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IGFBP7 is a p53-responsive gene specifically silenced in colorectal cancer with CpG
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A subset of colorectal cancers (CRCs) show simultaneous meth-
ylation of multiple genes; these tumors have the CpG island
methylator phenotype (CIMP). CRCs with CIMP show a specific
pattern of genetic alterations, including a high frequency of BRAF
mutations and a low frequency of p53 mutations. We therefore
hypothesized that genes inactivated by DNA methylation are in-
volved in the BRAF- and p53-signaling pathways. Among those,
we examined the epigenetic inactivation of insulin-like growth
factor-binding protein 7 (IGFBP7) expression in CRCs. We found
that in CRC cell lines, the silencing of IGFBP7 expression was
correlated with high levels of DNA methylation and low levels of
histone H3K4 methylation. Luciferase and chromatin immuno-
precipitation assays in unmethylated cells revealed that p53
induces expression of /IGFBP7 upon binding to a p53 response
element within intron 1 of the gene. Treating methylated CRC
cell lines with 5-aza-2’'-deoxycytidine restored pS53-induced
IGFBP7 expression. Levels of IGFBP7 methylation were also sig-
nificantly higher in primary CRC specimens than in normal co-
lonic tissue (P < 0.001). Methylation of IGFBP7 was correlated
with BRAF mutations, an absence of p53 mutations and the pres-
ence of CIMP. Thus, epigenetic inactivation of IGFBP7 appears to
play a Kkey role in tumorigenesis of CRCs with CIMP by enabling
escape from p53-induced senescence.

Introduction

Colorectal cancer (CRC) arises through the accumulation of multiple
genetic changes, including mutation of APC, K-ras and p53 (1). In
addition to genetic changes, however, epigenetic alterations such as
DNA methylation also play a role through the silencing of cancer-
related genes (2—4). Moreover, a subset of CRCs show methylation of
multiple genes, which has been termed the CpG island methylator
phenotype (CIMP, ref. 5). Tumors with CIMP show distinct pattern

Abbreviations: ADR, adriamycin; cDNA, complementary DNA; ChIP, chro-
matin immunoprecipitation; CIMP, CpG island methylator phenotype; CRC,
colorectal cancer; DAC, 5-aza-2'-deoxycytidine; DNMT1, DNA methyltrans-
ferase 1; IGFBP7, insulin-like growth factor-binding protein 7; mRNA, mes-
senger RNA; MSP, methylation-specific polymerase chain reaction; PCR,
polymerase chain reaction; pS3RE, p53 response element.

of genetic alterations, including a high frequency of K-ras and BRAF
mutations and a low frequency of p53 mutations (6—8). The molecular
mechanism underlying this pattern of mutations remains unknown.

Senescence is a state of permanent growth arrest in which cells are
refractory to mitogenic stimuli. Although activation of Ras exerts
a mitogenic effect in immortalized cells, expression of oncogenic
Ras provokes stress responses in primary cells that results in irrevers-
ible growth arrest termed premature senescence (9,10). In most cell
types, activation of p53 is crucial for initiating senescence in response
to DNA damage, and it has been shown that p53-mediated senescence
is caused by induction of target genes such as p2/ WAFI/CDKNIA,
PAI-1 and DEC-1 (11,12).

pS3 is a transcription factor that induces expression of various
genes involved in cell cycle checkpoints, apoptosis and DNA repair
(13), and a variety of approaches, including differential display, rep-
resentational difference analysis and complementary DNA (cDNA)
microarray, have been used to identify its targets. p53 acts by binding
to so-called p53 response elements (pS3REs), which consist of two
copies of a 10 bp motif, separated by 0—12 bp. Using the pS3RE as
a probe, we previously employed an in silico approach to identify the
vitamin D receptor gene as a transcriptional target of p53 (14), which
confirmed the utility of the in silico analysis for identification of p53
target genes within the human genome.

Insulin-like growth factor-binding protein 7 (IGFBP7; also called
IGFBP-r1 or MAC25) can inhibit proliferation of cancer cells, and its
expression is downregulated in various types of tumors (15,16). For
instance, IGFBP7 is silenced by DNA methylation in both colorectal
and gastric cancers (17,18). Although the function of IGFBP7 in
tumorigenesis is not fully understood, Wajapeyee et al. (19) recently
reported that expression of activated BRAF in primary melanocytes
leads to synthesis of IGFBP7, which then acts through autocrine/para-
crine pathways to inhibit extracellular signal-regulated kinase signal-
ing and induce senescence and apoptosis in BRAF-activated cells.
Our findings in the present study indicate that /GFBP7 is a direct
target of p53, suggesting that IGFBP7 is a mediator of p53-dependent
growth suppression and that epigenetic inactivation of /IGFBP7 is
a potentially useful molecular target for the diagnosis and treatment
of CRCs with CIMP.

Materials and methods

Cell lines and tissue specimens

A set of nine CRC cell lines (CaCO2, Colo320, DLD1, HCT116, HT29, LoVo,
RKO, SW48 and SW480) and a lung cancer cell line (H1299) were obtained and
cultured as described previously (14,20). HCT116 cells harboring genetic disrup-
tions within the DNA methyltransferase 1 (DNMTI) and DNMT3B loci (DKO2)
(21) and within the 7P53 locus (22) have been described previously. A total of 87
primary CRCs, 49 colorectal adenoma and 41 normal colon specimens were
collected as described previously (7). Informed consent was obtained from all
patients before collection of the specimens. Genomic DNA was extracted using
the standard phenol—chloroform procedure. Total RNA was extracted using
TRIZOL reagent (Invitrogen, Carlsbad, CA) and then treated with a DNA-free
kit (Ambion, Austin, TX). Genomic DNA and total RNA from normal colon
tissue from a healthy individual were purchased from BioChain (Hayward, CA).

Drug treatment

To analyze restoration of IGFBP7 gene expression, CRC cells were treated with
2 uM 5-aza-2'-deoxycytidine (DAC) (Sigma, St Louis, MO) for 72 h, replacing
the drug and medium every 24 h. To determine whether /IGFBP?7 is upregulated
by endogenous p53, wild-type and p53~~ HCT116 cells were treated with
0.1 pM DAC for 48 h, replacing the drug and medium 24 h after the beginning
of treatment. This was followed by addition of adriamycin (ADR) to a final
concentration of 0.5 pg/ml and incubation for an additional 24 h.

In silico identification of p5S3RE

A p53RE database was created as described previously (14). Briefly, human
genome sequence data were downloaded from the National Center for
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Fig. 1. Analysis of IGFBP7 expression in CRC cell lines. (A) Reverse transcriptase—PCR analysis of /GFBP?7 in the indicated CRC cell lines. Expression of
IGFBP7 was examined using cDNA prepared from CRC cell lines treated with mock (—) or 1.0 uM DAC (+). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression was used as a control to confirm the integrity of the RNA. (B) Real-time PCR analysis of /[GFBP?7. The results were normalized using levels

of glyceraldehyde-3-phosphate dehydrogenase expression as control.

Biotechnology Information Human Assembly 33. Stored in the pS3RE data-
base were sequences containing fewer than four mismatches in the 20 nucle-
otide pS3RE consensus sequence and a spacer of fewer than 12 bp between the
two 10 bp motifs. We then analyzed the distribution of pS3REs with respect to
transcription start sites for /[GFBP7, taking into consideration the number of
mismatches and the length of the spacers.

Reverse transcriptase—polymerase chain reaction

Single-stranded cDNA was prepared using SuperScript III reverse transcriptase
(Invitrogen), and the integrity of the cDNA was confirmed by amplifying
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Polymerase chain
reaction (PCR) was run in a 50 pl volume containing 100 ng of cDNA, 1x
Ex Taq Buffer (TaKaRa, Otsu, Japan), 0.3 mM deoxynucleoside triphosphate,
0.25 pM each primer and 1 U of TaKaRa Ex Taq Hot Start Version (TaKaRa).
The PCR protocol entailed 5 min at 95°C; 35 cycles of 1 min at 95°C, 1 min at
55°C and 1 min at 72°C; and a 7 min final extension at 72°C. Primer sequences
and PCR product sizes are shown in supplementary Table 1 (available at
Carcinogenesis Online).

Real-time reverse transcriptase—PCR

Real-time reverse transcriptase—PCR was carried out using TagMan Gene
Expression Assays (Applied Biosystems, Carlsbad, CA) and 7900HT Fast
Real-Time PCR System (Applied Biosystems) according to the manufacturer’s
instructions. SDS2.2.2 software (Applied Biosystems) was used for compara-
tive ACt analysis, and GAPDH served as an endogenous control.

Methylation analysis

Genomic DNA (2 pg) was modified with sodium bisulfite using an EpiTect
Bisulfite Kit (Qiagen, Hilden, Germany). Methylation-specific polymerase chain
reaction (MSP) and bisulfite sequencing analysis were performed as described
previously (23). Bisulfite sequencing and PCR products were cloned into
pCR2.1-TOPO vector (Invitrogen), and 8-12 clones from each sample were
sequenced using an ABI3130x automated sequencer (Applied Biosystems).
Bisulfite pyrosequencing was carried out as described previously (20) using
primers designed with PSQ Assay Design software (Biotage, Uppsala, Sweden).
After PCR, the biotinylated products were purified, made single stranded and
used as a template in the pyrosequencing reaction run according to the manu-
facturer’s instructions. The PCR products were bound to Streptavidin Sepharose
beads HP (Amersham Biosciences, Piscataway, NJ), after which beads containing
the immobilized PCR product were purified, washed and denatured using a 0.2 M
NaOH solution. After addition of 0.3 UM sequencing primer to the purified PCR

product, pyrosequencing was carried out using a PSQ96MA system (Biotage)
and Pyro Q-CpG software (Biotage). Primer sequences and PCR product sizes
are shown in supplementary Table 1 (available at Carcinogenesis Online).

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was carried out using a ChIP Assay Kit
(Upstate Biotechnology, Lake Placid, NY) with anti-trimethylated histone
H3K4 monoclonal antibody (clone MC315; Upstate, Lake Placid, NY) or
anti-human p53 monoclonal antibody (DO-1; Santa Cruz Biotechnology, Santa
Cruz, CA) as described previously (14,20,24). For histone methylation analy-
sis, HCT116 cells treated with or without DAC and DKO2 cells were used as
described previously (20). For p53 analysis, DLD1 cells infected with recombi-
nant adenovirus Ad-p53 or Ad-LacZ were used (14). Briefly, the protein and
DNA in 2 x 10° cells were cross-linked in a 1% formaldehyde solution for
15 min at 37°C. The cells were then lysed in 200 pl of sodium dodecyl sulfate
lysis buffer and sonicated to generate 300-800 bp DNA fragments. After
centrifugation, the cleared supernatant was diluted 10-fold with ChIP dilution
buffer, after which one-fiftieth of the extract volume was used for PCR ampli-
fication as the input control. The remaining extract was incubated with specific
antibody for 16 h at 4°C. Immune complexes were precipitated, washed and
eluted as recommended. DNA—protein cross-links were reversed by heating for
4 h at 65°C, after which the DNA fragments were purified and dissolved in
50 pl of Tris—ethylenediaminetetraacetic acid. One microliter of each sample
was used as a template for PCR amplification. Real-time PCR for histone
analysis was carried as described previously (20) using the primers listed in
supplementary Table 1 (available at Carcinogenesis Online). PCR amplifica-
tion of /GFBP7 containing the putative pS3RE was also carried out using
primers listed in supplementary Table 1 (available at Carcinogenesis Online).

Luciferase assays

Reporter plasmids pGL3-RE-/GFBP7 and pGL3-RE-IGFBP7-mut were con-
structed as follows. Three tandem repeats of RE-IGFBP7 (5'-AAACAAGTC-
CAAGCTTGCTG-3") and its unresponsive mutant form, RE-IGFBP7-mut
(5'-AAAAAATTCCAAGATTTCTG-3'), were synthesized and inserted upstream
of a basal SV40 promoter in the pGL3-promoter vector (Promega, Madison, WI),
yielding pGL3-RE-IGFBP7 and pGL3-RE-IGFBP7-mut, respectively. Using
Lipofectamine 2000 (Invitrogen), H1299 cells (5 x 10* cells per well in 24-well
plates) were transfected with 100 ng of one of the reporter plasmids, 100 ng of
pcDNA-p53 or an empty vector and 2 ng of pRL-TK (Promega). Luciferase
activities were measured 48 h after transfection using a Dual-Luciferase Reporter
Assay System (Promega). The ability to stimulate transcription was determined
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Fig. 2. Methylation analysis of IGFBP7. (A) Schematic representation of the 5’ region of IGFBP7. CpG sites are shown as vertical bars. The regions analyzed by
bisulfite sequencing, MSP and ChIP are indicated by solid bars. The transcription start site is indicated by an arrow. (B) MSP analysis of IGFBP7 in CRC cell lines. The
cell lines examined are shown on the top. (C) Bisulfite sequencing of IGFBP7. Open and filled circles represent unmethylated and methylated CpG sites, respectively.
(D) Representative pyrogram for /GFBP7. Gray columns indicate regions with C to T polymorphic sites. The percentage of methylation at each CpG site is

shown at the top; y-axis, signal peaks proportional to the number of nucleotides incorporated and x-axis, the nucleotides incorporated. (E) Summary of pyrosequencing.
y-axis, the percentages of methylated cytosines in the samples, as determined from pyrosequencing. (F) ChIP analysis of trimethylation of histone H3K4 in the 5’
region of IGFBP7. ChIP assays were performed using HCT116 cells treated with mock or DAC. DKO?2 cells (DNMT1~~DNMT3B~~ HCT116 cells) were also used.

from the ratio of luciferase activity in the cells transfected with the pGL3-RE-
IGFBP7 to the activity in the cells transfected with pGL3-RE-IGFBP7-mut.
All experiments were performed in triplicate and repeated at least three times.

Expression vector

Full-length /IGFBP7 cDNA was PCR amplified using cDNA derived from DKO2
cells as a template. The PCR was run in a 50 ul volume containing 1x Accu-
Prime Pfx Reaction mix (Invitrogen), 0.3 uM each primer and 2.5 U of Accu-
Prime Pfx DNA polymerase (Invitrogen). The PCR protocol entailed 2 min at
95°C; 35 cycles of 15 s at 95°C, 30 s at 62°C and 1 min at 68°C; and a 5 min final
extension at 68°C. Primer sequences are listed in supplementary Table 1 (avail-
able at Carcinogenesis Online). Amplified PCR products were then incubated
with 1 U of Ex Taq DNA Polymerase (TaKaRa) for 10 min and cloned into
pCR2.1-TOPO (Invitrogen). After the sequences were verified, fragments were
cut using EcoRI and ligated into EcoRI-digested pcDNA3.1/HisA (Invitrogen).

Colony formation assays

Colony formation assays were carried out as described previously (25). Briefly,
cells (1 x 103 cells) were transfected with 5 pg of one of the pcDNA3.1His-
IGFBP7 vectors or with empty vector using Lipofectamine 2000 according to
the manufacturer’s instructions. Cells were then plated on 60 mm culture
dishes and selected for 14 days with 0.6 mg/ml G418, after which the colonies
that formed were stained with Giemsa and counted using National Institutes of
Health IMAGE software.

Statistics

Statistical analyses were carried out using SPSSJ 15.0 (SPSS Japan, Tokyo, Japan).
Pearson’s correlation coefficient and #-test were used to evaluate the asso-
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ciation between /GFBP7 methylation. Methylation of p/6, mutations of p53,
mutations of BRAF, microsatellite instability and CIMP status were determined
as described previously (5,7,26). Values of P < 0.05 were considered signifi-
cant. To identify potentially distinct subgroups among colon cancer and adenoma
patients, heat maps were constructed using K-means clustering method (27).

Results

Analysis of IGFBP7 expression in CRC cell lines

To test whether /IGFBP7 is epigenetically silenced in CRC, we first
carried out an reverse transcriptase—PCR analysis with a set of CRC
cell lines. We found that expression of /GFBP7 messenger RNA
(mRNA) was completely absent in four of the nine cell lines tested
(HCT116, HT29, RKO and SW48) and was downregulated in two cell
lines (Colo320 and DLD1) (Figure 1A). In many of the cells in which
IGFBP7 was downregulated, treatment with the DNA methyltransfer-
ase inhibitor DAC rapidly restored mRNA expression, which is
indicative of epigenetic silencing of the genes through DNA methyl-
ation (Figure 1A). We also analyzed HCT116 cells in which the
DNA methyltransferase genes DNMTI and DNMT3B were geneti-
cally disrupted (DKO?2 cells), thereby abrogating DNA methylation
(21). Those cells showed substantially greater expression of IGFBP7
mRNA than the parental HCT116 cells (Figure 1A). In contrast to the
cancer cells, IGFBP7 was well expressed in normal colonic mucosa
from a healthy individual (Figure 1A).
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Fig. 3. Transcriptional activation of /IGFBP7 by p53. (A) In silico identification of pS3REs. The structure of /GFBP7 within the genome is shown. The putative
p53RE in IGFBP7 is shown as RE-IGFBP?7. The nucleotide sequences of conserved pS3REs are shown below (consensus). (B) ChIP analysis of IGFBP7 pS3RE.
ChIP analysis was carried out using DLD-1 cells transfected with Ad-LacZ or Ad-p53, after which the chromatin was immunoprecipitated with anti-p53 antibody.
The DNA was subjected to PCR using primers amplifying the region around RE-/GFBP7. (C) Luciferase assay for RE-IGFBP7. H1299 cells were cotransfected
with empty vector or p53 plus pGL3-RE-IGFBP7 or pGL3-RE-IGFBP7-mut. The relative luciferase activity was defined as the activity in the cells transfected
with pGL3-RE-/GFBP?7 divided by the activity in cells transfected with pGL3-RE-/GFBP7-mut. (D) Induction of IGFBP7 by p53. (E) Restoration of p53-induced

IGFBP7 expression by DAC.

When we then used TagMan real-time reverse transcriptase—-PCR to
determine the relative levels of IGFBP7 expression in the same sam-
ples, the results were consistent with those summarized above (Figure
1B), which strongly suggests that, in CRC, IGFBP7 is a frequent
target of epigenetic silencing through DNA methylation.

Analysis of IGFBP7 methylation in CRC cell lines

Because IGFBP7 contains a CpG island in the region around its
transcription start site, we next carried out MSP analysis using the
primers illustrated in Figure 2A. We found that IGFBP7 is completely
or strongly methylated in the six CRC cell lines (Colo320, DLDI,
HCT116, HT29, RKO and SW48) in which IGFBP7 is silenced or
downregulated (Figure 2B). In addition, detectable but relatively
weak methylation was also found in cell lines (CaCO2, LoVo
and DKO2) in which IGFBP7 was expressed and in normal colonic
mucosa (Figure 2B).

We verified the MSP results in selected samples using bisulfite
sequencing, which revealed that the CpG island of IGFBP7 is exten-
sively methylated in CRC cell lines in which methylation was
detected by MSP (Figure 2C). We also carried out a quantitative
analysis of the methylation of six CpG sites located at the core of

the CpG island using primers designed for bisulfite pyrosequencing
(Figure 2D and E). The results confirmed the presence of high levels
of methylation in cells in which /IGFBP7 expression was silenced or
downregulated (DLD1, HCT116, HT29, RKO and SW48). In con-
trast, methylation levels were lower in cell lines in which /IGFBP7
was expressed (CaCO2, LoVo and SW480). DKO2 cells and normal
colonic mucosa also showed low levels of /GFBP7 methylation. In
summary, we observed an inverse correlation between DNA methyl-
ation and /GFBP7 expression in CRC cells.

To confirm that the CpG island is the promoter driving /IGFBP7
expression, we carried out ChIP-PCR to assess trimethylation of
H3K4, which is reportedly a marker of active promoters (28). In both
DAC-treated HCT116 cells and DKO?2 cells, we observed significant
enrichment of trimethylated H3K4 in the CpG island. In contrast, very
little trimethylated H3K4 was detected in untreated HCT116 cells
(Figure 2F).

Identification of IGFBP7 as a target gene of p53

We previously used a comparative genomic approach in which pS3RE
was employed as probe to identify novel p53 target genes (14). Using
the same in silico analysis in the present study, we found a putative
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Fig. 4. Analysis of /IGFBP7 methylation in primary colorectal tumors. (A) Representative results of pyrosequencing of /GFBP7. (B) Diagram summarizing the
levels of IGFBP7 methylation detected using pyrosequencing. (C) Bisulfite sequencing of /GFBP7 in primary CRC: Open and filled circles represent

unmethylated and methylated CpG sites, respectively: N, normal colon; T, CRC.

pS3RE within intron 1 of IGFBP7 (Figure 3A). pS3REs typically
consist of two copies of a 10 bp motif (RRRCWWGYYY) separated
by 0—12 bp. The putative pS3RE for IGFBP7 (RE-IGFBP7) contains
a mismatch at a non-critical position within the 20 bp consensus
p53-binding sequence (Figure 3A). To determine whether, in fact,
p53 directly binds to RE-IGFBP7, we carried out ChIP assays using
DLDI cells infected with Ad-p53. After immunoprecipitating DNA—
protein complexes from the cross-linked extracts of Ad-p53-infected
and control cells using an anti-p53 antibody, we used PCR amplifi-
cation to measure the abundance of candidate pS3REs within the
immunoprecipitated complexes. Subsequent ChIP assays confirmed
that p53 did indeed bind to DNA fragments containing RE-IGFBP7
(Figure 3B). To then determine whether pS3 can transactivate gene
expression via RE-IGFBP7, we carried out promoter reporter assays
using a luciferase vector containing the wild-type RE-IGFBP7
sequence upstream of the basal SV40 promoter (pGL3-RE-
IGFBP7-wt) and a control reporter containing an unresponsive mu-
tated RE-IGFBP7 sequence (pGL3-RE-IGFBP7-mut). H1299 cells,
which are null for p53 (29), were transiently cotransfected with one of
the reporter plasmids along with a p53 expression vector or an empty
vector. In contrast to pGL3-RE-/GFBP7-mut, luciferase activity from
pGL3-RE-IGFBP7-wt was significantly upregulated when cotrans-
fected with a p53 (Figure 3C).

To investigate the effect of p53 on endogenous induction of
IGFBP7, we assessed expression of /GFBP7 mRNA in cell lines
infected with Ad-p53. Real-time PCR showed that exogenous p53
induced expression of /GFBP7 mRNA in both H1299 (p53 null, ref.
29) and DLDI1 cells (p53 mutant, ref. 30) (Figure 3D). To then assess
the role of endogenous p53 in the expression of /IGFBP7, we treated
HCT116 cells with ADR, an agent known to damage DNA and induce
endogenous p53 expression, with or without DAC. In a previous
study, we showed that ADR, but not DAC, activated p53 and that
typical p53 target genes were significantly induced by ADR alone
(14,31). However, because /IGFBP7 is methylated and silenced in
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HCT116 cells, ADR alone could not induce expression of IGFBP7
mRNA. In contrast, a low dose of DAC (0.1 uM) did induce its
expression, and we observed further upregulation /GFBP7 transcrip-
tion upon addition of ADR (Figure 3E). When we treated p53—/—
HCT116 cells with the same low dose of DAC, the induction was
quite weak, and no synergistic upregulation was seen upon addition of
ADR (Figure 3E).

To determine the extent to which responsiveness to p53 is affected
by methylation in the region around the pS3REs, we assessed the
methylation status of CpG sites in the vicinity of the pS3REs. We
found that the region around p53REs was methylated regardless of
gene expression. Moreover, this region was also methylated in normal
tissues, suggesting that methylation of pS3REs does not affect the
binding of p53 (supplementary Figure 2 is available at Carcinogenesis
Online). Taken together, these observations support the idea that
IGFBP7 is a direct target of p53, and its induction can be blocked
by DNA hypermethylation.

Growth suppressive effect of IGFBP7

To test whether IGFBP7 suppresses CRC cell growth, we cloned the
full-length IGFBP7 cDNA into pcDNA3.1 vector, after which we
transfected HCT116 cells with the resultant pcDNA3.1His-IGFBP7
vector and verified secretion of the expressed IGFBP7 protein into the
conditioned medium (supplementary Figure 1A is available at Carci-
nogenesis Online). We then tested the transfectants in colony forma-
tion assays and found that overexpression of IGFBP7 markedly
suppressed colony formation (supplementary Figure 1B and C is
available at Carcinogenesis Online).

Correlation between IGFBP7 methylation and other epigenetic/
genetic alterations in CRC and adenoma

We next analyzed the methylation of the /GFBP7 CpG island in
a panel of tumor specimens from CRC patients. Because MSP
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Fig. 5. Epigenetic and genetic alterations in CRCs (A) and colorectal
adenomas (B). K-means clustering analysis based on epigenetic and genetic
alterations. Each column represents the separate gene locus shown on the top.
Each row is a primary CRC or adenoma: red rectangles, methylated/mutated
tumors; green rectangles, unmethylated/wild-type tumors. Fifteen percent
methylation was used as the cutoff criterion for methylation of /IGFBP7.

revealed a low level of IGFBP7 methylation in normal colonic
mucosa, we carried out bisulfite pyrosequencing to quantitatively ana-
lyze IGFBP7 methylation (Figure 4A). As summarized in Figure 4B,
levels of IGFBP7 methylation were significantly higher in primary
tumors than in normal colonic tissue (P < 0.001). We confirmed
these results with bisulfite sequencing in selected specimens. In nor-
mal colonic tissue, the vast majority of the CpG island was unmethy-
lated (Figure 4C). On the other hand, tumor tissue in which elevated
methylation was detected showed a mixture of entirely and partially

IGFBP7 in colorectal cancer

Table I. Correlation between methylation of IGFBP7 and other epigenetic
and genetic alterations

IGFBP7 methylation

Mean values SD P

Age R =0.117 0.292

Sex F (25) 14.3 13.2 0.563
M (58) 12.8 9.4

pl6 Unmethylated (60) 10.2 6.1 0.002
Methylated (23) 21.4 15.1

hMLHI1 Unmethylated (67) 9.7 4.5 <0.001
Methylated (16) 28.4 15.0

K-ras Wild-type (45) 16.7 13.1 0.001
Mutated (38) 9.2 3.7

BRAF Wild-type (75) 11.0 73 0.001
Mutated (8) 352 12.5

p53 Wild-type (44) 16.4 13.1 0.003
Mutated (39) 9.8 5.0

MSI Stable (66) 9.7 4.5 <0.001
Unstable (17) 27.2 15.3

CIMP Absent (42) 9.6 4.8 0.002
Present (41) 17.0 13.4

methylated alleles and unmethylated alleles, probably reflecting con-
tamination of the sample by normal cells (Figure 5C).

Finally, we examined the correlation between /GFBP7 methylation
and other genetic and epigenetic alterations in CRCs (Figure 5A,
Table I). We found that there are significant correlations between
levels of IGFBP7 methylation and methylation of p/6 (P < 0.001)
and hMLHI (P < 0.001), mutation of BRAF (P < 0.001), CIMP
(P = 0.002) and microsatellite instability (P < 0.001). Levels of
IGFBP7 methylation were inversely correlated with mutation of
K-ras (P = 0.001) and p53 (P = 0.014). Of 49 colorectal adenomas,
nine (18%) showed IGFBP7 methylation and three (6%) showed
BRAF mutation, while none showed hMLHI methylation or micro-
satellite instability, indicating that inactivation of /IGFBP7 is an early
event in colorectal tumorigenesis (Figure 5B).

Discussion

A subset of CRCs show methylation of multiple CpG islands, indi-
cating that these tumors have CIMP (5). CRCs with CIMP are closely
associated with microsatellite instability through methylation of
hMLH] (5) and frequently show BRAF mutations (8), which indicates
that these tumors arise via distinct pathways that differ from classical
multistep tumorigenesis (6). In the present study, we found that meth-
ylation of IGFBP7 is strongly associated with BRAF mutation and the
presence of CIMP. Moreover, the earlier finding that BRAF mutations
are common in hyperplastic polyps and serrated adenomas suggests
CRCs with CIMP/IGFBP7 methylation arise via the serrated pathway
(32). It is also known that Ras-mediated epigenetic silencing of
effectors, including DNMT1, plays a key role in cellular transforma-
tion (33) and that DNMTT1 is a downstream target of the Ras-signaling
pathway (34). This suggests that BRAF activation may be involved in
the CIMP phenotype through activation of the DNA methylation ma-
chinery. Because the colorectal adenomas examined in this study were
not serrated adenomas, further study will be necessary to determine
the incidence of /GFBP7 methylation among serrated adenomas.

It remains unclear why CIMP is associated with BRAF mutation.
Mutations leading to BRAF activation are found in several types of
human tumors. Substituting a glutamic acid for a valine at position
600 (BRAFV600E) substantially increases BRAF’s protein kinase ac-
tivity, leading to constitutive extracellular signal-regulated kinase sig-
naling (35,36). However, activation of BRAFV600E does not fully
transform primary human cells, indicating that additional cooperative
events are required for tumorigenesis (37). Indeed, expression of
BRAFV600E induces senescence in cultured primary human
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melanocytes (37). And although BRAF mutations are frequently seen
in colorectal hyperplastic polyps, these tumors undergo senescence
(38). It has therefore been speculated that genes involved in the in-
duction of senescence by BRAF are altered during the progression of
tumors. In addition, IGFBP7 was recently shown to play an important
role in Ras-mediated senescence (19). Our results thus suggest that
CRCs with CIMP may escape senescence by both activating onco-
genic signaling (e.g. BRAF mutations) and inactivating regulators of
senescence (e.g. /[GFBP7 methylation).

The regulatory mechanisms controlling /GFBP7 expression are not
fully understood. p53 is a transcription factor that activates expression
of genes involved in cell cycle checkpoints, apoptosis and DNA repair
(39). Although CRCs with CIMP show only a low frequency of p53
mutations, the function of p53 may nonetheless be impaired in these
tumors due to epigenetic inactivation of target genes, including
IGFBP family members such as IGFBP7 and IGFBP3 (40). Consis-
tent with that idea, several targets of pS3 are known to be silenced by
DNA methylation (20,41,42). In the present study, we found that
IGFBP7 is not expressed in HCT116 cells but that expression could
be restored by treating the cells with DAC. Moreover, Ad-p53 acts
synergistically with DAC to further upregulate IGFBP7 expression.
These findings suggest that combining a DNA methyltransferase in-
hibitor with drugs that induce p53-dependent growth inhibition may
be a useful approach to treating CRC. In fact, Lin et al. (43) recently
reported that reactivation of IGFBP7 using DAC inhibits CRC cell
growth.

Weak methylation of /IGFBP7 was even detected in DKO2 cells.
Although DKO2 cells lack both DNMT1 and DNMT?3B, this cell line
does express a different DNA methyltransferase, DNMT3A, which
may maintain the observed methylation. Alternatively, residual activ-
ity of truncated DNMT1 may be sufficient to maintain the low level of
IGFBP7 methylation seen in DKO2 cells (44). In addition, expression
of IGFBP7 was not fully restored by DAC treatment in HT29 and
RKO cells (Figure 1B), which suggests that other cofactors involved
in induction of /IGFBP7 also may be impaired in these cell lines.

The molecular mechanism by which IGFBP7 contributes to tumor
suppression is not fully understood, though IGFBP7 has been shown to
suppress cell growth and induce apoptosis (45,46). In lung and pros-
tate cancers, for example, IGFBP7 induces apoptosis by upregulating
expression of Caspase-3 (47,48). On the other hand, knocking down
IGFBP7 had no effect on cell growth in vitro, though IGFBP7 did
suppress anchorage-independent and in vivo cell growth (49), suggest-
ing that the effects of IGFBP7 on cell growth vary depending upon the
cell type. IGFBP7 is a cell adhesion factor that promotes cell adhesion
by binding to cell surface heparin sulfate proteoglycans (50,51).
Because CRCs showing expression of IGFBP7 do not grow in vivo, Sato
et al. (49) proposed that although IGFBP?7 is involved in cell adhesion,
it suppresses anchorage-dependent cell growth in vivo. Further study will
be necessary to clarify the mechanism by which IGFBP7 modulates
growth signaling pathways to suppress the growth of cancer cells.

In summary, we found that /IGFBP7 is a direct target of p53,
indicating that IGFBP7 is a mediator of p53-dependent growth sup-
pression. DAC and Ad-p53 acted synergistically to induce /IGFBP7
expression in CRC cells where it was otherwise silenced by methyl-
ation. We also found that /GFBP7 methylation is associated with the
BRAF mutations, the absence of pS3 mutations and the presence of
CIMP in CRCs. Thus, epigenetic inactivation of /GFBP7 appears to
be a potentially useful molecular target for the diagnosis and treat-
ment of CRCs with CIMP.

Supplementary material

Supplementary Figures 1 and 2 and Table 1 can be found at http://
carcin.oxfordjournals.org/
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