis
was used to calculate the correlation co-
efficients between IC53 expression lev-
els and the grade of adenocarcinoma of
the colon, degree of invasion or expres-
sion level of miR-379. An χ2 test was
used to test genotype frequencies of the
single-nucleotide polymorphism rs2737;
the associations between the variant and
CRC were detected by using uncondi-
tional logistic regression models. The
one-way analysis of variance (ANOVA)
test was used to determine the statistical
significance of the age at diagnosis of
CRC between the groups with the T/T
rs2737 genotype and the C/C rs2737
genotype. P < 0.05 was taken as signifi-
cant.

All supplementary materials are available
online at www.molmed.org.
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Figure 1. Immunohistochemical analysis of IC53 expression in the adenocarcinoma of
colon samples. Representative IC53 immunohistochemical images of the tissue microarray
are shown. The upper panel shows untreated tissue and the lower panel shows tissue
treated with a monoclonal antibody against IC53 (1:900). The intensity of IC53 staining
was scored as weak (1+), moderate (2+) or strong (3+) (200× magnification), and repre-
sentative images from each of these scores are shown.

Table 1. IC53 expression level correlates with the grade and degree of invasion of
adenocarcinoma of the colon.

Clinical pathological Expression of IC53

evaluation + 2+ 3+ P + 2+ and 3+ P

Adenocarcinoma of colon
Grade

I 26 1 0 1 × 10–8 26 1 1 × 10–6

II 41 21 6 41 27
III 10 15 10 10 25

Depth of invasion
T1/T2 15 3 0 0.018 15 3 0.025
T3/T4 62 34 16 62 50

Mucinous carcinoma of colon
Grade

I 1 3 0 0.123 1 3 0.130
II 8 18 7 8 25
III 8 7 0 8 7

Depth of invasion
T1/T2 1 5 1 0.371 1 6 0.269
T3/T4 16 23 6 16 29

Figure 2. Effect of IC53 on tumorigenesis
in vivo. The tumor sizes were twice as
large in the animals injected with HCT-116
cells carrying IC53 than in the animals in-
jected with HCT-116 cells carrying the
control vector (P = 0.0003). HCT-116 cells
were  stably transfected with IC53 cDNA
or their corresponding vector. The cells
(0.5 × 105) were injected subcutaneously
into 5-wk-old male nude mice. The ani-
mals were monitored for tumor formation
every 4 d. Tumors were measured exter-
nally with a caliper in two dimensions on
the indicated days. Tumor volumes were
determined from the following equation:
V = (L × W 2) × 0.5, where L is length and
W is width. Each point on the graph
 represents the mean volume (± SE) of six
xenografts. *P < 0.05; **P < 0.01.



RESULTS

Expression Level of IC53 Was Positively
Correlated with the Grade and Depth
of Invasion in Adenocarcinoma of the
Colon

To confirm whether IC53 is expressed
in normal colon epithelial, we performed
immunohistochemistry, showing that
IC53 was low or weak when expressed
in the normal colon epithelial (Supple-
mentary Figure S2). To evaluate the ex-
pression of IC53 in colon cancer and in-
vestigate the association of IC53
expression levels with various clinical
pathological parameters, we performed
tissue microarray analysis. The intensity
of IC53 staining was scored as weak (1+),
moderate (2+) or strong (3+) (Figure 1).
We found a strong correlation between
the IC53 expression level and the grade
of adenocarcinoma of the colon (correla-
tion coefficient 0.47, P = 1 × 10–7, Table 1),
a weak association between the IC53 ex-
pression level and the degree of invasion
(correlation coefficient 0.21, P = 0.018, see
Table 1) and no association between the
IC53 expression level and the grade or
the degree of mucinous carcinoma of the
colon (P = 0.13 and P = 0.27, see Table 1).
These results indicated that IC53 may
contribute to the development of colon
cancer.

Overexpression of IC53 Promoted the
Tumorigenicity of HCT-116 Cells

To determine whether IC53 has the
ability to transform NIH3T3 cells, IC53
stable transfectants were generated and
injected into athymic nude mice. After
37 d, no tumor formation was detected
in the animals injected with NIH3T3 cells
carrying exogenous IC53 or those carry-
ing control vectors (data not shown).
Whereas in the animals injected with
HCT-116 cells transfected with IC53 ex-
pression plasmids, tumors formed that
were twice as large as those in the ani-
mals injected with HCT-116 cells carry-
ing the control vector (Figure 2). These
results indicated that IC53 has the poten-
tial to promote cancer cell growth but is
unable to transform cells.

Overexpression of IC53 Promoted
Proliferation Migration and Adhesion
of the Human Colon Cancer Cell Line

The process of cancer development is
closely related to the unrestricted invasive
growth of cancer cells. To test whether the
IC53 gene encodes a colon cancer progres-
sion regulator, we first studied the effect

of overexpression of the IC53 gene on cell
proliferation in the established colon can-
cer cell line HCT-116. The cells were trans-
fected in vitro by IC53 plasmids and
empty plasmids as controls. The expres-
sion level of IC53 in the cells transfected
with IC53 plasmids was increased four-
fold compared with cells transfected with
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Figure 3. Overexpression of IC53 promoted proliferation, migration and adhesion of HCT-
116 cells. (A) Stable transfection of IC53 plasmids increased IC53 expression. IC53 expres-
sion was analyzed in serum-starved HCT-116 cells by Western blot analysis with an anti-IC53
monoclonal antibody (1:1,000). The expression level of IC53 in the cells transfected with
IC53 plasmids (HCT-116-IC53) was four-fold greater than that of the cells transfected with
empty plasmid (HCT-116-A) or the untransfected control (HCT-116). An anti-GAPDH anti-
body was included in the analysis as a loading control. (B) Overexpression of IC53 induced
HCT-116 cell proliferation. Cell proliferation was assayed by using the MTT assay. The cells
were maintained in DMEM containing 10% FBS and 200 μg/mL G418 and cultured in 5%
CO2 at 37°C. The media were replaced every 48 h. Stable transfection of IC53 (HCT-116-
IC53) markedly promoted HCT-116 cell proliferation 2.1-fold on day 3, 2.6-fold on day 5 and
1.97-fold on day 7 after plating, compared with either the untransfected (HCT-116) control
or the empty vector control (HCT-116-A), as determined by the optical density (OD) meas-
urements. (C) Overexpression of IC53 induced HCT-116 cell adhesion. HCT-116 cells were
suspended in serum-free medium and seeded into collagen I (20 μg/mL)–coated 24-well
plates. After incubation for 60 min at 37°C, the percentage of adhered cells was deter-
mined by using the colorimetric crystal violet assay. Cells stably transfected with the IC53
expression construct (HCT-116-IC53) dramatically promoted HCT-116 cell adhesion by 183%
after 60 min compared with the untransfected control (HCT-116) or cells transfected with
empty vector (HCT-116-A). (D) Overexpression of IC53 induced HCT-116 cell migration. Cell
migration was analyzed by using the transwell assay. The cells were maintained in DMEM
containing 10% FBS and 200 μg/mL G418 and cultured in 5% CO2 at 37°C. Cells stably
transfected with IC53 expression construct (HCT-116-IC53) migrated 180% or 300% more
than their parental (HCT-116) or vector transfected cells (HCT-116-A), respectively. This figure
represents 1 of 3 independent experiments, with quadruplicate samples in each experi-
ment. The results represent the mean ± SD in triplicate. **P < 0.01.



empty plasmids (Figure 3A). Overexpres-
sion of IC53 markedly promoted HCT-116
cell proliferation 2.1-fold on day 3, 
2.6-fold on day 5 and 1.97-fold on day 7,
in IC53 plasmid-transfected cells com-
pared with their untransfected or empty
 vector–transfected counterparts (P = 9 ×
10–9). These results indicated that over -
expression of IC53 promoted human can-
cer cell line proliferation (Figure 3B).

Next, we tested whether IC53 could
stimulate cancer cell adhesion to an ex-
tracellular matrix. We found that overex-
pression of IC53 dramatically promoted
HCT-116 cell adhesion by 183% after
60 min compared with untransfected
controls or with cells carrying the empty
vector (P = 9 × 10–6, Figure 3C).

We then examined the effects of IC53
on HCT-116 cell motility by using trans -

well migration chambers. Cells stably
transfected with the IC53 expression con-
struct showed increased motility of 300%
or 180% compared with the parental or
empty vector transfected cells, respec-
tively (P = 2 × 10–7, Figure 3D).

Knockdown of IC53 Blocked Cell
Proliferation, Migration and Adhesion

To further examine the effect of en-
dogenous expression of IC53 on cell pro-
liferation, migration and adhesion, the
expression of IC53 in HCT-116 cells was
suppressed by its siRNA. The expression
level of IC53 in the cells transfected with
IC53 siRNA was <10% of that in the con-
trol cells (Figure 4A). Additionally, cell
proliferation was 36% (P = 5 × 10–6, Fig-
ure 4B), migration was 15%, (P = 2 ×
10–7, Figure 4C) and adhesion was 26%
(P = 5 × 10–6, Figure 4D) of that in the
controls cells.

IC53 Upregulated Expression of
Integrins

Because IC53 is upregulated in colon
cancer and promotes colon cancer cell
proliferation, migration and adhesion,
we next investigated the target genes
that are important in the mediation of
IC53- regulated cell invasive growth.
Atlas human cancer array from Clontech
was used to identify gene expression
profile in response to overexpression of
IC53 in HCT-116 cells. Total RNA was
isolated from HCT-116 cells that were
stably transfected with IC53 or control
vector; mRNA was isolated from 200 μg
total RNA and used to generate 
33P- labeled cDNA probes for microarray
analysis. We found that overexpression
of IC53 upregulated the expression of
genes encoding various integrins,
macrophage stimulating 1 and laminins,
which have long been linked to cancer
progression (Supplementary Table S2).
This observation was confirmed by in-
vestigating the integrin and laminin ex-
pression profile in HCT-116 cells stably
transfected with IC53 or control vector
by immunocytochemistry or Western
blot (Figure 5 and Supplementary Fig-
ure S3).
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Figure 4. Knockdown of IC53 blocked cell proliferation, migration and adhesion.
(A) Stealth siRNA against IC53 eliminated IC53 protein expression. IC53 expression was an-
alyzed in serum-starved HCT-116 cells. The cells were transfected with stealth siRNA
against IC53 (siRNA) or a negative control (siRNA negative). The IC53 proteins were de-
tected by using Western blot analysis with an anti-IC53 monoclonal antibody (1:1,000). An
anti-GAPDH antibody was included in the analysis as a loading control. (B) Knockdown of
IC53 inhibited HCT-116 cell proliferation. IC53-mediated cell proliferation was analyzed by
using the MTT assay. The cells were maintained in DMEM containing 10% FBS and cultured
in an incubator with 5% CO2 at 37°C. The culture media were replaced every 48 h. HCT-
116 cells transfected with stealth siRNA against IC53 showed a 64% decrease in prolifera-
tion compared with cells transfected with the negative control. (C) Knockdown of IC53
inhibited HCT-116 cell adhesion. HCT-116 cells were suspended in serum-free medium and
seeded into collagen I (20 μg/mL)–coated 24-well plates. After incubating for 60 min at
37°C, the percentage of adhered cells was determined by using the colorimetric crystal
violet assay. HCT-116 cells transfection with stealth siRNA against IC53 showed a 74% de-
crease in cell adhesion compared with cells transfected with the negative control.
(D) Knockdown of IC53 inhibited HCT-116 cell migration. IC53-mediated cell migration was
analyzed by the transwell assay. The cells were maintained in DMEM containing 10% FBS
at 37°C. HCT-116 cells transfected with stealth siRNA against IC53 showed an 85% de-
crease in migration compared with cells transfected with the negative control. This figure
represents 1 of 3 independent experiments, with quadruplicate samples in each experi-
ment. The results represent the means ± SD in triplicate. **P < 0.01.



Integrin-Mediated IC53-Induced Cell
Invasive Growth

To confirm whether upregulation of in-
tegrins mediates IC53-induced tumor cell
invasive growth, we treated the cells sta-
bly expressing IC53 with antibodies
against integrin α2, α3 and β4, which are
the most upregulated integrins (3.3- to
5.5-fold) in HCT-116 cells. As shown in
Figure 6A, antibodies against integrin α2,
α3 and β4 partially but significantly
blocked IC53-mediated HCT-116 cell
 migration by 60%, 37% and 36% (P = 7 ×
10–7), respectively, compared with the
controls (not treated with specific
 antibodies). Similar results were ob-
served in the cell adhesion assay, except
that treatment with the antibody against
integrin α2 did not result in a significant
blockade of cell adhesion (Figure 6B,
P = 0.23).

IC53-Induced Cell Invasive Growth
via the Phosphatidylinositol 3-Kinase
(PI3-K)-Akt Pathway

Next, we investigated which signaling
pathway is involved in mediation of 
the process. It is well established that

 integrin-mediated activation of the phos-
phatidylinositol 3-kinase (PI3-K) path-
way plays an important role in colon

cancer invasive growth (29). To deter-
mine whether the effect of IC53 on cell
invasive growth is also mediated by this
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Figure 5. IC53 modulated expression of in-
tegrin α2, α3 and β4. IC53 modulated the
expression of integrin α2, α3 and β4. Total
protein was isolated from serum-starved
HCT-116 cells treated with IC53 plasmids
(IC53) or stealth siRNA against IC53 (siRNA)
for 48 h, and the expression of integrin α2,
α3 and β4 was analyzed by Western blot-
ting. As shown in the lowest panel, an anti-
GAPDH antibody was included in the
analysis as a loading control.

Figure 6. IC53 promoted colon cancer cell invasive growth via the upregulation of inte-
grins and activation of the PI3-K–Akt signaling pathway. Effects of anti-integrin (anti-Int)
antibodies on IC53-induced migration and adhesion in HCT-116 cells. HCT-116 cells were
stably transfected with IC53 plasmid or empty vectors. The effects of blocking integrin on
cell migration and adhesion were tested in the presence or absence of antibodies
against integrin α2 (10 μg/mL), α3 (10 μg/mL) or β4 (20 μg/mL). (A) Antibodies against inte-
grin α2, α3 and β4 partially, but significantly, inhibited IC53-mediated HCT-116 cell migration
by 60%, 37% and 36%, respectively, compared with the controls (not treated with these
specific antibodies) (**P < 0.01). (B) Similar results were observed in the cell adhesion
assay, except that treatment with the antibody against integrin α2 did not result in signifi-
cant inhibition of cell adhesion (P = 0.23). Three independent experiments were carried
out and each sample was tested in triplicate; similar results were obtained in all cases.
This graph shows representative results, expressed as the mean ± SD (**P < 0.01). (C) PI3-K
inhibitors almost completely blocked IC53-induced HCT-116 cell migration. The migration
assay was performed by using serum-starved HCT-116 cell transfectants and control cells.
These cells were treated with 30 ng/mL PDGF-BB, the PI3-K inhibitor wortmannin (100
nmol/L), LY294002 (25 μmol/L) or its vehicle (Me2SO). The number of migrated cells was
counted in the transwell chambers. The values were presented as the mean ± SD (n = 6).
(**P < 0.01). (D) Western blotting analysis of Akt phosphorylation. The serum-starved HCT-
116 cells stably transfected with plasmid alone or plasmid carrying human IC53 were incu-
bated with PDGF-BB (30 ng/mL) or LY294002 (10 μmol/L) for 2 h. Akt phosphorylation and
Akt expression were analyzed by Western blotting with an Akt-phosphorylated antibody
(1:1,000) and an Akt antibody (1:1,000), respectively. OD, optical density.



pathway, we examined cell invasive
growth after blocking the PI3-K pathway
in HCT-116 cells stably transfected with
IC53. The two PI3-K-specific inhibitors,
wortmannin and LY294002, used to block
activation of the PI3-K pathway, almost
completely abolished IC53-induced 
HCT-116 cell migration (Figure 6C, P =
2 × 10–7), indicating the involvement of
the PI3-K pathway. Because Akt is an im-
portant downstream effector of the PI3-K
pathway, we next investigated Akt ex-
pression and phosphorylation. As indi-
cated in Figure 6D, Western blot results
showed that transfection of IC53 did 
not alter the expression of Akt protein in
HCT-116 cells, but dramatically increased
the phosphorylation of Akt.

Immunoblot analysis with antibodies
against serine-473 of Akt showed that the
level of Akt phosphorylation was compa-
rable in the HCT-116 cells overexpressing
the IC53 gene to that in the cells treated
with PDGF-BB, a known activator of Akt.
To confirm whether Akt phosphorylation
induced by IC53 is indeed due to PI3-K
activity, we used the PI3-K inhibitor
LY294002 to treat HCT-116 cells overex-
pressing IC53 and found that Akt phos-
phorylation could be blocked by
LY294002 at a concentration of
25 μmol/L (see Figure 6D, last lane). This
finding supported the possibility that
IC53 upregulates the expression of inte-
grins, which activate PI3-K, and PI3-K
then enhances the phosphorylation of
Akt, a cell growth signal.

rs2737 C/C Genotype Was Associated
with the Late Onset of CRC

Taken together, our results indicate
that the IC53 gene is a new mediator for
colon cancer progression. Using a bioin-
formatics approach, we found that
rs2737 (a T–C substitution) in the IC53
gene created a potential miR-379 target
site (Figure 7A), leading us to hypothe-
size that rs2737 could modify the colon
cancer incidence as well as the timing of
colon cancer onset. To test our hypothe-
sis, we first examined miR-379 expres-
sion in colon cancer tissue. The expres-
sion of miR-379 was confirmed by in situ
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Figure 7. Variant rs2737 created a potential miR-379 target site in the IC53 gene and af-
fected IC53 translation. (A) The IC53 rs2737 T/C variant occurred in the miR-379–binding site.
Variant rs2737 is a T to C change (mRNA sequence shown as reference) located in the pre-
dicted binding site for miR-379 at the 3′UTR of the IC53 gene. At rs2737, allele C base-paired
with G in the Watson-Crick mode (shown with a solid line), whereas allele T wobble base-
paired with G (shown with a dashed line). (B) In situ hybridization analysis of miR-379 expres-
sion in the colon cancer samples. The expression of miR-379 was detected by in situ hy-
bridization in the tissue microarray of clinical colon cancer samples by using a monoclonal
antibody, and representative images are shown in the upper panel. The intensity of miR-379
staining was scored as negative (0), weak (1+) or moderate (2+) (200× magnification), and
representative images from each of these scores are shown in the lower panel. (C) Testing
the interaction between miR-379 and IC53 by using a reporter assay. The results of luciferase
assays showing the allele-specific targeting of miR-379 to the IC53 gene in HCT-116 cells. The
luciferase plasmid, pMIR-TT or pMIR-CC, was cotransfected with the negative control miRNA
(PreNC) or miR-379 (Pre379). At least six replicate assays were performed for each transfec-
tion. For each sample, luciferase activity was normalized by Renilla activity. The P values for
the difference in luciferase activity of the two plasmids were as follows. For pMIR-CC trans-
fection: PreNC versus Pre379, P = 0.015; for pMIR-TT transfection: PreNC versus Pre379, P =
0.86. (D) Immunoblot analysis of the translation levels of IC53 in different genotypic colon
cancer cell lines. MiR-379 (20 pmol) significantly suppressed IC53 protein levels in HT-29 cells
harboring the heterozygote allele C at rs2737, but did not change the IC53 protein levels in
LOVO cells harboring the homozygote allele T at rs2737. The blot was reprobed with GAPDH
antibody showing the same level of loading.



hybridization in 84% (152/182) of inde-
pendent clinical colon cancer samples in
the tissue microarray described above
(Figure 7B). The expression pattern of
miR-379 was negatively correlated with
that of IC53 (correlation coefficient –0.192,
odds ratio 0.37, 95% confidence interval
0.15–0.86, P = 0.018; Table 2), and the cor-
relation was stronger in the subjects pos-
sessing allele C of rs2737, which created
a potential target site of miR-379 (correla-
tion coefficient –0.284, odds ratio 0.25,
95% confidence interval 0.09–0.66, P =
0.003; see Table 2), whereas the correla-
tion was absent in the subjects possess-
ing the TT genotype (correlation coeffi-
cient –0.067, odds ratio 0.70, 95%
confidence interval 0.16–3.12, P = 0.66;
see Table 2). Next, we tested the interac-
tion between IC53 transcripts and miR-
379 directly. We cloned a 75-bp fragment,
which contained the predicted binding
site of miR-379 around rs2737 into the
3′UTR of the luciferase reporter vector
pMIR-REPORT to generate the wild-type
(pMIR-TT) or mutant (pMIR-CC) rs2737
constructs. Using HCT-116 cells cotrans-
fected with pMIR-CC reporter constructs
and the pre-miR miRNA precursor of
miR-379, we found that the pMIR-CC lu-
minescent signal was about 55% that of
the control (P = 0.015, Figure 7C). There
was no significant difference between the
signal from the cells cotransfected with
the pMIR-TT reporter constructs and
those cotransfected with the pre-miR
miRNA precursor of miR-379 (P = 0.86,
see Figure 7C). To further explore the ef-
fects of miR-379 on the translation of
IC53, we used two colon cancer cell lines:
LOVO homozygous for the T allele and
HT-29 heterozygous for the C allele. Im-

munoblot analysis showed that miR-379
(20 pmol) repressed IC53 translation in
HT-29 cells but not in LOVO cells
(Figure 7D). This strongly suggested that
miR-379 represses IC53 translation in
carriers of allele C in vitro and in vivo.

To test the hypothesis that IC53-rs2737
can modify colon cancer incidence as
well as the timing of cancer onset, we
consecutively selected 222 Chinese CRC
patients with histologically confirmed
colon or rectal adenocarcinoma and 260
age, sex and ethnically matched controls.
The results of IC53-rs2737 genotyping are
summarized in Supplementary Table S3.
No association between IC53-rs2737 and
CRC incidence was observed. We next

compared the age distribution at CRC di-
agnosis for patients who had the ho-
mozygous wild-type (T/T) genotype
with that of patients harboring the ho-
mozygous (C/C) variant genotype at
rs2737. Among the 222 patients with
CRC, the median age at CRC diagnosis
was 55.3 years for patients with the T/T
genotype and 63.0 years for patients with
the C/C rs2737 genotype (95% confi-
dence interval 2.6–12.8 years; P = 0.003
[one-way ANOVA test, two-sided]) (Fig-
ure 8A). As seen in Figure 8B, the fre-
quency of the C/C genotype was greatly
decreased in those individuals who de-
veloped CRC at a young age. Individuals
who developed CRC before the age of
45 years showed a homozygous C/C fre-
quency for rs2737 of 10.8%, whereas the
homozygous C/C frequency was 26.6%
for the whole group (P = 0.039, see Fig-
ure 8B). Our data indicated that rs2737
may correlate with age at CRC onset.

DISCUSSION
In this study, we found that the expres-

sion level of IC53 correlated with the
grade and depth of invasion of adenocar-

6 1 6 |  C H E N  E T  A L .  |  M O L  M E D  1 7 ( 7 - 8 ) 6 0 7 - 6 1 8 ,  J U L Y - A U G U S T  2 0 1 1

I C 5 3  A N D  L A T E  O N S E T  O F  C O L O R E C T A L  C A N C E R

Table 2. Expression pattern of miR-379 was negatively correlated with that of IC53.

IC53 levels

miR-379 levels + 2+ 3+ P + 2+ and 3+ P

Total (n = 152) + 52 51 19 0.029 52 70 0.018
2+ 20 7 3 20 10

TC + CC (n = 105) + 26 41 15 0.009 26 56 0.003
2+ 15 6 2 15 8

TT (n = 47) + 23 10 4 0.73 23 14 0.66
2+ 7 2 1 7 3

Figure 8. Variant rs2737 correlated with the onset age of CRC patients. (A) The cumulative
number curve of the correlation between the rs2737 allele and the onset age of CRC pa-
tients. The incidence of the C homozygous allele of rs2737 (circles) and the wild-type T ho-
mozygous allele of rs2737 (triangles) among CRC patients was plotted against the onset
age. Among the 222 patients with CRC, the onset median age was 55.3 years among pa-
tients with the T/T genotype and 63.0 years among patients with the C/C rs2737 geno-
type (95% confidence interval 2.6–12.8 years; P = 0.003 [one-way ANOVA test, two-sided]).
(B) The frequency of the C/C rs2737 allele was low among the population with early-
onset CRC. The cumulative number curve of individuals harboring either the homozygous
rs2737 allele (CC, circles) or the wild-type homozygous rs2737 allele (TT, triangles) is plotted
against the onset age of CRC patients below the age of 45 years (1 SD from the median
age at diagnosis). The incidence of the C/C rs2737 allele was significantly decreased
among patients below the age of 45 years (10.8%) compared with the whole group
(26.6%, P = 0.039).



cinoma of the colon, and the involve-
ment of IC53 in regulation of colon can-
cer cell invasiveness occurred via modu-
lation of the integrin–PI3-K–Akt
pathway. Importantly, we found that the
C allele of rs2737 creates a miR-379 target
site in the IC53 gene and correlates with
the late onset of CRC. These results pro-
vide direct evidence for the biological
function of IC53 as a positive regulator
for tumor invasive growth and a new
target for suppressing colon cancer
 progression.

It is well known that integrins in-
crease tumor cell adhesion and migra-
tion and promote invasive growth of
cancer cells. We demonstrated in vitro
that IC53 stimulates colon cancer cell
line HCT-116 invasive growth via its ef-
fects on integrin production. Blockade of
integrins with antibodies against inte-
grin α2, α3 and β4 suppressed invasive
growth. These results suggested that
IC53 has the potential to promote the
migration of HCT-116 cells and colon
cancer cells in vivo. The invasive growth
effects of IC53 are mediated via inte-
grins. Our results are consistent with
several previous studies. For example, in
intestinal epithelial cells, the α2β1 inte-
grins mediate Erk activation, which pre-
vents apoptosis induced by serum depri-
vation. Integrins can also enhance the
survival effect of growth factors by facil-
itating downstream signaling events,
such as the effect of α5β1 integrins on in-
testinal epithelial cells (30).

The PI3-K signaling pathway has been
shown to play a pivotal role in intracellu-
lar signal transduction pathways in-
volved in cell growth, cellular transfor-
mation and tumorigenesis. Analysis of
colon adenocarcinoma cell lines indicates
that the PI3-K signaling pathway is up-
regulated in colon cancers (31,32), along
with the phosphorylation of Akt. Inhibi-
tion of the PI3-K pathway with wort-
mannin resulted in a suppression of the
anchorage- independent growth of colon
cells in a soft agar assay (33). Integrins
have been linked to PI3-K/Akt signaling
in promoting tumor cell invasiveness. In
the presence of growth factors, integrins

can prevent apoptosis of fibroblasts by
focal adhesion kinase (FAK) and mediate
activation of PI3-K and Akt (34). Phos-
phorylation of Akt has been shown to ef-
fect Wnt (Wnt-1, Wnt-3a) signaling, a
pathway central to the initiation of colo-
rectal carcinogenesis. Akt activation
leads to inhibition of the proapoptotic
glycogen synthase kinase 3B, with a re-
sultant increase in the level of the anti-
apoptotic β-catenin protein (35), and acts
synergistically with the Ras and Raf cas-
cades, which are critical in colorectal car-
cinogenesis (36,37).

We found that IC53 upregulates inte-
grins, stimulates PI3-K activation and in-
creases Akt phosphorylation. Antibodies
against integrins could abolish IC53-
 induced PI3-K activation, and PI3-K-
specific inhibitors (wortmannin and
LY294002) could block Akt phosphoryla-
tion, suggesting that integrins induce
PI3-K activation and PI3-K mediates
IC53-induced Akt phosphorylation. In
our studies, wortmannin and LY294002,
two inhibitors of PI3-K, could also inhibit
the migration of HCT-116 cells, as they
did on Akt phosphorylation, indicating
that IC53-induced HCT-116 cell migra-
tion in vitro occurs via activation of the
integrin–PI3-K–Akt pathway.

Our results are consistent with the
data reported by Stav et al. (23), which
showed that IC53 is overexpressed in
tumor tissues of lung adenocarcinoma.
In contrast, IC53 was reported as a tumor
suppressor in Hela, H1299, HT1080 and
U2OS cell lines (24–26); however, all the
cell lines are not originated from colon
cancer; these data indicate that IC53
probably has diverse effects in different
cancers. We speculated that IC53, as a cy-
toplasmic protein (data not shown), may
act as a regulator in the signal pathway
and demonstrate diverse effects by bind-
ing to a different partner. IC53 was first
identified as protein binding to p35 (38),
the regulatory protein of cdk5, overex-
pression of the cdk5/p35 complex re-
versed the inhibitory effects of ciglita-
zone and promoted cell growth in the
colon cancer cell line HT29 (39). Thus,
IC53 may promote colon cancer progres-

sion through regulating activity or ex-
pression of cdk5.

It is well known that modifier factors,
including both environmental and ge-
netic components, influence clinical phe-
notypes (8). Several reports have shown
that genetic polymorphisms may consti-
tute genetic modifiers of age at diagnosis
of CRC (12,14,15). In this study, we
found that rs2737 in the IC53 gene,
which was a positive mediator for colon
cancer progression, created a miR-379
target site, and the rs2737 C/C genotype
was associated with late onset of CRC.
Furthermore, the frequency of the C/C
genotype was much lower in patients
with an age of <45 years at diagnosis
than in the whole group, indicating that
the C allele of rs2737 may be protective
versus CRC.

The function of miR-379 remains to be
fully elucidated. However, our results
showed that the expression pattern of
miR-379 was negatively correlated with
that of IC53 in colon cancer tissues, and
miR-379 inhibited IC53 translation. We
also found that the rs2737 C/C genotype
created an miR-379 target and resulted in
late onset of CRC. To the best of our
knowledge, this is the first report to
show that miR-379 functions as a novel
mediator for CRC progression.

In summary, our results indicate that
IC53 is a positive regulator for CRC pro-
gression via the upregulation of integrin
expression, activation of PI3-K and in-
crease in Akt phosphorylation. Impor-
tantly, we demonstrated that the C allele
of rs2737 creates a miR-379 target site in
the IC53 gene and correlates with the late
onset of CRC. The findings from this
study may significantly contribute to-
ward the development of improved pre-
ventative or therapeutic strategies for
CRC. Future prospective studies could
extend these findings by using a greater
sample size.
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