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Table 2. Clinicopathologic features of the patients

Training set Test set
Biopsy sample Washing fluid Biopsy sample Washing fluid
IT Ni P Normal IT NI P Normal IT NI P IT Ni P
(n =52) (n =98) (n=187) (n = 36) (n = 34) (n=18) (n =20) (n =21) (n =23) (n = 24)

Demographics

Age 67.4 66.7 0.720 67.2 68.8 64.7 0.101 59.6 69.3 69.6 0.553 70.3 69.3 0.707

Male 16 (30.8%) 24 (24.5%) 126 (67.4%) 22 (61.1%) 25 (73.5%) 9 (50.0%) 14 (70%) 14 (66.7%) 14 (60.9%) 17 (70.8%)

Female 36 (69.2%) 74 (75.5%)0.408 61 (32.6%) 14 (38.9%) 9 (26.5%) 0.269 9 (50.0%) 6 (30%) 7 (33.3%) 0.332 9(39.1%) 7 (29.2%) 0.213
Tumor size

>25 mm 31 (59.6%) 12 (12.2%) 27 (75%) 5 (14.7%) 15 (75%) 3 (14.3%) 18 (78.3%) 3 (12.5%)

<25 mm 21 (40.4%) 86 (87.8%)<0.001 9 (25%) 29 (85.3%) <0.001 5 (25%) 18 (85.7%) <0.001 5 (21.7%) 21 (87.5%) <0.001
Location

Right 21 (40.4%) 44 (44.9%) 12 (33.3%) 17 (50%) 11 (65%) 12 (657.1%) 11 (47.8%) 13 (54.2%)

Left 15 (28.8%) 25 (25.5%) 14 (38.9%) 7 (20.6%) 7 (35%) 7 (33.3%) 8 (34.8%) 8(33.3%)

Rectum 16 (30.8%) 29 (29.6%) 0.853 10 (27.8%) 10 (29.4%) 0.332 2 (10%) 2(9.5%) 0.883 4(17.4%) 3(12.5%) 0.980
Histology

Hyper/inflammatory 15 (15.3%) 3 (8.8%) 0 (0.0%) 0 (0.0%)

Tubular adenoma 29 (29.6%) 10 (29.4%) 9 (42.9%) 12 (50%)

Tubulovillous adenoma 28 (28.6%) 7 (20.6%) 7 (33.3%) 7 (29.2%)

Severe dysplasia 26 (26.5%) 14 (41.2%) 5 (23.8%) 5 (20.8%)

Cancer 52 (100.0%) 36 (100.0%) 20 (100.0%) 23 (100.0%)

Abbreviations: IT: invasive tumors, NI: noninvasive tumors.
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Figure 1. Levels of mir-34b/c, SFRP1, SFRP2, and DKK2 methylation
in invasive and noninvasive colorectal tumors. Methylation levels
detected with DNA from biopsy and wash fluid. The genes analyzed
are shown on the left.

sensitivity was observed (0.740, 17/23), the specificity was
very high (0.958, 21/24). The total accuracy of the diag-
nosis was 85.1% (40/47) for the test set.

We also assessed the correlation between methylation
levels detected in biopsy specimens and in wash fluid
(Supplementary Fig. S2). We found that overall methyla-
tion levels in biopsy tissues and washing fluid were well
correlated. When we divided the data for invasive and
noninvasive tumors, however, only invasive tumors
showed a significant correlation between methylation
levels in biopsy tissue and washing fluid.

Detection of K-ras mutation by mucosal washing fluid

Finally, we tested for mutation of K-ras codons 12 and 13
by using DNA obtained from biopsy tissue or wash fluid
(Supplementary Table S$2). With invasive tumors, muta-
tions of K-ras were found in 9 of 27 (33.3%) biopsy
specimens. Among the 9 positive tumors, we were able
to also detect mutations in 7 (77.7%) wash fluid samples.
With noninvasive tumors, mutations were detected in 6 of
24 (25%) biopsy specimens, but in only 2 (33.3%) of the
corresponding wash fluid samples. Addition of K-ras muta-
tion did not improve the accuracy of diagnosis of invasive-
ness by the diagnostic tree (data not shown). Consistent
with this finding, nuclear staining showed more intact
nuclei in wash fluid from invasive tumors than from
noninvasive tumors (Supplementary Fig. S1C). Thus, sam-
ples from invasive tumors seem to contain higher concen-
trations of tumor-derived DNA than samples from
noninvasive tumors.

Discussion

Small colorectal tumors are usually removed by endo-
scopic mucosal dissection, but if the tumor is invasive,
surgical treatment is required because of the higher risk of
lymph node metastasis. Consequently, precise preoperative
diagnosis is critical for appropriate treatment of colorectal
tumors. Magnifying colonoscopy is a useful means of
distinguishing invasive from noninvasive tumors (9, 10).

Table 3. Results of ROC analyses of the methylation levels in 4 genes in the training set.
Tumor Training set
size
Genes AUC Cutoff (%) Sensitivity Specificity ORs
Estimate Estimate Estimate Estimate
(95% CI) (95% CI) (95% CI) (95% CI)
Total miR34b/c  0.796 (0.686-0.906)  13.0 0.861 (0.705-0.953)  0.647 (0.465-0.803)  11.4 (3.5-36.9)
17.8 0.833 (0.609-0.899)  0.765 (0.588-0.893)  16.3 (5.0-53.0)
21.0 0.611 (0.435-0.769) 0.882 (0.726-0.967) 11.8 (3.4-40.7)
SFRP1 0.736 (0.616-0.857)  45.0 0.750 (0.578-0.879)  0.706 (0.525-0.849) 7.2 (2.5-20.7)
SFRP2 0.688 (0.562-0.814) 33.0 0.583 (0.408-0.745) 0.765 (0.588-0.893) 4.5 (1.6-12.8)
DKK2 0.702 (0.572-0.831)  11.0 0.806 (0.64-0.918) 0.647 (0.465-0.803) 7.6 (2.6-22.5)
>25mm miR34bl/c 0.816 (0.665-0.967) 15.0 0.862 (0.683-0.961) 0.667 (0.223-0.957) 12.5 (1.7-92.3)
<25mm SFRP1 0.810 (0.594-1.000) 51.0 0.821 (0.631-0.939) 0.833 (0.359-0.996)  23.0 (2.2-242.1)
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Figure 2. Methylation levels of mir-34b/c, SFRP1, SFRP2, and DKK2 in the
test set. Methylation levels detected with DNA from biopsy tissues and
wash fluid. The genes analyzed are shown on the left.

However, invasive colorectal tumors show a heterogeneous
pit pattern, making it difficult to determine a therapeutic
strategy based on pit pattern diagnosis alone (29). Notably,
surface mucus is washed away during magnifying endo-
scopic analysis, so that utilization of the wash fluid could
be an effective noninvasive approach to diagnosis. It has
been recommended that nearly all colorectal cancer
patients who receive EMR receive periodic endoscopy for
early detection of relapses (30). Examination of the methy-
lation levels in the wash fluid could provide helpful infor-
mation as to how often the patient should receive the
follow-up endoscopy (e.g., the lower the methylation level,

the less frequently endoscopic examination may be
needed). In addition, although we did not include fol-
low-up in our study, it is possible that wash fluid analysis
could help physicians detect mucosal relapse after EMR
during follow-up endoscopy.

It has been reported that DNA methylation in wash fluid
containing pancreatic juice, saliva, or gastric juice is useful
for diagnosis and risk assessment in cancer (34-36). For
example, Watanabe and colleagues reported that DNA
methylation in gastric wash fluid is useful for detection
of early gastric cancer (36). The unique feature of our study
is that it suggests DNA methylation in colon mucosal wash
fluid can be used to predict the invasiveness of tumors.
Further study will be necessary to determine whether DNA
methylation of colon mucosal wash might also be useful
for screening or risk assessment in cancer.

Here we showed that levels of mir-34b/c gene methyla-
tion were predictive of the invasiveness of colorectal
tumors (Figs. 3 and 4; Tables 3 and 4). The sensitivity
(0.833) and specificity (0.765) of this approach (well
balanced cutoff), as well as the ROC AUC value (0.796),
suggest methylation of this gene in colonoscopic wash fluid
is a good molecular marker that distinguishes invasive from
noninvasive colorectal tumors. We also showed that a
diagnostic tree constructed by the combination of methy-
lation levels was highly accurate for predicting invasive-
ness. To avoid unneeded surgery, it is important that the
prediction of invasiveness is highly specific. In this regard,
the specificities of the diagnostic tree were 0.882 in the
training set, and 0.958 in the test set.

There is currently no molecular test that distinguishes
invasive from noninvasive colorectal tumors. DNA methy-
lation can be used as a biomarker for detection of colorectal
lesions (16-20), but genes frequently methylated in cancer
are also frequently methylated in early lesions (e.g., ade-
nomas), and even in normal colorectal mucosa from aged
patients (21, 22). It is therefore difficult to distinguish
invasive tumors from noninvasive ones. We previously
showed that SFRP1 and SFRP2 are frequently methylated
in colorectal cancer (28). However, they are also often
methylated in normal colorectal mucosa in an age-related
manner (34), which is consistent with our present findings.
The mir-34b/c gene is a putative tumor suppressor whose
expression is induced by p53 (35). We previously showed
that mir-34b/c is silenced by DNA methylation in colorectal
cancers and adenomas (25). In this study, we found that
methylation of mir-34b/c in noninvasive tumors is as high
as that in invasive tumors. By contrast, levels of mir-34b/c
methylation in normal colorectal mucosa are low. Thus,
given the high frequency of methylation in tumors, tumor-
specific methylation of mir-34b/c may be a highly useful
molecular marker for colorectal cancer.

The molecular mechanism underlying the high levels of
DNA methylation in wash fluid from invasive tumors is
not fully understood. Analysis of nuclear staining, DNA
methylation, and K-ras mutation suggest that wash fluid-
derived DNA from invasive tumors contains higher con-
centrations of tumor-derived DNA than wash fluid from

www.aacrjournals.org

Cancer Prev Res; 4(5) May 2011

Downloaded from cancerpreventionresearch.aacrjournals.org on May 14, 2014. © 2011 American Association
for Cancer Research.

679



680

Kamimae et al.

Sensitivity

2
b

0.8

2
o

2
N

Training set

~==SFRP1 AUC=10.736
~SFRPZ AUC=0.688

" ~weDKK2 AUC=0.702

0.4 0.6
1-Specificity

0.8

——miR34b/c AUC=0.796

SIZE 225mm
miR34b/c

08

£
»

B
Y

Sensitivity

o
M

AUC=0.816

o

0 02 04 06 08 1
1-$pecificity

Test set

28 .

Sensitivity
Sensitivity

i

~——miR34b/c AUC=0315

-=SFRP1 AUC=0.752
°

o 02 04 06

1-Specificity

08 1

0z z

Sensitivity
& o o
-~ o w0 -

e
N

SIZE <25mm
SFRPL

AUC=0.810

=1

0 02 04 05 08 1
1-Specificity

Test set

SIZE 225mm
miR34b/c

SIZE <25mm
SFRP1

o

i

0 02 04 06 DB I

1Specificity

AUC=0.778

Sensitivity

o 02 %4 05 OB
1-Specificity

AUC =0.695

1

Figure 3. ROC curve analysis.
ROC curves were constructed by
plotting sensitivity vs. 1-
specificity. Curves are shown
comparing invasive vs.
noninvasive tumors. AUCs are
also shown in the graphs. Aand B,
ROC curve analysis for the training
set. Overall analysis is shown in A,
and stratified analysis by tumor
size (>25 mm or <25 mm) is shown
in B. C and D, the same analysis
for the test set. Overall analysis is
shown in C, and that stratified by
tumor size (>25 mm or <25 mm) is
shown in D.

Tzbile 4. Results of ROC analyses of the methylation levels in 4 genes in the test set.
Test set
AUC Cutoff (%) Sensitivity Specificity ORs
Tumor Genes Estimate Estimate Estimate Estimate
size (95% Cl) (95% CI) (95% CI) {95% CI)
Total miR34b/c  0.915 (0.833-0.997)  13.0 0.870 (0.664-0.972)  0.875 (0.676-0.973)  46.7 (8.4-258.9)
17.8 0.565 (0.345-0.768)  0.958 (0.789-0.999)  29.9 (3.4-260.6)
21.0 0.348 (0.164-0.573)  1.000 (0.858-1.000)  N/A
SFRP1 0.752 (0.615-0.889)  45.0 0.348 (0.164-0.573)  0.875 (0.676-0.973) 3.7 (0.8-16.4)
>25mm  miR34b/c  0.778 (0.000-1.000)  15.0 0.667 (0.410-0.867)  0.667 (0.094-0.991) 4.0 (0.3-53.5)
<25mm  SFRP1 0.695 (0.450-0.941)  51.0 0.200 (0.005-0.716)  1.000 (0.839-1.000)  N/A
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Figure 4. A diagnostic tree to
classify invasive and noninvasive
tumors on the basis of methylation
levels detected in wash fluid. A, a
diagnostic tree constructed on the
basis of the training set. The
majority class in each leaf is the
predictive class. B, the application
of the diagnostic tree to the test
set.
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noninvasive tumors. It is generally accepted that colonic
epithelial cells are exfoliated into the lumen, that cancer
cells can be detected among stool-derived exfoliated cells,
and that stool DNA/RNA derived from exfoliated cells may
be useful for diagnosis (36, 37). In that context, there are
several possible explanations for the higher concentration
of DNA from invasive tumor cells in colonoscopy wash
fluid. Resistance to apoptosis and loss of cell adhesion are
characteristic features of invasive cells (38, 39), which may
facilitate the survival of exfoliated cells allowing for good
DNA quality. Although we did not detect high levels of
methylation in wash fluid from noninvasive tumors, we
did obtain relatively large amounts of DNA. The origin of
the DNA remains to be determined, but it may be derived

from both tumor cells and normal cells such as white
blood cells.

Our findings suggest that the high levels of mir-34b/c
methylation in invasive tumors could be applied to predict
invasiveness by using stool DNA. To date, most diagnostic
methods for detecting colorectal tumors based on DNA
methylation utilize qualitative methylation analysis (16,
19, 20). Using sensitive and quantitative analysis such as
BEAMing technology (18), it should be possible to predict
the invasiveness of tumors by using stool DNA. Further
study to optimize the threshold will be necessary, however.

In summary, high levels of DNA methylation in color-
ectal washing fluid were correlated with invasiveness of
colorectal lesions. Combining endoscopic and DNA
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methylation analyses may facilitate accurate preoperative
staging of colorectal cancer.
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IGFBP?7 is a p53-responsive gene specifically silenced in colorectal cancer with CpG

island methylator phenotype
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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 (/GFBP7) 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 JGFBP7 upon binding to a p53 response
element within intron 1 of the gene. Treating methylated CRC
cell lines with 5-aza-2'-deoxycytidine restored p53-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 key 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; p5S3RE, 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).

p53 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 p53RE 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, IGFBP?7 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 IGFBP7 is a direct
target of p53, suggesting that IGFBP7 is a mediator of p53-dependent
growth suppression and that epigenetic inactivation of /GFBP7 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 (DNMT1) 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 [GFBP7 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 IGFBP7 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 /[GFBP7. The results were normalized using levels

of glyceraldehyde-3-phosphate dehydrogenase expression as control.

Biotechnology Information Human Assembly 33. Stored in the p53RE data-
base were sequences containing fewer than four mismatches in the 20 nucle-
otide p53RE 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 JGFBP7, 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 Il 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 pM sequencing primer to the purified PCR

product, pyrosequencing was carried out using a PSQI96MA 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 106 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 ul 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 JGFBP7 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-IGFBP7 and pGL3-RE-IGFBP7-mut were con-
structed as follows. Three tandem repeats of RE-JGFBP7 (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-/GFBP7-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 JGFBP7. 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. DKO2 cells (DNMTI ~~DNMT3B~~ HCT116 cells) were also used.

from the ratio of luciferase activity in the cells transfected with the pGLj—RE—
IGFBP?7 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 JGFBP7 cDNA was PCR amplified using cDNA derived from DKO2
cells as a template. The PCR was run in a 50 pl volume containing 1x Accu-
Prime Pfx Reaction mix (Invitrogen), 0.3 pM 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 Tag 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 10° cells) were transfected with 5 g 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 IGFBP7 methylation. Methylation of p76, 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 IGFBP?7 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 (DKO2 cells), thereby abrogating DNA methylation
(21). Those cells showed substantially greater expression of /[GFBP7
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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