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Abstract
Background/Aims: Sessile serrated adenomas/polyps (SSA/
Ps) are a putative precursor lesion of colon cancer. Although 
the relevance of DNA hypermethylation in the SSA/P-cancer 
sequence is well documented, the role of DNA hypomethyl-
ation is unknown. We investigated the biological relevance 
of DNA hypomethylation in the SSA/P-cancer sequence by 
using 3-dimensional organoids of SSA/P. Methods: We first 
analyzed hypomethylated genes using datasets from our 
previous DNA methylation array analysis on 7 SSA/P and 2 
cancer in SSA/P specimens. Expression levels of hypomethyl-
ated genes in SSA/P specimens were determined by RT-PCR 
and immunohistochemistry. We established 3-dimensional 
SSA/P organoids and performed knockdown experiments 
using a lentiviral shRNA vector. DNA hypomethylation at 
CpG sites of the gene was quantitated by MassARRAY analy-
sis. Results: The mean number of hypomethylated genes in 

SSA/P and cancer in SSA/P was 41.6 ± 27.5 and 214 ± 19.8, 
respectively, showing a stepwise increment in hypomethyl-
ation during the SSA/P-cancer sequence. S100P, S100α2, 
PKP3, and MUC2 were most commonly hypomethylated in 
SSA/P specimens. The mRNA and protein expression levels 
of S100P, S100α2, and MUC2 were significantly elevated in 
SSA/P compared with normal colon tissues, as revealed by 
RT-PCR and immunohistochemistry, respectively. Among 
these, mRNA and protein levels were highest for S100P. 
Knockdown of the S100P gene using a lentiviral shRNA vec-
tor in 3-dimensional SSA/P organoids inhibited cell growth 
by >50% (p < 0.01). The mean diameter of SSA/P organoids 
with S100P gene knockdown was significantly smaller com-
pared with control organoids. MassARRAY analysis of DNA 
hypomethylation in the S100P gene revealed significant hy-
pomethylation at specific CpG sites in intron 1, exon 1, and 
the 5′-flanking promoter region. Conclusion: These results 
suggest that DNA hypomethylation, including S100P hypo-
methylation, is supposedly associated with the SSA/P-cancer 
sequence. S100P overexpression via DNA hypomethylation 
plays an important role in promoting cell growth in the 
SSA/P-cancer sequence. © 2020 S. Karger AG, Basel
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Introduction

Colorectal cancer (CRC) is one of the leading causes of 
cancer-related death worldwide [1]. Although the adeno-
ma-carcinoma sequence is thought to be a major pathway 
in colorectal carcinogenesis, the serrated-neoplasia path-
way, in which serrated polyps give rise to cancers, has 
been the subject of recent interest as an alternative path-
way of CRC development [2–5]. The serrated-neoplasia 
pathway reportedly accounts for approximately 15–30% 
of CRCs [3, 4, 6]. Serrated polyps (lesions) are mainly 
classified into 3 subtypes [7, 8]: hyperplastic polyp, sessile 
serrated adenoma/polyp (SSA/P), and traditional serrat-
ed adenoma (TSA). Of these, SSA/P has been recognized 
as a precursor lesion of CRC, characterized by BRAF mu-
tation, CpG island methylator phenotype, and microsat-
ellite instability [9–12]. Several investigators have report-
ed that hypermethylation of various genes including p16, 
MINT, and MLH1 in the CpG island was associated with 
development of SSA/P [13–16]. We performed a genome-
wide methylation array analysis and found that hyper-
methylation and silenced expression of several genes in-
cluding PQLC1, HDHD3, RASL10B, FLI1, GJA3, and 
SLC26A2 were closely associated with development of 
SSA/P [17]. Moreover, recently Liu and colleagues [18] 
reported that novel 20 genes had been hypermethylated 
during the process of dysplasia formation in SSA/P. In 
contrast with DNA hypermethylation, however, fewer 
studies on DNA hypomethylation in CRC and other can-
cers have been reported. In CRC, hypomethylation of 
long interspersed nucleotide element-1 has been ob-
served to a varying degree [19, 20]. Moreover, Cui and 
colleagues [21] reported that loss of imprinting of insu-
lin-like growth factor 2 and H19 is initiated by DNA hy-
pomethylation in CRCs, implicating a role of DNA hypo-
methylation in colorectal carcinogenesis. There has been 
only 1 published study involving DNA hypomethylation 
in SSA/P tissues. Renaud and colleagues [22] reported hy-
pomethylation of MUC5AC in SSA/P tissues as well as in 
microvesicular hyperplastic polyps. However, no other 
studies on DNA hypomethylation have been reported in 
SSA/P tissues, and therefore, the role of DNA hypometh-
ylation in the serrated-neoplasia pathway has remained 
unknown.

In the present study, we investigated hypomethylated 
genes with genome-wide DNA hypomethylation array 
analyses in SSA/P and cancer in SSA/P specimens to clar-
ify the biological relevance of DNA hypomethylation in 
the SSA/P-cancer sequence of CRC. Since we ultimately 
found that S100P is commonly hypomethylated and 

overexpressed in SSA/P tissues, we then investigated the 
role of S100P in the SSA/P-cancer sequence by establish-
ing 3-dimensional organoids from SSA/P. Moreover, we 
examined the detailed mechanism by which transcription 
of the S100P gene is increased.

Patients and Methods

Patients and Samples
We previously performed a genome-wide DNA meth-

ylation array analysis on 7 SSA/P and 2 cancer in SSA/P 
specimens using the microarray-based integrated analy-
sis of methylation by isoschizomers (MIAMI) method 
and analyzed the hypermethylated genes region [17]. In 
the present study, we analyzed the hypomethylated genes 
region using those datasets. We then enrolled 11 addi-
tional patients with SSA/P and obtained 11 SSA/P tissue 
samples from them by biopsy or endoscopic mucosal re-
section for RT-PCR, immunohistochemistry, MassAR-
RAY analysis, and organoid culture. All patients had been 
known or suspected to have SSA/P lesions in the colon 
and were referred to our hospital for endoscopic removal. 
The histological diagnosis of SSA/P was made indepen-
dently by 2 pathologists (T.F. and Y.B.) according to the 
WHO criteria [7, 8]. Only lesions diagnosed as SSA/P 
concordantly by the pathologists were used. The baseline 
characteristics of all patients with SSA/P and cancer in 
SSA/P are described in online suppl. Table 1; see www.
karger.com/doi/10.1159/000512575 for all online suppl. 
material.

Methylation Array Analysis
We performed methylation array analysis using MI-

AMI method as described in the previous report [17] and 
examined hypomethylation of 15,883 genes in 7 SSA/P 
tissues and 2 cancer in SSA/P tissues. Out of the all hypo-
methylated genes, we selected several genes that showed 
high positivity rate among the 7 SSA/P samples.

Real-Time Quantitative PCR
Total RNA was extracted using RNeasy Mini kit (Qia-

gen, Hilden, Germany) and reverse transcribed into com-
plementary DNA. Probes and primers were from Taq-
Man gene expression assay reagents (Applied Biosys-
tems). The following TaqMan gene expression assays 
were used: S100P (Hs00195584_m1; Applied Biosys-
tems), MUC2 (Hs00159374_m1), S100α2 (Hs00195582_
m1), PKP3 (Hs00170887_m1), and 18s (Hs99999901_s1) 
as internal controls. qRT-PCR was performed on a 7500 
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Real Time PCR System (Applied Biosystems). PCR am-
plification conditions were 1 cycle at 50°C for 2 min and 
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 
60°C for 1 min. The relative gene expression was deter-
mined using comparative Ct method with 18s gene as an 
internal control.

Immunohistochemistry
Immunohistochemical staining was performed using the 

streptavidin-biotin-peroxidase method with labelled strep-
tavidin-biotin (Dako, Kyoto, Japan), as we described previ-
ously [17]. Rabbit anti-human S100P polyclonal antibody 
(diluted 1:1,000; Novus Biologicals, Littleton, CO, USA), 
rabbit anti-human MUC2 polyclonal antibody (Abcam, 
Cambridge, UK), rabbit anti-human S100α2 polyclonal an-
tibody (Abcam), and rabbit anti-human PKP3 polyclonal 
antibody (Abcam) were used as primary antibodies.

Isolation of Intestinal Crypts and 3D Organoid 
Culture
We obtained biopsy specimens of SSA/P as well as nor-

mal colonic mucosa for organoid culture under colonos-
copy and then removed the lesion using endoscopic mu-
cosal resection, which was used for pathological diagnosis 
of SSA/P. Isolation and dissociation of stem cells from 
SSA/P and normal colonic tissues were performed as we 
described previously [23]. In brief, isolated SSA/P and 
normal colon cells were embedded in Matrigel (Corning 
Inc., New York, NY, USA) on ice and seeded in 48-well 
plates. The Matrigel was polymerized for 10 min at 37°C, 
and 250 μL/well basal culture medium including various 
growth factors was overlaid. We confirmed that the or-
ganoid cells were positive for BRAF codon 600 mutation 
(V600E), identical to the BRAF mutation in the SSA/P 
tissue from which 2 strains of the organoid were estab-
lished (SSA/P organoids 1 and 2; online suppl. Fig. 1).

Cell Culture
Human colon cancer cell lines with BRAF mutation, 

HT29 and WiDr, were purchased from American Tissue 
Culture Collection. These cell lines were chosen for this 
study because they are positive for BRAF mutation and 
CpG island methylator phenotype, similar to findings in 
cancers derived from SSA/P. They were grown in RPMI 
1640 medium supplemented with 10% FBS at 37°C with 
5% CO2.

Transduction of Lentiviral shRNA
We transfected a lentiviral shRNA targeting S100P to 

knockdown the S100P gene in SSA/P organoid, as de-

scribed previously [24]. Briefly, the pLKO.1-puro vector 
targeting S100P (clone #1, TRCN54028; clone#2, 
TRCN54029) or pLKO.1-puro non-target shRNA (Sig-
ma-Aldrich) as a control vector was mixed with lentivec-
tor packaging plasmid DNA mix and co-transfected into 
HEK293 cells. The viral supernatant was collected and 
stored at −80°C. The SSA/P organoid cells were infected 
with lentiviral S100P shRNA vector, and puromycin se-
lection was performed. These assays were performed in 
sextuplicate.

Cell Viability Assay
Organoid cells infected with lentiviral S100P shRNA 

vector or control shRNA vector were seeded in 48-well 
plates and incubated for 7 days at 37°C. Organoid cell vi-
ability was determined by CellTiter-Glo® assay (Prome-
ga, Madison, WI, USA), as previously described [25].

Regarding the cell lines, HT29 and WiDr cells were 
transfected with small interfering RNA (siRNA) targeting 
S100P (Cell Signaling Technology Inc., Danvers, MA, 
USA) or random siRNA (Cell Signaling Technology) us-
ing transfection reagent, as we described previously [26]. 
After 24 h, the medium was replaced with normal medi-
um and incubated for 72 h, and cell viability was deter-
mined using a cell proliferation assay. These assays were 
performed in sextuplicate.

Quantitative Analysis of DNA Hypomethylation by 
MassARRAY
Quantitative DNA methylation analysis for the S100P 

gene was performed by MassARRAY EpiTYPER assay, 
as described previously [27]. Cellular DNA was extracted 
from SSA/P and normal colonic mucosa tissues and 
treated with sodium bisulfite using an EZ DNA Methyla-
tion Kit (Zymo Research, Orange, CA, USA). In the MI-
AMI methylation array analysis, only probe D located in 
intron 1 showed significant hypomethylation, while the 
other probes including probe C in the 5′-flanking pro-
moter region did not (online suppl. Table 2). Moreover, 
Sato and colleagues [28] suggested that the transcription 
regulatory region of S100P exists in the gene from exon 
1 to the 5′-flanking region. Therefore, we designed 3 
pairs of primers that cover the region from intron 1 
(probe D), exon 1, and the 5′-flanking promoter region 
including 18 CpG sites (online suppl. Table 3). The re-
verse primer has a T7 promoter tag for in vitro transcrip-
tion (5′-cagtaatacgactcactatagggagaaggct-3′), and the 
forward primer was tagged with a 10-mer to balance the 
Tm (5′-aggaagagag-3′). Bisulfite-treated DNA was am-
plified using the primers and treated with shrimp alka-
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line phosphatase (SAP) and in vitro transcription was 
performed. After RNAase A digestion, small RNA frag-
ments with CpG sites were obtained and analyzed using 
a MassARRAY system matrix-assisted laser desorption/
ionization-time-of-flight mass spectrometer (Agena 
Bioscience, San Diego, CA, USA). The spectra’s methyla-
tion ratios were calculated using EpiTYPER software 
v1.3. Universally methylated DNA from HCT116 cells 
(EpiScope® Methylated HCT116 gDNA; Takara Bio 
Inc., Mountain View, CA, USA) and unmethylated DNA 
from HCT116 cells (EpiScope® Unmethylated HCT116 
gDNA) were used as methylation-positive and methyla-
tion-negative controls, respectively. The hypomethyl-
ation rate in each CpG site was calculated as follows: 
(methylation rate in normal colonic tissue – methylation 
rate in SSA/P tissue)/methylation rate in normal colonic 
tissue.

Statistics
The total number of hypomethylated genes for 

SSA/P and cancer in SSA/P was compared using Mann-
Whitney U test. Levels of mRNA in SSA/P and normal 
colonic tissues were also compared using Mann-Whit-
ney U test. Cell viability in SSA/P organoid transfected 

with shRNA against S100P and with control shRNA 
was compared using Student’s t test, as was relative hy-
pomethylation between normal colon and SSA/P sam-
ples.

Results

Endoscopic and Histologic Appearance of SSA/P and 
Cancer in SSA/P
Figure 1a shows the typical endoscopic appearance of 

SSA/P, with flat shape and similar color to the surround-
ing mucosa in the ascending colon. Histological examina-
tion of this lesion revealed dilated crypts and crypts with 
horizontal growth of the bases and no cytological dyspla-
sia, consistent with the findings of SSA/P (Fig. 1b) [7, 8]. 
Figure 1c shows a representative endoscopic image of 
cancer in SSA/P with a slight central depression in the 
cecum. Histological examination revealed increased 
glandular density with crowded glands that had a back-
to-back growth pattern and cells with rounded nuclei, 
coarse chromatin, and loss of polarity, consistent with the 
findings of cancer (Fig. 1d).

a b

c d

Fig. 1. Endoscopic and histologic features 
in sessile serrated adenoma/polyp (SSA/P) 
and cancer in SSA/P. a Representative en-
doscopic view of SSA/P with 15 mm diam-
eter from case S1. The size was measured 
using biopsy forceps. b Histological exami-
nation showed serration with distorted and 
dilated crypts (H&E staining; magnifica-
tion, ×100). c Representative endoscopic 
view of cancer in SSA/P with a depressed 
surface in the cecum from case C1. d His-
tological examination showed increased 
glandular density with crowded glands that 
had a back-to-back growth pattern and 
cells with rounded nuclei, coarse chroma-
tin, and loss of polarity (H&E staining; 
magnification, ×100).
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Hypomethylated Genes in SSA/P and Cancer in SSA/P 
Tissues
We investigated hypomethylated genes in SSA/Ps 

and cancer in SSA/P using genome-wide DNA methyla-

tion array analysis; 7 SSA/P and 2 cancers in SSA/P spec-
imens were analyzed by the MIAMI method using the 
corresponding normal colonic epithelium as a refer-
ence. Representative scatter plots of the signals from 
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Fig. 2. Scatterplots of signals for each probe 
as determined using the microarray-based 
integrated analysis of methylation by isos-
chizomers (MIAMI) method, and the total 
number of hypomethylated genes and 
commonly hypomethylated genes in sessile 
serrated adenoma/polyp (SSA/P) and can-
cer in SSA/P tissues. a, b Green lines repre-
sent y = ±log2, blue lines represent x = 
±log5, and yellow lines are located at ±log5 
horizontal distance from the regression 
line (red line) of the plots in accordance 
with the original MIAMI method of Hata-
da et al. [29]. Dots located within the 2 
green lines and on the left side of the yellow 
line were determined to be hypomethyl-
ated in SSA/P (a) and cancer in SSA/P (b) 
tissues compared with paired normal 
colorectal epithelium. c The number of hy-
pomethylated genes detected using the MI-
AMI method in 7 SSA/P and 2 cancer in 
SSA/P specimens was plotted. *p < 0.05.  
d The most commonly hypomethylated 
genes in 7 SSA/P specimens were S100P, 
S100α2, PKP3, and MUC2.
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each probe in SSA/P (S1) and cancer in SSA/P speci-
mens (C1) are shown in Figure 2a and b, respectively. 
The values for log ([Hpa II intensity] lesion/[Hpa II in-
tensity] normal) are plotted on the x-axis, representing 
the relative methylation changes of each lesion. The val-
ues for the log ([Msp I intensity] lesion/[Msp l intensity] 
normal) are plotted on the y-axis, representing the con-
trol for the enzyme effects at sample digestion. The 
threshold values were determined according to the orig-
inal MIAMI method described by Hatada et al. [29]. 
Dots located within the upper and lower green lines 
(±log2, respectively) and on the left side of the yellow 
line at log5 of the horizontal distance from the regression 
line of the plots represent hypomethylated genes in each 
lesion compared with paired normal colorectal epithe-
lium: 27 genes were determined to be hypomethylated 
in the SSA/P specimens (Fig. 2a). Likewise, 228 genes 
were hypomethylated in cancer in SSA/P specimens 
(Fig. 2b). The mean number of hypomethylated genes in 
cancer in SSA/P specimens (214 ± 19.8) was significant-
ly higher than that in SSA/P specimens (41.6 ± 27.5) 
(Fig. 2c, p < 0.05). Since we used normal colonic epithe-
lium as a reference in the MIAMI analysis, our data in-
dicated that the number of hypomethylated genes in-
creases in a stepwise fashion from normal epithelia to 
SSA/P and then to cancer in SSA/P.

Of all the hypomethylated genes, S100α2, a calcium-
binding protein, was hypomethylated in all SSA/P tissues 
(7/7, 100%) (Fig. 2d). S100P, a calcium-binding protein, 
and PKP3, a member of the armadillo multigene family, 
were hypomethylated in 5/7 (71.4%) samples. MUC2, a 
member of the mucin protein family, was hypomethyl-
ated in 4/7 (57.1%) samples. Moreover, all 4 genes were 
commonly hypomethylated in the 2 cancer in SSA/P sam-
ples except for PKP3 in 1 sample. The other genes were 
hypomethylated less frequently (≤3/7) or not hypometh-
ylated. All SSA/P and cancer in SSA/P lesions were posi-
tive for BRAF mutation.

Levels of mRNA and Protein Expression of 4 
Hypomethylated Genes
To validate the results of the hypomethylation array 

analysis, we first assessed the mRNA levels of the 4 genes 
in 10 additional SSA/P specimens using RT-PCR. The 
mRNA levels of S100P in SSA/P tissues were significantly 
higher than those in paired normal colon epithelium tis-
sues (p < 0.01; Fig. 3a). Similarly, the levels of S100α2 and 
MUC2 in SSA/P tissues were significantly higher than 
those in paired normal colon epithelium tissues (p < 0.05; 
Fig. 3b, d). However, there was no significant difference 

in the mRNA levels of PKP3 between the SSA/P and nor-
mal colon epithelium tissues (Fig. 3c).

To determine whether protein expression of these 4 
genes was upregulated by hypomethylation, we per-
formed immunohistochemical staining using 5 SSA/P tis-
sues with hypomethylation of each gene; representative 
staining patterns are shown in Figure 3e–h. S100P was 
intensely stained in the cytoplasm and nucleus of SSA/P 
cells but not in normal epithelial cells (Fig. 3e). S100α2 
was weakly stained in the cytoplasm and nucleus of SSA/P 
cells, although it was also faintly stained in normal epithe-
lial cells (Fig. 3f). PKP3 was stained mainly in the inter-
stitial cells but very weakly in both SSA/P and normal 
epithelial cells (Fig. 3g). MUC2 was intensely stained in 
the cytoplasm of SSA/P cells but was also weakly stained 
in surrounding normal epithelial cells (Fig. 3h). Negative 
control was not stained in the cytoplasm of both SSA/P 
and normal epithelial cells (Fig. 3i). Although staining in-
tensity for the 4 gene products was variable among the 
remaining 4 SSA/P specimens, it appeared that S100P was 
more intensely stained in most of the SSA/P samples than 
in surrounding normal epithelia (online suppl. Fig. 2). 
These results strongly suggest that hypomethylation of 
the S100P gene promotes its mRNA transcription and 
subsequent protein overexpression.

Inhibition of Cell Proliferation in Human SSA/P 
Organoids by Knockdown of S100P
To investigate the role of S100P in SSA/P cell prolif-

eration, we established a human SSA/P organoids 1 and 
2 from biopsy specimens, knocked down the S100P gene 
with lentiviral shRNA#1 and #2, and assessed cell prolif-
eration using a cell viability assay. The level of S100P 
mRNA in SSA/P organoid cells transfected with a lentivi-
ral shRNA#1 and #2 against S100P was decreased to only 
10.0 ± 4.0% and 12.6 ± 2.3% of that in SSA/P organoid 
cells transfected with control shRNA, respectively (Fig. 4a, 
b). The viability of SSA/P organoid cells knocked down 
with S100P by lentiviral shRNA#1 and #2 was decreased 
to only 37.4 ± 2.7% and 34.1 ± 7.1% of that of control or-
ganoid cells at day 7 (p < 0.01; Fig. 4c, d). Moreover, we 
showed cell growth curves for the 2 strains of organoids 
introduced with S100P shRNA with the time course of 
cell proliferation in online suppl. Figure 3. The viability 
of SSA/P organoid cells with S100P knocked down was 
significantly lower compared with control cells treated 
with scramble shRNA at days 7 and 9. The mean diameter 
of SSA/P organoid 1 knocked down with S100P was sig-
nificantly smaller (and) than that of control SSA/P organ-
oid 1 (52.1 ± 24.9 vs. 139.6 ± 38.9 μm; p < 0.01; Fig. 4e, f). 
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Fig. 3. Levels of mRNA and protein expression for S100P, S100α2, 
PKP3, and MUC2 in sessile serrated adenoma/polyp (SSA/P) tis-
sues. a–d Relative mRNA levels of S100P (a), S100α2 (b), PKP3 (c), 
and MUC2 (d) in SSA/P and matched normal colorectal epitheli-
um. The mRNA levels were determined by qRT-PCR and normal-

ized to 18S RNA. *p < 0.01; **p < 0.05; ns, not significant.  
e–i Representative immunohistochemical staining for S100P (e), 
S100α2 (f), PKP3 (g), MUC2 (h), negative control (NC) (i). Mag-
nification, ×100. The dotted line represents the border between 
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Similar results were obtained with SSA/P organoid 2 
knocked down with S100P gene (44.3 ± 11.5 vs. 94.2 ± 
23.4 μm; p < 0.01; online suppl. Fig. 3b, c). These data in-
dicate that S100P promotes cell growth in SSA/P organ-
oid cells.

We also examined the role of the S100P gene in the 
proliferation of CRC cell lines with BRAF mutation 
(HT29 and WiDr) by knocking down S100P with siRNA 
against S100P. The relative mRNA level of S100P in HT29 
or WiDr cells transfected with siRNA was decreased to 
17.8 ± 2.0% or 5.7 ± 0.4% of that in control cells at 72 h, 
respectively (Fig. 5a, e). Cell viability in HT29 and WiDr 
cells transfected with S100P siRNA was significantly de-
creased by 44.8 and 22.5% compared with control cells at 
72 h, respectively (p < 0.05; Fig.  5c, g). Moreover, the 
mRNA level of S100P in HT29 or WiDr cells transfected 
with shRNA#1 was decreased to 4.6 ± 0.4% or 17.4 ± 1.0% 
of that in control cells at 72 h, respectively (Fig. 5a, e). The 
S100P protein expression in HT29 and WiDr cells trans-
fected with S100P shRNA#1 was also obviously decreased, 
as revealed by Western blot analysis (online suppl. Fig. 5). 
Cell viability in HT29 or WiDr cells transfected with 
S100P shRNA#1 was significantly decreased by 18.5 and 
26.9% compared with the control cells at 72 h, respec-
tively (p < 0.05; Fig. 5d, h). These data indicate that S100P 
promotes cell growth not only in SSA/P but also in CRC 
cell lines.

Quantitative DNA Hypomethylation Analysis of 
S100P by MassARRAY
To quantitatively examine hypomethylation status in 

each of the 18 CpG sites in the S100P gene, we performed 
MassARRAY analysis on 3 SSA/P tissue samples using 3 
probes for the 5′-flanking promoter region, exon 1, and 
intron 1 (Fig. 6a). A 2-way hierarchical clustering analysis 
showed differences in the methylation patterns of select-
ed CpG sites in the S100P gene between SSA/P and cor-
responding normal tissue samples (Fig.  6b). Of the 18 
CpG sites, 10 sites in SSA/P specimens exhibited signifi-
cant hypomethylation rates as compared with corre-
sponding normal epithelia (p < 0.05): 4 of 10 sites in the 
promoter region, 2 of 3 in exon 1, and 4 of 5 in intron 1. 
Detailed data on the methylation rates of each CpG site 
from the MassARRAY analysis are shown in online suppl. 
Table 4. The hypomethylation rates for the promoter re-
gion, exon 1, and intron 1 were 19.9 ± 15.3%, 16.1 ± 
13.6%, and 28.3 ± 7.8%, respectively. Thus, hypomethyl-
ation of CpG sites occurred predominantly in intron 1 
rather than in the promoter region or exon 1.

Discussion

In this study, we analyzed hypomethylated genes in 
SSA/P and cancer in SSA/P specimens using a genome-
wide DNA methylation array and strongly suggested that 
DNA hypomethylation is closely associated with tumori-
genesis in the SSA/P-cancer sequence. We have also suc-
cessfully identified 4 commonly hypomethylated genes in 
SSA/Ps specimens; in particular, S100P showed signifi-
cantly higher transcription and protein overexpression in 
SSA/P with hypomethylation at specific CpG sites as 
compared with surrounding normal epithelia. More im-
portantly, we established 3-dimensional organoids from 
SSA/P specimens and showed that knockdown of the 
S100P gene significantly reduced the proliferation of 
SSA/P organoid cells in addition to the proliferation of 
BRAF-mutant CRC cell lines. These data clearly indicate 
that hypomethylation at specific CpG sites of the S100P 
gene plays an important role in the development of SSA/P.

It has been reported that DNA hypomethylation is gen-
erally associated with initiation of tumorigenesis, whereas 
DNA hypermethylation is associated with cancer progres-
sion [30, 31]. In this study, however, the mean number of 
hypomethylated genes in SSA/P and cancer in SSA/P spec-
imens was 41.6 ± 27.5 and 214 ± 19.8, respectively. Since 
the normal colonic epithelium was used as a reference in 
this analysis, our data indicate that approximately 40 genes 
were hypomethylated during the formation of SSA/P and 
approximately 170 genes were hypomethylated during the 
formation of subsequent cancers. Thus, these data suggest 
that DNA hypomethylation would play a considerable role 
in the formation of cancer as well as the formation of pre-
cancerous SSA/P in the SSA/P-cancer sequence.

Renaud and colleagues [22] reported that intestinal 
mucin (MUC2) and gastric mucin (MUC5AC) genes 
were frequently hypomethylated in SSA/P but not in can-
cer tissues. We also found MUC2 hypomethylation in 
both SSA/P and cancer in SSA/P tissues but did not find 
MUC5AC hypomethylation in either tissue. It is unclear 
why our MUC5AC results differed from those of Renaud 
et al. [22]. Previous studies analyzed only a few genes for 
hypomethylation, whereas we performed genome-wide 
DNA methylation analysis and found 4 that were com-
monly hypomethylated (S100P, S100α2, PKP3, and 
MUC2). Importantly, our analysis included both SSA/P 
and “cancer in SSA/P tissues” to investigate epigenetic 
alterations in the SSA/P-cancer sequence.

S100P is a calcium-binding protein belonging to the 
S100 family and consisting of 95 amino acids [32]. It has 
been reported that S100P is expressed in several types of 
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Fig. 5. Knockdown of S100P inhibited proliferation of BRAF-mu-
tant colon cancer cell lines. a, e BRAF-mutant colon cancer cell 
lines HT29 (a) and WiDr (e) were transfected with small interfer-
ing RNA (siRNA) targeting S100P or scramble siRNA, and the 
knockdown efficiencies were assessed by qRT-PCR at 72 h after 
transfection. c, g Cell viability was assessed by BrdU assay in HT29 

(c) and WiDr (g) at 72 h after transfection. *p < 0.05. b, f BRAF-
mutant colon cancer cell lines HT29 (b) and WiDr (f) were trans-
fected with S100P shRNA#1 or control shRNA, and the knock-
down efficiencies were assessed by qRT-PCR PCR at 72 h after 
transfection. d, h Cell viability was assessed by BrdU assay in HT29 
(d) and WiDr (h) at 72 h after transfection. *p < 0.05.
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MassARRAY. Universally methylated DNA and unmethylated 
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cancers including those of the pancreas, breast, colon, 
prostate, and lung, and that S100P is associated with tu-
mor growth, drug resistance, metastasis, and poor prog-
nosis [30, 33–36]. Jiang and colleagues [37] reported that 
knockdown of the S100P gene in CRC cell lines (DLD1 
and SW620) inhibited proliferation, migration, and inva-
sion in vitro and in a xenograft model. The inhibition of 
proliferation by knockdown of S100P in CRC cell lines is 
consistent with our results. However, no study has been 
able to show the functional role of S100P gene in precan-
cerous lesions such as SSA/P and/or adenoma, because 
there was no suitable culture model of benign tumors 
available, unlike with CRCs. We established 3-dimen-
sional organoids from SSA/P specimens, as we reported 
recently [38], and showed that knockdown of the S100P 
gene using lentivirus-mediated shRNA significantly in-
hibited the proliferation of SSA/P organoids. S100P 
knockdown inhibited cell growth by approximately 63% 
in SSA/P organoids, whereas it inhibited cell growth by 
only 23–45% in BRAF-mutant CRC cell lines. Although 
these values are not simply comparable, our results sug-
gest that S100P may play a more important role in the 
growth of SSA/P than cancer cells. In addition, Fuentes 
and colleagues [39] reported that addition of exogenous 
S100P stimulates proliferation and migration of SW480 
CRC cells by its binding to cell surface RAGE (S100P/
RAGE signaling pathway), which subsequently activates 
MAP kinase and NF-kB pathways. We also confirmed the 
RAGE expression in SSA/P organoids and CRC cells with 
BRAF mutation (HT29/WiDr), as well as in SSAP tissues 
and cancer in SSA/P specimens using Western blot anal-
ysis and immunohistochemistry (online suppl. Fig. 4). 
These results may explain the developmental mechanism 
of SSA/P through accumulated DNA hypomethylation 
and hypermethylation with BRAF mutation. In particu-
lar, expression of S100P due to hypomethylation would 
confer a significant cell growth advantage via the S100P/
RAGE signaling pathway during the formation of SSA/P. 
Moreover, we found that expressions of p-Erk (a member 
of MAP kinase) in WiDr and HT29 cells were slightly in-
hibited by S100P shRNA-introduction but expressions of 
pp65, a subunit of NF-KB, were unchanged (online suppl. 
Fig. 5). Therefore, it is possible that RAGE pathway may 
be activated by MAP kinase pathway.

Sato and colleagues [28] reported that hypomethyl-
ation of S100P and maspin is a common epigenetic al-
teration in pancreatic cancer. They also found specific hy-
pomethylation of CpG sites in the 5′-flanking promoter 
region and part of exon 1 of the S100P gene. However, the 
area and degree of hypomethylation at CpG sites in the 

S100P gene were undetermined. In the present study, 
quantitative MassARRAY analysis showed that hypo-
methylated CpG sites were predominantly located in in-
tron 1 rather than in the promoter and in exon 1 of the 
S100P gene. These results indicate that hypomethylation 
at the CpG sites in intron 1 as well as in exon 1 and the 
promoter region of the S100P gene probably induce ele-
vated transcription and subsequent overexpression of 
S100P protein, resulting in enhanced cell growth during 
the formation of SSA/P.

Expression of MUC2 and S100α2 mRNAs, in addition 
to S100P mRNA, was significantly elevated in SSA/P tis-
sues, probably due to hypomethylation. Since MUC2 ex-
pression has been implicated in the progression of mi-
crovesicular hyperplastic polyp to SSA/P [22], it is plau-
sible that MUC2 expression may play an important role 
in the serrated-neoplasia pathway. However, the precise 
role and significance of these genes should be elucidated 
in future studies. As a limitation of this study, the number 
of samples, particularly the number of cancer in SSA/P 
tissues examined, were small. Therefore, it will be impor-
tant to confirm the data using more samples in future.

Conclusion

Our results suggest that global DNA hypomethylation, 
including S100P hypomethylation, is supposedly associ-
ated with the SSA/P-cancer sequence. S100P, which is 
overexpressed due to hypomethylation at specific CpG 
sites in intron 1, exon 1, and the 5′-promoter region, plays 
an important role in cell proliferation in SSA/P. S100P 
may therefore be a novel therapeutic and prophylactic 
target for SSA/P and subsequent cancer.
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