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Abstract
Inhibitor of growth 2 (ING2) is associated with chromatin remodeling and regulation of gene
expression by binding to a methylated histone H3K4 residue and recruiting HDAC complexes to the
region. The aim of our study is to investigate the regulation of ING2 expression and the clinical
significance of upregulated ING2 in colon cancer. Here, we show that the ING2 mRNA level in colon
cancer tissue increased to more than twice than that in normal mucosa in the 45% of colorectal cancer
cases that we examined. A putative NF-κB binding site was found in the ING2 promoter region. We
confirmed that NF-κB could bind to the ING2 promoter by EMSA and luciferase assays. Subsequent
microarray analyses revealed that ING2 upregulates expression of matrix metalloproteinase 13
(MMP13), which enhances cancer invasion and metastasis. ING2 regulation of MMP13 expression
was confirmed in both ING2 overexpression and knock down experiments. MMP13 expression was
further induced by coexpression of ING2 with HDAC1 or with mSin3A, suggesting that the ING2-
HDAC1-mSin3A complex members regulates expression of MMP13. In vitro invasion assay was
performed to determine functional significance of ING2 upregulation. ING2 overexpressed cells
exhibited greater invasive potential. Taken together, upregulation of ING2 was associated with colon
cancer and MMP13-dependent cellular invasion, indicating that ING2 expression might be involved
with cancer invasion and metastasis.
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Colorectal cancer is the third most common type of cancer in the United States, with an
estimated 148,810 new cases and the second leading cause of cancer-related deaths in the
United States, with an estimated 49,960 deaths in 2008.1

Inhibitor of growth 2 (ING2), which is a member of ING gene family, was identified by
searching EST databases for any similarity to the ING1 gene. A previous report has shown that
the ING2 mRNA is expressed in testis at the highest level among normal tissues, and also
emphasizes that ING2 mRNA expression is remarkably increased in colon cancer tissue
compared to nonmalignant tissue.2 ING2 as well as ING1b are considered to be candidate
tumor suppressor genes, which cooperate with p53 and share many biological functions, such
as apoptosis, cell cycle regulation and senescence.3-7 Our recent report has shown that ING2
expression is suppressed by nutlin-3a-induced p53, resulting in the induction of senescence in
normal human fibroblasts and a cancer cell line.8 ING family proteins functionally form
complexes with several factors possessing intrinsic histone acetyltransferase (HAT) and
histone deacetylase complex (HDAC) activities, thus, linking the function of ING genes to
chromatin remodeling and transcriptional regulation through histone modifications.9-15

Among ING proteins, ING2 especially has a potential ability to bind to the trimethylated
histone H3 at lysine 4 (H3K4me3). H3K4me3 correlates with transcriptional activation, while
methylations occurred at many other histone residues are associated with transcriptional
suppression.16-18 Previous reports suggest that ING2 only induces gene expression and does
not repress expression of any known genes in normal fibroblasts.19 ING2 also interacts with
phosphatidylinositol 5-phosphate (PtdIns5P).20,21 PtdIns5P, which may function in a nuclear
signaling pathway, has been implicated as a critical regulator of nuclear signaling events during
cell-cycle progression.22,23 Cellular stress, such as UV irradiation or oxidative stress, causes
the accumulation of nuclear PtdIns5P, resulting in the activation of ING2.24,25 Oxidative and
nitrosative stress are linked with inflammation-associated cancer including colon carcinoma.
26

We report here evidence that pathophysiological expression of ING2 may enhance invasion
and metastasis of colon cancer by increasing the expression of MMP13.

Material and methods
Clinical samples and RNA extraction

Five colorectal cancer samples were obtained from BD Bioscience (San Jose, CA). Additional
surgical specimens were obtained with IRB approval from 34 patients with colorectal cancer
undergoing surgical operation from 1996 to 1997 at Maryland University hospital. The median
age of the patients was 59.8 years. The carcinomas were staged according to TNM
classification. These cases included stage I, 10 cases; stage II, 9 cases; stage III, 8 cases and
stage IV, 7 cases. Malignant and adjacent nonmalignant portions of each specimen were used
for RNA extraction. Total cellular RNA was extracted using TRIzol (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions.

RNA probe for ING2 and in situ hybridization of ING2 transcripts
Colon cancer specimens were fixed in 20% phosphate-buffered formalin (pH 7.4) at room
temperature, embedded in paraffin and cut into 4 μm sections. In situ hybridization was carried
out using Digoxigenin (DIG)-labeled cRNA probes and DIG RNA Labeling Mix (Roche
Applied Science, Indianapolis, IN) according to the manufacturer’s instructions. An ING2-

Kumamoto et al. Page 2

Int J Cancer. Author manuscript; available in PMC 2010 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



specific probe was generated using T7 polymerase (Ambion, Austin, TX) and human ING2
cDNA (780 bp) inserted into pTRI-amp-18 (Ambion) that was linearized by digesting with
Xba I, followed by alkaline hydrolysis. After in vitro transcription by T7 RNA polymerase,
the product was digested with treatment of 40 mM NaHCO3 and 60 mM Na2CO3 (pH 10.2),
making each 150 bp length probe of whole ING2 cDNA.

Immunohistochemical staining
Immunohistochemical staining was performed by using serial sections of paraffin-embedded
colon cancer specimens. Antigen retrieval and immunochemical staining were performed as
previously described.27 Sections were incubated with a 1:100 dilution of the rabbit polyclonal
anti-ING2, which was generated against C-terminal 14mer amino acid of ING2.

Cell culture and reagents
Cultured human colon cancer cell lines including DLD-1, LS174T, RKO, SW620, SW837 and
WiDr as well as a human kidney cell line, 293, were originally obtained from the American
Type Culture Collection (Rockville, MD). The HCT116 human colon cancer cell lines (p531
+/+ and p53-/-) were kindly provided by Dr. Bert Vogelstein (Johns Hopkins University School
of Medicine, Baltimore, MD). These cells were grown at 37°C in the presence of 5% CO2 in
the recommended media. In all experiments, cells were plated for 48 hr before treatment.
Wedelolactone (Calbiochem, San Diego, CA), MG132 (Sigma), doxorubicin (Sigma, St.
Louis, MO) and a MMP13 inhibitor (Calbiochem) were used at the indicated concentrations.
These compounds were dissolved in dimethyl sulfoxide (DMSO).

Realtime reverse-transcription PCR (RT-PCR) analysis of mRNA expression
Total RNA from each cultured cell line was extracted using TRIzol (Invitrogen) according to
the manufacturer’s protocol. Five micrograms of total RNA were used for the synthesis of first-
strand cDNA using the SuperScript III First Strand cDNA Synthesis Kit (Invitrogen) following
the manufacturer’s instructions. In the conventional PCR, ING2 and β-actin mRNA transcripts
were amplified, respectively, using the following primer sets: forward 5′-
GCGAGAGCTGGACAACAAAT-3′; reverse 5′-GACACTTG GTTGCATAAGCAG-3′;
forward 5′-GCTCGTCGTCGACAACGGCTC-3′ and reverse 5′-
CAAACATGATCTGGGTCATCTTCTC-3′. Realtime RT-PCR analysis was performed using
ABI prism 7500 (Applied Biosystems, Foster City, CA) with a TaqMan probe provided by the
manufacturer. The TaqMan probes used for the real-time PCR analysis were: ING2 (Id
Hs00357543_m1), MMP13 (Id Hs00233992_m1), β-actin (Id Hs99999903_m1) and GAPDH
(Id Hs99999905_m1). The relative amount of targeted gene’s transcripts was normalized by
the amount of β-actin or GAPDH transcript in the same cDNA.

Nuclear extract preparation, western blot analysis and immunoprecipitation
The nuclear extraction was performed using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Pierce, Rockford, IL) according to the manufacturer’s protocol. Protein lysates were
prepared as described previously.28 For immunoprecipitation, 293 cells transfected with
FLAG-ING2 expression plasmids were harvested at 48 hr posttransfection. The cellular
extracts (400 μg) were immunoprecipitated with FLAG M2 resin (Sigma) for 4 hr at 4°C,
centrifuged and washed. Protein aliquots were separated on SDS-polyacrylamide gels and
transferred onto nitrocellulose membranes. Blots were probed with a primary antibody for 1
hr at room temperature, and then incubated with a horseradish peroxidase-conjugated
secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 30 min at room
temperature. Bound antibodies were detected by the enhanced chemiluminescence (ECL)
detection reagents (Amersham Pharmacia Biotech, Piscataway, NJ) and visualized by
autoradiography. The primary antibodies used for western blot analysis were: mouse
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monoclonal anti-phospho-NF-κB p65 (Cell signaling technology, Danvers, MA), mouse
monoclonal anti-p65, rabbit polyclonal anti-mSin3A, rabbit polyclonal anti-HDAC1 (Santa
Cruz Biotechnology), mouse monoclonal anti-FLAG M2, mouse monoclonal anti-β-actin
(Sigma), rabbit polyclonal anti-α-lamin A/C (Santa Cruz Biotechnology) and rabbit polyclonal
anti-ING2.

Electrophoretic mobility shift analysis for NF-κB
Electrophoretic mobility shift assays (EMSAs) were performed using the LightShift
Chemiluminescent EMSA Kit (Pierce). Recombinant NF-κB p50 protein (Promega, Madison,
WI) and nuclear extracts of cells were added to the reaction. Biotin end-labeled, double-
stranded oligonucleotides, which contain a putative NF-κB consensus binding site (5′-
CGCCGAGGGGATCCCCACTGCT-3′) on the ING2 regulatory region, were then added to
the reaction mixtures and incubated for 20 min at room temperature. In competition
experiments, unlabeled oligonucleotides (100-fold excess) were incubated with the extracts
for 5 min before adding the labeled probe. For super-shift experiments, each anti-p50 and anti-
p65 antibody (Rockland Immunochemicals, PA) was added to the reaction mixture prior to
adding the labeled probe, and the incubation was continued for 20 min at room temperature.
The oligonucleotides used in our study were as follows: NF-κB consensus sequence
(consensus) 5′-AGTT GAGGGGACTTTCCCAGGC-3′ and cAMP responsive element
binding protein consensus sequence (CREB) 5′-AGAGATTGCCT
GACGTCAGAGAGCTAG-3′. Aliquots of these mixtures were loaded onto a 6%
polyacrylamide gel (Invitrogen) with 0.5× tris-glycine as the running buffer and transferred to
a nylon membrane. Biotin end-labeled DNA and DNA—protein bands were visualized by
autoradiography.

Detection of the ING2 promoter activity
The reporter constructs of the ING2 promoter (A) containing a −1,251 to +140 region, (B)
containing a −162 to +140 region and (C) containing a +64 to +140 region from the putative
transcription start site were prepared by PCR amplification from the human genomic DNA of
Beas2B, which is the aneuploid Ad12-SV40 immortalized cell line derived from a normal
human lung epithelial cell,29 and cloned into the pGL-3 basic vector (Promega). The luciferase
reporter assay was performed using a dual luciferase reporter assay system (Promega). A pGL3
firefly luciferase-reporter plasmid (1.6 μg) of each construct (A—C) were cotransfected with
a 0.16 μg of the pRL Renilla luciferase plasmid into cells cultured in 12-well plates using the
Lipofectamine 2000 reagent (Invitrogen). Cell lysates were obtained by adding 250 μl of cell
lysis buffer per well. Luciferase activity was measured by using 20 μl of cell lysate per assay
tube in a single-photon channel of a scintillation counter (Beckman, Fullerton, CA). The level
of firefly luciferase activity was normalized by that of the Renilla luciferase activity in each
experiment.

Plasmids and adenovirus constructs
The cells (1 × 106) were seeded in 6-well plates, 1 day before the transfection. The cells were
transfected with the pcDNA3.1-ING2 vector using the Lipofectamine 2000 (Invitrogen) as
previously described.3 FLAG tagged ING2 expression vector using FLAG-CMV-6 vector
(Sigma) was generated and transfected into cells for IP western assays. Each HDAC1 and
mSin3A cDNA was generated by PCR amplification from the human genomic DNA of
Beas2B, and inserted into pcDNA3.1 vector (Invitrogen). Control cells were transfected with
the same amount of pcDNA3.1 vectors. The ING2 complete cDNA expression vector with a
cytomegalo-virus promoter was transferred into an adenovirus-packing cell line following the
manufacturer’s instructions. The recombinant plasmids were linearized and propagated in
HEK293 cells, and high-titer purified preparations (~1010 plaque-forming units/ml) were
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generated by the Gene Expression Laboratory of NCI-Frederick (Frederick, MD). The
transfection efficiency of HCT116 cell lines was determined by counting GFP-positive cells
at 24 and 48 hr postinfection. GFP gene expression in HCT116 cells treated with the GFP
inserted adenovirus (adeno-GFP) at a multiplicity of infection (MOI) of 10 was observed in
approximately 90% of the cells. The optimization of transfection in LS174T and SW620 was
determined in the same way. LS174T and SW620 were infected with 50 and 20 MOI,
respectively. Viral infection was allowed to proceed for a further 24–48 hr.

Microarray analysis
Microarray experiments were performed as previously described.30 Samples for the microarray
experiments were prepared as follows: both HCT116 p53+/+ andHCT116 p53-/- cells were
infected with 10 MOI adeno-ING2 or same amount of adeno-GFP. Cells were harvested at 48
hr after the transfection. The data analysis was performed using the BRB Array Tools
(http://linus.nci.nih.gov/BRB-ArrayTools.html). The basic raw data and derived ratio
measurements were then uploaded to the National Cancer Institute Micro-Array Database
system, which provides the bioinformatics and analysis tools necessary for the interpretation
of gene expression data.

ELISA
To analyze NF-κB binding activity, NF-κB, p65 ELISA kit was purchased from Assay designs
(Ann Arbor, MI) and performed according to the manufacturer’s protocol. The assay uses
streptavidin-coated plates with bound NF-κB biotinylated-consensus sequence to capture only
the active form of NF-κB. The nuclear extracts of all cell lines (each 1 μg) were applied for
this experiment.

MMP13 in the culture supernatants was measured by a sandwich enzyme-linked immunoassay
using the MMP-13 ELISA Kit (Calbiochem) following the manufacturer’s instructions.

Knock down of p65 and ING2 expression using siRNA
siRNA oligonucleotides for NF-κB p65 (sc-29410) was purchased from Santa Cruz
Biotechnology. Three kinds of siRNAs were prepared for knocking down of ING2. The ING2
siRNA sequences were designed as the following: siRNA ING2-1, 5′-
ACAUGCAGAGGAACGUGUCUGUGCU-3′; ING2-2, 5′-ACA
CAAAUGCUCGAAUUGGUGGAAA-3′; and ING2-3, 5′-
ACAUACUGCUUAUGCAACCAAGUGU-3′. The scrambled siRNA sequences were 5′-
ACAAAGUUCGCAAUUGGGUGACAAA-3′. For the siRNA transfection, 1.5 × 105 cells
were plated in 6-well plates 1 day before the transfection. Cells were transfected with 40 nM
of siRNA using Lipofectamine RNAiMAX (Invitrogen) following the manufacturer’s
instructions and harvested at 72 hr.

Invasion assay
The cell invasion assay was conducted using a 24-well BD Bio-Coat Tumor Invasion System
(BD Bioscience). Briefly, HCT116 cells were infected with either adeno-GFP or adeno-ING2
for 24 hr. Cells were harvested, seeded (5 × 103) into the top chamber and incubated at 37°C
for 22 hr. The cells were post-stained with 4 μg/ml of Calcein-AM (Molecular Probes,
Carlsbad, CA) in Hank’s buffered salt solution at 37°C, 5% CO2 for 1 hr. The labeled cells
that invaded the BD Matrigel Matrix and passed through the pores of the BD FluoroBlok
membrane were detected by fluorescence spectrometry (Victor II, Perkin—Elmer Life and
Analytical Sciences, Boston, MA).

Kumamoto et al. Page 5

Int J Cancer. Author manuscript; available in PMC 2010 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://linus.nci.nih.gov/BRB-ArrayTools.html


Results
ING2 mRNA transcripts are increased in human colon cancer tissue

Because previous report showed that ING2 mRNA transcripts were increased in colon cancer,
2 we first examined the expression of ING2 mRNA in human colorectal cancers by the
conventional RT-PCR. The ING2 mRNA level was increased in 3 out of 5 colon cancer
samples, compared to matched noncancer colon tissue (Fig. 1a, upper panel). We further
performed the real-time RT-PCR using the additional 34 colorectal cancers. β-actin was used
as an internal control. The ING2 mRNA level in cancer tissue was upregulated when compared
to nonmalignant mucosa, and the difference was statistically significant at p < 0.00001. In 18
of the 34 cases (45%), ING2 mRNA expression in cancer tissue was more than twice as high
as the expression in corresponding noncancerous tissue (Fig. 1a, lower panel). This association
was observed more prominently in patients with early stages of cancers (I and II) than in the
advanced stages (III and IV) (Fig. 1a, lower panel). To investigate the distribution of ING2
mRNA expression in colon cancer tissue, in situ hybridization was performed using a RNA
probe specific for ING2 transcripts. Figure 1b-a showed that ING2 mRNA expression, which
was detected by the antisense probe, was enhanced in cancer tissue compared to noncancerous
tissue at low magnification. More specifically, ING2 mRNA expression was found to be
upregulated in cancer cells (Fig. 1b-b and Supporting Information Fig. S1), while it was
undetectable in noncancerous mucosa and stroma (Fig. 1b-c and Supporting Information Fig.
S1). No staining was observed in cancer cells using the sense probe as a negative control (Fig.
1b-d).

We further performed immunohistochemical staining to examine ING2 protein expression in
colon cancer. In the case with highly upregulated ING2 mRNA, strong expression of ING2
was detected in both nuclear and cytoplasm of cancer cells compared to normal mucosa (Fig.
1c-a and b). No staining was observed in the case that ING2 mRNA level was not altered in
cancer tissues and normal mucosa (Fig. 1c-c).

The ING2 mRNA level correlates with protein expression in cultured human colon cancer cell
lines

The ING2 mRNA level in 8 colon cancer cell lines was determined by the real-time RT-PCR
and normalized with β-actin mRNA transcripts. The ING2 mRNA level was varied depending
on the cell lines (Fig. 1d, upper panel). In 3 of those cell lines (DLD-1, RKO and SW837),
ING2 mRNA expression was relatively higher than other cell lines. The ING2 mRNA level in
WiDr cells was the lowest among those cell lines. We further investigated whether ING2
mRNA expression correlated with ING2 protein expression. ING2 protein expression was
correlated with the mRNA level in these cell lines (Fig. 1d, lower panel, and Supporting
Information Fig. S2). The localization of endogenous ING2 protein in these colon cancer cell
lines was predominantly in the nucleus (Fig. 1e).

NF-κB activation is associated with ING2 expression in colon cancer
To explore the mechanism of the ING2 regulation in colon cancer, we analyzed the ING2
promoter regulatory region. A putative NF-κB consensus binding sequence was found around
130 bp upstream from the translational start site of the ING2 regulatory region (Supporting
Information Table S1). We first investigated the association with ING2 and NF-κB binding
activity using colon cancer cell lines by ELISA assay. The level in DLD-1, RKO and SW837
cells was much stronger than in other cell lines (Fig. 2a). Next, phospho-p65 expression was
examined by western blotting since phospho-p65 was used as the marker of activated NF-κB.
31,32 Phospho-p65 expression was detected in almost all of the colon cancer cell lines
(Supporting Information Fig. S3). The expression level was correlated with the result of ELISA
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assay in the cell lines. The level of ING2 mRNA was similar to levels of activated NF-κB as
measured by binding assays.

When RKO and SW837 cells were treated with either MG132 or wedelolactone, which were
potent NF-κB inhibitors,33,34 the ING2 mRNA level in both cell lines was remarkably
decreased in a time-dependent manner (Fig. 2b). It is well-known that a high concentration of
doxorubicin activates NF-κB.35 Therefore, HCT116 and WiDr cells, which showed the
relatively low expression of ING2, were treated with 3 μM doxorubicin. Phospho-p65
expression was increased quickly under this condition (Fig. 2c, upper panel), and ING2 mRNA
expression was upregulated in a time-dependent manner (Fig. 2c, lower panel).

We further examined a knock down effect of p65 on ING2 expression using p65 siRNA
oligonucleotides. p65 expression was reduced by treatment with p65 siRNA oligonucleotides
in both RKO and SW837 cells (Fig. 2d, upper panel). ING2 mRNA level was suppressed by
knock down of p65 in these cell lines (Fig. 2d, lower panel).

NF-κB is bound to the ING2 promoter region
To analyze the ability of NF-κB to bind the ING2 promoter regulatory region, EMSAs were
preformed. Biotin-labeled, double-stranded oligonucleotides including the putative NF-κB site
in the ING2 promoter regulatory region were generated to examine the binding with NF-κB.
The putative NF-κB site in ING2 interacted with p50, as well as typical NF-κB consensus
oligonucleotides (Fig. 3a). This binding was completely inhibited by the 100-fold excess
unlabeled oligonucleotides as a competitor and not inhibited by another transcriptional
sequence of CREB protein. Next, we prepared the nuclear extracts from HCT116 and RKO
cells to confirm the NF-κB binding to the ING2 regulatory region. The shifted-bands were
detected in the putative NF-κB site in the ING2 regulatory region (Fig. 3b). Each antibody to
p50 and p65 generated a super-shifted complex, further confirming that the binding was
specific. Moreover, when the unlabelled double-stranded oligonucleotides corresponding to
the ING2 regulatory region were used as competitors, the formation of complexes was
inhibited, supporting the specificity of the DNA-NF-κB complexes for the putative site.

Next, regulation of ING2 expression though binding to the putative NF-κB responsive element
(NRE) in ING2 promoter was examined by luciferase assay using 3 constructs including
different length of ING2 promoter region (Fig. 3c). The longest construct named “A” (−1,251
to +140) included the putative NRE (NRE: −138 to −128) with extra 1,113 bp upstream
sequence of ING2 promoter. The construct “B” (−162 to +140) included the putative NRE, but
not the extra upstream sequence, and the construct “C” (+64 to +140) did not include the
putative NRE. In RKO cells, which have high expression of phospho-p65 (Fig. 2a), promoter
activity of construct A and construct B, which have the putative NRE sequence, was almost
the same and ~4 times stronger than that of construct C, which did not include the putative
NRE sequence (Fig. 3c). The promoter activity of all constructs was very low in WiDr cells,
which have low NF-κB expression (Fig. 2a), indicating that NF-κB binds to the putative NRE
in ING2 promoter and transactivate its expression.

ING2 regulates MMP13 expression
To investigate genes that are regulated by ING2 in colorectal cancer, expression profiles
generated by microarray analysis in control virus infected cells and adeno-ING2 infected cells
were compared. ING2 protein was highly expressed in the adeno-ING2-infected cells (Fig.
4a, left panel) and the overexpression of ING2 did not affect cell growth and morphology in
HCT116 p53+/+ and p53-/- cells (Fig. 4a, right panel). As the result of microarray analysis,
matrix metalloproteinase 13 (MMP13) was upregulated in the ING2-overexpressed cells
(Supporting Information Table S2). The microarray result was verified by real-time RT-PCR.
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The MMP13 mRNA level was increased at similar level in both adeno-ING2-infected HCT116
p53+/+ and p53-/- cells compared to adeno-GFP expressed cells, though p53+/+ cells exhibited
modest changes in gene expression in response to ING2 but the p53-/- cells exhibited much
greater effects in the microarray data (Fig. 4b). To confirm this finding in other cell lines, we
further examined 2 other colon cancer cell lines, SW620 and LS174T, in which the ING2
expression was relatively low. MMP13 mRNA expression was increased by adeno-ING2
infection in both SW620 and LS174T. Next, we investigated the production of MMP13 protein
using ELISA to evaluate the correlation with the mRNA induction and its protein level. The
amount of MMP13 protein was increased in the ING2-overexpressed cells (Fig. 4c).

To further investigate the regulation of MMP13 expression by ING2, we performed the
knocking down of ING2 expression in HCT116 and SW837 cells using the 3 different ING2
siRNA oligonucleotides. ING2 protein expression was remarkably decreased by the ING2
siRNA treatments at 72 hr after the transfection (Fig. 4d, upper panel). Under this condition,
the MMP13 mRNA transcripts were also consistently downregulated in all of the ING2 siRNA-
treated cells (Fig. 4d, lower panel).

MMP13 expression was enhanced by the combination with ING2 and HDAC1
Previous reports have shown that ING2 interacted with mSin3A and HDAC1, suggesting that
ING2 was associated with chromatin remodeling.9-11 To investigate whether the association
between ING2 and these molecules affects transcriptional regulation of MMP13, we first
confirmed the interaction of these molecules by immunoprecipitation method. The expression
of mSin3A and HDAC1 was associated as estimated by IP-western assays in ING2-
overexpressed 293 cells, while no band was detected in control cells (Fig. 5a). We then
examined MMP13 expression when ING2, HDAC1 and/or mSin3A were overexpressed. ING2
or HDAC1 overexpression could induce the MMP13 mRNA expression, while MMP13
expression was not changed in mSin3A-overexpressed cells (Fig. 5b). Furthermore, the
MMP13 mRNA level was synergistically increased by the combination of ING2 and HDAC1
overexpression. Although mSin3A overexpression was not able to induce the MMP13
expression, the combination of ING2 and mSin3A could induce the MMP13 expression
synergistically (Fig. 5b).

MMP13 mRNA expression correlates with ING2 mRNA in colon cancer
On the basis of the finding that ING2 induces MMP13 expression, we investigated the
correlation between ING2 and MMP13 mRNA levels in colon cancer. MMP13 mRNA
expression was positively correlated with the ING2 mRNA in the 34 colorectal cancers, which
were used for Figure 1b (Fig. 6; p = 0.0002).

ING2-induced MMP13 increases in vitro cancer cell invasion
As MMP13 is implicated in cancer invasion and metastasis,36 we performed the invasion assay
using the ING2-overexpressing cells. The ability of invasion was significantly increased in the
ING2-overexpressing cells compared to the control cells. When cells were treated with the
MMP13 inhibitor, the ability was attenuated in the ING2-overexpressing cells (Fig. 7).

Discussion
We first investigated the ING2 expression using colon cancer samples. In approximately half
of all the cases, the ING2 mRNA level was remarkably increased in the cancer tissue compared
to the adjacent noncancerous tissue. These results were consistent with a previous report.2
Moreover, we showed that ING2 mRNA was highly expressed in carcinoma cells, when
compared to stroma cells. In these cases that ING2 mRNA level was increased in cancer tissues,
ING2 protein expression in cancer tissues was also higher than in normal tissues. When we
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examined the correlation between the ING2 protein level and its mRNA level using colon
cancer cell lines, ING2 protein expression was observed predominantly in nuclear and
positively correlated with its mRNA expression level. It has been reported that ING2 expression
was reduced in hepatocellular carcinoma and melanoma.27,37 However, it remains unclear why
ING2 expression is downregulated in hepatocellular carcinoma and melanoma. The deletion
of ING2 and the epigenetic mechanism may be related with the alteration in some of organs.
The gene regulation and functions may be different depending on the interacting proteins and
each organ. ING2 may have multiple functions like TGF-beta in cancer.

To understand why the ING2 mRNA transcripts were upregulated in cancer cells, we analyzed
the ING2 promoter region to know whether there was a consensus DNA binding site of cancer-
associated transcriptional factors. A putative NF-κB binding site was detected on the promoter.
Indeed, this sequence was a complete match with a basic NF-κB consensus sequence.38 It is
well-known that NF-κB expression is activated in several cancers including colon cancer and
is antiapoptotic.39-43 We investigated the association between ING2 mRNA expression and
NF-κB binding activity by ELISA assay and phospho-p65 expression, indicating that the level
of ING2 mRNA was correlated with NF-κB binding activity. We further demonstrated that
ING2 expression was altered by various stimulations that affected NF-κB activation or
suppression. The ING2 mRNA expression was increased by doxorubicin treatment in HCT116
and WiDr cells, and was remarkably decreased by MG132 and wedelolactone, potent NF-κB
inhibitors, in RKO and SW837 cells. Knock down of p65 induced downregulation of ING2
expression. Moreover, we confirmed the direct association between ING2 expression and the
NF-κB transcription factor using the 2 methods, EMSAs and luciferase assay. NF-κB
specifically binds to the ING2 promoter region. Therefore, NF-κB activation may be one of
the mechanisms that induce ING2 expression in colon cancer. We recently reported that ING2
expression was suppressed by p53 activation through the inhibition of Sp1 binding to the
promoter region.8 Although luciferase activity in WiDr cells was independent with NF-κB
binding, basal ING2 expression might be regulated by Sp1. ING2 is regulated by NF-κB or
p53 through the ING2 promoter regions depending on the condition. There are similar genes
that are suppressed by p53 and upregulated by NF-κB. Survivin and focal adhesion kinase
(FAK), which are well known as cancer-related genes, also have the binding sites of both p53
and NF-κB on its promoter regions.44-47 The expression of these genes is suppressed by p53
and upregulated by either NF-κB, as well as ING2.

We hypothesized that ING2 might regulate genes involved with cell proliferation, cell adhesion
and cell motility, leading us to focus on MMP13. Matrix metalloproteinases play a crucial role
in tumor cell invasion and metastasis due to their ability to digest basement membrane and
extracellular matrix components, thereby facilitating cell movement through connective
tissues.48,49 MMP13 expression was upregulated in many types of cancers, including colon
cancer.48,50-59 We demonstrated that ING2 overexpression induces MMP13 mRNA
transcripts and protein expression, and the knocked-down ING2 attenuated MMP13
expression.

Previous reports have shown that ING2 interacts with HDAC1 and mSin3A, and has a potential
ability to bind to the H3K4me3, indicating that ING2 plays an essential role for chromatin
remodeling.9-15 Hence, ING2 may have a dynamic role in regulating a subset of genes. Based
on this concept and our microarray analysis of cells overexpressing ING2, we investigated
whether these ING2 complexes could affect MMP13 expression. The combination with ING2
and HDAC1 or mSin3A overexpression remarkably enhances MMP13 expression, when
compared to only ING2 overexpression. Although HDAC1 and mSin3A are generally
corepressors,60 our novel results indicated that when complexed with ING2, HDAC1 or
mSin3A can enhance MMP13 expression. It has been reported that HDAC1 serves as a
coactivator for the gluco-corticoid receptor, and this activator function is dynamically
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modulated by acetylation.61 ING proteins including ING2 have function as critical regulators
of chromatin acetylation.11 Moreover, SIRT1 is recruited by ING proteins and inhibits R2-
associated mSin3A/HDAC1 transcriptional repression activity.62 These findings suggest that
mSin3A/HDAC1 complexes function not only as a corepressor but also as a coactivator with
interacting molecules such as ING2, which may modify HDAC1 complexes through the
acetylation and the recruitment of SIRT1. Therefore, our novel finding that MMP13 expression
was induced by the complexes of ING2 and mSin3A/HDAC1 could be reasonable.

The MMP13 mRNA level is upregulated in the colon carcinoma cells.52,53 We found a
significant positive correlation with ING2 and MMP13 mRNA expression. MMP13 is
regulated by multiple transcription factors.49,63 Our results are consistent with the hypothesis
that ING2 increases MMP13 expression by chromatin remodeling, resulting in MMP13-
dependent cancer invasion.
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Figure 1.
ING2 mRNA is upregulated in colon cancer. (a) Upper panel, RT-PCR analysis of ING2
mRNA in 5 colon cancer samples, which were purchased from BD Bioscience. β-actin was
used as the internal control. Lower panel, Results of real-time RT-PCR analyses of ING2
mRNA levels of in 34 human colon cancer tissues and corresponding nonmalignant mucosa.
Cancerous tissues (Ca) and nonmalignant mucosa (N) were pre-pared from the same patient.
Paired t test was performed to ascertain statistical significance between the amount in cancer
tissue and in nonmalignant mucosa. The ING2 and β-actin expression vector were used for
calculating the copy number. Y-axis shows the copy number of ING2 per 10,000 copies of β-
actin. (b) Representative staining of ING2 mRNA by in situ hybridization in human colon
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cancer tissues (a, b and d) and nonmalignant mucosa (c). (a) included both cancerous tissues
(Ca) and nonmalignant mucosa (N). The anti-sense probe (a, b and c) or sense probe (d) were
used for detecting the ING2 mRNA transcripts. Bar, 200 μm (a), 100 μm (b,c and d).(c) Typical
examples of immunohistochemical localization of ING2 in colon cancer cells and surrounding
nonmalignant colonic epithelia. ×40; H&E staining. The cases with upregulated ING2 mRNA
in cancer tissues (a and b) and the case with no alteration of ING2 mRNA level was seen
between cancer tissues and normal tissues (c). Ca, cancer cells; N, nonmalignant colonic
epithelial cells. (d) Upper panel, RT-PCR analysis of ING2 mRNA in 8 colon cancer cell lines.
The ING2 expression was normalized by β-actin. Lower panel, ING2 protein expression was
determined by western blotting using total cell lysates prepared from 8 colon cancer cell lines.
Thirty-five μg were applied for the gel. (e) The distribution of ING2 protein in colon cancer
cells was observed by western blotting. α-lamin A/C and β-actin were used as control of nuclear
fractions and cytoplasmic cell fractions, respectively. C, cytoplasm; N, nuclear extracts.
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Figure 2.
NF-κB activation positively regulates ING2 expression. (a) NF-κB binding activity of colon
cancer cell lines was measured using NF-κB, p65 ELISA kit. Chemiluminescent results were
detected using a luminometer. Columns, average of 3 independent experiments; Bars, SD.
(b) The ING2 mRNA expression in RKO and SW837 cells, which were treated with either 2.5
μM MG132 or 100 μM wedelolactone or DMSO for 3 and 6 hr, was analyzed by realtime RT-
PCR. β-actin mRNA transcripts were used as a internal control. (c) Upper panel, Phospho-p65
and p65 expression was determined by western blotting in HCT116 and WiDr cells, which
were treated with 3 μM doxorubicin for 0.5, 1 and 2 hr. Lower panel, Realtime RT-PCR was
performed for detecting the ING2 mRNA expression in HCT116 and WiDr cells, which were
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treated with 3 μM doxorubicin for 6 and 12 hr. The ING2 mRNA level was normalized using
β-actin mRNA transcripts. Columns, average of 3 independent experiments; Bars, SD. (d)
Upper panel, Knockdown of p65 expression was performed by siRNA technology. RKO and
SW837 cells were treated with the oligonucleotides for siRNA experiments (p65 siRNA). Cells
were transfected with 40 nM of siRNA and incubated for 72 hr. A random sequence control
(control siRNA) was used as a control. p65 expression was determined by western blotting.
β-actin was probed as an internal control. Lower panel, Realtime RT-PCR was performed for
detecting ING2 mRNA transcripts using the same samples as used for the upper panel
experiment. ING2 expression was normalized by β-actin mRNA transcripts. Columns, average
of 3 independent experiments; Bars, SD.
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Figure 3.
NF-κB bounds to ING2 promoter and regulates ING2 expression. (a) Electrophoretic mobility-
shift assay (EMSA) was carried out using biotinated oligonucleotides generated from NF-κB
consensus DNA-binding sequence (consensus) and the candidate of NF-κB consensus DNA-
binding sequence on the ING2 regulatory region (ING2). Recombinant p50 were used for
detecting a shifted band. Each unlabeled oligonucleotides (100-fold excess), which were
described in the Material and Methods section, was used as a competitor. (b) The biotinated
oligonucleotides of the consensus NF-κB sequence in the ING2 regulatory region was analyzed
for the ability to form a super-shifted complex with DNA binding proteins in nuclear extracts
from HCT116 and RKO cells. Anti-p50 and anti-p65 antibodies were incubated with the
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nuclear extracts. Unlabeled oligonucleotides (100-fold excess) of the consensus NF-κB
sequence in the ING2 regulatory region was used as a competitor. (c) Three kinds of luciferase
constructs using pGL-3 basic vector were designed as A, B and C. Each 1.6 μg of a pGL-3
luciferase reporter and 0.16 μg of Renilla luciferase assay vector pRL were cotransfected into
RKO and WiDr cells. The firefly luciferase activity was measured and normalized by
Renilla luciferase activity, 24 hr later. Columns, Average of relative luciferase activity in 3
independent experiments; bars, SD.
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Figure 4.
The ING2 expression is positively associated with the MMP13 expression. (a) Left, ING2
protein expression in adeno-GFP or adeno-ING2 infected HCT116 cells was determined by
western blotting. β-actin was probed as an internal control. Right, Microscopic photographs
of HCT116 p53+/+ (a, b and c) and p53-/- (d, e and f) infected with adeno-ING2 (10MOI) for
24 hr (b and e) and 48 hr (c and f). a and d showed the cells before the infection. (b) The MMP13
mRNA transcripts in ING2 overexpressing cells were analyzed by realtime RT-PCR. Adeno-
ING2 or adeno-GFP were exposed to the colon cancer cell lines, HCT116 p53+/+ (10MOI),
HCT116 p53-/- (10MOI), SW620 (20MOI) and LS174T (50MOI) for 48 hr. The expression
was normalized by β-actin mRNA transcripts. Columns, average of 3 independent experiments;
Bars, SD. (c) MMP13 protein level was determined by ELISA. The supernatants were collected
from the cell treated with adeno-ING2 or adeno-GFP. Columns, average of 3 independent
experiments; Bars, SD. (d) Upper panel, Knockdown of ING2 expression was performed by
siRNA technology. HCT116 and SW837 cells were treated with 3 different oligonucleotides
for siRNA experiments (ING2 siRNA 1, 2 and 3). Cells were transfected with 40 nM of siRNA
and incubated for 72 hr. A random sequence control (ING2 siRNA—control) was used as a
control. ING2 expression was determined by western blotting. β-actin was probed as an internal
control. Lower panel, Realtime RT-PCR was performed for detecting MMP13 mRNA
transcripts using the same samples as earlier. MMP13 expression was normalized by β-actin
mRNA transcripts. Columns, average of 3 independent experiments; Bars, SD. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 5.
MMP13 expression is enhanced by the combination of ING2 with either HDAC1 or mSin3A.
(a) Immunoprecipitation (IP) was performed using anti-FLAG, anti-HDAC1, or anti-mSin3A
antibody for confirming a previously reported physical association between ING2, HDAC1
and mSin3A. Cell lysate was prepared from 293 cells, to which FLAG-ING2 vector was
transfected and incubated for 48 hr. (b) MMP13 mRNA expression was analyzed by realtime
RT-PCR. The indicated amount of each vector was transfected to 293 cells using the
Lipofectamine 2000 following manufacturer’s protocol. Cells were harvested at 48 hr
posttransfection. MMP13 expression was normalized by β-actin mRNA transcripts.
Columns, average of 3 independent experiments; Bars, SD.
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Figure 6.
MMP13 expression is correlated with ING2 expression. Both ING2 and MMP13 mRNA levels
in colon cancer tissue were determined by realtime RT-PCR. The colon cancer samples were
same with Figure 1b. Both ING2 and MMP13 expression were normalized by β-actin mRNA
transcripts. Pearson’s correlation analysis was performed.
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Figure 7.
MMP13 expression is associated with tumor invasion. Using the HCT116 cells infected with
adenoviral constructs expression either GFP or ING2 described in Figure 3, a cell invasion
assay was performed using a 24-well BD BioCoat Tumor Invasion System as described in
Material and Methods. Statistical analysis was performed by Student’s t-test. Columns, average
of 3 independent experiments; Bars, SD.
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