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The development of stomach cancer is closely associ-
ated with chronic inflammation, and the Wnt/�-cate-
nin signaling pathway is activated in most cases of
this cancer. High-mobility group A (HMGA) proteins
are oncogenic chromatin factors that are primarily
expressed not only in undifferentiated tissues but
also in various tumors. Here we report that HMGA1 is
induced by the Wnt/�-catenin pathway and maintains
proliferation of gastric cancer cells. Specific knock-
down of HMGA1 resulted in marked reduction of cell
growth. The loss of �-catenin or its downstream c-myc
decreased HMGA1 expression, whereas Wnt3a treat-
ment increased HMGA1 and c-myc transcripts. Fur-
thermore, Wnt3a-induced expression of HMGA1
was inhibited by c-myc knockdown, suggesting that
HMGA1 is a downstream target of the Wnt/�-catenin
pathway. Enhanced expression of HMGA1 coexisted
with the nuclear accumulation of �-catenin in about
30% of gastric cancer tissues. To visualize the expres-
sion of HMGA1 in vivo , transgenic mice expressing
endogenous HMGA1 fused to enhanced green fluores-
cent protein were generated and then crossed with
K19-Wnt1/C2mE mice, which develop gastric tumors
through activation of both the Wnt and prostaglandin
E2 pathways. Expression of HMGA1-enhanced green
fluorescent protein was normally detected in the fore-
stomach, along the upper border of the glandular
stomach, but its expression was also up-regulated in
cancerous glandular stomach. These data suggest that

HMGA1 is involved in proliferation and gastric tumor
formation via the Wnt/�-catenin pathway. (Am J

Pathol 2009, 175:1675–1685; DOI: 10.2353/ajpath.2009.090069)

Gastric cancer is the second leading cause of human
cancer deaths worldwide, and it is known to be closely
associated with chronic inflammation caused by Heli-
cobacter pylori infection.1,2 This disease is an example
of human oncogenesis that is etiologically induced by
extrinsic or environmental factors. Despite preventive
therapies and numerous efforts to identify premalignant le-
sions, gastric cancer is often diagnosed at the advanced
stages.3,4 It is therefore crucial to understand the molecular
basis of gastric tumorigenesis to identify diagnostic and
therapeutic targets in this cancer.

High-mobility group A proteins (HMGA1 and HMGA2,
formerly HMGI/Y and HMGI/C, respectively) are non-his-
tone, architectural chromatin proteins that participate in
various cell regulation activities, including cell growth
and proliferation.5,6 HMGA1 and HMGA2 are encoded by
two distinct genes, and are characterized by the pres-
ence of three DNA-binding motifs, named AT hooks,
which preferentially bind stretches of AT-rich DNA se-
quences.7 HMGA genes are highly expressed during
embryonic development, whereas their expression is
down-regulated in differentiated cells in adults,8,9 though
both HMGA1 and HMGA2 can be induced by mitogenic
stimuli.7,10 Notably, HMGA genes are frequently reacti-
vated in many types of human cancer, and the overex-
pression of HMGA proteins is linked to malignant trans-
formation and progression in human cancers, including
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gastric cancer.11–14 In addition to the above reports, our
recent study determined that HMGA2 maintains epitheli-
al–mesenchymal transition in human pancreatic adeno-
carcinomas.15 However, the biological roles of the differ-
ent HMGA proteins in different cancer phenotypes, and
the induction mechanism of oncogenic HMGA genes are
largely unknown.

Among the cancer-related signaling pathways, the
canonical Wnt pathway, also known as the Wnt/�-cate-
nin pathway, is involved in gastrointestinal carcinogen-
esis. Wnt ligands engage their receptor complex, sta-
bilize intracellular levels of �-catenin, and allow the
nuclear accumulation of �-catenin, together with the
transcription factor lymphoid enhancer-binding factor
1/ T cell-specific factor, followed by transcriptional ac-
tivation of the Wnt/�-catenin target genes such as
c-myc and cyclin D.16 In the absence of Wnt, destruc-
tion complexes consisting of glycogen synthase ki-
nase-3�, the adenomatous polyposis coli protein, and
axin, bind and phosphorylate �-catenin, which is thus
targeted for ubiquitination and proteolytic degradation.
Constitutive activation of the Wnt/�-catenin pathway
can occur due to mutations in the adenomatous polyp-
osis coli, �-catenin, and axin genes during cancer de-
velopment.17–22 The nuclear localization of �-catenin is
a hallmark of gastric cancer tissues.23 It has been
recently reported that K19-Wnt1/C2mE transgenic
mice expressing Wnt1, cyclooxygenase-2 (COX2), and
microsomal prostaglandin E synthase-1 in gastric epi-
thelial cells, under the control of the cytokeratin 19
(K19) gene promoter. They develop dysplastic stom-
ach tumors, so providing an animal model of human
gastric adenocarcinoma.24 Interestingly, the activation
of both Wnt and inflammation pathways was required
for cancer development, since either altered pathway
alone did not lead to tumor formation. Collectively,
these observations suggest that the Wnt/�-catenin
pathway is involved in gastric tumorigenesis, although
the precise mechanisms remain undetermined.

During our investigations into chromatin factors, we
found that HMGA1 is induced by the Wnt/�-catenin
pathway and maintains proliferation of gastric cancer
cells. Depletion of HMGA1 resulted in reduced cell
proliferation. Wnt3a treatment increased HMGA1, as
well as c-myc transcripts, and the Wnt3a-induced ex-
pression of HMGA1 was inhibited by c-myc knock-
down. Overexpression of HMGA1 was consistently cor-
related with the nuclear accumulation of �-catenin in
human gastric cancer tissues. To visualize the Hmga1
protein in vivo, transgenic mice expressing endoge-
nous Hmga1 fused to enhanced green fluorescent pro-
tein (EGFP) were generated and crossed with K19-
Wnt1/C2mE mice. Expression of Hmga1-EGFP was
normally found in the forestomach, along the upper
border of the glandular stomach. In contrast, Hmga1-
EGFP was up-regulated in cancerously proliferative
glandular stomach. Based on the results of the present
study, we discuss the role of HMGA1 in gastric tumor
formation via the Wnt/�-catenin pathway.

Materials and Methods

Cell Culture and Treatment

AGS, KATO-III, and Panc1 cells (American Type Culture
Collection, Manassas, VA), as well as HEK293 cells
(Health Science Research Resources, Osaka, Japan)
were used. Two gastric cancer cell lines, HSC39 and
HSC57, were a gift from Dr. K. Yanagihara and Dr. T.
Ushijima (National Cancer Center Research Institute, To-
kyo, Japan). The culture conditions were: RPMI-1640
medium (Sigma-Aldrich, St. Louis, MO) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum for
AGS, HSC39, HSC57, and KATO-III cells; 1:1 mixture of
Dulbecco’s modified Eagle’s minimum essential medium
and Ham’s F-12 nutrient medium supplemented with 10%
fetal bovine serum for Panc1 cells; and low glucose Dul-
becco’s modified Eagle’s minimum essential medium
supplemented with 10% fetal bovine serum for HEK293
cells. AGS cells (1 � 105/well) were grown in 6-well plates
and treated with 100 �mol/L NS-398 (Wako Pure Chem-
ical Industries, Ltd., Osaka, Japan) or 100 �mol/L indo-
methacin (Wako Pure Chemical Industries, Ltd.) for 48
hours. Secreted Wnt3a was prepared from culture me-
dium of L9 cells stably expressing Wnt3a, which were a
gift from Dr. S. Takada (National Institutes of Natural
Sciences, Okazaki, Japan). HEK293 cells were treated
with 50% Wnt3a-condition medium for 48 hours.

Small Interfering RNA Mediated Knockdown

Small interfering (si)RNA duplexes were designed for
targeting mRNAs encoding human HMGA1, HMGA2,
�-catenin, and c-myc (Japan Bio Services Co., Ltd.,
Saitama, Japan), and are listed in Table 1. The selected
siRNA sequences were submitted to human genome and
Expressed Sequence Tags databases to ensure their
target specificities. Validated stealth RNA interference
against c-myc and its negative control was obtained from
Invitrogen (Carsbad, CA). The siRNAs were transfected
into the cells using Oligofectamine RNAiMAX (Invitrogen,
Carsbad, CA).

Table 1. Small Interfering RNAs Used in this Study

Name siRNA sequence

HMGA1 si-S 5�-GUGCCAACACCUAAGAGACCUTT-3�
HMGA1 si-AS 5�-AGGUCUCUUAGGUGUUGGCACTT-3�
HMGA1 si-S2 5�-GCAGGAAAAGGACGGCACUTT-3�
HMGA1 si-AS2 5�-AGUGCCGUCCUUUUCCUGCTT-3�
HMGA2 si-S 5�-CCGGUGAGCCCUCUCCUAATT-3�
HMGA2 si-AS 5�-UUAGGAGAGGGCUCACCGGTT-3�
c-myc si-S 5�-CUAUGACCUCGACUACGACTT-3�
c-myc si-AS 5�-GUCGUAGUCGAGGUCAUAGTT-3�
stealth c-myc-S 5�-UUUCAACUGUUCUCGUCGUUUCCGC-3�
stealth c-myc-AS 5�-GCGGAAACGACGAGAACAGUUGAAA-3�
�-catenin si-S 5�-CAGUCUUACCUGGACUCUGTT-3�
�-catenin si-AS 5�-CAGAGUCCAGGUAAGACUGTT-3�
GL3 si-S 5�-CUUACGCUGAGUACUUCGATT-3�
GL3 si-AS 5�-UCGAAGUACUCAGCGUAAGTT-3�
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Cell Proliferation Analysis

Cell proliferation was assessed by seeding AGS,
HSC57, and KATO-III cells (1 � 105/well) into 6-well
plates. The cells were transfected with HMGA1,
HMGA2, or control siRNAs (50 pmol) on day 0, using
oligofectamine RNAiMAX, according to the manufactur-
er’s protocols. The number of viable cells was counted
using a hemocytometer. Data were obtained from three
independent experiments.

Reverse Transcription and Quantitative Real-
Time PCR

Two micrograms of the total RNAs were treated with
DNase I (Roche Diagnostics, Mannheim, Germany) and
reverse-transcribed using a High Capacity cDNA Re-
verse Transcription Kit (Applied Biosystems, Foster City,
CA). PCR amplification was then performed using spe-
cific primers for the indicated transcripts (Tables 2 and
3). For quantification, real-time PCR analysis was per-
formed using Power SYBR Green PCR Master Mix on an
ABI Prism 7500 Sequence Detector (Applied Biosys-
tems). PCR amplification was repeated at least three
times from more than three independent experiments.
The relative fold induction was quantified using the compar-
ative threshold cycle method, and �-actin was used as a
normalization control. Primer sets are listed in Table 3.

Plasmids and Luciferase Assay

The human HMGA1 promoter-luciferase construct (a
generous gift from Dr. K. Peeters, University of Leuven,
Belgium25) was introduced into HEK293 cells, together
with phRL-SV40 (1 ng) (Promega, Madison, WI) using
Fugene6 (Roche Diagnosics). Luciferase activities were
checked 48 hours after transfection using the dual lucif-
erase reporter assay system (Promega). Firefly luciferase
activities were normalized to Renilla luciferase activities.
Luciferase activities were determined from more than
three independent assays.

Generation of Hmga1-EGFP Knock-In Mice

To generate Hmga-1-EGFP knock-in mice, 2.5- and 4-kb
fragments containing the Hmga1 gene were amplified by
genomic PCR from mouse bacterial artificial chromo-
some clone RP23-189L19, derived from C57BL/6J mice.
The EGFP gene was fused in-frame to the last open
reading frame before the Hmga1 translation stop codon
in the 5� homologous arm. A 2.5-kb 5� arm of homology
(EcoRI to BamHI) including exons 3, 4, and 5 before the
stop codon fused EGFP gene, and a 4-kb 3� arm of
homology (XbaI/SpeI to MluI) including exon 5 after the
stop codon, were cloned into 5� and 3� multiple-cloning
sites of the pIRES-neo3 vector (Clontech Laboratories,
Inc., Mountain View, CA) that lacked a synthetic intron.
After sequence confirmation, the construct was linearized
using MluI and introduced into wild-type TT2-KTPU8 F1
mouse embryonic stem (ES) cells by electroporation. The
transfected ES cells were then cultured in selection me-
dium containing 0.2 mg/ml G418. Southern blot analysis
using a probe 5� to the BamHI site was performed on
G418 resistant colonies to identify the ES cells with cor-
rect incorporation of the targeting construct into the ge-
nome. The gene targeted ES cells were then aggregated
with morulae of ICR mice. The aggregated embryos were
transferred to pseudopregnant females and allowed to
develop to term. The chimeric mice were bred with
C57BL/6 wild-type mice, and the resulting pups were
screened for the presence of the heterozygous targeted
allele. The genotype of the mice was determined by
Southern blot analysis and PCR of genomic DNA isolated
from the tail or ear. Heterozygous mice were intercrossed
to obtain homozygous mice. Hmga1-EGFP/Hmga1-EGFP
mice were also crossed with K19-Wnt1/C2mE mice24 or

Table 2. Oligonucleotides Used for the PCR

Name Primer sequence

Human
HMGA1 S 5�-TGAGTCCCGGGACAGCACTGGTAG-3�
HMGA1 AS 5�-GCGGCTAAGTGGGATGTTAGCCTTG-3�
HMGA2 S 5�-CAGGATGAGCGCACGCGGTGAGGGC-3�
HMGA2 AS 5�-CCATTTCCTAGGTCTGCCTCTTGGC-3�
c-myc S 5�-TCGTCTCAGAGAAGCTGGCCT-3�
c-myc AS 5�-CTTTTCCACAGAAACAACATCG-3�
�-catenin S 5�-CAGTTGCTTGTTCGTGCACAT-3�
�-catenin AS 5�-CAAGTCCAAGATCAGCAGTCTC-3�
GAPDH S 5�-GATGCCCCCATGTTCGT-3�
GAPDH AS 5�-CAGGGGTCTTACTCCTTGGA-3�

Mouse
Hmga1 S 5�-ATGAGCGAGTCGGGCTCAAAG-3�
Hmga1 AS 5�-TCACTGCTCCTCCTCAGAG-3�
Gapdh S 5�-ATCACCATCTTCCAGGAGCGAG-3�
Gapdh AS 5�-GTTGTCATGGATGACCTTGGCC-3�

Table 3. Oligonucleotides Used for the Quantitative
Real-time PCR

Name Primer sequence

Human
HMGA1 S 5�-TCCAGGAAGGAAACCAAGG-3�
HMGA1 AS 5�-AGGACTCCTGCGAGATGC-3�
c-myc S 5�-TGCTCCATGAGGAGACACC-3�
c-myc AS 5�-CTTTTCCACAGAAACAACATCG-3�
�-catenin S 5�-GCTTTCAGTTGAGCTGACCA-3�
�-catenin AS 5�-CAAGTCCAAGATCAGCAGTCTC-3�
Cyclin D1 S 5�-GAAGATCGTCGCCACCTG-3�
Cyclin D1 AS 5�-GACCTCCTCCTCGCACTTCT-3�
YWHAZ S 5�-AGACGGAAGGTGCTGAGAAA-3�
YWHAZ AS 5�-TCAAGAACTTTTCCAAAAGAGACA-3�
�-actin S 5�-CCAACCGCGAGAAGATGA-3�
�-actin AS 5�-CCAGAGGCGTACAGGGATAG-3�

Mouse
Hmga1 S 5�-CTCCAGGGAGGAAACCAAG-3�
Hmga1 AS 5�-CAGAGGACTCCTGGGAGATG-3�
Wnt1 S 5�-ACAGTAGTGGCCGATGGTG-3�
Wnt1 AS 5�-CTTGGAATCCGTCAACAGGT-3�
K19 S 5�-ATGAGATCATGGCCGAGAAG-3�
K19 AS 5�-GGTGTTCAGCTCCTCAATCC-3�
Ki67 S 5�-AGGGTAACTCGTGGAACCAA-3�
Ki67 AS 5�-TTAACTTCTTGGTGCATACAATGTC-3�
�-actin S 5�-CCAACCGTGAAAAGATGACC-3�
�-actin AS 5�-CCAGAGGCATACAGGGACAG-3�
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C57BL/6 mice (as a control), to analyze the expression of
Hmga1-EGFP in normal tissues and gastric tumors.

Immunohistochemistry

Mouse tissues were fixed in 4% paraformaldehyde and
embedded in paraffin. Histological sections were cut at 3
�m. Human stomach tumor tissue arrays (BioChain Insti-
tute, Inc., Hayward, CA) or mouse tissue samples were
deparaffinized, and antigens were retrieved by autoclav-
ing at 120°C for 15 minutes for �-catenin and HMGA1, in
a buffer solution (0.01 M/L sodium citrate [pH 6.0] for
�-catenin, 1 mmol/L EDTA/PBS [pH 9.0] for HMGA1). The
slides were then incubated in methanol with 0.3% hydro-
gen peroxide for 30 minutes to block endogenous per-
oxidase activity. Thereafter, tissue sections were im-
mersed in 0.5% BlockAce (Dainippon Sumitomo Pharma
Co., Ltd., Osaka, Japan) in PBS for 30 minutes, covered
with primary antibodies, and incubated overnight at 4°C.
To detect nuclear �-catenin, mouse monoclonal antibod-
ies for the stabilized (active) form of �-catenin that is
dephosphorylated on Ser-37 or Thr-41 (Clone 8E7; Up-
state, Charlottesville, VA) were used as the primary anti-
bodies.24. Goat polyclonal HMG-I(Y) antibodies (N-19;
Santa Cruz Biotechnology, Inc., CA) were used to detect
HMGA1, and rabbit polyclonal GFP antibodies (FL; Santa
Cruz Biotechnology, Inc., CA) were used to detect GFP.
As the internal positive control, anti-Sp1 antibodies were
used (data not shown). Visualization of the immunoreac-
tions was performed using Histofine Simple Stain MAX-PO
(Nichirei Bioscience Inc., Tokyo, Japan) and 3,3-diamino-
benzidine tetrahydrochloride (Dako, Glostrup, Denmark).
The slides were counterstained with hematoxylin and
mounted with Malinol (Muto Pure Chemicals Co., Ltd.,
Tokyo, Japan).

Carcinoma cells with moderate or strong nuclear
HMGA1 staining were counted as HMGA1-positive, while
cells with weak nuclear staining and/or diffuse cytoplas-
mic staining were counted as negative. Cells with nuclear
�-catenin staining were judged as �-catenin-positive,
and those with membrane-associated �-catenin or no
�-catenin staining were counted as negative. Positive
nuclear staining for HMGA1 or �-catenin was exemplified
in adenocarcinoma. HMGA1-positive cells and �-cate-
nin-positive cells were quantitatively assessed by count-
ing carcinoma cells (mean, 233; range, 110 to 450) in the
same tissue samples.

To observe fluorescent images, mouse tissues were
fixed in 4% paraformaldehyde for 3 hours, incubated in
20% sucrose overnight, and frozen in Tissue-Tek optimal
cutting temperature embedding compound (Sakura Fine-
technical Co., Ltd., Tokyo, Japan). Embedded frozen tis-
sues were sectioned at 5 �m.

Statistical Analysis

Statistical analyses were performed using JMP 7.0.1 for
Windows software (SAS Institute Inc., Cary, NC). Signifi-
cant differences in real-time PCR quantification were
evaluated using two-tailed paired t-tests. The association

between HMGA1-positive cells and �-catenin-positive cells
was analyzed using Pearson’s correlation coefficient, which
varies from a perfect negative correlation (�1) to a perfect
positive correlation (�1). Statistical significance was con-
sidered at a probability level of 0.05 or less.

Results

HMGA1 Maintains Proliferation of Gastric
Cancer Cells in Association with �-Catenin

Several reports have shown that HMGA1 is overex-
pressed in gastric cancer,13,26,27 but the precise role of
HMGA1 in the malignant phenotype remains undeter-
mined. To examine the expression status of HMGA genes
in human gastric cancer cells, we performed reverse
transcription (RT)-PCR (Figure 1A). HMGA1 was ex-
pressed in all four gastric cancer cell lines (HSC39,
HSC57, AGS, and KATO-III), whereas HMGA2 expres-
sion was not detected in any of the gastric cancer cells
studied. In normal stomach tissue, HMGA1 was ex-
pressed at low levels, while HMGA2 was not detected. As
a control, both HMGA1 and HMGA2 transcripts were
found in HEK293 and Panc1 cells. To test the effect of
HMGA1 on cell proliferation, we used siRNAs against
HMGA1 or HMGA2 transcripts, whose knockdown effects
have been previously demonstrated at both the RNA and
protein levels.15 Western blot analysis showed that
HMGA1 was expressed and depleted by the specific
knockdown in AGS and HSC57 cells (Figure 1B). Quan-
titative RT-PCR analysis showed that HMGA1 was equally
down-regulated by two distinct siRNAs in AGS cells (Fig-
ure 1C), and in HSC57 and KATO-III cells (data not
shown). Notably, the knockdown of HMGA1 significantly
reduced the growth rate of the gastric cancer cells
studied, compared with the use of control and HMGA2
siRNAs. Cell death was assessed by fluorescence ac-
tivated cell sorting analysis and was not increased
under knockdown conditions (data not shown). These
results indicate that HMGA1 is involved in maintaining
the proliferation of the gastric cancer cells.

Nuclear localization of �-catenin, a hallmark of Wnt/�-
catenin signaling activation, is found in approximately
30% to 50% of gastric cancer tissues and in many kinds
of gastric cancer cell lines.23,28 Our expression studies
showed that transcripts for �-catenin and c-myc, known
as key factors in the Wnt/�-catenin pathway, were ex-
pressed in the gastric cancer cells studied (Figure 1A).
To assess the effect of the Wnt/�-catenin pathway on
HMGA1 expression, quantitative RT-PCR was performed
following the selective knockdown of �-catenin or c-myc
(Figure 1C). The depletion of either �-catenin or c-myc
significantly reduced the expression of HMGA1 (P �
0.01), as did HMGA1 knockdown. In addition, the loss of
�-catenin also decreased c-myc and cyclin D1 tran-
scripts. Since the knockdown of �-catenin or c-myc re-
duced HMGA1 expression by approximately 50%, we
examined whether other factors may mediate the tran-
scriptional up-regulation of HMGA1. The use of COX2
inhibitors, NS-398 and indomethacin, decreased their
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proliferation but did not affect HMGA1 expression in AGS
cells, suggesting that COX2 pathway unlikely influences
on the expression of HMGA1 (data not shown). These
results suggest that HMGA1 is involved in maintaining the
growth activities of the gastric cancer cells, by acting as
a downstream target of the Wnt/�-catenin pathway.

c-myc Induces HMGA1 Expression in the Wnt/
�-Catenin Pathway

We used HEK293 cells that have no constitutive Wnt/�-
catenin activation but accumulate nuclear �-catenin after
treatment with Wnt3a29,30 to investigate how the Wnt/�-
catenin pathway induced the expression of HMGA1. We
used a luciferase reporter assay in HEK293 cells (Figure
2A) to examine the transcriptional role of Wnt/�-catenin in
the human HMGA1 gene promoter. An E-box motif in the
HMGA1 gene promoter (at position �1353 from the tran-
scriptional start site) has been reported to bind
c-myc,10,31 and we therefore used a reporter plasmid
containing the promoter region (nucleotides �1745 to �
265) upstream of the luciferase gene. Treatment of the
cells with Wnt3a increased the HMGA1 promoter activity
by about twofold, while the depletion of c-myc reduced
the luciferase activity relative to the control. These data
suggest that the HMGA1 promoter can be induced by
Wnt3a and c-myc. Under Wnt3a treatment, we then mea-
sured the mRNA levels of endogenous HMGA1 in

HEK293 cells, using quantitative RT-PCR analysis (Figure
2B). Wnt3a up-regulated the expression of the HMGA1
and c-myc genes (P � 0.01). In addition, c-myc knock-
down reduced the expression of HMGA1 (P � 0.01)
(Figure 2C), suggesting that c-myc mediates HMGA1
expression. We treated the c-myc knockdown cells with
Wnt3a to determine whether c-myc is required for Wnt3a-
induced HMGA1 expression (Figure 2D). The depletion of
c-myc reduced HMGA1 expression in the control cells
and inhibited HMGA1 induction in Wnt3a-treated cells.
The reduction of HMGA1 by the knockdown of c-myc was
found in Wnt3a-untreated cells as well as Wnt3a-treated
cells, suggesting that c-myc maintains the basal levels of
HMGA1 expression. Collectively, these data suggest that
the expression of HMGA1 is positively controlled at least
in part via the Wnt/�-catenin/c-myc pathway.

Correlation between HMGA1 and �-Catenin
Expression in Human Gastric Cancer Tissues

To investigate the involvement of HMGA1 in Wnt/�-cate-
nin signaling in vivo, we examined 64 primary gastric
carcinoma tissues, using immunohistochemical tech-
niques (Figure 3). Representative images are shown in
Figure 3A, and the data for each tissue are summarized
in Supplemental Table 132 at http://ajp.amjpathol.org. Nu-
clear accumulation of HMGA1 and �-catenin was found
in gastric adenocarcinomas (Figure 3D–F), but not in

Figure 1. HMGA1 maintains proliferation of gastric cancer cells in association with �-catenin. A: Expression status of transcripts of HMGA1, HMGA2, c-myc, and
�-catenin in human gastric cancer cells. RT-PCR was performed using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a control. Gastric cancer cell lines
are HSC39, HSC57, AGS, and KATO-III. Normal stomach tissue, HEK293 cells, and Panc1 pancreatic cancer cells are used as controls. B: Effect of HMGA1 and
HMGA2 knockdown on cell proliferation. The cell numbers were determined on days 0, 2, 4, and 6 after the small interfering (si)RNA-mediated knockdown. The
knockdown efficiencies with individual siRNAs are shown in the right panel and in C (left panel). Results were obtained from three independent experiments.
Error bars indicate SD. C: Effect of �-catenin and c-myc knockdown on HMGA1 expression. Quantitative RT-PCR was performed in �-catenin and c-myc-
knockdown AGS cells. The relative mRNA levels with the use of control siRNAs were normalized to 1. cyclin D1 and tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein, zeta polypeptide (YWHAZ) genes were used as controls. Values are given as means and standard deviations from more than
three independent experiments. **P � 0.01 when compared with control cells.
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normal stomach tissues (Figure 3A, A–C). High HMGA1
expression was found in 36 out of the 64 gastric carci-
nomas studied (56.3%), where HMGA1 was densely
stained in the nuclei of more than 30% of the cancer cells
(Figure 3G). Similarly, �-catenin was highly expressed in
23 out of 64 cancer tissues (35.9%), where nuclear
�-catenin was detected in more than 30% of the cancer
cells. As in Figure 3D–F, high expression of both HMGA1
and �-catenin was observed in nine carcinoma tissue

samples. To assess the correlation between HMGA1
and �-catenin expression, we compared the percent-
ages of HMGA1-positive cells and nuclear �-catenin-
positive cells in the same samples (Figure 3H) and ana-
lyzed the results using Pearson’s correlation coefficient
analysis. There was a positive correlation between
HMGA1-positive and �-catenin-positive cells in the gas-
tric cancer tissues (r � 0.54, P � 0.0001). In addition,
there was no significant correlation of the expression
status of HMGA1 or �-catenin with the histological type of
gastric cancers (Supplemental Table 132 at http://ajp.
amjpathol.org). These results suggest that enhanced ex-
pression of HMGA1 is correlated with Wnt/�-catenin sig-
naling in naturally occurring gastric cancer.

Generation of Hmga1-EGFP Knock-In Mice

To visualize the expression of Hmga1 in vivo, we gener-
ated knock-in mice harboring the Hmga1 gene fused to
the EGFP gene (Hmga1-EGFP). The mouse Hmga1 gene
has five exons (Figure 4A), and EGFP-IRES-neo was in-
serted into exon 5 of the Hmga1 gene in-frame, together
with a deletion of the stop codon of the gene, through
homologous recombination. The targeted knock-in allele
resulted in expression of the Hmga1-EGFP fusion gene,
driven by the endogenous promoter. After mouse ES
cells were transfected with the targeting vector and se-
lected by EGFP-positive and neomycin selection, we
confirmed the occurrence of the expected homologous
recombination in the cells by Southern blot analysis (Fig-
ure 4B). We obtained heterozygous mice (Hmga1-EGFP/
wild-type), and then homozygous mice (Hmga1-EGFP/
Hmga1-EGFP), as indicated in Figures 4C and 4D. A
fluorescent macroscopic analysis of adult mice revealed
that Hmga1-EGFP was markedly expressed in testis, ce-
rebrum (Cx), cerebellum (Ce), Payer’s patch (P), thymus,
and spleen (Figure 4E). Low levels of Hmga1-EGFP were
found in the kidney and liver (data not shown). In the
stomach, it was of interest that Hmga1-EGFP was highly
detected in the forestomach (Fs), but not in the glandular
stomach (Gls), which is homologous to human stomach
tissue. These observations not only agreed with a previ-
ous report on Hmga1 mRNA levels in tissues,33 but also
determined the distribution of Hmga1 in specific parts of
living tissues and organs.

Tumor-Associated Expression of HMGA1 in
K19-Wnt1/C2mE/Hmga1-EGFP Mice

K19-Wnt1/C2mE transgenic mice have been reported to
simultaneously overexpress Wnt1, COX-2, and prosta-
glandin E synthase-1 in gastric epithelial cells under the
control of the K19 gene promoter, which is transcription-
ally active in the gastric epithelium,24 resulting in the
development of dysplastic gastric tumors at the upper
glandular stomach, with similar histology to human gas-
tric adenocarcinomas. We examined the expression sta-
tus of Hmga1 in K19-Wnt1/C2mE mice using RT-PCR and
found that it was highly expressed in stomach tumors in
these mice, compared with age-matched and non-can-

Figure 2. The wnt/�-catenin/c-myc pathway induces expression of
HMGA1. A: Effect of Wnt3a and c-myc knockdown on human HMGA1 gene
promoter. The human HMGA1 promoter (the region from �1745 to � 265
from the transcriptional start site, containing the E box that binds c-myc-
luciferase construct25 was introduced into HEK293 cells, together with phRL-
SV40 (1 ng). Luciferase activities were checked 48 hours after transfection
using the dual luciferase reporter assay. Luciferase activities of the control
were normalized to 100. **P � 0.01 when compared with control cells. B–D:
Expression of endogenous HMGA1 and c-myc genes. Quantitative reverse
transcription-polymerase chain reaction (RT-PCR) analysis of HMGA1 and
c-myc transcripts in HEK293 cells was performed using Wnt3a-treatment (B),
c-myc knockdown (C), and a combination of Wnt3a and c-myc knockdown
(D). The depletion of c-myc inhibited Wnt3a-induced HMGA1 expression.
The relative control mRNA levels were normalized to 1. Values are given as
means and standard deviations from more than three independent experi-
ments. Asterisks indicate statistically significant differences compared with
control cells (*P � 0.05, **P � 0.01).
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cerous glandular stomach controls (*P � 0.05 and **P �
0.01) (Figure 5A). We also determined the levels of
Hmga1 expression in the forestomach, glandular stom-
ach, and tumors, using quantitative RT-PCR (Figure 5B).
The mRNA levels of Hmga1 in the forestomach showed
no significant differences between wild-type and K19-
Wnt1/C2mE mice, and were normalized to 1, based on
more than three independent experiments. In wild-type
mice, the expression levels of Hmga1 in the glandular
stomach were about 50% lower than those in the fores-
tomach. In contrast, the expression of Hmga1 was in-
creased in the glandular stomach in K19-Wnt1/C2mE
mice (P � 0.01). Moreover, Hmga1 expression was mark-
edly increased in the tumor tissues (P � 0.01). In addition
to Hmga1 induction, Wnt1 and cytokeratin 19 (K19) were
also highly expressed in the glandular stomach and the
tumors (P � 0.01). The expression level of endogenous
Wnt1, which was detected by the 3� untranslated region
of the mRNAs, did not increase in K19-Wnt1/C2mE mice
(data not shown). Further, the expression of cyclin D1 and
the proliferation marker Ki-67 significantly increased in
the glandular stomach and the tumors (P � 0.01), sug-
gesting the hyperproliferative state in these tissues. Nu-
clear localization of �-catenin was mostly found in the
tumors (data not shown, and24). Furthermore, tumor for-
mation and invasion into the smooth muscle layers was
observed histologically in K19-Wnt1/C2mE mice at 50
weeks of age (Figure 5C).

To visualize Hmga1 expression in vivo, we mated K19-
Wnt1/C2mE mice with Hmga1-EGFP mice and investi-
gated whether the development of gastric tumors was
related to Hmga1 expression in the K19-Wnt1/C2mE

mice using fluorescent macroscopic analysis (Figure
5D). As in the Hmga1-EGFP mice, Hmga1-EGFP expres-
sion was found in the forestomach, rather than the glan-
dular stomach, in the K19-Wnt1/C2mE/Hmga1-EGFP
mice. In contrast, tumor tissues raised in the glandular
stomach of the K19-Wnt1/C2mE/Hmga1-EGFP mice
showed increased expression of Hmga1-EGFP at 30 and
50 weeks of age. These observations demonstrated the
oncogenic induction of Hmga1 in vivo, and were consis-
tent with the mRNA levels of Hmga1 found in the fores-
tomach, glandular stomach and tumor tissues (Figure
5B). With fluorescence microscopy using sliced tissues,
we further analyzed the expression of Hmga1-EGFP
at the cellular level (Figure 5E). Hmga1-EGFP signals,
as well as 4,6-diamidino-2-phenylindole-stained nuclei,
were detected in the forestomach, especially along the
upper border of the glandular stomach, in Hmga1-EGFP
mice at 30 weeks of age, while most of tumor cells emerg-
ing in the upper glandular stomach showed Hmga1-
EGFP expression in K19-Wnt1/C2mE/Hmga1-EGFP mice
(See Discussion).

To confirm the induction of HMGA1 by the Wnt/�-
catenin pathway in vivo, we finally examined the expres-
sion of Hmga1-EGFP in K19-Wnt1/Hmga1-EGFP mice
with K19 promoter-induced expression of Wnt1 alone
(Figure 5F). K19-Wnt1 mice had the expansion of undif-
ferentiated progenitor cell population in the glandular
stomach but did not show the dysplastic tumors in
stomach.24 An immunohistochemical analysis using
anti-GFP antibodies demonstrated enhanced expres-
sion of Hmga1-EGFP at the middle and lower fundic
glands in the glandular stomach of these mice. Collec-

Figure 3. Correlation between HMGA1 and
�-catenin expression in human gastric cancer tis-
sues. Serial sections of normal stomach (A–C) and
gastric adenocarcinoma (D–F). Normal and non-
cancerous tissues showed very weak staining for
HMGA1 and nuclear �-catenin. In contrast,
HMGA1 and �-catenin were highly accumulated
in the nuclei of cancer cells. H&E staining (A, D),
immunostaining for HMGA1 (B, E), and nuclear
�-catenin (C, F). Scale bar � 100 �m. G: Percent-
age of HMGA1-positive cells and �-catenin-posi-
tive cells in gastric cancer tissues. High expression
of HMGA1 was found in 36 out of 64 (56.3%)
human primary gastric carcinomas studied, where
HMGA1 was densely stained in the nuclei of more
than 30% of the cancer cells. Nuclear expression of
�-catenin was detected in 23 out of 64 cancer
tissues (35.9%), where nuclear �-catenin was
stained in more than 30% of the cancer cells. H:
Percentage correlations between HMGA1-positive
cells and �-catenin-positive cells in gastric cancer
tissues. HMGA1-positive cells and �-catenin-posi-
tive cells were counted in the same samples
(mean, 233; range, 110 to 450). Data were ana-
lyzed using Pearson’s correlation coefficient. Sup-
plemental Table S132 at http://ajp.amjpathol.org
shows a summary of tumor grade and stage and
the immunohistochemical data.
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tively, these results suggest that HMGA1 expression is
induced by the Wnt/�-catenin pathway and maintains the
proliferation of gastric tumor cells.

Discussion

Although gastric cancer is one of the most common
malignancies, the molecular basis of its oncogenesis
remains to be elucidated. The present study revealed
that activation of the Wnt/�-catenin pathway induces
HMGA1 expression through c-myc, resulting in the main-
tenance of proliferation of gastric cancer cells. Our data
indicate that: (i) HMGA1 promotes proliferation of gastric
cancer cells, (ii) Wnt/�-catenin signaling induces expres-
sion of HMGA1, depending on c-myc, (iii) a correlation
between HMGA1-positive cells and �-catenin-positive
cells exists in human gastric cancer tissues, (iv) Hmga1-
EGFP knock-in mice visualize endogenous Hmga1 ex-
pression in the forestomach, rather than the glandular
stomach, and (v) K19-Wnt1/C2mE/Hmga1-EGFP mice
show that the expression of Hmga1 coexists with high
levels of Wnt1 in cancerous glandular stomach. These
findings suggest that HMGA1 expression plays an impor-

tant role in the maintenance of proliferative activities and
tumor formation in gastric cancer.

Previous studies reported that HMGA1 was overex-
pressed in a broad range of human cancers, including
gastric cancer,13,26,27 and that it correlated with the oc-
currence of metastasis and poor prognoses.11,12,14 We
showed that HMGA1, but not HMGA2, was expressed in
the gastric cancer cells studied, and that the depletion of
HMGA1 significantly reduced the growth of these cells,
suggesting that HMGA1 is involved in their proliferation.
Despite the increasing evidence implicating HMGA1 in
cancer development and progression, the molecular mech-
anisms of HMGA1 reactivation in malignant changes re-
main undetermined. Several factors responsible for the
induction of HMGA1 expression have been identified,
including serum, epidermal growth factor, fibroblast
growth factor, hypoxia, and oncogenic Ras, in addition to
transcription factors such as AP-1, c-myc and N-myc,
which directly target the HMGA1 promoter.7,10,25,33,34

Our data first demonstrate that the Wnt/�-catenin path-
way is linked to HMGA1 induction, leading to prolifera-
tion, in human gastric cancer. The Wnt/�-catenin path-
way positively controls HMGA1 gene at least in part via

Figure 4. Characterization of Hmga1-EGFP
knock-in mice. A: Generation of Hmga1-EGFP
knock-in mice. Schematic representation of the
mouse Hmga1 gene locus and targeting con-
struct are shown. In the knock-in type allele
(EGFP), a 2.5-kb 5� arm of homology (EcoRI to
BamHI) containing exons 3, 4, and 5 before the
stop codon was fused to the EGFP gene, IRES
and neo sequences linked to a 4-kb 3� arm of
homology (XbaI/SpeI to MluI) containing exon
5 after the stop codon. B: Southern blot analysis
using the indicated probe was performed to
identify the embryonic stem (ES) cells that had
correctly incorporated the targeting construct
into the genome. C, D: The genotype of the
Hmga1-EGFP knock-in mice was determined by
Southern blot analysis (C) and polymerase chain
reaction (D) of genomic DNAs using specific
primers (a: 5�-TCATCCCCCTTTTGCAGAGG-3�,
b: 5�-CGCTCCTGGACGTAGCCTTC-3�, c: 5�-TAC-
CTGCCCATTCGACCACC-3�, d: 5�-ACAGGGACT-
GAGCCGAATCC-3�). E: Expression of Hmga1-
EGFP protein in the knock-in mice. Fluorescent
macroscopic analysis demonstrated the expres-
sion of Hmga1-EGFP in testis, cerebrum (Cx), cer-
ebellum (Ce), Payer’s patch (P), thymus, spleen,
kidney and forestomach (Fs), but not in kid-
ney and glandular stomach (Gls). Homozy-
gous (EGFP/EGFP), heterozygous (EGFP/wt),
and wild-type (w/w) mice are indicated.
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c-myc. In addition, other factors may mediate the tran-
scriptional up-regulation of HMGA1. As shown in Figure
2D, c-myc was involved in maintaining HMGA1 expres-
sion in the absence of Wnt3a. The high expression of
HMGA1 in some patients completely lacked nuclear
�-catenin expression in the gastric cancers (Figure 3C).
For these reasons, we checked whether the COX2 sig-
naling is involved in HMGA1 regulation. However, the use
of COX2 inhibitors had little effect on HMGA1 expression
in gastric cancer cells (data not shown). On the other
hand, we recently reported that HMGA2, but not HMGA1,
is involved in the maintenance of oncogenic RAS-in-
duced epithelial–mesenchymal transition in human pan-
creatic cancer cells.15 This may be related with the fact
that HMGA2 is primarily expressed in undifferentiated
tissues of mesenchymal origin. Specific knockdown of
HMGA2 inhibited proliferation of pancreatic cancer cells,
notably leading to a transition to the epithelial state by
up-regulation of E-cadherin. HMGA2 was induced by the
oncogenic RAS pathway in pancreatic cancer, while this
is not the case of gastric cancer. Thus HMGA proteins
are likely to be induced by oncogenic pathways and
contribute to malignant phenotypes in a cancer-specific
manner.

The functional activation of Wnt/�-catenin may be re-
sponsible for gastrointestinal tumorigenesis,35–37 where
c-myc and cyclin D are key downstream effectors of the
canonical Wnt pathway. Mutations of the adenomatous
polyposis coli, axin, and �-catenin genes are common in
colorectal cancer, and alterations of the E-cadherin gene
occur in familial gastric cancer.38 To demonstrate that
HMGA1 is a downstream factor in the Wnt/�-catenin/c-
myc pathway in gastric cancer cells, we showed that
HMGA1 was induced by Wnt3a in proliferating cells, and
that there was a close correlation between the expression
of HMGA1 and �-catenin in gastric cancer tissues. In
K19-Wnt1/Hmga1-EGFP mice, Hmga1 expression in the
proliferative glandular stomach also increased during the
overexpression of Wnt1 alone. Thus the expression of
HMGA1 via the Wnt/�-catenin pathway may be one of the
common mechanisms in oncogenesis. Since both Wnt/�-
catenin and HMGA1 are actively expressed during orga-
nogenesis, these proteins would have an essential role in
gut development, as well as tumorigenesis.

HMGA1 has previously been reported to be expressed
during embryogenesis, whereas it has shown negligible
expression in normal adult tissues.7 Our investigations
using Hmga1-EGFP mice, however, detected Hmga1 in

Figure 5. Tumor-associated expression of Hmga1 in K19-Wnt1/C2mE/Hmga1-EGFP mice. A: Expression of Hmga1 in mouse stomach tissues. RT-PCR analysis
of Hmga1 was performed using stomach and tumors from age-matched wild-type and K19-Wnt1/C2mE mice. The relative mRNA levels in wild-type mice (33w)
were normalized to 1. *P � 0.05, **P � 0.01 when compared with control cells. B: Expression of Hmga1 in the forestomach, glandular stomach, and tumor. Using
quantitative RT-PCR, the mRNA levels of Hmga1 in the forestomach (Fs) were normalized to 1. Expression of Wnt1, cytokeratin 19 (K19), cyclin D1, and Ki-67
was also shown. **P � 0.01 when compared with control cells. C: H&E staining of stomach tumors in K19-Wnt1/C2mE mice at 50 weeks of age. The dysplastic
tumors invaded into the smooth muscle layers. Scale bar � 100 �m. D: Induced expression of Hmga1-EGFP in tumor tissues. Fluorescent macroscopic analysis
of the stomach tissues from Hmga1-EGFP mice at 30 weeks of age, and K19-Wnt1/C2mE/Hmga1-EGFP mice at 30 and 50 weeks of age was performed. Scale
bar � 1 mm. The indicated region is magnified in the right panel. E: Expression of Hmga1-EGFP in the forestomach close to the glandular stomach and in most
tumor cells. Frozen samples of the stomach from Hmga1-EGFP mice and K19-Wnt1/C2mE/Hmga1-EGFP mice were examined by fluorescence microscopy. Scale
bar � 100 �m. F: Expression of Hmga1-EGFP in non-cancerous glandular stomach from K19-Wnt1/Hmga1-EGFP mice. H&E staining (left) and immunostaining of
Hmga1-EGFP (right) of the glandular stomach from Hmga1-EGFP mice and K19-Wnt1/Hmga1-EGFP mice at 30 weeks of age. Scale bar � 100 �m.
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specific adult tissues, including the testis, brain, Payer’s
patch, thymus, spleen, and forestomach, together with
the very low expression in the kidney and liver. This is the
first mouse model that can visualize the expression of
endogenous Hmga1 in living tissues and organs. Al-
though dominantly expressed during embryogenesis,
this protein may retain a biological function during the
postnatal and adult stages. Indeed, it was reported
that HMGA1 is required for T cell differentiation through
the regulation of interleukin-2 and interleukin-2 recep-
tor �-chain expression,39 – 41 which may be related to its
expression in lymphoid tissues in Hmga1-EGFP knock-
in mice.

In this study, Hmga1-EGFP was densely detected in
the forestomach, especially along the upper boundary of
the glandular stomach, in Hmga1-EGFP mice. Previous
and our studies showed that K19-Wnt1/C2mE mice usu-
ally develop dysplastic tumors in the proximal glandular
stomach, close to the boundary with the forestomach.24

There is the possibility that a cancer-initiated microenvi-
ronment is present in the proximal glandular stomach
near the forestomach, where epithelial cells and the sur-
rounding interstitial cells substantially transit and are
exposed to the gastric acid. Since Hmga1 inhibits the
retinoblastoma protein, leading to the activation of E2F-
target genes,42 Hmga1 may be likely implicated in the
tumor development. Epithelial cells in the glandular stom-
ach were also reported to exhibit intermediate character-
istics between those of the forestomach and the duode-
num in response to growth factors.43 Hmga1-EGFP
knock-in mice will prove useful for further investigations
into the tissue-specific function of Hmga1 and the role of
this protein in cancer and stem cell biology.
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