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Abstract

Background Recent studies have described important roles for the sodium iodide symporter (NIS) in tumor behavior. The
objectives of the present study were to investigate the role of NIS in the regulation of genes involved in tumor progression
and the clinicopathological significance of its expression in gastric cancer (GC).

Methods In human GC cell lines, knockdown experiments were conducted using NIS siRNA, and the effects on prolifera-
tion, survival, and cellular movement were analyzed. The gene expression profiles of cells were examined using a microar-
ray analysis. An immunohistochemical analysis was performed on 145 primary tumor samples obtained from GC patients.
Results NIS was strongly expressed in MKN45 and MKN74 cells. The depletion of NIS inhibited cell proliferation, migra-
tion, and invasion and induced apoptosis. The results of the microarray analysis revealed that various interferon (IFN)
signaling-related genes, such as STAT1, STAT2, IRF1, and IFIT1, were up-regulated in NIS-depleted MKN45 cells. Fur-
thermore, the down-regulation of NIS affected the phosphorylation of MAPKs and NF-kB. Immunohistochemical staining
showed that NIS was primarily located in the cytoplasm or cell membranes of carcinoma cells, and its expression was related
to the histological type or venous invasion. Prognostic analyses revealed that the strong expression of NIS was associated
with shorter postoperative survival.

Conclusions These results suggest that NIS regulates tumor progression by affecting IFN signaling, and that its strong
expression is related to a worse prognosis in patients with GC. These results provide an insight into the role of NIS as a
mediator and/or a biomarker for GC.
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Introduction
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depends on the Na* gradient [3]. In the thyroid, the strong
expression of NIS is required in the basolateral membrane
for the efficient uptake of I" by thyrocytes [3]. The transcrip-
tion and translocation of NIS in the thyroid are regulated by
thyroid-stimulating hormone (TSH). Furthermore, NIS plays
an essential role in the establishment of an I gradient in thyro-
cytes, and thus, the synthesis of thyroid hormones is achieved
[3-5].

Regarding extra thyroidal tissues, NIS is known to function
in salivary glands, the stomach, and intestines [3]. While NIS
is expressed on the basolateral membrane in salivary ductal
cells and gastric mucosa cells, it is present on the apical side
of the epithelium of the small intestine. I” in food and water is
absorbed by the intestines and transferred into the circulation
[6, 7]. In contrast, salivary glands and the stomach transfer
I from the bloodstream into the gastrointestinal tract.

In the past decade, several studies reported the overex-
pression of NIS in thyroid cancer and its oncogenic effects
[8, 9]. By taking advantage of its overexpression in cancer
cells, the potential application of radioiodide therapy has
been investigated for the targeting of thyroid cancer [10].
Many studies have also investigated the roles of NIS in vari-
ous cancers, including extrathyroidal cancers such as breast
cancer [11], ovarian cancer [12], cervical cancer [13], pros-
tate cancer [14], testicular cancer [15], colon cancer [16],
and pancreatic cancer [17]. However, the roles of NIS in
tumor progression in gastric cancer (GC) cells and the clini-
cal significance of its expression in patients with GC remain
unclear.

We previously investigated the functions of various
ion channels and transporters in gastrointestinal cancers
[18-22], and indicated that these cellular physiological fac-
tors are effective biomarkers and also that their regulation
may result in the development of novel strategies for thera-
pies [23]. The objectives of the present study were to clarify
the roles of NIS in the regulation of genes involved in tumor
progression and the clinicopathological significance of its
expression in GC. A microarray analysis showed that the
depletion of NIS with siRNA changed the expression levels
of many genes involved in interferon (IFN) signaling. We
also analyzed the expression of NIS in human GC samples
and investigated its relationship with the clinicopathological
features and prognosis of GC patients. Our results indicate
that NIS plays a crucial role in the tumor progression of
GCs.

Materials and methods
Cell lines, antibodies, and other reagents

The human GC cell lines KATOIII, HGC27, NUGC4,
MKN45, and MKN74 and fibroblast cell line WI-38 were
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obtained from the Riken Cell Bank (Tsukuba, Japan). The
human normal mesothelial cell line MeT-5A (CRL-9444)
was purchased from ATCC (Manassas, VA, USA). These
cells were grown in RPMI-1640 medium (Nacalai Tesque,
Kyoto, Japan) supplemented with 100 U/ml of penicillin,
100 pg/ml of streptomycin, and 10% fetal bovine serum
(FBS). Cells were cultured in flasks or dishes in a humidi-
fied incubator at 37 °C under 5% CO, in air.

The monoclonal anti-NIS antibody used in the immuno-
histochemical analysis was obtained from Thermo Fisher
Scientific (Massachusetts, USA). The rabbit monoclonal
c-Jun N-terminal kinase (JNK), phosphorylated JNK,
extracellular signal-regulated kinase (ERK), phosphoryl-
ated ERK, p38, phosphorylated p38, NF-xB, phospho-
NF-xB, and cleaved caspase 3 antibodies were purchased
from Cell Signaling Technology (Beverly, MA). Rabbit
polyclonal antibodies against GAPDH were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Horse-
radish peroxidase (HRP)-conjugated anti-rabbit or mouse
secondary antibodies was purchased from Cell Signaling
Technology (Beverly, MA). Human Stomach Total RNA
was purchased from Clontech Laboratories, Inc (Mountain
View, CA).

Real-time reverse transcription-polymerase chain
reaction (RT-PCR)

Total RNA was extracted using an RNeasy kit (Qiagen,
Valencia, CA). Messenger RNA (mRNA) expression was
measured by quantitative real-time PCR (7300 Real-Time
PCR System; Applied Biosystems, Foster City, CA) with
TagMan Gene Expression Assays (Applied Biosystems),
according to the manufacturer’s instructions. The expres-
sion levels of the following genes were measured: NIS
(Hs00166567_m1), STAT1 (Hs01013996_m1), STAT2
(Hs01013115_g1), IRF1 (Hs00971965_m1), and IFIT1
(Hs03027069_s1) (Applied Biosystems). Expression was
normalized for each gene to the housekeeping gene beta-
actin (ACTB, Hs01060665_g1; Applied Biosystems).
Assays were performed in triplicate.

siRNA transfection

Cells were transfected with 12 nmol/l NIS siRNA (Stealth
RNAITM siRNA #HSS109847; Invitrogen, Carlsbad, CA)
using the Lipofectamine RNAiMAX reagent (Invitrogen),
according to the manufacturer’s instructions. Medium con-
taining siRNA was replaced with fresh medium after 24 h.
The control siRNA provided (Stealth RNAiTM siRNA
Negative Control; Invitrogen) was used as a negative
control.
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Overexpression study

Control-HaloTag® plasmid (Promega, G6591) and NIS-
HaloTag® plasmid were transfected into MKN45 cells using
FuGENE HD transfection reagents (Promega, E2311) fol-
lowing the manufacturer’s instructions. Transfection of vec-
tor was confirmed by fluorescent microscopy for HaloTag®
fusion protein stained with the TMR conjugated HaloTag®
ligand (Promega, G8252) according to the manufacturer’s
protocol. After passaging cells, NIS-expressing cells were
used for proliferation and migration assays.

Cell proliferation

Cells were seeded on 6-well plates at a density of 3.0 x 10*
cells per well and incubated at 37 °C with 5% CO,. siRNA
was transfected 24 h after the cells had been seeded. Cells
were detached from the flasks with trypsin-EDTA 48 and
72 h after siRNA transfection and were counted using a
hemocytometer.

Cell cycle analysis

The cell cycle phase was evaluated 48 h after siRNA trans-
fection by flow cytometry. Briefly, cells were detached from
the flasks by a trypsin-EDTA treatment, and nuclear isola-
tion medium (NIM-DAPI 10, Beckman Coulter, Fullerton,
CA, USA) was added to the cell pellets to stain cells. At least
10,000 cells were analyzed using Cell Lab Quanta (Beck-
man Coulter), and FlowJo software was used to assess cell
cycle distribution.

Analysis of apoptotic cells

Cells were harvested 48 h after siRNA transfection and
stained with fluorescein isothiocyanate-conjugated annexin
V and phosphatidylinositol using the annexin V kit (Beck-
man Coulter, Brea, CA) according to the manufacturer’s pro-
tocol. The proportion of apoptotic cells was analyzed by flow
cytometry with BD Accuri C6 (BD Biosciences).

Analysis of cell migration and invasion

The migration assay was conducted using a Cell Culture
Insert with a pore size of 8 um (BD Biosciences). Biocoat
Matrigel (BD Biosciences) was used to evaluate cell invasion
potential. Briefly, cells (7.5 x 10* cells per well) were seeded
in the upper chamber in serum-free medium 24 h after
siRNA transfection. The lower chamber contained medium
with 10% FBS. The chambers were incubated at 37 °C for
48 h in 5% CO,, and non-migrated or non-invaded cells
were then removed from the upper side of the membrane by
scrubbing with cotton swabs. Migrated or invaded cells were

fixed on the membrane and stained with Diff-Quick staining
reagents (Sysmex, Kobe, Japan). The migrated or invaded
cells on the lower side of the membrane were counted in four
independent fields of view at 100x magnification for each
insert. Each assay was performed in triplicate.

Microarray sample preparation and hybridization

Total RNA was extracted using an RNeasy kit (Qiagen).
RNA quality was monitored with an Agilent 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA). Cyanine-3
(Cy3)-labeled cRNA was prepared from 0.1 ug of total
RNA using a Low Input Quick Amp Labeling Kit (Agi-
lent), according to the manufacturer’s instructions. Samples
were purified using RNeasy columns (Qiagen). A total of
0.60 pg of Cy3-labeled cRNA was fragmented and hybrid-
ized to an Agilent SurePrint G3 Human Gene Expression
8 X 60K ver 2.0 Microarray for 17 h. Slides were washed
and scanned immediately on an Agilent DNA Microarray
Scanner (G2565CA) using the one color scan setting for
8% 60K array slides.

Processing of microarray data

Scanned images were analyzed with Feature Extraction Soft-
ware 11.5.1.1 (Agilent) using default parameters to obtain
background-subtracted and spatially detrended Processed
Signal intensities. Signal transduction networks were ana-
lyzed using Ingenuity Pathway Analysis (IPA) software
(Ingenuity Systems, Inc., Redwood City, CA).

Western blotting

Cells were harvested in M-PER lysis buffer (Pierce, Rock-
ford, IL) supplemented with protease inhibitors (Pierce).
Protein concentrations were measured with a modified Brad-
ford assay (Bio-Rad, Hercules, CA). Cell lysates containing
equal amounts of total protein were separated by SDS-PAGE
and then transferred onto PVDF membranes (GE Health-
care, Piscataway, NJ). These membranes were then probed
with the indicated antibodies, and proteins were detected
using an ECL Plus Western Blotting Detection System (GE
Healthcare).

Patients and primary tissue samples

Primary tumor samples of GC were obtained from 145 con-
secutive GC patients who had undergone curative gastrec-
tomy at the Division of Digestive Surgery, Department of
Surgery, Kyoto Prefectural University of Medicine (Kyoto,
Japan) between 2001 and 2003. Each sample was embedded
in paraffin after 24 h of formalin fixation. Relevant clini-
cal and survival data were available for all patients. Written
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consent was always obtained in the formal style and after
approval by the local Ethics Committee. None of these
patients had undergone endoscopic mucosal resection, pal-
liative resection, preoperative chemotherapy, or radiother-
apy, and none had synchronous or metachronous multiple
cancers in other organs. The disease clinical and pathologi-
cal stages were defined in accordance with the International
Union Against Cancer tumor-lymph node-metastases (TNM)
classification [24].

Immunohistochemistry

Paraffin sections (thickness of 4 um) of tumor tissues were
subjected to immunohistochemical staining for the NIS pro-
tein using the avidin—biotin—peroxidase method. Briefly,
paraffin sections were dewaxed with xylene and hydrated
with a graded series of alcohols. Endogenous peroxidases
were quenched by incubating the sections for 30 min in
0.3% H,0,. An Avidin/Biotin Blocking Kit was used to
block endogenous biotin, biotin receptors, and avidin bind-
ing sites (Vector laboratories, Burlingame, CA). Sections
were then treated with a protein blocker and incubated at
4 °C overnight with the anti-NIS antibody. The avidin—bio-
tin—peroxidase complex (Vectastain ABC Elite kit; Vector
Laboratories, Burlingame, CA) was visualized with diamin-
obenzidine tetrahydrochloride. Sections were counterstained
with hematoxylin, dehydrated with a graded series of alco-
hols, cleared in xylene, and mounted.

Immunohistochemical samples stained with NIS were
graded semi-quantitatively by considering both the stain-
ing intensity and percentage of positive tumor cells using
an immunoreactive score (IRS) [25]. Staining intensity was
scored as 0 (no staining), 1 (weak staining), 2 (moderate
staining), or 3 (strong staining). The proportion of positive
tumor cells was scored from O to 1.0. The score of each
sample was calculated as the maximum multiplied product
of the intensity and proportion scores (0 to 3.0). The NIS
score varied widely between tumors. The minimum NIS
score was 0.1, while the maximum was 2.1 (median=0.7;
mean + standard deviation (SD)=0.73+0.41). The cut-off
value of patients divided into two groups for NIS score was
determined as the value which 5-year overall survival rate
between two groups was the most different. We showed
5-year overall survival rate with each cut-off values in Sup-
plementary Table 1.

Statistical analysis

The chi-squared test was used to assess differences between
proportions, and Student’s ¢ tests (for comparisons between
two groups) were used to evaluate continuous variables.
Survival curves were constructed by the Kaplan—Meier
method, and differences in survival were examined using the
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Log-rank test. A multivariate analysis of the factors influenc-
ing survival was performed using Cox’s proportional hazard
model. Differences were considered to be significant when
the relevant p value was <0.05. These analyses were per-
formed using the statistical software JMP (version 10, SAS
Institute Inc., Cary, NC).

Results
Expression of NIS in GC cells

To clarify the role of NIS in GC, we examined 5 GC cell
lines: KATOIII, HGC27, NUGC4, MKN45, and MKN74,
for NIS mRNA expression. Quantitative RT-PCR of these
cell lines showed that NIS mRNA was strongly expressed
in NUGC4, MKN45, and MKN74 cells (Fig. 1a). Expres-
sion of NIS mRNA was quite weak in fibroblast cell line
WI-38, and mesothelial cell line MeT-5A (Supplementary
Fig. 1a). Human Stomach Total RNA was analyzed, and
its high expression was observed (Supplementary Fig. 1b).

NIS regulates cell proliferation in GC cells

We conducted knockdown experiments using NIS siRNA
in MKN45 and MKN74 cells and investigated the effects of
NIS depletion on cell proliferation. NIS siRNA effectively
reduced NIS mRNA levels (Fig. 1b) in both cell lines. In
both cells, the cell counts of NIS-depleted cells were signifi-
cantly lower than those of control siRNA-transfected cells
72 h after siRNA transfection (Fig. 1c). The down-regulation
of NIS partially reduced cell cycle progression from the G,
to S phase in MKN45 and MKN74 cells (Fig. 1d). These
results suggest that NIS plays an essential role in regulating
cell cycle progression and cell proliferation in GC cells.

NIS controls the survival of GC cells

To clarify the role of NIS in GC cell survival, we treated
MKN45 and MKN74 cells with NIS siRNA and analyzed
apoptosis. The down-regulation of NIS induced early
apoptosis (annexin V-positive/PI-negative) in MKN45
and MKN74 cells 48 h after siRNA transfection (Fig. 2a).
Furthermore, NIS siRNA enhanced staurosporine stimulus-
induced early apoptosis in both cells (Fig. 2a). These results
indicate that the expression of NIS influences cell survival
in GC cells.

NIS controls cell migration and invasion in GC cells
We analyzed the effects of the knockdown of NIS on cell

migration and invasion in GC cells. In MKN45 and MKN74
cells, NIS siRNA significantly inhibited cell migration and
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Fig.1 NIS controls the cell cycle progression of GC cells. a NIS
mRNA expression was analyzed in 5 GC cell lines. Quantitative
RT-PCR showed that mRNA was strongly expressed in NUGC4,
MKN45, and MKN74 cells. b NIS siRNA effectively reduced NIS
mRNA levels in MKN45 and MKN74 cells. Mean+SEM. n=3.
*p<0.05 (significantly different from control siRNA). ¢ The down-
regulation of NIS inhibited the proliferation of MKN45 and MKN74

cells. The number of cells was counted 48 and 72 h after siRNA
transfection. Mean+SEM. n=4. *p<0.05 (significantly different
from control siRNA). d The down-regulation of NIS partially reduced
cell cycle progression from the G, to S phase in MKN45 and MKN74
cells. Cells transfected with control or NIS siRNA were stained with
propidium iodide (PI) and analyzed by flow cytometry. Mean + SEM.
n=3. *p<0.05 (significantly different from control siRNA)
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Fig.2 NIS controls the survival, migration and invasion of GC cells.
a The down-regulation of NIS induced early apoptosis, and enhanced
staurosporine (STS)-induced early apoptosis in MKN45 and MKN74
cells. Apoptosis was assessed by flow cytometry using PI/annexin V
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invasion (Fig. 2b). These results suggest that NIS plays an
important role in regulating cell migration and invasion in
GC cells.
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ent from control siRNA). b The down-regulation of NIS inhibited
the migration and invasion of MKN45 and MKN74 cells. Cell migra-
tion and invasion were examined using the Boyden chamber assay.
Mean+SEM. n=3. *p<0.05 (significantly different from control
siRNA)

We also conducted overexpression study in MKN45
cells (Supplementary Figs. 2, 3). Cells transfected Con-
trol-HaloTag® plasmid and NIS-HaloTag® plasmid were
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stained in red (Supplementary Fig. 2a), and NIS plasmid
increased NIS mRNA levels (Supplementary Fig. 2b). In
contrast to knockdown experiments, NIS overexpression
in MKN45 cells did not decrease cell growth and cellular
movement (Supplementary Fig. 3a, c). Interestingly, NIS
overexpression in MKN45 cells tended to decrease early
apoptosis (Supplementary Fig. 3b) as opposed to knock-
down of NIS.

Gene expression profiles of NIS-depleted GC cells

We analyzed the gene expression profiles of NIS-depleted
MKN45 cells in microarray and bioinformatics studies.
The results of the microarray analysis showed that the
expression levels of 3316 genes displayed fold changes of
> 2.0 in MKN45 cells upon the depletion of NIS. Among
these genes, 1618 were up-regulated and 1698 were down-
regulated in NIS siRNA-depleted MKN45 cells. A list of
10 genes with expression levels that were the most strongly
up- or down-regulated in NIS-depleted MKN45 cells is
shown in Table 1. An Ingenuity Pathway Analysis (IPA)
showed that “Cell Death and Survival”, “Cellular Move-
ment”, and “Cellular Growth and Proliferation” were the
top-ranking “Molecular and Cellular Functions” related
to NIS depletion (Supplementary Table 2), and these were
consistent with the results obtained in our in vitro studies.

Signal pathways and molecular mechanisms
regulated by NIS in GC cells

We then examined the signal transduction networks induced
by NIS depletion using IPA, and found that “Interferon Sign-
aling” was the top-ranking canonical pathway related to the
depletion of NIS (Supplementary Table 3). An analysis of
the map of this pathway revealed that STAT pathway-related
genes were strongly up-regulated by the depletion of NIS
(Fig. 3a).

To confirm the results of the microarray analysis, several
genes included in the “interferon signaling” pathway map
(Fig. 3a) were examined in more detail using quantitative
RT-PCR. STAT1, STAT2, IRF1, and IFIT1 mRNA expres-
sion levels were higher in NIS-depleted MKN45 cells than
in control siRNA-transfected cells (Fig. 3b). Similar results
were obtained for the MKN74 cell line (Fig. 3b).

Recent studies indicated that IFN signaling engages
multiple pathways including the STAT signaling, Mitogen-
activated Protein Kinase (MAPK), and NF-kB pathways [26,
27]. Therefore, we investigated the effects of the knockdown
of NIS on their expression and phosphorylation by Western
blotting. The down-regulation of NIS affected the phospho-
rylation of p38, JNK, Erk %2, and NF-kB in MKN45 and
MKN74 cells (Fig. 3c). Furthermore, the down-regulation of
NIS increased cleaved caspase 3 in both cell lines (Fig. 3c).
These results were consistent with those of the microarray

Table 1 Ten genes displaying

: Gene symbol Unigene ID Gene name Fold change

the greatest change in

expression levels in NIS- Up-regulated

depleted MKN45 cells RTP4 Hs.43388  Receptor (chemosensory) transporter protein 4 77.451
IF144L Hs.744918  Interferon-induced protein 44-like 59.888
IFIT1 Hs.20315  Interferon-induced protein with tetratricopeptide repeats 1 55.599
XAF1 Hs.441975  XIAP associated factor 1 55.168
IFI16 Hs.380250  Interferon, gamma-inducible protein 16 49.748
1F144 Hs.82316  Interferon-induced protein 44 49.015
IFIT3 Hs.744072  Interferon-induced protein with tetratricopeptide repeats 3~ 46.933
0OAS2 Hs.414332  2'-5'-Oligoadenylate synthetase 2 43.365
LHCGR Hs.468490 Luteinizing hormone/choriogonadotropin receptor 42.247
SAMDIL Hs.489118  Sterile alpha motif domain containing 9-like 43.628

Down-regulated

EGR3 Hs.534313  Early growth response 3 —18.106
SSX7 Hs.558712  Synovial sarcoma, X breakpoint 7 —15.384
C120rf50 Hs.112930 Chromosome 12 open reading frame 50 —13.436
RNU4ATAC Hs.689638 RNA, U4atac small nuclear (U12-dependent splicing) —12.899
LOC100506136 Hs.729869 Uncharacterized LOC100506136 —12.588
LRRC38 Hs.657356  Leucine-rich repeat containing 38 —12.485
CRIP2 Hs.534309  Cysteine-rich protein 2 —-12.132
SERTAD4-AS1 Hs.446946 SERTAD4 antisense RNA 1 —11.402
IGFBP1 Hs.642938  Insulin-like growth factor binding protein 1 —10.86
LOC100505622 Hs.661761  Uncharacterized LOC100506136 —-10.277
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were compared to those in control siRNA-transfected cells using real-
time quantitative PCR. Mean+SEM. n=3. *p<0.05 (significantly
different from control siRNA). ¢ The down-regulation of NIS affected
the phosphorylation of p38, JNK, Erk 2, and NF-kB in MKN45 and
MKN?74 cells. Furthermore, the down-regulation of NIS increased
cleaved caspase 3 in both cell lines
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analysis and suggest that the STAT, MAPK, and NF-kB
signaling pathways are key mechanisms by which NIS con-
trols cancer cell functions, such as the proliferation, survival,
and cellular movement of GC cells.

NIS protein expression in human GCs

An immunohistochemical examination of non-tumorous gas-
tric tissue performed with the NIS antibody demonstrated
that the NIS protein was expressed in the cell membranes of
a gastric mucosal cell population (Fig. 4a). NIS expression
was more remarkable in foveolar epithelial cells than fundic
glands (Supplementary Fig. 4). We examined the expression
of NIS in 145 primary tumor samples of human GC based
on their immunohistochemical reactivity. The NIS protein
was mostly expressed in the cytoplasm or cell membranes
of carcinoma cells (Fig. 4b).

Regarding the expression of NIS in tumors, we divided
GC patients into 2 groups based on staining scores; a low
grade NIS expression group with staining scores < 0.9,
n=91, and a high grade NIS expression group with stain-
ing scores > 0.9, n=54 (Fig. 4c, d). The relationships
among the expression of NIS and various clinicopathologi-
cal parameters were analyzed (Table 2). Age, histological
type, and venous invasion correlated with the expression of
NIS (Table 2). Although 23 cases of mixed histological type
GCs were included in the present study (15.9%), no correla-
tion was found between the NIS expression and the mixed
histological type (low grade NIS expression group: 17.6%,
high grade NIS expression group: 13.0%, p =0.4563).

We also investigated whether the expression of NIS
was prognostic for GC patients after curative resection.
The 5-year overall survival rate of the NIS high group
was 60.9%, which was significantly poorer than that of the
NIS low group (82.9%) (p=0.0041) (Fig. 4e). A univari-
ate analysis of survival after gastrectomy revealed that age,
lymphatic invasion, venous invasion, pT, pN category, and
NIS expression were significant prognostic factors (Table 3).
A multivariate analysis with these 6 factors revealed that
age, pT, pN category, and NIS expression were independent
prognostic factors (Table 3). These results suggest that the
expression of NIS is induced in GC, and its strong expres-
sion may be related to the poor prognosis of patients with
GC after curative resection.

Discussion

NIS has been shown to function in thyroid cells and is up-
regulated in thyroid cancer and many non-thyroid cancers
such as breast cancer [8, 28]. Wapnir et al. [28] analyzed
the immunohistochemical profiles of NIS in various can-
cers using high density tissue microarrays, and detected

its expression in 19 carcinomas, including prostate, ovary,
lung, and colon cancers. In addition, Riesco-Eizaguirre
et al. [12] reported that the strong expression of NIS in
ovarian cancer correlated with a poor prognosis, indicating
its potential as an effective biomarker. In the present study,
we investigated the expression of NIS in GC and exam-
ined its relationships with clinicopathological features and
prognoses. We found a correlation between the expres-
sion of NIS and the histological type or venous invasion.
Furthermore, our results showed that the expression of
NIS may be a valuable poor prognostic factor for patients
with GC.

Our in vitro study revealed that HGC27, undifferentiated
GC cell line and KATO-III, signet ring cell carcinoma line
were almost negative for NIS (Fig. 1a). Furthermore, results
of immunohistochemistry showed that most of undifferenti-
ated GCs belonged to low grade NIS group (Table 2), sug-
gesting that NIS overexpression might be not associated with
the development of undifferentiated GCs. On the other hand,
our prognostic analysis showed that the strong expression of
NIS was associated with poor prognosis of GCs (Table 3).
One of the reasons of this inconsistency may be the fact
that the histological type was not a prognostic factor in our
cohort (Table 3), and we need to state the limitation of this
retrospective study related to small sample size and selection
bias. However, to the best of our knowledge, this is the first
study to examine the prognostic significance of NIS expres-
sion in patients with GC and the gene expression profile of
NIS-depleted cancer cells.

Several recent studies described important roles for NIS
in oncogenesis, independently of its transmembrane trans-
port activity. NIS is localized in the cytoplasm and does not
mediate Na*/I~ transport in many carcinomas. Regarding
the mechanism by which NIS plays a role in carcinogen-
esis, Lacoste et al. [29] demonstrated that NIS interacts with
the leukemia-associated RhoA guanine exchange factor to
activate RhoA, and enhances cell migration and invasion
through RhoGTPase signaling. Dentice et al. [30] showed
that the transcription factor Nkx-2.5 specifically activated
NIS in lactating and breast cancer cells. Riesco-Eizagu-
irre et al. [12] revealed that estrogen receptor and paired
box 8 regulated NIS expression in ovaries and fallopian
tubes. In addition, previous studies reported a relationship
between major signaling pathways and NIS. For example,
in breast cancers, NIS expression is induced by retinoic acid
and is regulated by the phosphoinositide-3 kinase (PI3K)
and MAPK signaling pathways [31, 32]. Our results also
revealed that the depletion of NIS affected MAPK and
NF-kB signaling, and changed the behaviors of GC cells,
such as the cell cycle, survival, and movement. Furthermore,
based on the results of gene expression profiles in the pre-
sent study, we newly demonstrated that IFN signaling is an
important network regulated by NIS.
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Fig.4 NIS protein expression in human GCs. a Immunohistochemi-
cal staining of human non-tumorous gastric tissue with an NIS anti-
body. The NIS protein was expressed in the cell membranes of a gas-
tric mucosal cell population. Magnification: x400. Bar, 100 um. b
Immunohistochemical staining of primary human GC samples with
the NIS antibody. Magnification: x400. Bar, 100 um. ¢ Immunohisto-
chemical staining of primary human GC samples with the low grade
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expression of NIS. Magnification: x200. Bar, 100 ym. d Immuno-
histochemical staining of primary human GC samples with the high
grade expression of NIS. Magnification: X200. Bar, 100 um. e Sur-
vival curve of patients after curative resection for GC according to the
expression of NIS. All patients were classified into two groups: the
low grade expression of NIS (2=91) and high grade expression of
NIS (n=>54) in the tumor. * p <0.05: log-rank test
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Table 2 Correlations between clinicopathological features and NIS
expression

Variables NIS expression p value
Low group High group
(n=91) (n=54)

Gender
Male 63 36 0.7488
Female 28 18

Age
<65 59 25 0.029*
> 65 32 29

Location of the primary tumor
U 8 11 0.1374
M 49 24
L 34 19

Histological type
Differentiated 32 39 0.0001*
Undifferentiated 59 15

Lymphatic invasion
Negative 52 27 0.404
Positive 39 27

Venous invasion
Negative 73 30 0.0017*
Positive 18 24

pT
pT1 52 30 0.8522
pT2-4 39 24

pN
pNO 62 34 0.5258
pN1-3 29 20

pT pathological T stage, pN pathological N stage
*p <0.05: Chi-squared test

IFN signaling has been investigated because of its impor-
tance in defense against infection and cancer, as well as its
potential as a therapeutic agent. Recent studies indicated that
IFN signaling engages multiple pathways. The JAK-STAT
signaling pathway is known to be a key mechanism of IFN-
mediated gene transcription, and IFNs also modulate several
other signaling pathways including the MAPK and NF-kB
pathways [26, 27, 33, 34]. An IFNy stimulation was found
to induce molecules with adaptor functions, such as MyD88,
which is important for signaling through toll-like recep-
tors to activate MAPK and NF-kB pathways [35, 36]. Our
investigation with GC cells showed that the depletion of NIS
increased IFNy signaling and affected downstream pathways
including the JAK-STAT, MAPK, and NF-kB pathways in
GC cells.

NIS was initially identified in several normal tissues,
namely thyroid, salivary gland, stomach, and mam-
mary gland [28], and our investigation also showed its

remarkable expression in normal gastric mucosa (Fig. 4a;
Supplementary Figs. 1b, 4). NIS protein was expressed on
the basolateral membrane in normal gastric mucosa cells,
and transferred I” from the bloodstream into the gastro-
intestinal tract [3, 6, 7]. On the other hand, immunohis-
tochemistry with samples revealed that the NIS protein
was mainly expressed in the cytoplasm of carcinoma cells.
Although further investigations are needed, these results
suggest that this new regulatory mechanism of IFN sign-
aling is mostly conducted by the intracellular fraction of
NIS rather than transmembrane Na*/I” transport. In this
manner, the strong expression of NIS protein in cytoplasm
may be associated with poor prognosis of GCs.

Recent studies on NIS in cancer mainly focused on
radioiodine therapy [2, 10]. Radioiodide uptake has been
sporadically reported not only in thyroid carcinoma, but
also in breast, gastric, and lung carcinomas [28, 37]. The
stimulation of NIS expression is considered to be neces-
sary to increase radioiodide uptake into cancer cells that is
sufficient for therapy. Previous studies demonstrated that
the inhibition of the histone deacetylase (HDAC), MAPK,
or PI3K/Akt pathway may induce the expression of NIS,
and thus, it has the potential to become a novel therapeutic
approach promoting greater radioiodine uptake by cancer
cells [31, 32, 38, 39]. Furthermore, NIS gene therapy has
been investigated to increase radioiodide accumulation in
cancer cells [2, 10]. In GC, simultaneously suppressing
the MAPK, PI3K/Akt pathways and HDAC could induce
strong NIS expression and radioiodine uptake in MKN7
cells, providing novel therapeutic implications for radi-
oiodine treatment [40]. Our immunohistochemistry results
revealed that strong NIS expression was a poor prognostic
factor for GC patients, and therefore, radioiodine therapy
may become a valid option for patients with the strong
expression of NIS on cell membranes. On the other hand,
the present results indicated that the depletion of NIS itself
exerted inhibitory effects on tumor behavior, such as cell
proliferation, survival and invasion, suggesting that NIS
has potential as a key therapeutic target and that the silenc-
ing of its expression provides a novel therapeutic strategy
in the future.

In summary, we herein demonstrated that NIS played
a role in the proliferation, survival, migration, and inva-
sion of GC cells. Our microarray results suggest that
NIS markedly affects the expression of genes related to
IFN signaling and downstream pathways including the
JAK-STAT, MAPK, and NF-kB pathways. The results of
the immunohistochemical analysis also revealed that the
strong expression of NIS was a valuable poor prognostic
factor in patients with GC. A deeper understanding of the
role of NIS may lead to its use as an important biomarker
of tumor development and/or a novel therapeutic target
for GC.
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Table 3 Prognostic factors of

i _ Variables Univariate Multivariate
gastric cancer according to
univariate and multivariate S-year survival  p value Risk ratio 95% CI p value
analyses rate (%)
Gender
Male 75 0.8658
Female 75.1
Age
<65 81.4 0.0412%* Ref 0.0318*
>65 66.1 2.344 1.076-5.272
Histological type
Differentiated 74.6 0.918
Undifferentiated 75.4
Lymphatic invasion
Negative 95 0.0001%* Ref 0.8762
Positive 53.7 1.11 0.336-5.186
Venous invasion
Negative 90.1 0.0001%* Ref 0.0645
Positive 423 2.18 0.955-5.490
pT
pT1 98.2 0.0001* Ref 0.004*
pT2—4 46.1 12.822 2.009-257.002
pN
pNO 94.5 0.0001* Ref 0.0017*
pN1-3 39.8 5.351 1.781-21.329
NIS expression
Low group 82.9 0.0041%* Ref 0.0101%
High group 60.9 2.768 1.276-6.086

pT pathological T stage, pN pathological N stage, Ref referent

*p<0.05: Log-rank test

#p <0.05: Cox’s proportional hazards model; 95% CI 95% confidence interval
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