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The frequency of promoter DNA hypermethylation is decreased 
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ABSTRACT

Familial adenomatous polyposis (FAP) is an inherited disorder characterized by 
numerous colorectal adenomatous polyps with predisposition to the development of 
colorectal cancer (CRC). Here, we conducted genome-wide DNA methylation analysis 
of FAP neoplasms, including seven cancer samples and 16 adenoma samples, using an 
Infinium 450K BeadArray. As controls for sporadic colorectal neoplasms and mucosae, 
we used Infinium 450k data from 297 CRC samples, 45 colorectal adenoma samples, 
and 37 normal mucosa samples with reference to The Cancer Genome Atlas and 
other databases. Unsupervised two-way hierarchical clustering analysis of FAP and 
sporadic CRC/adenoma revealed that CRC was classified into four DNA methylation 
epigenotypes (MEs): high-ME (HME), intermediate-ME (IME), low-ME (LME), and 
normal-like ME (NME). Five FAP neoplasms (two cancer and three adenoma) were 
clustered with IME, whereas 18 FAP neoplasms (five cancer and 13 adenoma) were 
clustered into NME. IME FAP neoplasms significantly correlated with KRAS mutations, 
similar to sporadic CRC. Within IME cases, however, aberrant DNA methylation was 
significantly less frequent in FAP neoplasms than sporadic neoplasms, and these 
unmethylated genes included WNT family genes and several types of oncogenes. In 
summary, FAP neoplasms were classified into at least two molecular subtypes, i.e., 
NME in the majority of cases showing mostly no aberrant methylation and IME in some 
cases accompanied by KRAS mutations but less frequent aberrant DNA methylation 
than sporadic neoplasms, suggesting that FAP may follow a tumorigenesis pathway 
different from that of sporadic CRC.
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INTRODUCTION

Sporadic colorectal cancer (CRC) is a major 
cause of death and is associated with high incidence 
and mortality rates [1]. Sporadic CRC arises through 
accumulation of genetic  alterations, called the “adenoma-

carcinoma sequence”, which involves progression 
from adenomatous polyps to CRC [2–5]. In addition to 
genetic alterations due to chromosomal instability and 
microsatellite instability [6], aberrant DNA methylation 
of promoter CpG islands has been reported to be one of 
the most important epigenomic alterations in colorectal 
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carcinogenesis, leading to inactivation of multiple tumor-
suppressor genes [7].

In our previous study, we performed epigenotyping 
of sporadic CRC using comprehensive and quantitative 
DNA methylation data [8]. Although some genes were 
commonly hypermethylated in nearly all CRC cases, 
two groups of classifier genes (Group-1 and Group-2 
markers) were established to classify sporadic CRC into 
three distinct DNA methylation epigenotypes (MEs): 
high-ME (HME), intermediate-ME (IME), and low-ME 
(LME) [8]. Group-1 markers are mostly equivalent to 
classical markers for the CpG island methylator phenotype 
(CIMP) [9]. HME/CIMP-high sporadic CRC showed 
hypermethylation of both Group-1 and Group-2 markers 
and was strongly correlated with BRAF mutations. IME/
CIMP-low sporadic CRC showed methylation of Group-2, 
but not Group-1 markers, and was strongly correlated with 
KRAS mutations. Finally, LME sporadic CRC showed 
aberrant hypermethylation of commonly methylated 
genes, but no methylation of Group-1/Group-2 markers, 
and did not correlate with BRAF or KRAS mutations, as 
reported by other groups [9, 10].

Familial adenomatous polyposis (FAP) is an 
autosomal dominant inherited disorder characterized 
by numerous colorectal adenomatous polyps with 
predisposition to the development of CRC. The worldwide 
incidence of FAP is 3–10 per 100,000, accounting for 
approximately 1% of CRC cases [11]. In patient with FAP, 
the risk of progression to CRC by the age of 35–40 years 
is approximately 100% [12]. Despite this extremely high 
risk of cancer, the molecular basis of tumorigenesis in FAP 
is not fully understood. The “second hit” against APC has 
not been definitively identified in patients with FAP with 
germline mutations in APC [13]. Moreover, approximately 
20% of patients with FAP do not possess APC germline 
mutations, and responsible mutations have not yet been 
identified [14]. With regard to epigenetic alterations, 
few studies have described aberrant DNA methylation 
with a focus on FAP, and molecular stratification of FAP 
neoplasms has yet to be clarified [15].  

We recently evaluated DNA methylation 
epigenotypes of FAP neoplasms by pyrosequencing 
using 20 methylation marker genes, which we previously 
established [16]. There are thought to be at least two 
molecular subtypes of FAP neoplasms, and these lesions 
appear to be similar to LME and IME in sporadic 
CRC. The two epigenotypes are independent of APC 
germline mutation status, and both subtypes can develop 
malignant tumors. Comprehensive analysis of DNA 
methylation status other than the 20 methylation markers 
or investigation of differences between FAP and sporadic 
neoplasms, however, has not yet been clarified.

Therefore, in this study, we conducted genome-
wide DNA methylation analysis of FAP neoplasms using 
an Infinium HumanMethylation450 BeadChip (Infinium 
450k) array with reference to the Infinium 450k data of 

The Cancer Genome Atlas (TCGA) and other data [17]. 
Our findings provided important insights into the specific 
features of FAP-associated colorectal neoplasms. 

RESULTS

Extraction of Infinium probes that were not 
significantly influenced by formalin fixation and 
paraffin embedding 

DNA derived from formalin-fixed, paraffin-
embedded (FFPE) tissue is generally of poor integrity due 
to DNA-protein crosslinks and nucleic acid fragmentation, 
rendering this source of DNA less compatible with 
Infinium [18]. Some protocols have been reported to 
improve quality of FFPE DNA samples and achieve robust 
array results [19, 20]. Because both frozen and FFPE 
samples were analyzed in this study, probes that were not 
significantly influenced by FFPE were extracted to exclude 
the effects of the FFPE procedure for Infinium analysis. 
Infinium 450k analysis was performed for three pairs of 
frozen and FFPE colorectal neoplastic samples (tumors 
#1, #2, and #3; Figure 1A). The numbers of probes with 
differences in β-values of less than 0.1 between frozen and 
FFPE samples were 293,611 (tumor #1), 256,104 (tumor 
#2), and 286,354 (tumor #3; Figure 1B). The number of 
probes with differences in β-values of less than 0.1 in all 
three neoplastic samples was 161,828, and we used these 
probes for subsequent DNA methylation analysis in frozen 
and FFPE samples (Figure 1C).

Hierarchical clustering analysis of FAP 
neoplasms and sporadic CRC 

Next, we performed Infinium 450k analysis for 
23 FAP neoplasm samples (Supplementary Table 1) 
and utilized β-values of the extracted 161,828 probes. 
We also analyzed Infinium 450 k data for 297 sporadic 
CRC and 37 normal mucosa samples supplied by TCGA. 
Among 161,828 probes, 49,551 probes were located in the 
promoter region of 8,625 high-CpG genes. When multiple 
probes were designed within a promoter, the probe nearest 
to the transcription start site was selected for each gene. 
Among these 8,625 probes (i.e., genes), 1,001 probes with 
standard deviation of β-values > 0.10 in 357 samples were 
selected. Unsupervised two-way hierarchical clustering 
analysis was performed using the β-values of these 1,001 
probes in 23 FAP colorectal neoplasm samples, 297 
sporadic CRC samples, and 37 normal colorectal mucosa 
samples (Figure 2). The 357 clinical samples were clearly 
clustered into four MEs, i.e., HME, IME, LME, and 
another ME. All 37 normal mucosa samples were clustered 
into the fourth ME, which was named normal-like ME 
(NME) hereafter, and the NME samples also included 
10 (3%) of 297 sporadic CRC and 18 (78%) of 23 FAP 
neoplasm samples. Although sporadic CRC samples were 
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Figure 1: Selection of appropriate probes for analysis of frozen and FFPE samples. (A) Preparation of frozen and FFPE 
samples. Three colon tumors (#1–3) were cut into two pieces; one was fixed with formalin and embedded in paraffin (FFPE), and the 
other was frozen with liquid nitrogen and stored at –80° C (frozen). Both tissues underwent DNA extraction and Infinium assays. (B) Plot 
of β-values. Probes showing the differences in β-values between frozen and FFPE samples of less than 0.1, i.e., between y = x + 0.1 and  
y = x−0.1, were extracted (red). (C) In total, 161,828 overlapped probes among three analyses (tumors #1, #2, and #3) were extracted and 
used for subsequent DNA methylation analysis. 
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distributed into four MEs, FAP neoplasms were classified 
into two MEs, i.e., IME (n = 5, 22%) and NME (n = 18, 
78%).

Two-way hierarchical clustering analysis also 
stratified the 1,001 genes into several marker groups 
(Figure 2, right panels). These genes included normally 
methylated markers (genes methylated in all MEs), 
common methylation markers (genes methylated in HME, 
IME, and LME, but unmethylated in NME), intermediate 
methylation markers (genes methylated in HME and 
IME, but unmethylated in LME and NME), and high 
methylation markers (genes specifically methylated in 
HME). Within IME samples, FAP neoplasms showed 
significantly lower methylation levels than sporadic 
CRC in some normally methylated markers, commonly 
methylated markers, and intermediate markers.

Confirmation of two subtypes of FAP tumors 

We performed the two-way hierarchical clustering 
analysis using the same 1,001 probes only for 23 FAP 
neoplasms and 5 normal mucosa samples to confirm the 
two subtypes of FAP neoplasms (Figure 3A). Among 
the 28 samples, 27 samples were clearly classified into 
two clusters, whereas one sample was considered as an 
outlier. The higher methylation cluster (n = 5) and lower 
methylation cluster (n = 22) corresponded with IME and 
NME, respectively, in Figure 2. The five IME neoplasms 
were all located in the proximal colon, whereas the 17 
NME neoplasms were significantly located in the distal 
colon (P = 0.002, Fisher’s exact test). There were no 
significant differences between the benign and malignant 
properties of neoplasms (three adenoma cases versus two 
cancer cases in IME and 13 adenoma cases versus four 
cancer cases in NME; P = 0.5). 

We then analyzed mutations in BRAF and KRAS 
by pyrosequencing (Figure 3B). The five IME tumors 
were all KRAS mutation(+), whereas 13 of 17 NME 
tumors were KRAS mutation(–) (P = 0.002; Figure 3A 
and Supplementary Table 1). These data indicated that 
IME was significantly correlated with KRAS mutations, 
as reported in sporadic CRC. BRAF mutations were not 
detected in any FAP tumors.  

Extraction of marker genes to characterize four 
epigenotypes

Because hierarchical clustering analysis of gene 
direction indicated that four marker groups characterized 
four MEs, we extracted marker genes from the observed 
8,625 high-CpG genes (Figure 4). 

High methylation marker genes (186 genes) were 
methylated in HME neoplasms (average β-value ≥ 0.2) but 
not in IME, LME, and NME (average β-value < 0.2). The 
average β-value of sporadic HME CRC was significantly 
higher than that of sporadic IME CRC (0.49 ± 0.00 versus 

0.17 ± 0.00, P = 2 × 10−33, t-test). Gene ontology (GO) 
terms were significantly enriched in genes related to 
“pattern specification process” and “dopaminergic neuron 
differentiation” (e.g., WNT6, WNT3, OTX2, WNT5A, and 
WNT1). 

Intermediate methylation marker genes (69 genes) 
were methylated in both HME and IME tumors (average 
β-value ≥ 0.2) but not in LME or NME (average β-value 
< 0.2). The average β-value of sporadic IME CRC was 
significantly higher than that of sporadic LME CRC (0.35 
± 0.00 versus 0.15 ± 0.00, P = 2 × 10−41). The average 
β-value of sporadic HME CRC was even higher than that 
of sporadic IME CRC (0.56 ± 0.00 versus 0.35 ± 0.00, 
P = 6 × 10−24). GO terms were significantly enriched in 
genes related to “cell fate commitment” and “anatomical 
structure maturation” (e.g., NRCAM and TBC1D30). 

Common methylation marker genes (149 genes) 
were methylated in HME, IME, and LME (average β-value 
≥ 0.2), but not in NME (average β-value < 0.2). The 
average β-value of sporadic LME CRC was significantly 
higher than that of sporadic NME CRC (0.34 ± 0.00 versus 
0.11 ± 0.00, P = 3 × 10−281), and those of sporadic IME or 
HME CRC were even higher than that of sporadic LME 
CRC (0.48 ± 0.00 or 0.55 ± 0.00, respectively). GO terms 
were significantly enriched in genes related to “pattern 
specification process”, “signal release”, and “neuronal 
system” (e.g., WNT3A, GDNF, and FGFR1). 

Normally methylated marker genes (41 genes) were 
methylated in all four MEs (average β-value ≥ 0.2). There 
were no significant differences among DNA methylation 
levels in HME, IME, LME, and NME neoplasms.

Lower methylation levels in FAP tumors

In our analysis of extracted marker genes, aberrant 
DNA methylation levels of FAP IME neoplasms were 
significantly lower than those of sporadic IME CRC. 

In intermediate methylation marker genes, the 
average β-value of FAP IME neoplasms was 0.22 ± 0.01, 
which was significantly lower than that of sporadic IME 
CRC (0.35 ± 0.00, P = 6 × 10−29, t-test) and rather similar 
to that of sporadic LME CRC (0.15 ± 0.00; Figure 4).  
Moreover, the β-value of NRCAM was significantly 
lower in FAP IME neoplasms than sporadic IME CRC  
(P = 0.001; Figure 5). The β-value of TBC1D30 in 
sporadic IME CRC (0.36 ± 0.00) was higher than that in 
FAP IME neoplasms (0.21 ± 0.01), which was similar to 
that in sporadic LME CRC (0.16 ± 0.00; Figure 5).  

In common methylation marker genes, FAP IME 
neoplasms showed a β-value of 0.34 ± 0.01, which was 
significantly lower than that of sporadic IME CRC (0.48 
± 0.00, P = 5 × 10−93) and rather similar to that of sporadic 
LME CRC (0.34 ± 0.00; Figure 4). The β-values of GDNF 
and FGFR1 were representatively shown, and significantly 
lower in FAP IME neoplasms than sporadic IME CRC  
(P = 3 × 10−5 and P = 0.02, respectively; Figure 5). 
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Figure 2: Hierarchical clustering analysis of FAP neoplasms, sporadic CRC, and normal mucosa samples. Using 
unsupervised two-way hierarchical clustering analysis, 357 clinical samples were clustered into four methylation epigenotypes: high, 
intermediate, low, and normal-like methylation epigenotypes (H, HME; I, IME; L, LME; N, NME) (left panel). Methylation levels were 
compared among four epigenotypes using subgroups of genes (right panel). SC, sporadic CRC; FAP, FAP neoplasms; N, normal mucosa. 
Error bars show standard errors. Normally methylated markers are shown in the top panel, and commonly methylated markers are shown 
in the second from top panel. Intermediate methylation markers are shown in the third from top panel, and high methylation markers are 
shown in the bottom panel.
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Figure 3: Characterization of 23 FAP neoplasms. (A) Hierarchical clustering analysis of 23 FAP neoplasm samples and 5 normal 
mucosa samples without sporadic CRC. I, IME; N, NME. Bottom closed boxes indicate BRAF mutation (+) samples, KRAS mutation (+) 
samples, proximal colon samples, and adenocarcinoma samples. (B) Representative pyrograms for mutation analysis of BRAF and KRAS 
mutations. WT, wild-type.
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Although high methylation marker genes should be 
methylated only in HME CRC samples, and their average 
β-value in IME CRC samples was < 0.2, β-values were 

even lower in IME FAP neoplasms than in sporadic IME 
CRC, e.g., WNT1 (P = 2 × 10−6) and OTX2 (P = 0.001), as 
shown in Figure 5. 

Figure 4: Extraction of marker genes. Of all 8,625 high-CpG genes, 186 genes were extracted as high methylation marker genes 
that were methylated in sporadic HME CRC (average β-value > 0.2), but unmethylated in sporadic IME, LME, and NME CRC (average 
β-value < 0.2). These genes showed significant enrichment of genes related to pattern specification processes, dopaminergic neuron 
differentiation, and forebrain regionalization. As intermediate methylation marker genes, 69 genes were identified and showed significant 
enrichment of genes related to cell fate commitment and anatomical structure maturation. As commonly methylated marker genes, 149 
genes were identified and showed significant enrichment of genes related to pattern specification processes, signal release, and neuron 
systems. As normally methylated marker genes, 41 genes were identified and showed significant enrichment of genes related to dendritic 
spin organization. S, sporadic CRC; F, FAP neoplasms; N, normal mucosa. 
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Comparison with adenoma 

To ensure that the lower methylation level of 
FAP neoplasms compared with that of sporadic CRC 
was not related to the presence of adenoma samples in 
FAP neoplasms, we next analyzed DNA methylation in 

colorectal adenoma (Figure 6). Infinium 450 k analysis of 
45 sporadic colorectal adenoma samples was previously 
performed (GSE96540 and GSE48684) [17], including 
42 protruded adenoma samples and three sessile serrated 
adenoma (SSA) samples, and these DNA methylation 
data were analyzed together with 37 normal mucosa 

Figure 5: Representative marker genes. High methylation marker genes that were methylated in sporadic HME CRC but 
unmethylated in sporadic IME, LME, and NME CRC (top); intermediate methylation marker genes that were methylated in sporadic 
HME and IME CRC but unmethylated in sporadic LME and NME CRC (middle); and commonly methylated marker genes that were 
methylated in sporadic HME, IME, and LME CRC but unmethylated in sporadic NME CRC (bottom) are shown. SC, sporadic CRC; FAP, 
FAP neoplasms; N, normal mucosa. 
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samples. In total, 82 samples underwent unsupervised 
two-way hierarchical clustering analysis and were 
stratified into four methylation epigenotypes as sporadic 
CRC (Figure 6A). 

All the three SSA samples were classified into 
HME, together with two protruded adenoma samples. In 
contrast, 25 sporadic protruded adenoma samples were 
clustered into IME, 14 adenoma samples were clustered 
into LME, and one adenoma was clustered into NME 
together with the 37 normal mucosa samples (Figure 6A). 

Similar to the comparison between sporadic CRC 
and FAP neoplasms in Figure 4, we compared DNA 
methylation levels of extracted methylation marker genes 
among adenoma and FAP neoplasm samples in each 
methylation epigenotype (Figure 6B). Overall, 186 high 
methylation marker genes were methylated in sporadic 
HME adenoma samples (average β-value ≥ 0.2) but 
unmethylated in IME, LME, and NME samples (average 
β-value < 0.2), and there was significant difference 
between sporadic HME adenoma and sporadic IME 
adenoma (P = 2 × 10−119, t-test). In total, 69 intermediate 
methylation markers were methylated in HME and IME 
(average β-value ≥ 0.2), but unmethylated in LME and 
NME (average β-value < 0.2). Sporadic IME adenoma 
showed significantly higher methylation levels than 
LME adenoma (β-value 0.28 ± 0.01 versus 0.11 ± 0.00,  
P = 2 × 10−37, t-test), and sporadic HME adenoma showed 
even higher methylation levels (β-value 0.46 ± 0.10,  
P = 7 × 10−63). Additionally, 149 common methylation 
marker genes were methylated in HME, IME, and LME 
(average β-value ≥ 0.2), but unmethylated in NME 
(average β-value < 0.2), and 41 normally methylated 
marker genes were all methylated in HME, IME, LME, 
and NME samples (average β-value ≥ 0.2), including 37 
normal mucosa samples (Figure 6B). 

Methylation in FAP neoplasms was also lower 
than that in sporadic colorectal adenoma (Figure 6B). 
Methylation levels of 69 intermediate and 149 common 
methylation marker genes were significantly lower in FAP 
IME neoplasms than in sporadic IME adenoma (β-value: 
0.23 ± 0.01 versus 0.28 ± 0.01, P = 2 × 10−17; and β-value: 
0.35 ± 0.01 versus 0.46 ± 0.00, P = 4 × 10−60, respectively). 

DISCUSSION

There is enormous heterogeneity in sporadic 
CRC [8, 10, 21]. CRCs vary according to not only 
clinicopathological features, e.g., location and histology, 
but also molecular features, e.g., DNA methylation levels, 
microsatellite instability, chromosomal instability, and the 
presence of somatic or germline mutations. While these 
factors may interact with one another, sporadic CRC 
develops through several different tumorigenic pathways. 
Although comprehensive molecular characterizations 
of sporadic colorectal adenoma and cancer have been 
performed, the detailed molecular features of FAP-

associated colorectal neoplasms are still unclear. In 
this study, we aimed to clarify the presence of multiple 
methylation epigenotypes in FAP-associated colorectal 
neoplasms through genome-wide DNA methylation 
analysis and to elucidate the distinction between FAP-
associated and sporadic colorectal neoplasms. Sporadic 
CRC could be classified into four MEs (HME, IME, 
LME, and NME); however, FAP-associated neoplasms 
were classified only into two MEs (IME and NME). FAP 
IME neoplasms, however, had significantly lower levels of 
aberrant DNA methylation than sporadic IME colorectal 
adenoma/cancer, suggesting that the molecular basis of 
FAP neoplasms differed from that of sporadic colorectal 
tumorigenesis.

We and others previously classified CRC into three 
distinct epigenotypes: HME, IME, and LME [8–10]. 
Although HME and IME were strongly correlated with 
BRAF and KRAS mutations, respectively, LME cases 
were not associated with these oncogenic mutations, 
suggesting the existence of distinct pathways in colorectal 
carcinogenesis. In this study, the fourth ME was identified 
in both FAP-associated and sporadic colorectal neoplasms. 
Since these neoplasm samples hardly showed aberrant 
hypermethylation, and clustered with all the normal 
mucosa samples, this fourth ME was named normal-
like ME (NME). The existence of NME in both sporadic 
protruded adenoma and cancer suggested that a fraction 
of sporadic CRC could develop without accumulation 
of aberrant promoter hypermethylation. Interestingly, 
a major fraction of FAP neoplasms were classified as 
NME. Because inactivation of APC is supposed to 
occur at an early stage of FAP tumorigenesis, aberrant 
hypermethylation of genes, especially with regard to 
negative regulators for WNT signaling, may not be 
required in the majority of FAP neoplasms, and genetic 
mutations, e.g. TP53 mutation, might be required.

KRAS mutations were detected in a fraction of FAP 
neoplasms and were significantly correlated with IME 
in FAP neoplasms, as observed in sporadic CRC [8–10]. 
Although most FAP neoplasms develop without requiring 
aberrant methylation, some FAP neoplasms develop in the 
presence of both IME and KRAS mutations, demonstrating 
aberrant methylation and oncogene mutations. 

Mutations in APC, KRAS, and TP53 are well-
known genetic alterations, which were demonstrated in 
the model of adenoma-carcinoma sequence, and KRAS 
mutation plays a major role in the progression from low-
grade to high-grade adenoma [22]. Whereas sporadic CRC 
is known to be stratified into several molecular subtypes 
with/without these mutations and the tumorigenic pathway 
is more complicated [8, 10, 21], accumulation of DNA 
hypermethylation and KRAS mutation was demonstrated 
to be completed by adenoma stage in IME neoplasms [23], 
in good agreement with adenoma-carcinoma sequence. In 
the progression from adenoma to intramucosal carcinoma, 
TP53 mutation was reportedly required in both KRAS-
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Figure 6: Comparison between FAP neoplasms and sporadic colorectal adenoma. (A) Hierarchical clustering analysis 
of sporadic colorectal adenoma and normal mucosa samples. Infinium 450K data of 42 protruded adenoma and three sessile serrated 
adenoma (SSA) samples were obtained from GSE96540 and GSE48684. The 45 adenoma samples were stratified into four clusters, 
similar to sporadic CRC. H, HME; I, IME; L, LME; N, NME. Open box, protruded adenoma; closed box, SSA (bottom). (B) Comparison 
of methylation levels of methylation marker genes in FAP neoplasms and adenoma samples. Ad, sporadic colorectal adenoma; FAP, FAP 
neoplasms; N, normal mucosa. 



Oncotarget32663www.oncotarget.com

mutation(+) and KRAS-mutation(−) neoplasms [23]. TP53 
mutation is also frequently observed in FAP neoplasms, 
and suggested to play a critical role in FAP tumorigenesis 
[24, 25]. Further studies are necessary to clarify at which 
stage of tumorigenesis TP53 mutation is required in each 
subtype of FAP neoplasm. 

BRAF mutations were not detected in FAP 
neoplasms, and HME was also not observed in FAP 
neoplasms. These data are consistent with previous reports 
demonstrating that sporadic HME CRC was strongly 
correlated with BRAF mutations [8, 26] and that SSA was 
a precursor for sporadic HME CRC showing both HME 
and BRAF mutations [23]. Thus, the serrated pathway of 
sporadic CRC may not be involved in FAP tumorigenesis. 

Interestingly, the methylation levels of intermediate 
methylation and commonly methylated markers were 
lower in IME FAP neoplasms than sporadic IME CRC. 
These genes showing lower methylation included WNT1, 
OTX2, GDNF, and FGFR1. The proposed mechanisms for 
the oncogenic function of OTX2 include transactivation 
of cell cycle genes and induction of the MYC oncogene, 
which play key roles in tumor maintenance in some 
medulloblastomas [27, 28]. MYC is upregulated by WNT 
signaling [29]. Moreover, although WNT signaling is 
activated by APC mutations in FAP neoplasms, reduced 
inactivation of OTX2 and activation of MYC may 
contribute to tumor development in FAP. 

GDNF has been shown to enhance the migration 
of colon cancer cells by increasing vascular endothelial 
growth factor (VEGF)/VEGF receptor interactions, which 
are mainly regulated by the p38, phosphatidylinositol 
3-kinase/Akt, and hypoxia-inducible factor 1α 
signaling pathways [30]. GDNF has been reported to 
be hypermethylated in colorectal carcinogenesis [31, 
32]; however, reduced inactivation of GDNF may also 
contribute to FAP tumorigenesis. FGFR1 was reported 
to be highly expressed in colorectal adenoma and cancer, 
and activating mutations and overexpression of FGFR1 
have been shown to trigger the development of various 
cancers, e.g., breast, bladder, ovarian cancer, renal cell, 
and squamous cell lung cancers [33–35]. These findings 
suggest that lower methylation of these oncogenic 
genes in FAP-associated IME neoplasms might perhaps 
contribute to the early development of adenoma/cancer 
in FAP. Further studies of these genes and roles of their 
reduced methylation should be conducted to fully clarify 
the tumorigenic mechanisms of FAP neoplasms. 

Limitation of this study is that FAP neoplasm 
samples were obtained from only two patients; thus the 
current results may not be generalizable to all the FAP 
neoplasms. Although it should be necessary to conduct 
comprehensive genome-wide analysis using samples from 
more FAP patients, our study clearly demonstrated that 
there are at least two DNA methylation epigenotypes in 
FAP neoplasms, and that FAP neoplasms involve different 

molecular features from sporadic CRC/adenoma, e.g. 
lower levels of aberrant DNA methylation. 

In summary, sporadic colorectal adenoma and 
cancer were classified into four MEs (HME, IME, LME, 
and NME), whereas FAP neoplasms were classified into 
at least two subtypes (IME and NME). The significantly 
lower levels of aberrant methylation observed in FAP-
associated IME neoplasms compared with that in sporadic 
IME CRC/adenoma suggested that aberrant DNA 
methylation may contribute to tumorigenesis of FAP in a 
manner different from that of sporadic CRC.

MATERIALS AND METHODS

Clinical samples

A total of 23 colorectal neoplasm samples (16 
adenoma samples and seven cancer samples) were 
obtained from two patients with FAP who underwent 
operation at Chiba University Hospital with written 
informed consent. The germline mutations of APC and 
other clinicopathological characteristics of the samples 
of the two patients are shown in Supplementary Table 
1. Colorectal samples were fixed with 10% formalin 
and then embedded in paraffin. The FFPE samples 
were sectioned into 10-μm-thick slices using a paraffin 
sectioning method. FAP samples were microscopically 
examined for determination of neoplastic cell contents by 
two independent pathologists and were dissected to enrich 
neoplastic cells when necessary. For molecular analysis, 
23 FAP samples that contained at least 40% neoplastic 
cells were used. When necessary, samples were subjected 
to laser microdissection using an ArcturusXT instrument 
(Life Technologies, Carlsbad, CA, USA) to enrich 
tumor cells. The DNA was extracted using a QIAamp 
DNA FFPE Tissue Kit (Qiagen, Hilden, Germany). This 
study was approved by the Ethics Committee of Chiba 
University.

Quality check of FFPE DNAs

The quality of DNA from FFPE blocks was checked 
using an Infinium FFPE QC Kit (Illumina, San Diego, CA, 
USA) by triplicate quantitative polymerase chain reaction 
using 1 ng DNA. The ΔCq was calculated by subtracting 
the average Cq value of the interrogated sample from 
the Cq value of the standard sample provided by the 
manufacturer. All 23 FFPE samples showed ΔCq values 
of less than 5, which is the recommended threshold for 
suitability for FFPE restoration.

Bisulfite conversion

Bisulfite conversion was performed using a Zymo 
EZ DNA Methylation Kit (Zymo Research, Irvine, 
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CA, USA) with 250 ng genomic DNA for each sample 
following the manufacturer’s instructions for Infinium 
assays.

Infinium assays

The Infinium HumanMethylation450 BeadChip 
(Illumina) contains approximately 485,000 individual CpG 
sites covering 99% of RefSeq genes with an average of 17 
CpG sites/gene. For each CpG site, the β-value, ranging 
from 0.00 to 1.00, was measured by a methylated probe 
relative to the sum of both methylated and unmethylated 
probes. Whole-genome amplification, labeling, 
hybridization, and scanning were performed according 
to the manufacturer’s protocols. Infinium analysis was 
performed against 23 FAP samples, and Infinium data 
were submitted to the NCBI Gene Expression Omnibus 
(GEO) database under accession numbers GSE109507 
(GSM2944754–GSM2944776).

For analysis of DNA methylation at the promoter 
regions based on Infinium data, a single probe nearest 
to the transcription start site was selected when multiple 
probes were designed for one promoter region. The CpG 
score of the 500-bp region around each probe (±250 bp) 
was calculated based on previous reports [36–38], and 
genes containing probes with CpG scores of more than 
0.48 in the promoter regions were defined as high-CpG 
genes.

Mutation analysis

FAP samples were tested for mutations in BRAF 
(1799) and KRAS (34, 35, 37, and 38) by pyrosequencing 
using PyroMark Gold Q96 reagents (Qiagen) and a 
PyroMark Q96 ID instrument, as previously reported 
[39] (Figure 3B). Primer sequences are described in 
Supplementary Table 2. Pyrogram outputs were analyzed 
with PyroMark Q96 ID Software (Qiagen) using the allele 
quantification mode. The cut-off value for positive results 
of mutations was set at 20% on the sequencer and was 
based on the tumor cell content (≥40%).

Public datasets

For validation, we used independent Infinium datasets 
supplied by TCGA, including 297 sporadic CRC samples 
and 37 normal colorectal mucosa samples (https://tcga-
data.nci.nih.gov/docs/publications/tcga/), and those from 
other datasets, including 42 sporadic colorectal protruded 
adenomas (GSE48684) and three SSAs (GSE96540) [17]. 

Comparison between frozen and FFPE samples

To avoid obtaining different β-values for DNA 
samples from frozen and FFPE tissues for some probes, 
three colon tumor samples were cut into two pieces; one 

was frozen immediately after surgical resection, and the 
other was treated by the FFPE procedure (Figure 1). 
Three pairs of frozen and FFPE samples (from three 
tumor samples) were analyzed by Infinium. Probes 
showing differences in β-values between frozen and 
FFPE samples of less than 0.1 for all three pairs were 
extracted and used for analysis of frozen and FFPE 
samples together.

GO analysis

Gene annotation enrichment analysis was conducted 
based on “biologic process”, “cellular component”, and 
“molecular function” categories using the Functional 
Annotation tool of Metascape (http://metascape.org/gp/
index.html#/main/step1) [40].

Statistical analysis

Unsupervised two-way hierarchical clustering 
was performed using R software (https://www.r-project.
org/). Unsupervised two-way hierarchical clustering 
was done based on standard correlation and average 
linkage clustering algorism in sample direction, and 
City-block distance and complete linkage clustering 
algorism in marker direction. Associations between 
clinicopathological factors and DNA methylation were 
analyzed using Fisher’s exact test and Student’s t-tests. 
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