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miR663a-TTC22V1 axis inhibits colon cancer metastasis
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Abstract. An increasing number of studies have demonstrated
that microRNAs (miRs) may act as oncogenes or anti-onco-
genes in various types of cancer, including colon cancer (CC).
However, the clinical and biological significance of miR663a in
the prognosis of CC and its underlying molecular mechanisms
remain unknown. Using the reverse transcription-quantitative
polymerase chain reaction on CC and surgical margin tissue
samples from 172 patients with CC, it was identified that
miR663a was significantly downregulated in CC (P<0.001),
particularly in metastatic CC (P=0.044). miR663a overexpres-
sion inhibited the proliferation and migration/invasion of CC
cells in vitro, and also tumor growth and metastasis of CC cells
in vivo. Additionally, miR663a target genes were analyzed.
Inverse changes in tetratricopeptide repeat domain 22
variant 1 (TTC22V1I) in response to alterations in miR663a
expression were observed. miR663a decreased the reporter
activity of the wild-type TTC22VI-3" untranslated region
(UTR), but did not decrease that of a 3'UTR mutant. miR663a
completely abolished cell migration/invasion induced by
TTC22VI containing the wild-type 3'UTR sequence, but not
that induced by TTC22V1 containing the 3'UTR mutant. An
inverse correlation between miR663a and TTC22 mRNA
levels was observed in CC tissues. These results suggest that
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TTC22VI mRNA is a crucial miR663a target that directly
promotes cell migration/invasion. TTC22, which, to the best
of our knowledge, has rarely been investigated, is located in
the nuclei of epithelial cells in colon stem cell niches at crypt
bases, and is significantly downregulated in CC, particularly
in non-metastatic CC. High TTC22V] expression is a signifi-
cant poor survival factor for patients with CC. Collectively, the
results of the present study suggested that T7C22VI may be
a metastasis-associated gene and that the miR663a-TTC22V1
axis inhibited CC metastasis.

Introduction

Primate-specific microRNA-663a (miR663a) is associated with a
number of biological processes, including viral infection and auto-
immune diseases, particularly inflammation (1-6). Inflammation
contributes to cancer development and progression. However, the
effects of miR663a on cancer development remain poorly under-
stood. The reported roles of miR663a in cancer development and
progression are contradictory. Whereas miR663a may promote
malignancy in prostate and nasopharyngeal cancers (7-9),
it may also suppress brain and pancreatic cancers (10-12),
suggesting organ-specific roles for miR663a in cancer develop-
ment. We recently identified that metastasis-associated lung
adenocarcinoma transcript 1, a competing endogenous RNA,
is a master regulator of miR663a through a direct microRNA
(miRNA)-long non-coding RNA interaction (13). A number of
miR663a target genes (e.g. APC, CDKN2A, CXCR4, eEFIA2,
HMGA?2, JUND, CDKNIA and TGFBI) have been reported in
various cell lineages (4,7-16); however, whether the expression
patterns of these target genes contribute to the organ-specific
roles of miR663a in cancer development remains unclear.
Tetratricopeptide repeat (TPR) domain 22 (TTC22) is a
gene that has rarely been investigated (17). TPR motifs are
present in a variety of proteins. The majority of TPR motifs are
associated with multi-protein complexes. There is extensive
evidence indicating that TPR motifs are important for functions
associated with the cell cycle, transcription, protein transport
complexes and other protein-protein interactions (18,19).
According to the Human Protein Atlas (20), the TTC22 gene
is expressed comprehensively in epithelial cells in the normal
gastrointestinal tract mucosa, but is lacking in gastrointestinal
cancer tissues, suggesting a possible role for TTC22 in the
development and progression of colon cancer (CC).
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Bioinformatics analysis results indicated that T7C22
variant 1 (TTC22VI) mRNA may be an miR663a candidate
target. In the present study, alterations in miR663a and
TTC22V] expression during CC development and their
association with CC progression were investigated. Most
importantly, for the first time, to the best of our knowledge,
TTC22V1 is identified as a key miR663a target and that the
miR663a-TTC22V1 axis serves a crucial role in promoting CC
metastasis.

Materials and methods

Patients and tissue samples. CC and paired non-cancerous
surgical margin (SM; >5 cm from the cancer mass) samples
were collected from 172 inpatients (average age, 61.6 years;
101 males and 71 females; 89 patients with CC at pathological
tumor-node-metastasis stage I-II (21) and 83 patients with
CC at stage III-IV) beTween-2004 and 2011 at the Biological
Sample Bank, Peking University Cancer Hospital and Institute,
Beijing, China (Table I). Clinicopathological and 3-year
follow-up data were available for all patients.

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). In total, 50 ng RNA
was extracted from fresh tissue samples or cell lines using
TRIzol® reagent (Thermo Fisher Scientific, Inc., Waltham,
MA, USA), according to the manufacturer's protocol (25°C for
10 min and 42°C for 30 min). The quality and concentration of
the RNA samples were determined using a NanoDrop 2000
system (Thermo Fisher Scientific, Inc.). The amount of mature
miR663a (Entrez Gene accession no. 724033) transcripts was
determined using a Bulge-Loop™ miRNA RT-qPCR starter
kit (cat. no. 10211; Guangzhou RiboBio Co., Ltd., Guangzhou,
China) and a Bulge-Loop hsa-miR-663a RT-qPCR primer set
(miRQ0003326-1; Guangzhou RiboBio Co.,Ltd.), according to
the manufacturer's protocol. U6 RNA was used as a RT-qPCR
reference. The thermocycling conditions were 40 cycles
of 95°C for 2 sec, 62°C for 20 sec and 72°C for 30 sec for
miR663a and U6. TTC22V1 (Entrez gene accession no. 55001)
expression was determined using a StepOne Real-Time
PCR system (Applied Biosystems; Thermo Fisher Scientific,
Inc.) and SYBR-Green PCR master mix reagent (FastStart
Universal SYBR-Green Master; Roche Diagnostics GmbH,
Mannheim, Germany), according to the manufacturer's
protocol with forward primer, 5'-atccacatcagagcctacctg-3' and
reverse primer, 5'-cgtccacgcccatatagtagt-3'. Gene expression
levels were normalized to those of GAPDH (forward primer,
5'-gaaggtgaaggtcggagt-3' and reverse primer, 5'-gaggatg-
gtgatgggatttc-3') or to those of ALU (forward primer,
5'-gaggctgaggcaggagaatcg-3' and reverse primer, 5'-gtcgcccag-
gctggagtg-3') as in the previous correlation analysis (22). The
thermocycling conditions were 40 cycles of 95°C for 15 sec,
58°C for 20 sec and 72°C for 30 sec for TTC22V1, GAPDH and
ALU. Relative mRNA levels were calculated using the AACq
method (23). Each sample was evaluated in triplicate.

Cell lines, culture and authentication. The HCT116 and
SW480 cancer cell lines were purchased from the American
Type Culture Collection (Manassas, VA, USA). The
RKO cell line was kindly provided by Dr Guoren Deng
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(University of California San Francisco, San Francisco, CA,
USA). The cell lines were cultured in RPMI-1640 medium
containing 10% fetal bovine serum (FBS) and 100 U/ml
penicillin/streptomycin (Thermo Fisher Scientific, Inc.)
at 37°C in a humidified incubator containing 5% CO,.
The Caco2 cell line was purchased from the National
Infrastructure of Cell Line Resource (Beijing, China), and
was cultured in minimal essential medium containing 10%
FBS and 1% non-essential amino acids (Thermo Fisher
Scientific, Inc.). All cell lines were tested and authenticated
using the Goldeneye20A STR Identifiler PCR Amplification
kit (Beijing Jianlian Genes Technology Co., Ltd., Beijing,
China) prior to use in the study.

Plasmids, oligonucleotides and transfection. miR663a mimic
(forward, 5'-aggcggggcgccgegggaccge-3' and reverse,
5'-ggucccgeggegeeccgecuuu-3'); and antisense/inhibitor
(5'-gcgguccegeggegecccgecu-3') products were synthesized by
Shanghai GenePharma Co., Ltd. (Shanghai, China). A scram-
bled short interfering RNA set (dsR-Ctrl; forward,
5'-uucuccgaacgugucacgutt-3' and reverse, 5'-acgugacacguucg-
gagaatt-3') was used as the mimic negative control. A
scrambled RNA (ssR-Ctrl; 5'-caguacuuuuguguaguacaa-3') was
used as the inhibitor negative control (13).

An miR663a expression vector, pcDNA3.1b_pri-miR663a,
was constructed with 93-bp PCR products (95°C for 30 sec,
54°C for 30 sec, and 72°C for 50 sec for 35 cycles) amplified
from A549 cell genomic DNA using HiFi DNA polymerase,
forward primer, 5'-ccttccggegteccaggeg-3' and reverse primer,
5'-catggccgggccaccaggaaa-3'. Green fluorescent protein
(GFP)-tagged miR663a (GFP-miR663a, 5'-aggcggggcgccgc-
gggaccgce-3') expression vectors were purchased from Shanghai
GenePharma Co., Ltd. for stable transfection. A scrambled
RNA (5'-aaatgtactgcgegtggagac-3") expression vector was used
as a negative control (13).

The wild-type TTC22V1 3' untranslated region (UTR)
(3'UTR-wt) plasmid was cloned from A549 cells using
forward primer, 5'-gatctctagagtgcggcetgctcttcgagaccat-3' and
reverse primer, S-atgctctagagtcacaattcccgaccaagaatcgaa-3'.
The 3'UTR-mutant control (3'UTR-mut) plasmid was
constructed using a site mutation kit (Agilent Technologies,
Inc., Santa Clara, CA, USA). A TTC22V1 expression vector,
pCMV6-Entry_TTC22V1, was purchased from OriGene
Technologies, Inc. (cat. no. RC225966; Rockville, MD, USA).
Wild-type and mutant 3'UTR sequences were synthesized
and inserted into the 3'-terminus of the 77C22VI DNA
sequence in the expression vectors (TTC22VI1&3'UTR-wt and
TTC22VI1&3'UTR-mut, respectively) to investigate the contri-
bution of TTC22V1 to the inhibition of CC development by
miR663a.

The plasmids or oligonucleotides (final concentration,
1 pug/ml) were transfected using X-tremeGENE™ HP DNA
transfection reagent (Roche Diagnostics GmbH). At 24 h
post-transfection, the medium was replaced with RPMI-1640
containing 10% FBS. The entire process was performed
according to the manufacturer's protocol.

Western blotting. Western blotting was performed as previ-
ously described (24). Briefly, HCT116, RKO and MKN45
cells (1.5x10°) were harvested at 500 x g for 5 min. Proteins
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were extracted and diluted in 200 ul 1X cell lysis buffer
[50 mmol/1 Tris/HCI (pH 6.8), 100 mmol/l1 DTT, 2% SDS,
0.1% bromophenol blue and 10% glycerol] and 20 ul protein
lysate was loaded per lane. Proteins were separated by
SDS-PAGE (10% gel). The following primary antibodies were
used: Goat anti-TTC22 polyclonal antibody (4°C; 1:1,000;
cat. no. sc-249130; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), and mouse anti-GAPDH monoclonal antibody
4°C; 1:10,000; cat. no. 97166; Cell Signaling Technology, Inc.,
Danvers, MA, USA). The horseradish peroxidase-conjugated
anti-mouse or -goat secondary antibody (cat. no. ZB-2306 or
ZB-2305; ZhongShan Jingiao Biotechnology, Co., Ltd. Beijing,
China) was incubated at room temperature for 45 min at a dilu-
tion of 1:2,000 in 1% fat-free milk. For tissue samples, proteins
from 50 mg tissue were extracted and diluted in 500 ul 1X cell
lysis buffer. Other processes were the same as for cell samples.

Immunohistochemistry staining (IHC). A rabbit anti-TTC22
polyclonal antibody (1:500; cat. no. HPA035072, specific
for TTC22V1; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) was used for the IHC analysis. The Dako REAL™
EnVision™ Detection system (peroxidase/diaminobenzidine+,
rabbit/mouse; Dako; Agilent Technologies, Inc.) was used to
visualize the primary antibody-binding cells according to
the manufacturer's protocol. Briefly, paraffin sections (4 ym)
were dewaxed and rehydrated in xylene and ethanol. The
sections were autoclaved in a 10 mM sodium citrate buffer
containing 0.05% Tween-20 (pH 6.0) for 3 min for antigen
retrieval and then immersed in 3% H,O, for 10 min to block
endogenous peroxidase. Following submerging in 5% bovine
serum albumin (BSA) (cat. no. A1933; Sigma Life Science;
Merck KGaA) for 60 min, the sections were incubated with
the primary antibody overnight at 4°C. The PBS-washed
sections were then treated with the Dako REAL™ EnVision™
Detection system and counterstained with hematoxylin
(0.125%; ZhongShan Jingiao Biotechnology, Co., Ltd.) at room
temperature for 1 min. Normal rabbit IgG (cat. no. ZDR-5118;
ZhongShan Jingiao Biotechnology, Co., Ltd.) was used as the
negative control (diluted and incubated as for the anti-TTC22
antibody).

Confocal microscopic determination of TTC22V1 protein
expression. TTC22V1 protein expression in Caco2, HCT116
and SW480 cells was analyzed using the aforementioned rabbit
anti-TTC22 polyclonal antibody. The rabbit IgG antibody
was used as a negative control. Briefly, HCT116, SW480 and
Caco2 cells were cultured on coverslips and fixed with 10%
paraformaldehyde for 10 min at room temperature, followed
by permeabilization with 0.5% Triton X-100 in PBS for 15 min
and blocking with 5% BSA overnight at 4°C. Following incu-
bation with the anti-TTC22V1 antibody (1:500) or the rabbit
IgG negative control antibody for 2 h at room temperature, the
cells were probed with a fluorescein isothiocyanate-conjugated
secondary antibody (1:100 in PBS at room temperature for
45 min; cat. no. ZF-0311; ZhongShan Jingiao Biotechnology,
Co., Ltd.), counterstained with DAPI (1 pg/ml) at room
temperature for 10 min, and mounted with 50% glycerol in
PBS. A Leica SP2 confocal system (Leica Microsystems
GmbH, Wetzlar, Germany) was used to observe the localiza-
tion of TTC22V1.
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Cell proliferation and migration assays using the IncuCyte
platform. CC cell HCT116 and SW480 cells, whose biological
behavior was significantly affected by miR663a expression
changes (13), were seeded into 96-well plates (3,000 cells/well;
6-wells/group) and cultured at 37°C for at least 96 h to generate
proliferation curves. Images were captured of the cells every
2 h. Cell confluence was analyzed with IncuCyte ZOOM soft-
ware 2015A (Essen Bioscience, Ann Arbor, MI, USA). For the
continuous observation of cell migration and invasion, cells
were seeded into 96-well plates at a density of 10,000 cells/well
and cultured for 24 h. Subsequently, a wound was made in the
cell layer, and the cells were washed 3 times with PBS. The
cells were regularly cultured and photographed every 2 h for
at least 96 h. The relative wound density and the width were
calculated using the same software.

Transwell invasion assay. Plates (24-well) with Transwell
permeable supports with a 6.5 mm insert and an 8.0 ym polycar-
bonate membrane (Corning, Inc.,Corning, NY, USA) were used
in the cell invasion assay. The upper chamber was pre-coated
with a 100 ul mixture of BD Matrigel (BD Biosciences, San
Jose, CA, USA) and RPMI-1640 (1:5, v/v). The lower chamber
contained 800 pl RPMI-1640 medium containing 10% FBS.
Cells were seeded into the upper chamber (3,000 cells/well,
3-wells/group). After 24 or 36 h of incubation at 37°C, the
6.5-mm inserts were removed from the plate, fixed in 4%
paraformaldehyde, and stained with a crystal violet solution
(0.1%; at room temperature for 30 min). Non-invasive cells on
the upper surface of the insert were wiped away with a cotton
swab. The number of invaded cells was counted manually
in 4 randomly selected fields under a light microscope. All
experiments were performed at least 3 times.

Dual-luciferase reporter assay. The wild-type TTC22V1
3'UTR was inserted into the pGL-control vector (cat. no. E1741;
Promega Corporation, Madison, WI, USA) and used to trans-
fect HCT116 cells in a 24-well plate using X-tremeGENE™
HP DNA transfection reagent (Roche Diagnostics GmbH).
Pre-miR663a or the control vector was co-transfected with
the Renilla vector (3-wells/group). The activities of both
Renilla and firefly TTC22V1 3'UTR-wt/-mut luciferases were
determined using a Dual-Luciferase Reporter Assay system
(Promega Corporation) at 72 h post-transfection.

RNA pulldown assay. HCT116 cells (3x10°) seeded in a 10-cm
plate for 24 h were transfected with biotin-labeled miR-NC
(forward, 5'-uucuccgaacgugucacgutt-3' and reverse, 5'-acguga-
cacguucggagaatt-3'); biotin-labeled miR663a-wt (forward,
5'-aggcggggcgeegegggaccge-3' and reverse, 5'-gcgguccegeg-
gcgeeccgecu-3'); or biotin-labeled miR663a-mut (forward,
5'-cuuacauucgecgegggaccge-3' and reverse, 5'-gcggucccgegge-
gaauguaag-3') (final concentration, 100 nM). The cell lysates
were harvested at 48 h. Streptavidin Dynabeads (Dynabeads®
M-280 Streptavidin; cat. no. 11205D; Thermo Fisher Scientific,
Inc.) (50 pl/pulldown) were coated with 10 ul yeast tRNA
(stock, 10 mg/ml; Ambion; Thermo Fisher Scientific, Inc.),
10 1 BSA (10 mg/ml stock) and 480 ul lysis buffer and incu-
bated with rotation at 4°C for 30 min. The beads were washed
and mixed with sample lysates (600 ul/pulldown) and incu-
bated overnight at 4°C on a rotator. The beads were then
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pelleted the next day to remove the unbound materials and
were digested with 5 ul RNase-free DNase I (2 U/ul) at 37°C
for 10 min and 5 ul proteinase K (10 mg/ml) at 55°C for 20 min.
Subsequently, together with 50 ul input, RNA was extracted,
and RT-qPCR was used to detect the target 77C22VI mRNA
as aforementioned.

Tumor implantation and experimental metastasis. Non-obese
diabetic (NOD)-severe combined immunodeficient (SCID)
mice (n=30; female, 6-8 weeks, 18-20 g) were purchased
from Beijing HFK Bioscience Co., Ltd. (Beijing, China) and
were allowed to acclimatize for 1 week before use. Housing
conditions were 25°C, humidity 45-55%, 1 atm pressure, 12-h
light/12-h dark cycle, free choice feeding, water ad libitum.
Cells stably transfected with the GFP-miR663a and control
vectors were digested with trypsin. A cell suspension
(1x107 cells/ml) was injected subcutaneously (150 pl/site,
10 mice/group) into the left and right legs of NOD-SCID
mice, respectively. At 3 weeks after implantation, the mice
were sacrificed and the weights of their xenograft tumors were
determined.

To examine experimental metastasis, 1.25x10° HCT116
cells stably transfected with the GFP-miR663a or control
vector were injected into the tail veins of NOD-SCID mice
(10 mice/group). After 2 months, the mice were sacrificed and
dissected. Metastatic nodules in the lung and liver surfaces
were counted. Tissues were fixed in formalin and prepared to
create 4-pm paraffin-embedded slices. The slices were stained
with 0.125% hematoxylin and 1% eosin at room temperature
for 10 min and observed via light microscopy.

miR663a target selection. The list of possible miR663a
target candidates was downloaded from the miRNAMap
website (mirnamap.mbc.nctu.edu.tw/php/mirna_entry.
php?acc=MI0003672) and obtained from the National Center
for Biotechnology Information (NCBI) website (blast.ncbi.
nlm.nih.gov) through searching the miR663a matched
mRNA-3'UTRs in the human genome and transcripts. When
downregulation (or upregulation) of target gene expression was
>1.5-fold in HCT116 cells 72 h after transient transfection of
miR663a expression vector (or antisense/inhibitor treatment)
in the Affymetrix U133 Plus 2.0 cDNA array datasets (NCBI
Gene Expression Omnibus accession no. GES117918) (13), it
was selected as the candidate target.

Statistical analyses. All statistical analyses were performed
using SPSS software (version 18.0; SPSS, Inc., Chicago,
IL, USA). The Shapiro-Wilk test was used to estimate the
normality of the distributions. Student's t-test or one-way
analysis of variance was used for normally distributed
data. Patient overall survival times were analyzed using the
Kaplan-Meier method and log-rank test. Cox's proportional
hazard model was used for multivariate analyses. Differences
in miR663a and TTC22V1 expression levels were assessed
using the Mann-Whitney U test or Wilcoxon signed-rank
test. Spearman's non-parametric analyses were performed to
determine the correlation between gene expression. P<0.05
was considered to indicate a statistically significant difference.
All experiments were performed at least 3 times with samples
in triplicate.
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Results

Downregulation of miR663a expression in CC tissues. To
the best of our knowledge, the expression status of miR663a
in CC tissues has not been reported previously. Using qPCR
analysis, it was identified that the relative miR663a expression
levels in CC tissues were significantly decreased compared
with those in SM tissues from 172 patients (median, 0.263
vs. 0.555; Mann-Whitney U test, P=0.001; Fig. 1A). In addi-
tion, the miR663a expression levels in metastatic CC tissues
were also significantly decreased compared with those in
non-metastatic CC tissues (P=0.044; Fig. 1B and Table I). No
significant association between miR663a expression and age,
sex, vascular embolus, CC differentiation and location was
identified. The downregulation of miR663a expression in CC
tissues, particularly in metastatic CC tissues, indicated that
miR663a may serve an important role in carcinogenesis and
metastasis in CC.

Inhibition of cancer cell proliferation and metastasis by
miR663a in vitro and in vivo. To investigate the effects of
miR663a overexpression on CC cell proliferation, migra-
tion and invasion, cells were transiently transfected with
the pre-miR663a expression vector and its control vector
pcDNA3.1b. Forced miR663a overexpression significantly
inhibited proliferation, migration and invasion in HCT116
cells (Fig. 2A and B) and SW480 cells (Fig. 2C and D).

To validate the in vitro results, the GFP-miR663a vector
was used to stably transfect HCT116 cells (Fig. 3A). The growth
of HCT116 xenografts (tumors) in NOD-SCID mice was
significantly decreased by miR663a overexpression (P<0.001;
Fig. 3B). GFP-miR663a tumors were observed in only 7/10
mice, whereas GFP-Ctrl tumors occurred in 10/10 mice.
The miR663a expression levels in GFP-miR663a tumors
were ~2-fold higher compared with those in the GFP-Ctrl
tumors (Fig. 3C, left).

An experimental pulmonary metastasis model of
NOD-SCID mice was used to determine whether miR663a
overexpression could inhibit cancer metastasis. At 2 months
after injection of HCT116 cells stably overexpressing miR663a
into the tail veins of mice (miR663a group), the average
number of metastatic nodules on the lung surfaces in the
miR663a group was significantly lower compared with in
the Ctrl group (median, 1.2 vs. 6.1; Mann-Whitney U test;
P=0.0383; Fig. 3D, left). The average lung weight, which
correlates positively with the number of metastatic nodules,
was also lower in the miR663a group compared with in the
Ctrl group (median, 0.430 vs. 0.575 g; Mann-Whitney U test;
P=0.041; Fig. 3D, right). In addition, metastatic nodules were
observed on the lung surfaces of 50% (5/10) of the mice,
whereas the lung metastatic rate was 70% (7/10) in mice
injected with the cells stably transfected with the control
vector (Ctrl group), including 2 giant metastatic lesions on the
lung hilus (Fig. 3E, white arrow). These results indicate that
miR663a overexpression inhibits experimental metastasis in
HCT116 cells in vivo.

Characterization of TTC22VI mRNA as a crucial miR663a
target. To search for candidate miR663a targets in CC tissues, a
bioinformatics analysis was performed using sequence search
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Table 1. Comparison of miR663a and TTC22VI gene expression level in colon carcinoma with various clinicopathological
characteristics.

Median relative expression
level of miR663a

Median relative expression
level of TTC22VI1 mRNA

Characteristics n (interquartile range) P-value (interquartile range) P-value

Age, years 0.286 0.134
<60 75 0.31 (0.15-0.56) 0.07 (0.03-0.17)
>60 97 0.25 (0.12-0.47) 0.01 (0.05-0.22)

Sex 0.295 0.820
Male 101 0.29 (0.15-0.49) 0.08 (0.04-0.17)
Female 71 0.23 (0.09-0.53) 0.09 (0.03-0.17)

Location 0.962 0432
Sigmoid 87 0.30 (0.10-0.51) 0.08 (0.03-0.18)
Others 85 0.25 (0.14-0.65) 0.08 (0.05-0.21)

Differentiation 0.065 0.162
Poor 39 0.34 (0.13-0.65) 0.11 (0.03-0.25)
Moderate/well 133 0.25 (0.11-0.49) 0.07 (0.04-0.15)

Vascular embolus 0.931 0.076
Negative 140 0.26 (0.11-0.55) 0.07 (0.03-0.16)
Positive 32 0.28 (0.15-0.47) 0.09 (0.06-0.28)

pTNM stage 0.047 0.020
I+11 89 0.33 (0.12-0.71) 0.06 (0.03-0.14)
I+IV 83 0.25 (0.13-0.35) 0.09 (0.04-0.27)

Depth of invasion 0.443 0.286
T.; 101 0.25 (0.12-0.51) 0.06 (0.03-0.15)
T, 71 0.32 (0.14-0.52) 0.08 (0.04-0.21)

Lymph metastasis 0.044 0.022
Negative, 88 0.33 (0.12-0.71) 0.06 (0.03-0.14)
Positive 84 0.25 (0.14-0.35) 0.08 (0.04-0.26)

Distant metastasis 0.981 0.002
M, 147 0.27 (0.12-0.52) 0.07 (0.03-0.15)
M, 25 0.25 (0.14-0.51) 0.13 (0.07-0.65)

Statistical significance was determined using a Mann-Whitney U test. TTC22V 1, tetratricopeptide repeat domain 22 variant 1; pTNM, patho-
logical tumor-node-metastasis.
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Figure 1. Comparison of miR663a expression levels in colon cancer tissue samples using the reverse transcription-quantitative polymerase chain reaction.
(A) CC and the corresponding SM samples from 172 patients with CC. (B) CC with or without lymph node metastasis at the time of surgical resection.
miR663a, microRNA-663a; CC, colon cancer; SM, surgical margin.

strategies. cDNA array datasets (NCBI Gene Expression
Omnibus accession no. GES117918) were also used to select

miR663a target genes in HCT116 cells transiently transfected
with the miR663a expression vector or its inhibitor/antisense as
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Figure 2. Effects of miR663a overexpression on the proliferation, migration and invasion of colon cancer cells. (A) Proliferation and migration curves for
HCT116 cells transfected with the pre-miR663a vector according to long-term IncuCyte analyses; each point represents the mean + standard deviation value
for 5-wells. (B) Proliferation and migration curves for SW480 cells transfected with the pre-miR663a vector according to long-term IncuCyte analyses; each
point represents the mean =+ standard deviation for 5-wells. (C) Invasion of HCT116 cells transiently transfected with the pre-miR663a vector and control
vector according to a typical Transwell analysis (triplicate results). (D) Invasion of SW480 cells transiently transfected with the pre-miR663a and control
vector according to a typical Transwell analysis (triplicate results). “P<0.05; “P<0.01 vs. Ctrl. Ctrl, pcDNA3.1b scrambled RNA control vector; miR663a,

microRNA-663a.

we reported previously (13). The bioinformatics analysis results
indicated that FAMI20A, KLF5, MBTDI, PSMGI, RBLI,
TTC22V1, ZMYMS5 and ZNF13] mRNAs may be miR663a
candidate targets. However, RT-qPCR analysis results revealed
that 7TC22VI mRNA was the only one whose expression level
was consistently and inversely altered >1.5-fold following
miR663a overexpression and knockdown by transient transfec-
tion with miR663a mimic and inhibitor/antisense in HCT116
cells, respectively (Fig. 4A). TTC22V1 expression was down-
regulated in GFP-miR663a tumors (Fig. 3C, right and Fig. S1).
Such an association could not be detected for FAMI20A,
KLF5, MBTDI, RBL1, ZMYM)5 or ZNF131 (Fig. S2). Western
blot analyses confirmed these results in HCT116, RKO and
MKN45 cells (Fig. 4B). In the dual-luciferase assays, miR663a
mimic significantly decreased the activity of the wild-type
TTC22VI 3'UTR reporter (3'UTR-wt; P=0.010), but not that of
the 3'UTR-mut, which did not match the 5'-fragment of mature
miR663a (Fig. 4C). In addition, in an miRNA pull-down assay,
TTC22VI mRNA interacted with only wild-type miR663a and
not with the miR663a mutant (Fig. 4D).

To determine the roles of TTC22VI in the inhibition of
the migration and invasion of HCT116 cells by miR663a,
TTC22VI&3'UTR-wt and TTC22VI&3'UTR-mut control
vectors, integrated with full-length TTC22VI1 cDNA and

3'UTR-wt or 3'UTR-mut control sequences, were specifi-
cally constructed and used to transiently transfect HCT116
and SW480 cells. The results of long-term dynamic
IncuCyte analyses indicated that TTC22VI&3'UTR-wt and
TTC22VIi&3'UTR-mut expression significantly enhanced
the migration of the cells (Fig. 5A and B). Notably, miR663a
mimic transfection significantly decreased the migration of
these cells transfected with 77TC22V1&3'UTR-wt, but only
slightly (not significantly) decreased the migration of the
cells transfected with T7C22VI&3'UTR-mut: 15.90 vs. 4.54%
for HCT116 cells at 36 h, and 19.17 vs. 9.18% for SW480 at
60 h (Fig. 5A and B). The typical Transwell assay results
revealed similar differences for cell invasion (Fig. 5C and D).

To determine whether the miR663a-TTC22V1 axis is
actually involved in CC prognosis, TTC22V] expression
levels in 172 CC tissues and the corresponding SM tissues
were determined using RT-qPCR. The results indicated that
TTC22VI mRNA levels were significantly lower in CC tissues
compared with in SM tissues (P<0.001; Fig. 6A). Western blot
analyses were consistent with the RT-qPCR results (Fig. 6B).
Notably, a significant reverse correlation between miR663a
and TTC22V] expression levels was also identified for 172 CC
tissues (R=-0.21; P=0.006; Fig. 6C). This result further indi-
cates that TTC22V1 is an miR663a target.
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Figure 3. Effects of miR663a overexpression on the proliferation and experimental pulmonary metastasis of HCT116 cells in NOD-SCID mice. (A) miR663a
expression in HCT116 cells stably transfected with the GFP-miR663a and control vectors. (B) HCT116 cell proliferation in NOD-SCID mice. Cells stably
transfected with GFP-miR663a and control vector were injected subcutaneously into the left and right legs of each mouse, respectively. (C) miR663a and
tetratricopeptide repeat domain 22 variant 1 expression levels in GFP-miR663a and GFP-Ctrl tumors determined using reverse transcription-quantitative
polymerase chain reaction analysis. "P<0.05 vs. Ctrl. (D) Number of metastatic nodules on the lung surface (left) and the weight of the lungs in the 2 groups of
mice (right). (E) Images of the lungs with visible metastasis nodules in the miR663a stable overexpression and control groups of mice (Ctrl). The lungs without
metastatic nodules are indicated with a star. Two lungs with giant metastatic lesions at the hilus in the Ctrl group are indicated with a white arrow. miR663a,
microRNA-663a; NOD-SCID, non-obese diabetic-severe combined immunodeficient; GFP, green fluorescent protein; Ctrl, GFP-scrambled RNA control vector.
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RNA control vector.

[HC staining demonstrated that the TTC22V1 protein was
located principally in the nuclei of epithelial cells at the crypt
base (or stem cell niche) in the SM mucosa samples (Fig. 6D),
but no TTC22V1 staining signals were observed in the CC
samples (Fig. 6E). Only weak (if any) cytoplasmic TTC22V1
staining was detected in the CC cells. According to the
immunofluorescence confocal microscopy assays, TTC22V1
protein staining signals could be observed in the nuclei
and cytoplasm in HCT116 and Caco2 cells, but only in the
nucleus in SW480 (Fig. S3). Nuclear speckles enriched with
endogenous TTC22 protein were also frequently observed in
these cells.

Notably, more TTC22VI mRNA was detected in metastatic
CC compared with in non-metastatic CC (Mann-Whitney
U test; P=0.022 for lymph metastasis and 0.002 for distant
metastasis; Table I). According to the Kaplan-Meier survival
analysis, the overall survival time was significantly shorter for
patients with CC with high TTC22V] expression compared
with for those with low TTC22V1I expression (log-rank test;

P=0.023; Fig. 6F). High TTC22V1 expression remained a
significant poor survival factor following adjustment for age,
sex, location, depth of invasion, differentiation, vascular embo-
lism, lymph metastasis and distant metastasis (adjusted-hazard
ratio, 1.765; 95% confidence interval, 1.013-3.076; P=0.045).
Collectively, these results suggest that TTC22V] may be a
metastasis-associated gene and crucial miR663a target.

Discussion

Primate-specific miR663a is a rare gene located in the
sequence flanking the centromere of chromosome 20. It is
well-known that miR663a is an inflammation-associated
miRNA (1-6) and that local chronic inflammation contributes
to colorectal cancer (25-29). However, it is unknown whether
alterations in miR663a expression contribute to CC develop-
ment and progression. Conflicting results in previous studies
suggest that the effects of miR663a on cancer development
and progression may be tissue/organ-dependent (7-12). In
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the present study, it was identified that miR663a expression
was downregulated during CC development and that low
miR663a expression was associated with a high risk of CC
metastasis. The in vitro and in vivo experimental results
suggest that miR663a is a suppressor of CC progression. Most
importantly, it was identified, for the first time, to the best of
our knowledge, that 7TC22VI mRNA is a crucial miR663a
target in CC cells. TTC22V1 significantly increased CC cell
migration and invasion, and the risk of CC metastasis, and
decreased patient survival times. These results indicate that
the miR663a-TTC22V1 axis may serve an important role in
CC metastasis.

Currently, there is no information on the biological func-
tion of the 7TC22 gene. The bioinformatics analysis of the
Cancer Cell Line Encyclopedia data revealed that TTC22V1
shared the most co-expressed genes with CDHI in human cell
lines (n=1037; data not shown) (30). According to publicly
available transcriptome databases for various human tissues
and the Protein Atlas (20,31), TTC22 is markedly expressed
in the gastrointestinal epithelium, female organs and skin,
which are frequently exposed to environmental factors.
Furthermore, TTC22V1 expression is extensively downregu-

lated in a number of types of cancer. The IHC analysis of the
present study demonstrated further that the TTC22 protein
is located principally within the nuclei of epithelial cells at
normal colon crypt base stem cell niches and that nucleic
TTC22 is lacking in the majority of CC tissues. RT-qPCR and
western blot results confirmed considerably lower TTC22V]
expression in CC tissues compared with in SM tissues.
These results imply that TTC22 is involved in maintaining
regular epithelium regeneration in the colon mucosa and the
intense self-renewal kinetics of intestinal stem cells. Notably,
TTC22VI mRNA levels were significantly higher in meta-
static CC compared with in non-metastatic CC, and forced
TTC22V1 overexpression increased CC cell migration and
invasion. The overall survival times of patients with CC with
high TTC22V]I mRNA levels was much shorter compared
with that of patients with low TTC22V] expression. Similar
survival differences were also identified in several public
databases of patients with CC (bioinformatica.mty.itesm.
mx:8080/Biomatec/SurvivaX.jsp) (32-34) (Fig. S4). These
results suggest that TTC22V] is required for CC cell migra-
tion and subsequent metastasis. It is worthwhile to investigate
whether nucleic TTC22V1 is essential for the shift in regener-
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ating cells from the base crypt to the mucosa surface and the
migration of CC cells.

Generally, the majority of mature miRNAs bind to the
target mRNA 3'UTR and 5'UTR in the cytoplasm, leading
to target mRNA degradation or translation inhibition. The
functions of miRNAs are largely dependent on the expression
patterns of target genes in the cells. Except for TTC22V1,
however, expression changes in other miR663a target genes
were not detected in HCT116 cells with miR663a overex-
pression or downregulation in the present study. It was also
determined that miR663a overexpression could significantly
inhibit migration and invasion in CC cells overexpressing
TTC22VI containing the 3'UTR-wt sequence, but only slightly
inhibit migration and invasion in cells overexpressing the
3'UTR-mut counterpart. These results provide direct evidence
to support TTC22V1 being a crucial factor for inhibiting the
migration and invasion of CC cells by miR663a.

In conclusion, the results of the present study revealed
that TTC22VI mRNA is a crucial miR663a target. Whereas
miR663a suppresses CC metastasis, TTC22VI promotes CC
metastasis. The miR663a-TTC22V] axis may serve an impor-
tant role in CC metastasis and thus be a target for preventing
CC progression.
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