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Methylation of RASGRF1 and Gastric Cancer Risk

its evaluation based on serum pepsinogen tests is a useful
means of assessing cancer risk (12, 20). To evaluate the
relationship between RASGRF1 methylation and muco-
sal atrophy, we divided the samples based on the pep-
sinogen test results and then generated respective ROC
curves. Notably, RASGRF1 methylation was highly dis-
criminative between healthy individuals and patients
with gastric cancer irrespective of the pepsinogen test
results (Fig. 3C and Table 2), which suggests that the
strong association between RASGRFI methylation and
gastric cancer is independent of gastric mucosal atrophy.
This could make RASGRF1 methylation a powerful bio-
marker with which to identify individuals at high risk for
gastric cancer.

Functional analysis of RASGRF1 in gastric cancer cells

Finally, we tested whether RASGRF] serves as a tumor
suppressor in gastric cancer. Gastric cancer cell lines were
transfected with a RASGRF1 expression vector or a negative
control, after which colony formation assays were carried
out with the transfectants. Western blot analysis confirmed
that the transfectants expressed exogenous RASGRF1 (Sup-
plementary Fig. $4). Moreover, introduction of RASGRF1
markedly suppressed colony formation by the cell lines
tested (Fig. 4A and B). When we then carried out Matrigel
invasion assays to test the effect of RASGRF1 expression on
gastric cancer cell invasion; we observed marked inhibi-
tion of cell invasion by SNUG638 cells expressing RASGRF1
(Fig. 4C). These results suggest that RASGRF1 may play a
tumor suppressor role that is itself suppressed in gastric
cancer.

Discussion

Identification of individuals at high risk of developing
gastric cancer is essential for the prevention and early
detection of gastric cancer. Esophagogastroduodenoscopy
(EGD) is the most useful method for detecting gastric
cancers, although population-based screening for gastric
cancers using only EGD is generally considered ineffective

for reducing mortality (21, 22). Severe atrophic gastritis is
strongly associated with an increased risk of intestinal
gastric cancer, and screening for high-risk individuals
based on serum pepsinogen levels followed by careful
observation using EGD is an effective strategy for surveil-
lance of this disease (12, 23). In contrast, diffuse type
gastric cancers lack those characteristic features because
they do not progress through atrophic gastritis. Conse-
quently, identification of sensitive and reliable biomar-
kers for diffuse type gastric cancer would be highly desir-
able. A number of studies have shown aberrant DNA
methylation in precancerous lesions, including chronic
gastritis and intestinal metaplasia, and detection of such
an epigenetic field defect would provide useful informa-
tion for identifying individuals at high risk for developing
gastric cancer (7, 24, 25). The majority of those studies
focused on well-studied genes, such as CDHI and pI6
(26, 27), but recent advances in microarray technology
have enabled us to conduct a genome-wide analysis of
CpG island methylation status. For instance, a recent
study reported by Nanjo and colleagues identified a series
of 7 methylation markers that can predict gastric cancer
risk in individuals with past H. pylori infection (28).

In this study, we carried out high-throughput methyla-
tion analysis using a set of gastric mucosa specimens from
healthy individuals and patients with intestinal or diffuse
type gastric cancer. Our MCAM analysis identified a number
of methylated genes in noncancerous gastric mucosae from
the patients with gastric cancer. A larger number of meth-
ylated genes were identified in gastric mucosae from
patients with intestinal type gastric cancer than with diffuse
type gastric cancer, which is consistent with the earlier
observation that aberrant DNA methylation is not induced
by the presence of H. pylori, itself, but by inflammatory
processes triggered by the infection (29). Our list of genes
methylated in the background mucosa in intestinal type
gastric cancer includes a number of methylation-prone
genes (e.g., SFRP2 and IRF4) that confirms the reliability
of our screening method (13, 30). The methylation status in
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Table 2. ROC analysis of the ability of RASGRFT methylation to discriminate between patients with gastric

4,

Sensitivity Specificity

Estimate interval (Cl) Cut-off Estimate 95% Cl Estimate 95% Cl
Total (n == 161) 0.821 (0.775%-0.887%) 7.71%  78.02%  (68.12%-86.03%) 75.36%  (63.51%-84.94%)
11.68% 74.73%  (64.53%-83.25%) 84.06%  (73.26%-91.76%)
12.76% 70.33%  (69.84%-79.45%) 86.96%  (86.68%-93.86%)
PG-positive (7 = 35)  0.763 (0.601%-0.926%) 6.79%  80.00%  (66.34%-94.27%) 60.00%  (32.29%-83.66%)
13.67% 70.00%  (45.72%-88.11%) 86.67%  (569.54%-98.34%)
2229% 55.00%  (31.53%-76.94%) 93.33%  (68.05%-99.83%)
PG-negative (n == 41) 0.844 (0.719%-0.969%) 7.13% 77.78%  (52.36%-93.59%) 73.91%  (561.60%-89.77%)
10.64% 72.22%  (46.52%-90.31%) 86.96%  (66.41%-97.22%)
13.39% 6.67% (40.99%-86.66%) 91.30%  (71.96%-98.93%)
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Figure 4. Functional analysis of RASGRF1. A and B, colony formation
assays using the indicated gastric cancer cells transfected with a
RASGRF1 expression vector or a control vector. Representative results
are on the left, and relative colony formation efficiencies are on the right.
Shown are means of 3 replications; error bars represent SDs. C, Matrigel
invasion assay using SNU638 cells transfected with a RASGRF1
expression vector or a control vector. Invading cells are indicated by
arrows. Shown on the right are the means of 3 random microscopic fields
per membrane; error bars represent the SDs.

the background mucosa of diffuse type gastric cancer had
remained largely unknown and, to our knowledge, this
study is the first to examine the genome-wide CpG island
methylation status in the gastric mucosa from diffuse type
patients with gastric cancer. It is noteworthy that we found
that approximately half of the genes methylated in diffuse
type gastric cancer were also methylated in intestinal type
gastric cancer. It is generally believed that intestinal and
diffuse type gastric cancers develop through distinctly dif-
ferent molecular pathways; however, our data may be
indicative of a pathogenic mechanism common to both
types. Furthermore, our results suggest that methylation of
these genes could be an ideal molecular marker for assessing
the risk for both gastric cancer types.

Among the genes identified, we selected RASGRFI,
GALNT14, and SOX5 for further analysis and found that
the elevation of their methylation levels was specific to
patients with gastric cancer. SOX5 is a member of the
high-mobility group superfamily and is reportedly over-
expressed in several malignancies, including nasopha-
ryngeal carcinoma and prostate cancer, which suggests it
has oncogenic properties (31, 32). On the other hand,
one recent study showed that SOX5 suppresses platelet-
derived growth factor B-induced gliomas (33). GALNT14
belongs to a large subfamily of glycosyltransferases, and
its expression in cancer cells is associated with cellular
sensitivity to the proapoptotic ligand Apo2L/TRAIL (34).
Up to now, however, methylation of GALNTI14 and
SOX5 has not been reported in human cancer, and
further study will be needed to clarify their functional
significance.

RASGRF1 and RASGRF2 constitute a gene family encod-
ing guanine nucleotide exchange factors (GEF), which
activate Ras GTPase by promoting the release of bound
GDP, enablingactivating GTP to take its place (35). RASGRF
proteins are predominantly expressed in adult neurons in
the central nervous system, and are involved in a wide range
of neuronal functions. In mice, Rasgrf1 is an imprinted gene.
The imprinted Rasgrfl locus is methylated on the paternal
allele at a differentially methylated region (DMR) located
30 kb upstream of the promoter, and it is expressed only
from the paternal allele (36). Interestingly, a recent study
showed that Piwi-interacting RNAs (piRNAs), a subset of
noncoding small RNAs, play a pivotal role in the establish-
ment of methylation at the RasgrfI DMR (37). In contrast,
we found the promoter CpG island of RASGRF1 to be
hypermethylated in gastric cancer, and that this methyla-
tion is unlikely to be associated with gene imprinting, Levels
of RASGRF1 methylation are also significantly elevated in
the noncancerous background gastric mucosa in both the
intestinal and diffuse types of gastric cancer and are highly
discriminative between gastric mucosa from cancer-free
individuals and patients with gastric cancer. This suggests
RASGRF1 methylation may be a gastric cancer risk factor
that is independent of gastric mucosal atrophy, and that
RASGRF1 methylation could be a predictive marker of
gastric cancer risk that would overcome the disadvantages
of other screening methods, such as the serum pepsinogen
test and EGD.

The function of RASGRF1 in normal stomach and during
gastric tumorigenesis is largely unknown, but it may exert
oncogenic effects through activation of Ras proteins (35).
On the other hand, one recent study showed that RASGRF
proteins bind directly to Cdc42, another Ras-related GTP-
binding protein, and suppress Cdc42-mediated cellular
processes, including tumor cell invasion and transforma-
tion (38). In this study, we found that ectopic expression of
RASGRF1 suppressed proliferation and invasion by gastric
cancer cells, which is suggestive of its tumor suppressor role,
although we carried out only overexpression experiments.
Alteration of RASGRFI gene in human cancer has not yet
been reported; in fact, this is the first report of its epigenetic
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silencing, and further study will be needed to clarify its
function in carcinogenesis.

In summary, we have comprehensively analyzed the
DNA methylation status of gastric mucosa specimens
from patients with gastric cancer. We identified a number
of methylated genes that might be involved in an epige-
netic field defect in the stomach. Among them, RASGRF1
is a novel gastric cancer-associated gene prevalently
methylated in the background mucosa in both intestinal
and diffuse type gastric cancer. The combination of a
DNA methylation test using RASGRF1 as a marker with a
pepsinogen test or EGD would greatly improve the
efficacy of risk assessment and surveillance of gastric
cancers.
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Upregulation of miR-196a and HOTAIR Drive Malignant
Character in Gastrointestinal Stromal Tumors
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Abstract

Large intergenic noncoding RNAs (lincRNA) have been less studied than miRNAs in cancer, although both offer
considerable theranostic potential. In this study, we identified frequent upregulation of miR-196a and lincRNA
HOTAIR in high-risk gastrointestinal stromal tumors (GIST). Overexpression of miR-196a was associated with
high-risk grade, metastasis and poor survival among GIST specimens. miR-196a genes are located within the HOX
gene clusters and microarray expression analysis revealed that the HOXC and HOTAIR gene were also coordinately
upregulated in GISTs which overexpress miR-196a. In like manner, overexpression of HOTAIR was also strongly
associated with high-risk grade and metastasis among GIST specimens. RNA interference-mediated knockdown
of HOTAIR altered the expression of reported HOTAIR target genes and suppressed GIST cell invasiveness. These
findings reveal concurrent overexpression of HOX genes with noncoding RNAs in human cancer in this setting,
revealing miR-196a and HOTAIR as potentially useful biomarkers and therapeutic targets in malignant GISTs.

Cancer Res; 72(5); 1126-36. ©2012 AACR.

introduction

Gastrointestinal stromal tumors (GIST) are the most com-
mon mesenchymal tumors of the gastrointestinal tract (1-3).
GISTs arise predominantly in the stomach (60%) and small
intestine (25%) but also occur in colon and rectum (5%),
esophagus (2%), and other organs (3). Immunohistochemi-
cally, GISTs are positive for KIT and CD34 and are negative or
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variably positive for other neural and smooth muscle cell
markers. The expression of KIT and CD34 is a characteristic
feature of the intestinal cells of Cajal (ICC), which are located in
the intestinal wall and regulate gastrointestinal motility. GISTs
are thus thought to originate from ICCs or ICC precursors.
Activating KIT mutations have been identified in 80% to 90% of
GISTs, and mutation of the platelet-derived growth factor
receptor alpha gene (PDGFRA) is observed in approximately
5% of GISTs (1-3). In that context, imatinib mesylate (formerly
STI571) was developed as a tyrosine kinase inhibitor and has
been shown to inhibit the activities of BCR-ABL, KIT, and
PDGFR. Imatinib mesylate is currently being used for the
treatment of both chronic myeloid leukemia and metastatic
GISTs.

Predicting the biologic potential of GISTs is often difficult,
and considerable effort has been made to define the variables
that could enable more accurate identification of tumors with
malignant potential. In most classification systems, the key
prognostic factors for estimating malignant potential are
tumor size and mitotic rate, and to a more variable degree,
the proliferation index or tumor site (4). Other potential and
promising markers of GIST malignancy are molecular altera-
tions. As mentioned, a large majority of GISTs exhibit activat-
ing KIT or PDGFRA mutations. By itself, however, mutation
status does not fully explain the diverse biology of GISTs, and it
is believed that additional molecular alterations are required
for the progression of high-risk GISTs. For instance, expression
of CD26 (encoded by DPP4) is strongly associated with poor
survival among patients with gastric GISTs, suggesting its
involvement in the malignant progression of the disease (5).
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In addition, we recently showed that hypomethylation of
repetitive DNA elements is predominantly observed in malig-
nant GISTs, and that global hypomethylation correlates with
increased chromosomal aberration (6).

miRNAs are a class of smail noncoding RNAs that regulate
gene expression by inducing translational inhibition or direct
degradation of target mRNAs through base pairing to partially
complementary sites (7). miRNAs are highly conserved among
species and play critical roles in a variety of biologic processes,
including development, differentiation, cell proliferation, and
apoptosis. Consistent with their role in these processes, a
number of studies have shown widespread alteration of miRNA
expression patterns in cancer (8, 9). It has also been shown that
in cancer global miRNA expression profiles, as well as expres-
sion of specific miRNAs, correlate with disease prognosis and
clinical outcome (10). To date, however, only a few groups have
studied miRNA expression in GISTs (11, 12), and no specific
miRNAs that could serve as prognostic markers have yet been
identified.

In this study, we investigated the global pattern of miRNA
expression in GISTs. Our aim was to evaluate the contribution
made by miRNAs to the malignant potential of GISTs and to
identify predictive biomarkers. We determined that upregula-
tion of miR-196a is strongly associated with high risk and poor
prognosis in GIST patients. Furthermore, we provide evidence
that overexpression of miR-196a is accompanied by upregula-
tion of HOXC cluster genes and a metastasis-associated non-
coding RNA in GISTs.

Materials and Methods

Tumor samples

A total of 56 fresh frozen GIST specimens were obtained
from Sapporo Medical University Hospital, Keiyukai Sapporo
Hospital, and Osaka University Hospital, as described (6). In
addition, formalin-fixed paraffin-embedded (FFPE) tissue
sections of 100 GIST specimens were obtained from Niigata
University Hospital. Informed consent was obtained from all
patients before collection of the specimens, and this study
was approved by the respective Institutional Review Boards.
Risk grade was assessed according to the risk definition
system proposed by Fletcher and colleagues (4). Tumors that
were less than 2 cm in diameter with a mitotic count of less
than 5/50 high-power fields (HPF) were categorized as very
low risk. Tumors that were 2 to 5 cm in diameter with a
mitotic count of less than 5/50 HPF were considered to be
low risk. Tumors that were less than 5 cm in diameter with a
mitotic count of 6 to 10/50 HPF, or were 5 to 10 cm with a
mitotic count of less than 5/50 HPF were considered to be
intermediate risk. Tumors that were more than 5 cm in
diameter with a mitotic count of more than 5/50 HPF, more
than 10 cm in diameter with any mitotic count, or any size
with a mitotic count of more than 10/50 HPF were consid-
ered to be high risk. Total RNA was extracted from fresh
frozen tissue specimens using a mirVana miRNA Isolation
Kit (Ambion). Total RNA was extracted from FFPE tissue
specimens using a RecoverAll Total Nucleic Acid Isolation
Kit for FFPE (Ambion). Tumor tissues were reviewed by

pathologists and were macrodissected; laser capture micro-
dissection was not carried out in this study.

miRNA microarray analysis

One-color microarray-based miRNA expression analysis was
carried out according to the manufacturer's instructions (Agi-
lent Technologies). Briefly, 100 ng of total RNA from fresh
frozen GIST tissues was labeled using miRNA Labeling Reagent
(Agilent Technologies), after which the labeled RNA was
hybridized to a Human miRNA Microarray V3 (Rel 12.0,
G4470C; Agilent Technologies), which covers 859 human miR-
NAs and 80 viral miRNAs. The microarray data were analyzed
using GeneSpring GX version 11 (Agilent Technologies). The
normalized microarray data were then compared with the
TagMan assay results using GraphPad PRISM version 5
(GraphPad Software Inc.). The Gene Expression Omnibus
accession number for the miRNA microarray data is GSE31741.

Quantitative RT-PCR of miRNA

miR-196a expression was analyzed using TagMan micro-
RNA Assays (Applied Biosystems). Briefly, 5 ng of total RNA
were reverse transcribed using specific stem-loop RT primers,
after which they were amplified and detected using PCR with
specific primers and TagMan probes. The PCR was run in
triplicate using a 7500 Fast Real-Time PCR System (Applied
Biosystems), and SDS v1.4 software (Applied Biosystems) was
used for comparative AC; analysis. U6 snRNA (RNU6B; Applied
Biosystems) served as an endogenous control.

Gene expression microarray analysis

One-color microarray-based gene expression analysis was
carried out according to the manufacturer's instructions (Agi-
lent Technologies). Briefly, 700 ng of total RNA were amplified
and labeled using a Quick Amp Labeling Kit One-Color (Agilent
Technologies), after which the synthesized cRNA was hybrid-
ized to the Whole Human Genome Oligo DNA microarray,
which includes 41,000 probe sets covering 19,416 genes
(G4112F; Agilent Technologies). The microarray data were
analyzed using GeneSpring GX version 11 (Agilent Technolo-
gies). The Gene Expression Omnibus accession numbers for
the microarray data are GSE31802 and GSE32064.

Quantitative RT-PCR of HOTAIR

Single-stranded cDNA was prepared using SuperScript III
reverse transcriptase (Invitrogen). Quantitative reverse tran-
scriptase PCR (RT-PCR) of HOTAIR was carried out using a
TagMan Gene Expression Assay (Assay ID, Hs03296631_ml;
Applied Biosystems) and a 7500 Fast Real-Time PCR System
(Applied Biosystems). GAPDH (Assay ID, Hs99999905_ml;
Applied Biosystems) served as an endogenous control.

DNA copy number and chromatin signature analysis
DNA copy number was analyzed using array-based com-
parative genome hybridization (CGH) as described previously
(6). Trimethylated Histone H3 lysine 4 (H3K4me3) was ana-
lyzed using chromatin immunoprecipitation (ChIP) as
described previously (13, 14). Details of the experimental
procedures are provided in the Supplementary Methods.
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Transfection of miRNA inhibitors and siRNA molecules

GIST-T1 cells were described previously (15). For inhibition
of miR-196a, cells (3 x 10° cells in 6-well plates) were trans-
fected with 100 pmol of Anti-miR miRNA Inhibitors (Ambion)
or Anti-miR miRNA Inhibitors Negative Control #1 (Ambion)
using Lipofectamine2000 (Invitrogen). For RNA interference
(RNAi)-mediated knockdown of HOTAIR, 3 different Stealth
siRNAs against HOTAIR were generated by Invitrogen, after
which a mixture of the 3 was used for transfection. Cells (3 x
10° cells in 6-well plates) were transfected with 100 pmol of
siRNA or with Stealth RNAi Negative Control Medium GC
(Invitrogen) using Lipofectamine2000 (Invitrogen). Total RNA
extraction, cell viability assays, and Matrigel invasion assays
were carried out 48 hours after transfection as described in the
Supplementary Methods.

Statistical analysis

All gene expression levels were log transformed for subse-
quent statistical analysis because the distribution of expres-
sion data seemed to follow a log-normal distribution. Geo-
metric means were therefore calculated as summary statistics
for expression levels. Comparisons of continuous variables
were made using ¢ tests or one-way ANOVA with post hoc
multiple comparisons (Games-Howell test). Pearson’s corre-
lation coefficients were calculated to describe the strength of
the correlation between 2 variables. Comparisons of categor-
ical variables were made using Fisher exact test. To assess the
association between prognostic factors and gene expression
levels, logistic or Cox regression analyses were carried out. For
these regression analyses, the most optimal cutoff points were
employed to calculate ORs and HRs, with or without adjust-
ment for clinical factors. Kaplan-Meier curves were plotted to
compare 2 groups stratified by gene expression status. All
statistical analyses were done using SPSS Statistics 18 (IBM
Corporation).

Results

Detection of upregulated miRk-196a expression in high-
risk GISTs

To examine the miRNA expression signature in GISTs, we
carried out miRNA microarray analysis with 32 fresh frozen
GIST specimens (10 low-risk, 8 intermediate-risk, and 14 high-
risk GISTs). The clinicopathologic features of the 32 patients
are listed in Supplementary Table S1. Of 939 probe sets, 470
were excluded because of the absence of a detectable signal in
any of the samples tested. Unsupervised hierarchical clustering
using the remaining 469 probe sets revealed that GISTs in
which there was abundant expression of miRNAs encoded on
chromosome 14q32.31 form a separate cluster (Supplementary
Figs. S1 and $2). Moreover, by comparing the miRNA expres-
sion profiles with array CGH results, we found that this cluster
is enriched in tumors without 14q loss. These results are
consistent with recent reports showing an inverse relationship
between 14q loss and expression of miRNAs located on 14q in
GISTs (11, 12), which is indicative of the reliability of our
microarray analysis. We next carried out a scatter plot analysis
and found that miR-196a is markedly upregulated in high-risk

GISTs, as compared with low- or intermediate-risk GISTs (Fig.
1A). As shown in Fig. 1B, miR-196a was undetectable in all but
one of the low- and intermediate-risk GISTs tested, whereas it
was upregulated in more than half of the high-risk tumors. The
elevated expression of miR-196a was observed in both gastric
and small intestinal GISTs (Supplementary Table S1).

Upregulation of miR-196a is associated with GIST
malignancy

To assess the clinical importance of miR-196a upregulation
in GISTs, we next carried out TagMan assay with 56 fresh
frozen GIST specimens {discovery cohort), including the 32
specimens initially analyzed by microarray. The clinicopath-
ologic features of the patients are summarized in Table 1. The
TagMan assay results were highly consistent with the micro-
array data, though the TagMan assay did reveal low levels of
miR-196a expression in samples in which there was no detect-
able signal from the microarray (Supplementary Fig. §3).

Also consistent with the microarray results was the finding
that miR-196a was markedly upregulated in high-risk GISTSs, as
compared with the other groups (P = 0.004, one-way
ANOVA; Fig. 1C, Supplementary Table $2). In addition, logistic
regression analysis revealed that the association between miR-
196a upregulation and the high-risk category was highest when
we employed a cutoff value of miR-196a/U6 0.4 or more (OR =
13.7; 95% CI: 3.4-54.6; P < 0.00L; Supplementary Table S3).
Survival data were obtained for 32 patients, and Cox hazard
analysis revealed the highest HR for patients with elevated
miR-196a expression when a cutoff value of 1.4 was employed
(Table 2). Kaplan-Meier analysis showed poor overall survival
among patients with GISTs expressing high levels of miR-196a,
though the effect was not statistically significant (Fig. 1D).

We next used TagMan assay to analyze an independent
validation cohort consisting of 100 FFPE GIST specimens
(Table 1). Consistent with the findings summarized above, we
observed that upregulation of miR-196a was associated with
high-risk GISTs (Fig. 1C, Supplementary Tables S2 and S3). By
using the same cutoff value (miR-196a/U6 > 1.4), Cox hazard
analysis revealed an elevated HR for patients exhibiting high
levels of miR-196a expression (Table 2), and Kaplan-Meier
analysis showed shorter survival times for the same patients
(Fig. 1D). These results confirmed the prognostic value of miR-
196a expression in both fresh frozen and FFPE GIST
specimens.

Finally, we combined the GIST samples in the discovery and
validation cohorts to examine the clinicopathologic signifi-
cance of miR-196a. Expression of miR-196a correlated posi-
tively with high-risk grade (Fig. 1C, Supplementary Tables 52
and S3), poor clinical outcome (Fig. 1D, Table 2), tumor size,
mitotic count, and metastasis (Table 3). Interestingly, although
expression of miR-196a was not associated with age or gender,
it was strongly associated with tumor location (Table 3). The
median level of miR-196a expression was lowest in specimens
from esophageal GISTs and then increased as the GIST site
moved from the oral side toward the anal side of the gastro-
intestinal tract (P < 0.001; Table 3, Supplementary Fig. S4).
Importantly, although the average level of miR-196a expression
was higher in small intestine than in stomach, it was positively
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Figure 1. Upregulation of miR-196a expression in GISTs is associated with a high-risk grade and poor prognosis. A, scatter plots analyses: plotting low-risk
(» = 10) versus high-risk GISTs (n == 14; left) and intermediate-risk (17 == 8) versus high-risk GISTs {n = 14; right) revealed overexpression of miR-196a in
high-risk GISTs. Microarray data are normalized and leg transformed (base 2). Expression of miR-186a is highlighted by a circle. B, levels of miR-196a
expression obtained from microarray analysis of 32 GIST specimens. Risk categories are indicated below. C, comparison of miR-196a expression using
TagMan assay in low- (n = 14), intermediate- (n = 14), and high-risk GISTs (n = 23) in a discovery cohort (left), very low- or low-risk (n == 46), intermediate-risk

{n = 25), and high-risk GISTs (n = 26) in a validation cohort (middle) and
D, Kaplan-Meier curves showing the effect of miR-186a expression (high,
cohort {left), validation cohort {middle), and all GIST patients {right).

correlated with high-risk grade in both organs (Supplementary
Table S$4).

Concurrent upregulation of miR-196a and HOX cluster
genes in GISTs

To analyze the relationship between miR-196a upregulation
and the global gene expression profiles in GISTs, we selected

all GIST specimens (right). Results are normalized to internal U6 snRNA.
miR-196a/U6 > 1.4; low, miR-196a/U6 < 1.4) on overall survival in the discovery

age-, gender-, and tumor location-matched GIST specimens
showing either low (1 = 7; average miR-196a/U6 = 0.1) or high
miR-196a expression (7 = 7; average miR-196a/U6 = 15.7) and
subjected them to gene expression microarray analysis (Sup-
plementary Table S5). We found that for 4,947 probe sets
(corresponding to 3,206 unique genes), there was more than
a 2-fold difference in expression between GISTs with miR-196a
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Tabile 1, Clinical features of the GIST samples
used in this study
Discovery cohort
Age (y, median + SD) 68.0 + 152
Gender
Male 32 (57.1%)
Female 24 (42.9%)
Tumor location
Stomach 40 (71.4%)
Small intestine 14 (25.0%)
Omentum 1(1.8%)
Colorectum 1(1.8%)
Risk category (n - 51)
Low 14 (27.5%)
Intermediate 14 (27.5%)
High 23 (45.0%)
Validation cohort
Age (y, median + SD) 64.0 + 12.4
Gender
Male 44 (44.0%)
Female 56 (56.0%)
Tumor location
Esophagus 5(5.2%)
Stomach 84 (84.0%)
Small intestine 8 (8.0%)
Colorectum 3 (3.0%)
Risk category (n = 97)
Very low 1 (1.0%)
Low 45 (46.4%)
Intermediate 25 (25.8%)
High 26 (26.8%)

overexpression and those without it. Hierarchical clustering
analysis using the 4,947 probe sets clearly distinguished
between tumors on the basis of their miR-196a expression
status (Fig. 2A), and Gene Ontology analysis suggested that
genes related to "immune system,” "plasma membrane,” and
“cell communication” are strongly overrepresented among the
differentially expressed genes (Supplementary Table $6).

To further characterize the differentially expressed genes,
we carried out a gene set analysis and obtained the highest
enrichment score with the HOX gene set (Supplementary Table
$7). We found miR-196a to be encoded at 2 paralogous loci,
miR-196a-1 and miR-196a-2, which are located within the
HOXB and HOXC clusters, respectively (Fig. 2B; ref. 16). Hier-
archical clustering analysis using the expression data for HOXC
genes clearly differentiated the GIST samples into 2 groups,
and we observed perfect correspondence between higher
expression of multiple HOXC genes and upregulation of
miR-196a (Fig. 2C). By contrast, genes in other HOX clusters
did not show such obvious correlations with miR-196a (Fig. 2C,
Supplementary Fig. S5). We next compared the microarray
signal for each HOX gene with the miR-196a expression and
found strong positive correlations between the expression
levels of a number of HOXC genes and those of miR-196a (Fig.
3D, Supplementary Fig. S$6). Notably, we also found that
expression of HOTAIR, which encodes a large intergenic non-
coding RNA (lincRNA) and is located in an antisense orienta-
tion relative to the HOXC genes, is concurrently upregulated
with miR-196a (Fig. 2C and D). Levels of miR-196a expression
also correlated moderately with those of the HOXB genes
neighboring miR-196a-1 (HOXB13 and HOXBY), but the corre-
lations were less significant than those with HOXC genes
(Supplementary Fig. S7).

The similarity between the expression patterns of HOXC
genes and those of the noncoding RNAs encoded in the same
locus is indicative of a common regulatory mechanism
involved in the activation of these genes in GISTs. However,
array CGH analysis of 27 GIST specimens failed to detect either
gain or loss in any HOX loci, irrespective of miR-196a or HOX
gene expression, which makes it unlikely that genomic ampli-
fication is the cause of their overexpression (Supplementary
Fig. S8).

Upregulation of HOTAIR is associated with GIST
malignancy

A recent study showed that HOTAIR is overexpressed in
primary breast cancer and is associated with metastasis (17).
To examine its clinical significance in GISTs, we carried out
TagMan assays of HOTAIR with the discovery cohort samples.
We found that the microarray signals for HOTAIR were highly

Table 2, miR-196a expression is associated with poor clinical outcome in GIST patients
Outcome
miR-196a/U6 Survival Death HR (95% Cl) P HR?® (95% CI) P

Discovery cohort <1.4 22 1

>1.4 5 6.3 (0.7-57.5) 0.104 32.9 (2.0-551.3) 0.015
Validation cohort <1.4 73 13

>1.4 9 5 3.9(1.4-11.1) 0.011 8.4 (2.6-26.9) <0.001

. All samples <1.4 95 14

>1.4 14 9 49 21-11.7) <0.001 9.1 3.5-23.7) <0.001

2Age and gender adjusted HR.
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Table 3. Correlation between miR-198a expression and clinicopathologic features of GISTs
miR-196a/U6
n Geometric mean 95% CI P
Age (y)
<65 76 0.093 0.051-0.168
>65 81 0.074 0.044-0.127 0.581
Gender
M 76 0.104 0.059-0.186
F 80 0.069 0.040-0.119 0.297
Location
Esophagus 5 0.019 0.001-0.417 Ref
Stomach 124 0.061 0.039-0.094 0.741 Ref
Small intestine 22 0.395 0.163-0.957 0.161 0.002 Ref
Colorectum 4 4.936 2.564-9.502 0.023 <0.001 <0.001
<0.001
Tumor size {cm)
<5.0 70 0.045 0.026-0.075
>5.0 81 0.118 0.066-0.210 0.016
Mitotic count (/50 HPF)
<5 105 0.036 0.025-0.053
>5 35 0.539 0.215-1.353 <0.001
Metastasis
Yes 28 0.747 0.307-1.819
No 108 0.041 0.027-0.063 <0.001

consistent with the TagMan assay results (Supplementary
Fig. 89). HOTAIR was upregulated exclusively in high-risk
GISTs, as compared with low- or intermediate-risk GISTs
(P = 0.018; Fig. 3A), and its expression correlated positively
with the expression of miR-196a (Fig. 3B) and HOXC genes
(Fig. 3C, Supplementary Fig. $10). In addition, logistic regres-
sion analysis revealed that high levels of HOTAIR expression
in GISTs (HOTAIR/GAPDH > 0.0002) were strongly associated
with metastasis (age and gender adjusted OR = 82 95% CI:
1.4-48.4; P = 0.021). Cox hazard analysis suggested an elevated
HR for patients with high HOTAIR expression (Table 4), and
Kaplan-Meier analysis showed poor overall survival for the
same patients, though the effect was not statistically significant
(Fig. 3D). We also tried to analyze HOTAIR expression in the
FFPE specimens; however, we failed to detect expression of
either HOTAIR or GAPDH in these samples, most likely due to an
inadequate quality of the RNA.

Reduced expression of miR-196a and HOTAIR target
genes in GISTs

To examine the functional role of miR-196a in GISTs, we
interrogated our gene expression microarray data for miR-196a
target genes computationally predicted by TargetScan. Of the
2,248 genes whose expression was reduced in GISTs over-
expressing miR-196a, 95 corresponded to predicted targets
(Supplementary Fig, S11, Supplementary Table $8). This gene
list included ANXAI (Annexin Al), which is an experimentally
validated miR-196a target gene (18). In addition, expression of

several HOX genes, including HOXBS, was reduced in GISTs
overexpressing miR-196a, which is consistent with an earlier
finding of miR-196a~directed cleavage of HOXB8 mRNA (Sup-
plementary Fig. S11; ref. 19).

In normal human fibroblasts, HOTAIR represses HOXD gene
expression by interacting with polycomb repressive complex 2
(PRC2; ref. 20). In breast cancer cells, overexpression of
HOTAIR was shown to recruit PRC2 to more than 800 gene
promoters, leading to histone H3K27 methylation and epige-
netic silencing of the target genes (17). We therefore examined
our microaryay data for the reported HOTAIR-induced PRC2
target genes. Among 14 GISTs analyzed with the microarray, all
7 tumors strongly expressing miR-196a showed elevated
HOTAIR expression (average HOTAIR/GAPDH = 0.00254),
whereas all tumors only weakly expressing miR-196a showed
little or no HOTAIR expression (average HOTAIR/GAPDH =
0.00001). We found that expression of 144 HOTAIR target genes
was reduced in GISTs overexpressing HOTAIR (Supplementary
Fig. S11, Supplementary Table §9). These results indicated that
overexpression of miR-196a and HOTAIR may contribute to the
malignant progression of GISTs by modulating expression of
their target genes.

Inhibition of miR-196a and HOTAIR suppresses GIST cell
invasion

We next utilized a cultured GIST cell line to determine
whether upregulation of miR-196a and HOTAIR is responsible
for the malignant potential of GISTs. We found that both
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Figure 2, GIST gene expression signatures reveal a strong correlation between the miR-196a and HOXC genes. A, heat map of the gene expression signatures
correlated with miR-196a expression. Rows represent probe sets and columns represent patients. A total of 4,947 probe sets differentially expressed (>2-fold
change) between GISTs with {7 == 7) and without (n = 7) miR-196a overexpression were selected, after which hierarchical clustering was carried out. The miR-
196a expression status is indicated below. B, schematic representations of the miR-796a family locations within the HOX gene clusters. C, hierarchical
clustering analysis using HOXB (left) and HOXC (right) expression data. miR-196a expression status is indicated below. D, correlations between the
expression levels of miR-196a and HOXC genes or HOTAIR. Expression of miR-196a was analyzed using TagMan assay and was normalized to internal U6
snRNA. Microarray data for HOXC and HOTAIR were normalized and log transformed (base 2). The Pearson correlation coefficients and P values are shown.

miR-196a and HOTAIR are expressed in GIST-T1 cells (Sup-
plementary Fig, 512). We then carried out cell viability and
Matrigel invasion assays after transfecting GIST-T1 cells with
an anti-miR-196a inhibitor molecule. Gene expression micro-
array analysis revealed that a number of predicted miR-196a
target genes, including ANXAI and HOXAS, were upregulated
by inhibition of miR-196a (Supplementary Table S10), and
although we observed no effects on cell viability, inhibition
of miR-196a moderately suppressed cell invasion {Supplemen-
tary Fig. S13). We next disrupted HOTAIR expression by

transfecting the cells with siRNAs targeting it (Fig. 3E).
Although knockdown of HOTAIR did not significantly affect
cell viability, it suppressed the invasiveness of GIST-T1 cells
(Fig. 3E and F). Moreover, gene expression microarray analysis
revealed that a number of reported HOTAIR target genes,
including PCHDI10, SEMAG6A, and STK17B, were upregulated
upon knockdown of HOTAIR (Supplementary Table $11). In all,
we found that 1,424 genes were upregulated by siHOT (>2-fold),
and Gene Ontology analysis revealed enrichment of genes
related to "nucleus,” "chromosome,” and "membrane-bounded
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Figure 3. Upregulation of HOTAIR in malignant GISTs. A, TagMan assay of HOTAIR in a panel of GIST specimens (1 = 52). Results are normalized to internal
GAPDH expression, Risk categories are indicated below. B, correlation between levels of HOTAIR and miR-196a expression detected using TagMan assay. The
Pearson correlation coefficient and P value are shown. G, correlations between levels of HOTAIR expression detected using TagMan assay and those of HOXC
genes detected from microarrays. The Pearson correlation coefficients and P values are shown. D, Kaplan-Meier curves showing the effect of HOTAIR expression
(high, HOTAIR/GAPDH > 0.0002; low, HOTAIR/IGAPDH < 0.0002) on overall survival among GIST patients. E, TagMan assay for HOTAIR in GIST-T1 cells
transfected with control siRNA (siCONT) or siRNA targeting HOTAIR (siHOT). F, cell viability assay using GIST-T1 cells transfected with sSiCONT or siHOT. Cell
viabilities were determined 48 hours after transfection. Shown are the means of 8 replications; error bars represent SDs. G, Matrigel invasion assay using GIST-T1
cells transfected with siCONT or siHOT. Shown on the right are the means of 3 random microscopic fields per membrane; error bars represent SDs.

organelle” (Supplementary Tables S12 and S13). These results
suggested that HOTAIR may modulate transcription of a
large number of genes and may have previously unidentified
roles in GIST cells.

Finally, we sought to clarify the biologic relationship
between miR-196a, HOTAIR, and HOXC genes. We first tested
whether upregulation of miR-196a is a downstream effect of
HOTAIR dysregulation, or vice versa. We found that inhibition
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Tabls 4. HOTAIR expression is assoclated with poor clinical cutcome in GIST patients

Qutcome
HOTAIR/GAPDH Survival Death HR (95% Ci) P HR?® (95% CI) P
<0.0002 26 2
>0.0002 7 4 3.8 (0.7-21.2) 0.123 9.0 (1.2-68.9) 0.034

#Age and gender adjusted HR.

of miR-196a had no effect on HOTAIR expression in GIST-T1
cells, nor did knockdown of HOTAIR affect miR-196a expres-
sion. This suggested that overexpression of miR-196a or
HOTAIR is not a simple downstream effect of their dysregula-
tion (Supplementary Fig. SI12). By contrast, analysis of the
chromatin status in GIST-T1 cells using ChIP-PCR revealed
enrichment of trimethylated histone H3 lysine 4 (H3K4me3), a
hallmark of active gene transcription, at the transcription start
sites of multiple HOXC genes and HOTAIR (Supplementary Fig.
$14). Moreover, we found concurrent overexpression of miR-
196a, HOTAIR, and HOXC genes in other cancer cells, including
the Katolll gastric cancer cell line. By carrying out high-
resolution ChIP-seq analysis with the KatollI cells, we observed
significant enrichment of H3K4me3 over a wide range (more
than 50 kb) of the HOXC cluster, which suggested that an
epigenetic mechanism is involved in the dysregulation of this
genomic region (Supplementary Fig. S15).

Discussion

Although the results of recent studies suggest that the gene
expression signatures of GISTs are predictive of malignancy
and drug sensitivity of the tumors (5, 21), the clinical signif-
icance of the miRNA expression signature is not yet fully
understood. In this study, we found that upregulation of
miR-196a is strongly associated with a high-risk grade, metas-
tasis, and poor prognosis in GIST patients. Furthermore, over-
expression of miR-196a is accompanied by upregulation of
multiple HOXC genes and the metastasis-related lincRNA
HOTAIR. To our knowledge, this is the first article to show
concurrent overexpression of collinear HOX genes and non-
coding RNAs in human malignancy.

A number of studies have implicated miR-196a in malig-
nancy, but its role may differ among tumor types. Upregulation
of miR-196a is observed in esophageal adenocarcinomas and
their precancerous lesions, Barrett's esophagus and dysplasia,
which suggests miR-196a is a potential marker of the malignant
progression of Barrett's esophagus (22). Strong expression of
miR-196a is also associated with a poor prognosis in pancreatic
adenocarcinoma and glioblastoma patients (23, 24). In addi-
tion, functional analysis showed that expression of miR-196a in
esophageal, breast, and endometrial cancer cells promotes
proliferation and suppresses apoptosis through downregula-
tion of ANXAI (18). These results suggest that miR-196a
contributes to oncogenesis in cancer. On the other hand,
miR-196a is significantly downregulated in melanoma, and its

reexpression inhibited the invasive behavior of melanoma cells
by targeting HOXC8 (25). Similarly, miR-196a suppressed
HOXC8 and inhibited invasion and metastasis by breast cancer
cells (26). Thus miR-196a seems to exert opposite effects in
tumors of different origins.

The HOX genes are a highly conserved subgroup of the
homeobox superfamily, and they play essential roles in a
variety of biologic processes, including development, differen-
tiation, apoptosis, and angiogenesis (27). In humans, 4 HOX
clusters containing 39 HOX genes have been identified, and
dysregulation of their expression is observed in various malig-
nancies. Although the role of HOXs in cancer is not fully
understood, its aberrant expression is thought to atfect path-
ways that promote tumorigenesis and metastasis (27). For
instance, HOXC8 mRNA is overexpressed in prostate cancer
cells and is associated with tumor cell proliferation and
metastasis (28-30). In addition, HOXC5 and HOXC8 mRNAs
are upregulated in cervical cancer cells (31), and one recent
study suggested HOXC10 plays a key role of in the progression
and invasion in cervical cancer (32).

An association between miR-196a and HOX expression in
cancer has also been reported. Reduced expression of miR-
196a in malignant melanoma cells leads to upregulation of
HOXB7 and, in turn, activation of BMP4, a major modulator of
migration (33). As mentioned above, miR-196a also inhibits
invasion and metastasis by downregulating HOXCS in mela-
noma and breast cancer cells (26, 34). Taken together, these
results suggest that miR-196a acts as a tumor suppressor by
targeting HOX genes in these fumor types. By contrast, we
show in this study that both the miR-196a and HOXC genes are
concurrently upregulated in malignant GISTs. Our findings are
reminiscent of an earlier report showing that the expression
patterns of miRNAs embedded in HOX clusters are very similar
to those of HOX genes during mammalian embryogenesis (35).
Global gene expression analysis revealed that expression of
multiple putative miR-196a targets, including ANXAL is dimin-
ished in GISTs overexpressing miR-196a, whereas their expres-
sion is enhanced upon inhibition of miR-196a in cultured GIST-
T1 cells. In addition, inhibition of miR-196a in GIST cells
overexpressing that miRNA moderately suppressed cell inva-
sion. Taken together, our results indicate that upregulation of
HOXC genes along with miR-196a may contribute to the
malignant potential of GIST.

HOTAIR is located within the HOXC cluster and encodes a
lincRNA known to repress its target genes by directly inter-
acting with histone modification complexes. Epigenetic gene
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regulation is closely associated with histone modifications in
which di- or trimethylation of histone H3 lysine 4 (H3K4me2 or
H3K4me3) is enriched within active gene promoters. In addi-
tion, trimethylation of histone H3 lysine 27 (H3K27me3) is a
marker of gene silencing, In normal adult fibroblasts, HOTAIR
suppresses the HOXD locus by recruiting the PRC2 complex,
which consists of the histone H3K27 methylase EZH2, SUZ12,
and EED (20). It was also recently shown that HOTAIR serves as
a scaffold for multiple repressor complexes, including PRC2
and LSD1/CoREST/REST (36). LSD1 is a demethylase that
specifically mediates demethylation of H3K4, leading to repres-
sion of the target genes. HOTAIR is also strongly implicated in
cancer metastasis. In breast cancer cells, HOTAIR induces
retargeting of the PRC2 complex throughout the genome,
which leads to the silencing of multiple tumor suppressor and
metastasis suppressor genes (17). Overexpression of HOTAIR is
also predictive of recurrence in hepatocellular carcinoma
patients after liver transplantation (37). We observed that
upregulation of HOTAIR is closely associated with GIST aggres-
siveness and metastasis. In addition, functional analysis using
GIST-T1 cells showed that RNAi-mediated knockdown of
HOTAIR suppressed cell invasion. These results strongly sug-
gest that upregulation of HOTAIR is one of the mechanisms
that promote aggressiveness in GISTs. Interestingly, depletion
of HOTAIR induced a significant change in the gene expression
profile in GIST cells, suggesting that HOTAIR may regulate a
spectrum of genes other than the previously reported target
genes. Further studies, including genome-wide histone mod-
ification analysis, may reveal as yet unidentified roles played by
HOTAIR in the malignant progression of GISTs.

The mechanism underlying upregulation of HOX cluster
genes and noncoding RNAs in GISTs is intrigning, Our array
CGH analysis did not detect chromosomal aberrations in any
HOX loci, making it unlikely that gene amplification is the
cause of their overexpression. However, we found that the
transcription start sites of muiltiple genes in the HOXC cluster
are marked by an active histone mark, H3K4me3, in GIST-T1
cells. Moreover, high-resolution ChiP-seq analysis revealed
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Insulin-like growth factor (IGF)-l receptor (IGF-IR) signaling is
required for carcinogenicity and progression of several cancers but
the function of this pathway and its utility as a therapeutic target
have not been studied comprehensively in biliary tract carcinomas
(BTC). We investigated the immunohistochemical expression of
elements of the IGF axis, matrilysin, overexpression of p53 and the
methylation status of the IGFBP-3 promoter in 80 surgically
resected BTC. We also assessed the effect of IGF-IR blockade on
signal transduction, proliferation and survival in three BTC cell
lines using a new tyrosine kinase inhibitor, BMS-536924, and domi-
nant negative IGF-IR (IGF-IR/dn). The effects of IGF-IR blockade
was also studied in nude mouse xenograft models. IGF-I was
expressed in 60% and IGF-ll in 50% of tumors. High expression
was associated with tumor size. IGF-IR was expressed in 69% of
the cases and was associated with advanced stage and matrilysin
expression. Hypermethylation of the IGFBP-3 promoter was
detected in 41% of BTC and was inversely correlated with p53
expression. BMS-536924 blocked autophosphorylation of IGF-IR
and both Akt and ERK activation by both IGF-I and insulin. BVIS-
536924 suppressed proliferation and tumorigenicity in vitro in a
dose-dependent fashion. This inhibitor upregulated chemother-
apy-induced apoptosis in a dose-dependent fashion. Moreover,
IGF-IR blockade was effective against tumors in mice. IGF-IR might
identify a subset of BTC with a particularly aggressive phenotype
and is a candidate therapeutic target in this disease. BMS-536924
might have significant therapeutic utility. (Cancer Sci 2012; 103:
252-261)

B iliary tract carcinomas (BTC) have one of the worst out-
comes of all malignancies in Asia, Europe and the USA.
Owing to its non-specific presenting symptoms, BTC is gener-
ally diagnosed late in the disease course.”” Complete surgical
resection is the only curative treatment for BTC, but surgery is
often not possible for these advanced diseases.>™ Therefore,
we must to seek new therapeutic options for this discase.

Recent advances in molecular cancer research have brought
new therapeutic strategies targeting these signals into routine
clinical usage. Growth factor receptors are one such group of
targets and their activity can be blocked by tyrosine kinase
inhibitors (TKI) or mAb. Insulin-like growth factor g[GF)-I
receptor (IGF-IR) is one such candidate molecular target.>®

Binding of the ligands IGF-I and IGF-II to IGF-IR causes
receptor autophosphorylation and activates multiple signaling
pathways, including ERK and the phosphatidylinositide 3-kinase
(PI3-K)/Akt-1 axis.” Activation of IGF-IR is regulated by mul-
tiple factors, including IGF binding proteins (IGFBP) and IGF-2
receptors, &0

Dysregulation of the IGF system has been implicated in the
proliferation of numerous neoplasms.®'"  Mutations  or

Cancer Sci | February 2012 | vol. 103 | no.2 | 252-261

chromosomal amplifications of IGF-IR are rare; however, the
regulation of IGF-IR expression is closely associated with the
function of several oncogenes and tumor suppressor genes.''"
Although wild-type p53 inhibits IGF-IR expression, mutant pS3
can induce IGF-IR expression.(m) Elevation of serum I[GF-1
increases the risk of developing several cancers.”” IGF-IR sig-
naling is also important in tumor dissemination through the con-
trol of migration, angiogenesis, invasion and metastasis. 1%
The findings outlined above suggest a potential basis for tumor
selectivity in therapeutic applications in gastrointestinal cancers.

There is, however, only limited information about the
IGF/IGF-IR axis in BTC. In immunohistochemical studies, gall-
bladder carcinoma (GBC) expressed IGF-I in 45%, IGF-II in
25% and IGF-IR in 95% of cases with BTC"> and all intrahe-
patic cholangiocarcinomas expressed both IGF-T and IGF-IR .9
Several human BTC cells express IGE-IR.1¢-1%)

IGFBP-3, which is the most abundant IGFBP in the circula-
tion, has both IGF-dependent and IGF-independent antiprolifer-
ative and proapoptotic effects on several cancers.'” IGFBP-3
promoter methylation and gene silencing have been reported in
cancers.”*Y IGFBP-3 is induced by wild-type p53,”** and pro-
moter methylation at the p33 regulatory element causes gene
silencing resistant to p53.%% Thus, it is important to analyze the
relationship between IGFBP-3 promoter methylation and
expression of IGF-IR, its ligands and p53 in BTC.

The insulin receptor (InsR) is also a key component of the
IGF system. InsR activation leads cell proliferation in addition
to glucose metabolism. In addition to_insulin, InsR can bind
IGF-II and initiate mitogenic signaling. " IGF-IR and InsR can
form hybrid receptors that bind IGF at physiologic concentra-
tions. InsR and IGF-IR/InsR hybrid receptors might also be
involved in cancer biology as both insulin and IGF-I contribute
to the development and progression of adenomatous polyps. <

We have reported that matrix metalloproteinase-7 (MMP-7,
matrilysin) plays a key role in the progression of BTC.®®
Active MMP-7 is correlated with depth of invasion and
advanced stage and downregulation of MMP-7 expression by
siRNA results in a significant decrease in vitro invasiveness.
Matrilysin is distinguished from other MMP by several unique
characteristics: broad spectrum of proteolytic activity; ability to
activate other MMP; and production by cancer cells but not stro-
mal cells.*”?® Moreover, we have reported a positive feedback
loop between the IGF/IGF-IR axis and matrilysin in the
progression and invasiveness of gastrointestinal cancers.®

Several possible approaches to blocking IGF-IR signaling
have been reported. Humanized mAbs are available for IGF-
IR,**? and some are in clinical trials. TKI for IGF-IR have
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been developed, including NVP-AEW541.%Y The orally avail-
able compound BMS-536924, 1H-(benzimidazol-2-yl)-1H-pyri-
din-2-one, is a novel TKI for IGF-IR/InsR.®*3% We have also
constructed two dominant negative inhibitors for IGF-IR (IGF-
IR/dn; IGF-IR/482st and IGF-IR/950st), which are active as
plasmids and recombinant adenovirus vectors in gastrointestinal
malignancies.®*>” IGF-IR/482st encodes a truncated extracel-
lular domain of IGF-IR and, therefore, should result in a
secreted form that affects neighboring cells in addition to the
transduced cells (a bystander effect).

In the present study, we analyzed the IGF axis in human BTC
and assessed the impact of IGF-IR blockade on growth, apopto-
sis induction and in vivo therapeutic efficacy in subcutaneous
xenografts.

Materials and Methods

Materials, cell lines, mice and tissue samples. Anti-Aktl
(c-20), anti-ERK1(K-23), anti-phospho-ERK1(E-4), ant-IGF-
1(G-17) and anti-IGF-IRB(C20) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA) and anti-phospho-Akt
(Serd73) and anti-phospho-p44/42-MAPK(Thy202/Tyr204)
were obtained from Cell-Signaling Technology (Beverly, MA,
USA). Cisplatin and S-fluorouracil (5-FU) were purchased from
Sigma (St. Louis, MO, USA). Recombinant human IGF-I was
purchased from R&D systems (Minneapolis, MN, USA). Human
GBC cell lines TGBC-1TKB, TGBC-2TKB and TGBC-14TKB,
and bile duct cancer cell lines TFK-1, HuH-28, MEC and TKKK
were obtained from Riken Bioresource Center Cell Bank
(Tsukuba, Japan). Cells were cultured in RPMI1640 or DMEM
supplemented with 5-10% fetal bovine serum. Specific-patho-
gen-free female BALB/cAnNCrj-nu mice, 6-weeks-old, were
purchased from Charles River (Yokohama, Japan). Mice were
cared for and used according to our university’s guidelines.

Formalin-fixed, paraffin-embedded sections of 80 BTC (30
GBC, 30 extrahepatic bile duct carcinomas [BDC] and 20
carcinomas of the ampulla of Vater [CAV]) were used for
immunohistochemical staining. All tumor specimens were
obtained from patients who had undergone surgical treatment
at Sapporo Medical University Hospital and affiliated hospi-
tals. Sections containing the most invasive part of each
tumor were used. Specimens for real-time PCR were imme-
diately frozen in liquid nitrogen at the time of surgery and
stored at —80°C. Histopathological features of the specimens
were classified according to the seventh edition of the TNM
classification system of the International Union Against Can-
cer. Informed consent was obtained from each subject. This
study was approved by the Institutional Review Board of
our university (Institutional Review Board approval number
22-135) and written informed consent was obtained from
each subject.

BMS-536924 was kindly provided by Bristol-Myers Squibb
(New York, NY, USA). Stock solution was prepared in DMSO
and stored at —20°C. For oral administration to rodents, BMS-
536924 was dissolved in a mixture of polyethylene glycol 400
(PEG400/water, 4:1 vol/vol) facilitated by stirring through the
duration of dosing.

Immunohistochemical analysis. Sections (5 um) from forma-
lin-fixed, paraffin-embedded tumor xenografts were prepared.
After deparaffinization, endogenous peroxidase activity was
blocked. Antibodies were applied after blocking with normal
goat serum. Sections were incubated with the anti-rabbit sec-
ondary antibody (Santa Cruz Biotechnology) and a streptavi-
din-HRP followed by exposure to the diaminobenzidine
tetrahydrochloride substrate (Dako, Glostrup, Denmark). The
sections were counterstained in Mayer’s hematoxylin and
mounted. Immunostaining signals were scored by two indepen-
dent observers. Semiquantitative scores were given as the
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score of the percentage of positive cells plus the score of the
staining intensity. The scoring criteria of the percentage of
positive cells were as follows: score 0, 0-5% positive cancer
cells; score 1, 6~25%; score 2, 26-50%; score 3, 51-75%; and
score 4, 76-100% positive. The intensity score was given as
follows: score 0, no staining; score 1, weak/equivocal; score
2, moderate; and score 3, strong staining. The final scores
were from 0 to 7 and 4 or more was considered positive.

Quantitative DNA methylation analysis of insulin-like growth
factor binding protein-3 by realtime PCR (MethyLight
assay). Sodium bisulfite treatment of genomic DNA and Methy-
Light assay were performed as described previously.®!*® Pri-
mer sequences were 5'-GTTTCGGGCGTGAGTACGA-3" and
5’-GAATCGACGCAAACACGACTAC-3’ for IGFBP-3 and 5'-
TGGTGATGGAGGAGGTTTAGTAAGT-3’ and 5-AACCAA-
TAAAACCTACTCCTCCCTTAA-3” for B-actin. Probe sequences
were 6FAM-5-TCGGTTGTTTAGGGCGAAGTACGGG-3-BHQ1
for IGFBP-3 and 6FAM-5-CCAACACACAATAACAAAC-
ACA-3"-BHQ-1 for B-actin.

A percentage of methylated reference (i.e. degree of methyla-
tion) cutoff value of 4 was based on previously validated
data.®®

Western blotting. Cells were cultured in serum-free medium
for 24 h then stimulated with 20 ng/mL IGF-I or 10 nM insu-
lin. Cell lysates were prepared as described previously.*#
Equal aliquots of lysates (100 pg) were separated by 4-20%
SDS-PAGE and immunoblotted onto polyvinylidene Hybond-P
membrane (Amersham, Arlington Heights, IL, USA). Analysis
was performed using the indicated antibodies, and bands were
visualized by ECL (Amersham).

In vitro cell growth. Four thousand cells were seeded into a
96-well plate and each was treated with several concentrations
of BMS-536924. Cell growth was measured using WST-1
reagent (Roche, Basel, Switzerland), as described previously.®”

Colony forming activity. Cells (3 % 103/p1ate) were seeded
onto 60 mm culture plates and incubated for 24 h. The cells
were then treated with BMS-536924 and were incubated for
14 days. After air-drying, cells were fixed with methanol and
stained with Giemsa solution. Colonies containing 50 cells or
more were counted.

Assessment for apoptosis. Caspase-3 colorimetric protease
assay was performed following the manufacturer’s protocol
(MBL, Nagoya, Japan). In brief, the caspase-3 activity of
lysates (100 pg) was measured by colorimetric reaction at
400 nm. TUNEL assays were performed with an in situ
apoptosis detection kit (Takara, Kyoto, Japan) following the
manufacturer’s protocol.

In vivo therapeutic efficacy in established tumors. One X 10°
TGBC-1TKB were subcutaneously injected into nude mice.
After tumors were palpable (24 days after inoculation), animals
were treated orally once daily for 2 weeks, either with BMS-
536924 (70 mg/kg) or control. Mice were killed when tumors
reached 2 cm in size or they developed clinically evident symp-
toms. Tumor diameters were serially measured with calipers and
tumor volume was calculated using the formula: tumor volume
(mm®) = (width® x length)/2.

After TGBC-1TKB tumors became palpable, adenovirus-
IGF-IR/dn or adenovirus-lacZ were injected intratumorally for
five successive days. Mice were killed on the 47th day.

Statistical analysis. The association between immunohisto-
chemical expression and clinicopathological characteristics were
assessed using the Mann—Whitney’s U-test and Fisher’s exact
test. The results are presented as means = SE for each sample.
The statistical significance of differences was determined by
Student’s two tailed r-test in two groups and done by one-way
ANovA in multiple groups, and by two-factor factorial ANova.
P-values of <0.05 were considered to indicate statistical signifi-
cance.
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Results

Overexpression of insulin-like growth factor-axis in biliary
tract carcinomas tissues. Figure | shows representative results
of immunohistochemistry for IGF-I, IGF-II, IGF-IR, matrilysin
and p53 in BTC. IGF-I-positivity was 60% in total, 57% in
GBC, 60% in BDC and 65% in CAV. IGF-I-positivity was sig-
nificantly correlated with tumor size (Table 1). IGF-II-positivity
was 50% in total, 47% in GBC, 53% in BDC and 50% in CAV.
IGF-II-positivity was significantly correlated with tumor size,
advanced T-stage in GBC, and advanced tumor stage in both
BDC and CAV. IGF-IR-positivity was 69% in total, 63% in
GBC, 77% in BDC and 65% in CAV. IGF-IR-positivity was sig-
nificantly correlated with advanced tumor stage in all types and
with advanced T-stage in GBC.

Insulin-like growth factor-I-positivity was significantly corre-
lated with IGF-II-positivity in GBC and BDC (P = 0.028 and
0.014, respectively). IGF-I-positivity was significantly corre-
lated with IGF-IR-positivity in GBC and tended to be associated
with the receptor in BDC (P = 0.018 and 0.068, respectively).
IGF-II-positivity was significantly correlated with IGF-IR-posi-
tivity in GBC, BDC and CAV (P = (0.021, 0.025 and 0.029,
respectively). IGF-IR-positivity was significantly correlated with
matrilysin positivity in GBC, BDC and CAV (P = 0.010, 0.016

e

Fig. 1.

and 0.007, respectively). IGF-IR-positivity was significantly
correlated with p53-positivity in GBC (P = 0.040).

The results indicated that the IGF axis might play an impor-
tant role in tumor development of human BTC and that IGF-IR
might interact with p53 in GBC and with matrilysin in BTC.

Hypermethylation of the insulin-like growth factor binding
protein-3 promoter in biliary tract carcinomas tissues. Hyper-
methylation of the IGFBP-3 promoter was observed in 41% of
BTC, 43% in GBC, 37% in BDC and 45% in CAV (Table 2).
IGFBP-3 methylation was not correlated with clinicopathologi-
cal characteristics or expression of the IGF-axis. IGFBP-3 hy-
permethylation was detected more frequently in p53-negative
tumors than in p53-positive tumors in GBC, BDC and CAV
(P =0.016, 0.021 and 0.025, respectively). Preliminary data
indicates that IGFBP-3 hypermethylation is inversely associated
with expression of IGFBP-3 mRNA (data not shown). Then, we
wanted to assess the possibility of IGF-IR as a molecular target
in human BTC.

Blockade of signal transduction. All seven human BTC cell
lines expressed IGF-IR detected by real-time PCR (data not
shown). To investigate the effect of BMS-536924 on IGF/recep-
tor signaling, we examined three BTC cell lines. First, we evalu-
ated BMS-536924 activity in TGBC-1TKB by Western blotting.
One pM BMS-536924 blocked IGF-I-induced phosphorylation

Immunohistochemical expression of insulin-like growth factor (IGF)-| (A-D), IGF-Il (E~H), IGF-I receptor (I-L), matrilysin (M-P) and p53 (Q-T)

in gallbladder carcinoma (A, E, I, M, Q), in bile duct carcinomas (B, D, F, H, J, L, N, P, R, T) and in carcinomas of the ampulla of Vater (C, G, K, O, S).
Representative pictures show that IGF-I was positively stained in most tumors (A-C) but not all (D). IGF-1l was positively immunostained in (E-G)
but was negative in (H). IGF-IR was positive in most cancers (I-K) but was negative in some (L). Matrilysin was expressed in most cancers (M-O)
but not all (P). Overexpressed p53 was detected in most tumors (Q-S) but not in (T).

254

doi: 10.1111/.1349-7006.2011.02138.x
© 2011 Japanese Cancer Association

— 37183 —



Table 1. Expression of insulin-like growth factor (IGF) axis in biliary tract cancer tissues

IGF-1 P IGF-11 P IGF-I receptor P
N + - + - + -
17 13 14 16 19 1
(a) Gallbladder cancer tissues
Sex
Male 17 10 7 0.921t 8 9 0.749t " 6 0.713+
Female 13 7 6 6 7 8 5
Size
<25 mm 18 7 1" 0.019+ 5 13 0.014+ 9 9 0.069+
>25 mm 12 10 2 9 3 10 2
pT
pTla 3 1 2 0.260% 1 2 0.038% 1 2 0.028+
pTib 1 0 1 0 1 0 1
pT2 8 5 3 2 6 4 4
pT3 16 9 7 9 7 12 4
pT4 2 2 0 2 0 2 0
pN
pNO 15 7 8 0.231+ 5 10 0.136t 7 8 0.064+
pN1 15 10 5 9 6 12 3
pStage
pStage | 3 1 2 0.140% 1 2 0.080% 1 2 0.001%
pStage Il 5 2 3 1 4 1 4
pStage A 7 4 3 3 4 3 4
pStage 1B 13 8 5 7 6 12 1
pStage IVA 2 2 0 2 0 2 0
Matrilysin .
- 15 7 8 0.231t 5 10 0.136t 6 0.010*
+ 15 10 5 9 6 13 2
p53
- 17 9 8 0.4611 6 1 0.145t 8 9 0.040t
+ 13 8 5 8 5 11 2
IGF-1
- 13 10 0.028t 5 8 0.018+
+ 17 11 6 14 3
IGF-IIl
- 16 7 9 0.021+
+ 14 12 2
IGF- P 1GF-il P IGF-I receptor P
N + - + - + -
18 12 16 14 23 7
(b) Extrahepatic bile duct cancer tissues
Sex
Male 23 14 9 0.734+ 12 1 0.581+ 18 5 0.814+1
Female 7 4 3 4 3 5 2
Size
<25 mm 1 3 8 0.008+ 2 9 0.005t 7 4 0.200t
>25 mm 19 15 4 14 5 16 3
pT
pT1 8 3 5 0.224% 2 6 0.059% 5 3 0.100%
pT2 5 4 1 3 2 3 2
pT3 15 9 6 9 6 13 2
pT4 2 2 0 2 0 2 0
pN
pNO 16 8 8 0.206% 6 10 0.067t 10 6 0.0611
pN1 14 10 4 10 4 13 1
pStage
pStage | 6 2 4 0.115¢ 2 4 0.032% 2 4 0.006%
pStage Il 16 10 6 7 9 13 3
pStage il 6 4 2 5 1 6 0
pStage IV 2 2 0 2 0 2 0
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Table 1. (continued)
IGF-1 P IGF-ll P IGF-1 receptor P
N + - + - + -
18 12 16 14 23 7
Matrilysin
- 6 4 2 0.545% 2 4 0.261t 2 4 0.0161
+ 24 14 10 14 10 21 3
p53
- 16 10 6 0.940t 7 9 0.225t 1" 5 0.2561
+ 14 8 6 9 5 12 2
1GF-
- 12 3 9 0.014t 7 5 0.068t+
+ 18 13 5 16 2
IGF-Il
- 14 8 6 0.025+
+ 16 15 1
IGF-I P IGF-II P IGF-1 receptor P
N + = + - + -
13 7 10 10 13 7
(c) Carcinoma tissues of the ampulla of Vater
Sex
Male 10 7 3 0.500t 6 4 0.328t 7 3 0.5001
Female 10 6 4 4 6 6 4
Size
<25 mm 13 6 7 0.022t+ 4 9 0.029+ 7 6 0.177t+
>25 mm 7 7 [ 6 1 6 1
pT
pT1 5 2 3 0.167+ 1 4 0.093% 1 4 0.167%
pT2 6 4 2 3 3 3 3
pT3 8 6 2 5 3 6 2
pT4 1 1 0 1 0 1 0
pN
pNO 10 4 0.5001 4 6 0.328+ 5 5 0.175t
pN1 10 7 3 6 4 8 2
pStage
pStage 1A 3 1 2 0.137% 1 2 0.049% o] 3 0.002%
pStage IB 4 2 2 1 3 1 3
pStage A 4 3 1 1 3 2 2
pStage 1B 8 6 2 6 2 8 0
pStage IV 1 1 0 1 (4] 1 0
Matrilysin
- 6 4 2 0.664t 2 4 0.314+ 1 5 0.007+
+ 14 9 5 8 6 12 2
p53
- 12 8 4 0.608t 5 7 0.325+ 7 5 0.392t
+ 8 5 3 5 3 6 2
IGF-1
- 7 2 5 0.175t 3 4 0.151t
+ 13 8 5 10 3
IGF-1I
- 10 4 6 0.029t
+ 10 9 1

tChi-square. tMann-Whitney's U-test. N, number.

of IGF-IR completely (Fig. 2A). This TKI blocked both basal
phosphorylation of Akt-1 and ERK and that induced by IGF-I,
in a dose-dependent manner. Similarly, in both 2TKB and
14TKB cells, BMS-536924 reduced ligand-induced IGF-IR
autophosphorylation and phosphorylation of Akt-1 and ERK
with dose dependency.

In both 1TKB and 2TKB (Fig. 2B), 1 pM BMS-536924 also
reduced the insulin-induced phosphorylation of InsR and its
downstream signal activity with dose dependency. Thus, BMS-
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536924 effectively interrupted both IGF-I and insulin induced
signals in BTC.

Reduction of cell growth in vitro. BMS-536924 reduced the
growth on plastic of all BTC cells in a dose-dependent manner, as
analyzed by the WST-1 assay (Fig. 3A). Moreover, BMS-536924
dramatically reduced the in vitro tumorigenicity of all cells dose
dependently as assessed by colony formation assay (Fig. 3B).
These results indicate that BMS-536924 effectively blocks the
carcinogenicity and proliferation of BTC.
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