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we identified interferon-induced transmembrane pro-
tein 1 (IFITM7) as an up-regulated gene in tumors.
Additional surveys of public databases [ArrayExpress
(http.//www.ebi.ac.uk/arrayexpress), European Bioinfor-
matics Institute (http.//www.ebi.ac.uk), and Gene Expres-
sion Omnibus (http://www.ncbi.nlm.nih.gov/geo)] also
showed its up-regulated expression in diverse cancer
cell lines. IFITM1 (alias Leu13 or 9-27) is a cell surface
17-kDa membrane protein that is encoded on chromo-
some arm 11p15.5. It is a member of the interferon-
induced transmembrane protein family and was initially
known to be a leukocyte antigen that is part of a mem-
brane complex involved in the transduction of antiprolif-
erative and homotypic adhesion signals in lympho-
cytes.” "% In humans, the IFITM family consists of at
least three other functional genes (IFITM1, IFITM2, and
IFITM3), and IFITM1 has been studied for its involvement
in the inhibition of viral replication,”” promotion of cell
invasion,'® and drug response.'® Furthermore, recent
studies suggest an association between IFITM1 and sev-
eral cancers, such as head and neck cancer,'® serous
ovarian cancer,?° leukemia and lymphoma,?' and cervi-
cal squamous cell carcinoma.?? Although one study in-
dicated that IFITM1 may modulate the invasiveness of
gastric cancer cells,®® no further results were reported,

and so the role of IFITM1 and its regulation in gastric
cancer is not fully clarified.

In this study, we report the up-regulation of IFITM1
expression in gastric cancer and the correlation of IFITM1
expression with clinicopathologic features of patients
with gastric cancer. In addition, the promoter CpG meth-
ylation analysis revealed that IFITM1 expression is epi-
genetically regulated. The in vitro functional study
showed the effect that IFITM1 exerts on cell migration
and invasion of gastric cancer cells. Here, we propose
that IFITM1 could be a good candidate as a potential
target in the therapy of gastric cancer.

Materials and Methods

Cell Cultures and Tissue Samples

All the cell lines were obtained from ATCC (Manassas, VA)
or the Korean Cell Line Bank (Seoul, South Korea) and were
cultured in the designated media (Thermo Scientific Hy-
Clone, Logan, UT) supplemented with 10% fetal bovine
serum (Thermo Scientific HyClone) and 1% penicillin-strep-
tomycin (Invitrogen, Carlsbad, CA). HMECs were obtained
from Lonza Inc. (Walkersville, MD) and were cultured in

Table 1. Characteristics of the 151 Patients with Gastric Cancer Who Contributed Tissue for These Studies

IFITM1 expression*

Characteristic Negative (n = 18) Mild (n = 66) Moderate (n = 50) Marked (n = 17) P value
Sex 0.5848
Male 11 46 37 10
Female 7 20 13 7
Age (years) 0.3026
<60 10 36 25 5
=60 8 30 25 12
Differentiation 0.0250"
Well 0 16 11 6
Moderately 4 23 21 7
Poorly 14 27 18 4
Lauren’s classification 0.0068"
Intestinal 2 37 29 11
Mixed 5 9 10 4
Diffuse 11 20 11 2
LVI 0.2080
Negative 11 47 26 11
Positive 7 19 24 6
T classification 0.1264
T1 6 29 16 4
T2 3 16 7 5
T3 6 10 11 1
T4 3 11 16 7
LN metastasis 0.1141
Negative 8 39 22 5
Positive 10 27 28 12
TNM stage* 0.7857
| 6 36 20 7
Il 5 12 10 4
I 5 11 13 5
I\ 2 7 7 1

Data are given as number of patients.

*For IFITM1 expression, negative, mild, moderate, and marked were determined according to the immunostaining intensity, and positive cases were

categorized.
P < 0.05.

*Sixth edition of the American Joint Cancer Committee/Union Internationale Contre le Cancer.

LN, lymph node; LVI, lymphovascular invasion.
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MEGM basal medium (Lonza Inc.) supplemented with sup-
plement reagent and growth factors. All human cell lines
were grown in a 5% CO,—humidified incubator at 37°C.

Thirty-five pairs of normal and gastric carcinoma tissues
used in quantitative RT-PCR (RT-gPCR), RT-PCR, and
Western blot studies were obtained by endoscopic biopsy
from patients after obtaining their informed consent; the
protocols were approved by the Institutional Review Board
of the National Cancer Center, Goyang Gyeonggi-do, South
Korea (see Supplemental Table S1 at http.://ajp.amjpathol.
org). For immunohistochemical studies, tissues from 151
patients who had undergone gastrectomy and were diag-
nosed as having tubular adenocarcinoma at the Dong-A
University Hospital, Busan, South Korea, between January
1, 2005, and October 31, 2005, were investigated (Table 1).
All the patients signed an Institutional Review Board-ap-
proved written informed consent form.

RT-qPCR and RT-PCR

Total RNA purified using TRIzol reagent (Invitrogen) was
reverse transcribed to cDNA using SuperScript Il Reverse
Transcriptase (Invitrogen) and was subjected to relative
quantification of IFITM1 mRNA by quantitative reverse tran-
scription normalized with glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) or B-2-microglobulin.?* The primers
used are listed in Table 2. QuantiFast SYBR green PCR
master mix (Qiagen Inc., Valencia, CA) was used in the
LightCycler 480 system (Roche Applied Science, Mann-
heim, Germany). RT-PCR was performed using Tag DNA
polymerase (SolGent Co. Ltd., Daejeon, South Korea).

Table 2. Primers Used in this Study
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Western Blot Analysis

Immunoblotting was performed using anti-IFITM1 (sc-
66827; Santa Cruz Biotechnology, Santa Cruz, CA), anti-
FLAG antibody (F7425; Sigma-Aldrich, St. Louis, MO), and
anti-B-actin (Abcam Inc., Cambridge, MA). The signal in-
tensity was measured after subtracting the background by
using Multi Gauge V3.0 software (Fuijifilm, Tokyo, Japan).

Immunohistochemical Analysis of Gastric
Carcinoma Tissues

Immunohistochemical detection of IFITM1 was per-
formed on three core cancer tissues and nonneoplastic
gastric mucosa specimens (2 mm in diameter) for each
individual. Tissues were arranged as arrays of 4.5-um
sections mounted on silicon-coated glass slides with anti-
IFITM1 antibody (sc-66827; Santa Cruz Biotechnology) in
the BenchMark XT automated system (Ventana Medical
Systems Inc., Tucson, AZ) as described previously.?®
Negative or positive controls were determined by immu-
nostaining intensity of gastric carcinoma cells, and pos-
itive cases were categorized into mild, moderate, and
marked expression. None of the patients had received
any preoperative treatments. Outcomes were determined
from the date of surgery until death or December 31,
2009, which resulted in follow-up of 0.8 to 59.8 months
(mean, 48.9 months). We determined postoperative
pathologic stage using the sixth edition of the American
Joint Cancer Committee/Union Internationale Contre le
Cancer classification system.2®

Experiment Primer 1D Sequence

RT-gPCR IFITM1-Q-F 5'-ACTAGTAGCCGCCCATAGCC-3'
IFITM1-Q-R 5'-GCACGTGCACTTTATTGAATG-3’
GAPDH-F 5'-TGCACCACCAACTGCTTA-3’
GAPDH-R 5'-GGATGCAGGGATGATGTTC-3’
B2M-F 5'-ACTGAATTCACCCCCACTGA-3'
B2M-R 5'-CCTCCATGATGCTGCTTACA-3'

RT-PCR TNF-a-F 5'-AAGAATTCAAACTGGGGCCT-3'
TNF-a-R 5'-GGCTACATGGGAACAGCCTA-3'
IL-6-F 5'-GAACTCCTTCTCCACAAGCG-3'
IL-6-R 5'-TTTTCTGCCAGTGCCTCTTT-3'
IL-8-F 5'-TAGCAAAATTGAGGCCAAGG-3'
IL-8-R 5'-GGACTTGTGGATCCTGGCTA—3’

EpiTYPER IFITM1-01-10-F 5'-AGGAAGAGAGTATGATTTTTGTGTTTGAGGGTTTT-3’

analysis IFITM1-01-10-R 5'-CAGTAATACGACTCACTATAGGGAGAAGGCTCTAATAACCAAAATTTCCTACCCCA—3'

IFITM1-02-10-F 5'-AGGAAGAGAGTTTTTTGTGTATTTTTTGCGTTTTGG-3'
IFITM1-02-10-R 5'-CAGTAATACGACTCACTATAGGGAGAAGGCTAAAAAACCTCTCTCCTTAACCTTCA-3’
IFITM1-03-10-F 5'-AGGAAGAGAGTTTGGGTTAATGGATAGTTAGGGAT —3'
IFITM1-03-10-R 5'-CAGTAATACGACTCACTATAGGGAGAAGGCTCCAAAACCAAAAAATACACAAAAAA-3'
IFITM1-04-10-F 5'-AGGAAGAGAGGGTTATGAGGATGTTTAGAATTAGGG-3'
IFITM1-04-10-R 5'-CAGTAATACGACTCACTATAGGGAGAAGGCTAACTCACAAATAACTTCACCCCATA-3’

MSP analysis IFITM1-Meth-F 5'-GAGATTTTCGTGTTCGATTATGTC-3’
IFITM1-Meth-R 5'-ATAAAACCCCAAACTCACCG—3’

IFITM1-UnMeth-F
IFITM1-UnMeth-R
IFITM1-C1-F(=750)
IFITM1-C2-F(—200)
IFITM1-C1C2-R(—1)

Promoter assay

5'-AGATTTTTGTGTTTGATTATGTTGT-3’
5'-ATAAAACCCCAAACTCACCAAC-3’
5'-GGGGTACCGTGGCACATGTGTGCCCTG-3"
5'-GGGGTACCTGGCTAATTCACCAATTTACAAACAGC-3'
5'-CCAAGCTTCTTCTGGCTTTGGGGAAGGAAG-3’

B2M, B-2-microglobulin.
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Quantitative Methylation and Methylation-
Specific PCR Analysis and 5-Aza-dC Treatment

Genomic DNA extracted from the cell lines using the
DNeasy kit (Qiagen Inc.) was sodium bisulfite treated
using the EZ DNA Methylation-Gold kit (Zymo Research
Corp., Orange, CA). Primers for EpiTYPER and methyla-
tion-specific PCR (MSP) analysis were designed using
EpiDesigner software (Sequenom Inc., San Diego, CA)
and are presented in Table 2. The methylation level was
analyzed using EpiTYPER software (Sequenom Inc.). For
MSP, genomic DNA was bisulfite modified and amplified
using HotStarTag DNA polymerase (Qiagen Inc.) using
MSP primers. For demethylation by 5-azacytidine treat-
ment, cells were seeded 24 hours before treatment and
were incubated in media containing 20 umol/L 5-aza-2’-
deoxycytidine (5-aza-dC; Sigma-Aldrich) for 3 days; the
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medium was changed every 24 hours and harvested for
further analysis. For methylation analysis by cloning and
sequencing, the promoter CpG site 10—15—contained re-
gion was amplified by PCR and was cloned into the
PGEM-T easy vector system (Promega Corp., Madison,
WI). The sequences of the PCR products were analyzed
using a 3730xI DNA analyzer (Applied Biosystems, Foster
City, CA).

Promoter Assay Using the Luciferase System

The amplified fragments of the IFITM1 promoter region
(construct 1: =200 to —1, and construct 2: =750 to —1
from the start ATG codon; the primer sequences are
presented in Table 2) were cloned into the pGL3-basic
vector containing the firefly luciferase gene (Promega
Corp.). For in vitro methylation, the promoter was treated
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Figure 1. Up-regulation of IFITM1 in human gastric cancer cell lines and tissues. A: Mean * SD IFITM1 mRNA expression in two noncancer cell lines (293 and HMEC) and
six gastric cancer cell lines (SNU-216, SNU-638, SNU-719, AGS, KATO 1II, and MKN-28) detected by RT-qPCR. B: Western blot analysis of IFITM1 protein in cell lines. B-actin was
used as loading control. IB, immunoblotting. C: Mean = SD IFITM1 mRNA expression is detected in 27 pairs of matched gastric cancer tissues. Asterisks indicate intestinal-type
gastric cancer tissues. B2M, B-2-microglobulin. D: Western blot analysis of IFITM1 protein levels in eight pairs of matched normal (N) and tumor (T) gastric cancer tissues. E:
IFITM1, TNF-q, IL-6, and IL-8 mRNA expression detected by RT-PCR in matched normal (N) and tumor (T) stomach tissues.



with insert fragments with Sssl CpG methylase (New Eng-
land Biolabs, Ipswich, MA) and were religated. H23 hu-
man lung cancer cells (2 X 10°) and each construct
(1 mg) were co-transfected with 10 ng of pRL-CMV vector
and Renilla luciferase as internal control for the transfec-
tion efficiency assessment, and 24 hours later, the lucif-
erase activities were measured using the Dual-Luciferase
reporter assay system (Promega Corp.).

Silencing of IFITM1 Expression

For the silencing of IFITM1 expression, 1.5 X 10° AGS
human gastric cancer cells were transfected using small-
interfering  RNA (siRNA) specific for human IFITM1
(S100054117; 5’-ACAGTCTACCATATTATGTTA-3") or non-
targeting siRNA (NC) (Qiagen Inc.) in a 6-well plate and
were checked every 24 hours by Western blot analysis.

Construction of IFITM1 Expression Clone and
Transfection

Human IFITM1 open reading frame isolated by PCR us-
ing forward primer 5'-GAATTCCACCCTTCCCCAAAGC-
CAGAAGATG-3' and reverse primer 5'-GGATCCAGTG-
CAAAGGTTGCAGGCTA-3" (Bioneer Corp., Daejeon,
South Korea) was cloned into pFLAG-CMV-2 vector
(Sigma-Aldrich) to make pFLAG-CMV2-IFITM1. This con-
struct was transfected into 293 cells using Lipofectamine
2000 (Invitrogen).

Well
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Poor
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In Vitro Migration, Invasion, and Wound-Healing
Assay

Transfilter migration and invasion assays were performed
using 8.0-um pore inserts in a 24-well Transwell (Corning
Inc., Corning, NY). For this assay, AGS cells were trans-
fected with IFITM1 siRNA or NC siRNA for 2 days, or
IFITM1-overexpressing 293 cells were seeded after 1 day
of incubation. They were isolated and added to the upper
chamber of a Transwell with a noncoated filter in the
migration assay. The invasion assay was performed us-
ing 10% Matrigel (BD Bioscience, San Jose, CA)-coated
filters at 5 X 10% cells per well, and the cells were allowed
to incubate for 48 hours. The migrating and invading cells
were stained with Diff-Quik (using a staining kit from
Sysmex Corp., Kobe, Japan). For wound measuring, a
scratch on complete confluence was made, and the per-
centage of cell-free area at 24 hours was measured rel-
ative to the distance at 0 hour (100%) using photo-
graphed images. Each experiment was performed in
triplicate, and mean values are presented.

Statistical Analysis

The t-test was used to evaluate the significance of the
difference between two groups. The x° test was con-
ducted to determine the significance of the difference
between the covariates. Survival durations were calcu-
lated via the Kaplan-Meier method. The log-rank test was
used to compare cumulative survival in the patient

Figure 2. Immunohistochemical analysis of IFITM1 expression in well, moderately, and poorly differentiated human gastric adenocarcinomas. IFITM1 (brown)
is mostly expressed in cytoplasms with mild (+), moderate (++), and marked (+++) staining intensities. Negative specimens (—) are denoted. IFITM1 was
occasionally co-expressed at luminal borders, particularly in well-differentiated adenocarcinomas. Original magnification, X200.
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groups. We applied P < 0.05 for the consideration of
statistical significance throughout the study. The Med-
Calc software program (version 11.4; MedCalc Software,
Mariakerke, Belgium) was used for the analyses.

Results

Up-Regulation of IFITM1 in Human Gastric
Cancer Cells and Tissues

IFITM1 mRNA and protein expressions in six human gas-
tric cancer cell lines (SNU-216, SNU-638, SNU-719, AGS,
KATO llI, and MKN-28) and two human noncancer cell
lines (293 and HMEC) were analyzed by RT-gPCR and
Western blot analysis. We found that the expressions of
IFITM1 mRNA (Figure 1A) and IFITM1 protein (Figure 1B)
were significantly higher in AGS and SNU-638 cell lines
than in normal cell lines. The IFITM1 expressions in terms
of protein level in gastric cancer cell lines were correla-
tive to the mRNA level (Figure 1B).

In parallel studies of IFITM1 mRNA and protein expres-
sions in 27 pairs of gastric cancer tissues and matched
normal tissues, IFITM1 was highly up-regulated in 25 of
27 cancer tissues (92.6%) compared with in their nor-
mal counterparts (paired t-test P < 0.001) (Figure 1C).
The mRNA expression levels of IFITM1 in 10 intestinal-
type (Lauren’s classification) tumor tissues showed a
much higher elevation (5.7-fold increase in average)
than in its normal counterpart. In accordance with the
mRNA level difference, the protein levels in the paired pa-
tient tissues also showed an elevation in most cancer tis-
sues (five of eight patients; 62.5%) compared with in its
normal counterpart (P = 0.008, 3.4-fold increase in aver-
age) (Figure 1D).

Since IFITM1 is an inflammation-inducible gene, the
higher level of IFITM1 in some cancer tissues may reflect
increased inflammation in these tissues. We, therefore,
compared the expression of IFITM1 with that of other
inflammation marker genes, including tumor necrosis fac-
tor-a (TNF-a), IL-6, and IL-8. In the 10 patients showing
increased IFITM1expression (fold change >3 times), IL-6
and IL-8 levels also increased, although TNF-« level
was not correlated with IFITM1 expression (Figure 1E).
These results suggest that up-regulation of IFITM1 ex-
pression levels in cancer reflect increased inflamma-
tory responses.

Clinicopathologic and Prognostic Significance of
IFITM1 Expression

One hundred thirty-three of 151 patients (88.1%) showed
positive IFITM1 expression in gastric adenocarcinomas.
Mostly, IFITM1 was expressed in cytoplasms and occa-
sionally was co-expressed at luminal borders, especially
in well-differentiated adenocarcinomas (Figure 2; see
also Supplemental Figure S1 at http://ajp.amjpathol.org).
Although detected in infiltrating mononuclear leuko-
cytes, nonneoplastic gastric epithelial cells did not ex-
press IFITM1. The characteristics of the 151 patients
examined are presented in Table 1. Increased IFITM1

expression was more frequent in histologically differ-
entiated gastric carcinomas (P = 0.025). In particular,
the intestinal type (by Lauren’s classification) showed a
higher proportion of moderate or marked IFITM1 ex-
pression (P = 0.007), which is in accordance with
mRNA expression analyzed by RT-gPCR. Patients with
gastric carcinoma with moderate and marked expres-
sion of IFITM1 were found to have poorer survival than
those with its negative and mild expression, even
though this difference was not statistically significant
(P = 0.086) (see Supplemental Figure S2 at http://
ajp.amjpathol.org).
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Figure 3. CpG methylation status of the JFITM1 gene promoter region in cell
lines. A: Schematic view of the IFITM1 gene upstream region from —1000 to
400 of the start codon (ATG). ETS factor (ETSF) and cyclin D binding
myb-like transcription factor (DMTF) transcription factor (TF) binding sites
are indicated under the scale. Positions of primers for MSP and promoter
constructs for luciferase assay are also placed on the map. B: Quantitative
methylation analysis of CpG sites in IFITM1 promoter. CpG sites are depicted
as a vertical bar in the map (see Supplemental Figure S3 at hiup./ajp.
amyjpathol.org). C: MSP analysis of the IFITM1 gene promoter region in six
cell lines. The methylated (M) and unmethylated (U) DNA was amplified by
specific primers for each methylation status. D: Mean = SD levels of IFITM1
before and after 5-aza-dC treatment in gastric cancer cell lines SNU-216,
SNU-719, and MKN-28. E: Promoter activity analysis of the IFITM1 gene by
the measurement of mean = SD luciferase activity.
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