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Abstract  1 

 2 

Chronic inflammation is deeply involved in various human disorders, such as cancer, 3 

neurodegenerative disorders, and metabolic disorders.  Induction of epigenetic alterations, 4 

especially aberrant DNA methylation, is one of the major mechanisms, but how it is induced 5 

is still unclear.  Here, we found that expression of TET genes, methylation erasers, was 6 

down-regulated in inflamed mouse and human tissues, and that this was caused by 7 

up-regulation of TET-targeting miRNAs, such as MIR20A, MIR26B, and MIR29C, likely 8 

due to activation of NF-B signaling, downstream of IL-1 and TNF-.  However, TET 9 

knockdown induced only mild aberrant methylation.  Nitric oxide (NO), produced by NOS2, 10 

enhanced enzymatic activity of DNMTs, methylation writers, and NO exposure induced 11 

minimal aberrant methylation.  In contrast, a combination of TET knockdown and NO 12 

exposure synergistically induced aberrant methylation, involving genomic regions not 13 

methylated by either alone.  The results showed that a vicious combination of TET repression, 14 

due to NF-B activation, and DNMT activation, due to NO production, is responsible for 15 

aberrant methylation induction in human tissues.   16 

 17 

(165 words; no more than 200 words) 18 

 19 
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Introduction   1 

 2 

Chronic inflammation is deeply involved in various human chronic disorders, such as 3 

cancer (1-3), neurodegenerative disorders (4), diabetes mellitus (5), and osteoarthritis (6).  4 

Induction of epigenetic alterations is considered to be one of the major mechanisms, and 5 

especially DNA methylation of promoter CpG islands of tumor-suppressor genes, such as 6 

BRCA1, CDH1 (E-cadherin), CDKN2A (p16), and RB, is known to be involved in a variety of 7 

cancer types (7-10).  In human life, aberrant DNA methylation is induced in normal tissues in 8 

very early stages of cancer development, and the degree of methylation accumulation 9 

(methylation burden) in normal tissues is correlated with cancer risk, forming a field for 10 

cancerization (11-13).  The impact of methylation burden on cancer risk was first shown by 11 

cross-sectional studies (14), and is now shown even by a multicenter prospective cohort 12 

clinical study (15, 16).   13 

Aberrant DNA methylation is induced by aging (17-19) and also by exposure to various 14 

environmental stimuli, such as infectious agents (20), oxidative stress (21), hormone 15 

exposure (22, 23), and smoking (24).  Infectious agents are known to induce aberrant DNA 16 

methylation via chronic inflammation, such as gastritis triggered by Helicobacter pylori (H. 17 

pylori) infection (25, 26), hepatitis triggered by hepatitis virus (HBV and HCV) infection (27, 18 

28), and cholangitis triggered by liver fluke (29).  Importantly, the expression levels of 19 

specific inflammation-related genes, Il1b, Nos2, and Tnf, have been shown to correlate with 20 

the degree of aberrant methylation induction in multiple tissues (26, 30, 31), suggesting that 21 

signaling pathways regulated by these genes are involved in methylation induction.  However, 22 

mechanisms of how these inflammation-related genes are involved in induction of aberrant 23 

DNA methylation, especially how writers (DNA methyltransferases, DNMTs) and erasers 24 

(TET methylcytosine dioxygenases, TETs) of DNA methylation are dysregulated, are mostly 25 
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unknown.   1 

In this study, we aimed to clarify the mechanisms of methylation induction in epithelial 2 

cells by exposure to chronic inflammation.  A mouse gastritis model triggered by 3 

Helicobacter felis (H. felis) infection was used to identify molecular changes with in vivo 4 

relevance.  Molecular analyses of the writers and erasers and their functional impact were 5 

complemented by using engineered human cell lines.   6 

 7 

8 
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Results   1 

 2 

Chronic inflammation by H. felis is capable of inducing aberrant DNA methylation   3 

Induction of chronic inflammation in mouse gastric tissues by H. felis infection was 4 

initially confirmed (Figure 1A).  Hyperplastic changes with infiltration of inflammatory cells, 5 

predominantly mononuclear cells, were observed in gastric tissues at 40 weeks of H. felis 6 

infection (Figure 1B), confirming the presence of chronic inflammation.  Il1b, Nos2, and Tnf, 7 

whose expression levels correlate with induction of aberrant DNA methylation in human and 8 

gerbil stomachs (26, 30, 31) (Supplemental Figure 1A), were also up-regulated in mouse 9 

gastric tissues infected with H. felis (Figure 1C).  Activation of the NF-B signaling pathway, 10 

a downstream pathway of Il-1β and Tnf-α, was confirmed by increased levels of the 11 

phosphorylated form of RelA protein (Supplemental Figure 1B) and the increased expression 12 

of a downstream target gene, Ccl2 (Supplemental Figure 1C).   13 

Genomic regions with aberrant DNA methylation were searched for by MBD-seq of 14 

gastric epithelial cells of three control and three H. felis-infected mice.  Among the 28,761 15 

promoter regions, 26,603 regions were commonly unmethylated in three control mice 16 

(Supplemental Figure 2A), and 215, 176, and 287 regions were hypermethylated (aberrantly 17 

methylated) in the three inflamed mice, respectively.  138 regions were commonly 18 

hypermethylated in two or three mice (Supplemental Figure 2B), and a tumor-suppressor 19 

gene, Ajap1 (32), were among them (Supplemental Figure 2C, 2D).  A similar degree of 20 

overlap was observed for hypomethylated regions (Supplemental Figure 2E).  These results 21 

showed that chronic inflammation characterized by up-regulation of Il1b, Nos2, and Tnf and 22 

aberrant DNA methylation were induced in gastric tissues of H. felis-infected mice.   23 

 24 
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Tet genes are repressed by exposure to chronic inflammation   1 

To explore the mechanisms of methylation induction by exposure to chronic 2 

inflammation, we first analyzed expression changes of DNA methylation writer, Dnmt genes, 3 

and eraser, Tet genes, in mouse gland-isolated gastric epithelial cells, mouse gland-isolated 4 

colon epithelial cells (31), gerbil gland-isolated gastric epithelial cells, and human gastric 5 

tissues, all of which were with and without inflammation.  Regarding Dnmt genes, Dnmt1 6 

expression increased by chronic inflammation in the mouse gastric epithelial cells, but not in 7 

the mouse colon epithelial cells or human gastric tissues (Figure 1D).   8 

In contrast, Tet3 was consistently repressed in the mouse gastric epithelial cells, mouse 9 

colon epithelial cells, gerbil gastric epithelial cells, and human gastric tissues with 10 

inflammation (Figure 1D; Supplemental Figure 3).  In addition to Tet3, Tet1 and Tet2 were 11 

also repressed in the mouse gastric epithelial cells with long-term exposure to inflammation 12 

(92 weeks).  The content of 5-hydroxymethyl-2'-deoxycytidine (5-hmC) was reduced to less 13 

than half in the inflamed mouse gastric epithelial cells and human gastric tissues (Figure 1E, 14 

1F), supporting the biological significance of Tet repression.  These results showed that Tet 15 

genes were markedly repressed by exposure to chronic inflammation, such as H. 16 

felis-triggered mouse gastritis, dextran sulfate sodium (DSS)-triggered mouse colitis, and H. 17 

pylori-triggered gerbil and human gastritis.   18 

 19 

Up-regulation of specific miRNAs represses Tet genes   20 

To identify the molecular mechanism of Tet repression by chronic inflammation, we 21 

analyzed the possibility of induction of Tet-targeting miRNAs based upon previous reports 22 

(33, 34).  Expression analysis of 1,881 miRNAs in gastric epithelial cells from four control 23 

and four H. felis-infected mice revealed that 36 miRNAs were up-regulated 5-fold or more in 24 

inflamed gastric epithelial cells (Figure 2A; Supplemental Figure 4).  At the same time, in 25 
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silico analysis predicted that 16, 67, and 51 miRNAs can potentially target Tet1, Tet2, and 1 

Tet3, respectively (Figure 2B).  Combining the data, 12 miRNAs were considered potentially 2 

to target at least one of the three Tet genes and were up-regulated by chronic inflammation 3 

(Figure 2C).  Especially, six (miR-29c, miR-26a, miR-26b, miR-20a, miR-20b, and 4 

miR-106b) among the 12 miRNAs were predicted to target multiple Tet genes both in mice 5 

and humans (Figure 2C; Supplemental Figure 5), having multiple target sites at the 3'-UTR 6 

regions (Figure 2D).   7 

TET-targeting activity of four (MIR29C, MIR26B, MIR20A, and MIR20B) of the six 8 

miRNAs was experimentally analyzed by introducing their mimics into cultured 293FT and 9 

MCF7 cells and measuring expression of the three TET genes.  293FT and MCF7 cells were 10 

used as they had high transfection efficiencies and miRNA target sequences were unlikely to 11 

be affected by cellular contexts.  MIR29C consistently repressed the three TET genes in the 12 

two cell lines, MIR26B repressed TET3 in the two cell lines, and MIR20A mildly repressed 13 

TET3 only in 293FT cells (Figure 2E).  In contrast, MIR20B did not repress expression of 14 

any of the three TET genes (data not shown).  The influence of the three miRNAs (MIR29C, 15 

MIR26B, and MIR20A) on the 5-hmC content was examined by transfecting 293FT cells 16 

with one of them or their combination.  The content was reduced to below-the-detection-limit 17 

by MIR29C, MIR26B, and the combination of all the three miRNAs, and to 58.1% by 18 

MIR20A (Supplemental Figure 6).   19 

Among the three miRNAs, MIR26B was also up-regulated in inflamed human gastric 20 

tissues (Supplemental Figure 7).  The expression level of MIR26B was negatively correlated 21 

with that of TET3 both in human and mouse gastric epithelial cells (Supplemental Figure 8).  22 

TET3 had two target sites of MIR26B in its 3'-UTR region (Supplemental Figure 9; Figure 23 

2F).  Luciferase introduced with the target sites showed only half the activity in the presence 24 

of MIR26B (Figure 2G), but the reduction was canceled by introduction of point mutations 25 
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into the two MIR26B target sites (Figure 2G).   1 

 2 

Up-regulation of TET-targeting miRNAs is likely to be mediated by NF-B activation   3 

To analyze the mechanism of the up-regulation of MIR29C, MIR26B, and MIR20A, we 4 

focused on the NF-B signaling pathway.  The three miRNAs were expected to be 5 

co-transcribed along with their host genes, respectively (35, 36), and both H3K4me3 and 6 

H3K27Ac were enriched around the promoter regions of the host genes in seven cell lines 7 

from ENCODE (Supplemental Figure 10).  Therefore, we conducted ChIP-seq analysis of a 8 

human gastric cancer cell line, NUGC-3, treated with TNF- to analyze the binding status of 9 

NF-B subunit RELA (p65), around the promoter regions of the three host genes.  NF-B 10 

activation by TNF- was confirmed by increased expression of a downstream target gene, 11 

IL6 (Figure 3A).  2,739 and 19,206 peaks with peak scores > 6.0 were detected in NUGC-3 12 

cells treated with mock and TNF-, respectively (Figure 3B; Supplemental Tables 1 and 2).  13 

NF-B binding motifs were most significantly enriched among the peaks detected in 14 

NUGC-3 cells treated with TNF- (Figure 3C), showing successful detection of RELA 15 

binding sites.  RELA binding levels at putative promoter regions of MIR26B (CTDSP1) and 16 

MIR20A (MIR17HG) robustly increased by TNF- treatment (Figure 3D, 3E), but not at that 17 

of MIR29C (C1orf132) (Supplemental Figure 11).  The expression level of MIR17HG was 18 

accordingly up-regulated by TNF- treatment (Supplemental Figure 12).  RELA binding 19 

levels at these host genes were comparable to that at the IL6 promoter (Figure 3F).   20 

The effects of NF-B inhibition on the expression levels of the three miRNAs and their 21 

host genes was further analyzed in 293FT cells, in which RELA was phosphorylated even 22 

without TNF- treatment.  NF-B inhibition by BAY 11-7082 was confirmed by the 23 

decrease of the phosphorylated form of RELA protein (Supplemental Figure 13A).  The 24 

expression levels of CTDSP1 and MIR17HG were down-regulated in a dose-dependent 25 
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manner (Supplemental Figure 13B), but those of MIR26B and MIR20A were not 1 

(Supplemental Figure 13C).  The discrepancy between the host gene and miRNA expression 2 

could be explained by higher stability of miRNAs than messenger RNAs (mRNAs) (37).  3 

The results further supported that some TET-targeting miRNAs were likely to be 4 

up-regulated by the activation of the NF-B signaling pathway.   5 

 6 

Nitric oxide exposure enhanced DNMT activity   7 

In addition to Il1b and Tnf, Nos2 expression, involved in the production of nitric oxide, 8 

has been consistently associated with aberrant DNA methylation induction (26, 30, 31).  9 

Based on the reports that exposure of nuclear extract to nitric oxide enhanced the DNMT 10 

enzymatic activity (38, 39), nuclear proteins extracted from gastric cancer cell lines, HSC41 11 

and TMK1, were treated with nitric oxide donors, NOC18 or SNAP.  The enzymatic activity 12 

of DNMTs was confirmed to be enhanced by both NOC18 (3.3 to 4.8-fold) and SNAP (1.4 to 13 

1.5-fold) (Supplemental Figure 14).  In contrast, expression levels of all the three TET genes 14 

were not repressed and those of MIR26B were not up-regulated by treatment with nitric 15 

oxide (Supplemental Figure 15).  These results confirmed that nitric oxide exposure 16 

enhanced DNMT activity.   17 

 18 

Synergistic effect of a combination of TET repression and increased DNMT activity   19 

To examine the effect of TET repression and NOC18 treatment on aberrant DNA 20 

methylation induction, TET3, most abundantly expressed in the stomach, was repressed by a 21 

short hairpin RNA (shRNA) in 293FT cells (Supplemental Figure 16).  293FT cells were 22 

used since CpG islands susceptible to methylation induction are already methylated in cancer 23 

cell lines.  Cells were cultured for 4, 10, and 20 weeks since sufficient exposure time to 24 

chronic inflammation was known to be needed for methylation induction in vivo (26).  DNA 25 
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methylation induction was analyzed by a DNA methylation microarray, which is known to 1 

detect DNA methylation accurately in human cells (40, 41).   2 

After a 4-week culture, TET3 knockdown alone induced aberrant DNA methylation ( 3 

≥ 0.2) at only a small number of genomic blocks [genomic regions within 500 bp; a total of 4 

535,684 genomic blocks in the genome (42)] (3,568; 0.67%).  NOC18 treatment alone 5 

induced aberrant methylation at a very limited number of genomic blocks (3,158; 0.59%).  In 6 

contrast, their combination induced aberrant DNA methylation at a larger number of genomic 7 

blocks (15,658; 2.92%) (Figure 4A).  When culture periods were extended, the numbers of 8 

methylated blocks increased, especially those methylated by the combination [61,964 9 

(11.57%) at 20 weeks] (Figure 4A).  At 4 and 10 weeks, two more independent cultures were 10 

analyzed for TET3 knockdown using two additional shRNAs, for NOC18 treatment using 11 

two more biological replicates, and for their combination (Supplemental Figure 17).  It was 12 

confirmed that similar numbers of genomic blocks were methylated, and the combination 13 

had strong effects.   14 

Using the methylation data in the total of three independent cultures at 4 and 10 weeks, 15 

volcano plot analysis was conducted.  The number of genomic blocks with larger  values 16 

and larger -log10 (FDR q) values greatly increased in 293FT cells treated with the 17 

combination (Figure 4B).  Δβ values became much larger in 293FT cells treated with the 18 

combination at 10 weeks.  However, -log10 (FDR q) values at 10 weeks became smaller, due 19 

to the culture period-dependent increases in the noise of methylation levels (in control 20 

cultures, SD = 0.018±0.016 at 4 weeks; 0.024±0.020 at 10 weeks).  These results showed that 21 

aberrant DNA methylation was strongly induced by the combination of TET repression and 22 

nitric oxide exposure.   23 

 24 
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Biological relevance of aberrantly methylated blocks by the combination   1 

To examine the biological relevance of DNA methylation induced by the combination, a 2 

gastric cancer cell line, HSC60, was additionally analyzed (Figure 5A, Supplemental Figure 3 

18).  The numbers of methylated genomic blocks were smaller than those in 293FT cells, as 4 

expected.  However, the combination effect was clearly observed also in the HSC60 cells 5 

(Figure 5A).  After a 20-week culture, 15,007 genomic blocks were aberrantly methylated by 6 

the combination, and 8,596 of them were not methylated (Δβ < 0.2) by TET3 knockdown 7 

alone or NOC18 treatment alone.  Using these 8,596 blocks, the nature of genomic blocks 8 

methylated by the combination was examined.  Most of the hypermethylated blocks by the 9 

combination were located in gene body regions without CpG islands (Figure 5B).  Twenty 10 

genomic blocks were located within promoter CpG islands, and biological relevance of the 11 

20 promoter CpG islands was analyzed by gene ontology.  Genes involved in responses to 12 

external stimulus, regulation of secretion, and cellular homeostasis were enriched 13 

(Supplemental Table 3).  Importantly, these genes were also methylated in primary 14 

non-cancerous tissues of gastric cancer patients (Figure 5C).   15 

 16 

17 
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Discussion   1 

 2 

A combination of TET repression, due to NF-B activation, and increased DNMT 3 

activity, due to exposure to nitric oxide, had a synergistic effect in aberrant DNA methylation 4 

induction (Figure 5D).  Therefore, this vicious combination was considered to be important 5 

for aberrant DNA methylation induction in H. felis- and H. pylori-triggered gastritis, and also 6 

chronic inflammation in other tissues with NF-B activation and increased nitric oxide 7 

production, such as liver tissues exposed to hepatitis virus (HBV and HCV) (27, 28), colon 8 

tissues exposed to ulcerative colitis (17), and Barrett's esophagus (43).  In addition to cancers, 9 

it has been reported that IL-1β and nitric oxide levels are increased in neuroinflammation 10 

associated with neurodegenerative disorders and psychiatric disorders, osteoarthritis, and 11 

obesity (44-46).  This suggests that the vicious combination may underlie various disorders 12 

in addition to cancers.  The combination may be present in tissues even with little 13 

histologically-identifiable inflammation.  A combined administration of NF-B inhibitor and 14 

NO antagonist might have potent effects for cancer prevention, and its usefulness needs to be 15 

addressed using an animal model in which both NF-B activation and NO production are 16 

present.   17 

In previous studies, induction of aberrant DNA methylation by nitric oxide was observed 18 

only for a single gene mostly by non-quantitative methods.  FMR1 was methylated in Jurkat 19 

T cells exposed to nitric oxide donors, SIN-1 or SNAP (38), and CDH1 was methylated in 20 

gastric cancer cells exposed to nitric oxide produced by IL-1β treatment (39).  In this study, 21 

aberrant DNA methylation induction was analyzed by a genome-wide manner using a highly 22 

quantitative microarray in cells treated for as long as 20 weeks.  Nevertheless, aberrant DNA 23 

methylation was induced only at minimal numbers of genomic blocks, showing that exposure 24 

to nitric oxide only has a limited capacity of inducing aberrant DNA methylation but that a 25 
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vicious combination is biologically important.  As for the mechanism of enhancement of 1 

DNMT activity by nitric oxide, involvement of nitrosation of cysteine residues of DNMT 2 

proteins themselves or their regulators has been suggested (38).   3 

Not only hypermethylation but also hypomethylation were observed in gastric epithelial 4 

cells of H. felis-infected mice.  In general, both regional hypermethylation (aberrant DNA 5 

methylation) and global hypomethylation, especially at repetitive elements (2, 3, 47), are 6 

present in cancer cells, and the finding in mice here was in line with humans exposed to H. 7 

pylori-triggered chronic inflammation (48).  As for the mechanism of the hypomethylation 8 

induction, it is considered that maintenance DNA methylation could become insufficient due 9 

to the increased cell proliferation (49).  However, between the two methylation changes, our 10 

study here focused on the mechanism of regional hypermethylation, and that of global 11 

hypomethylation needs further investigations.   12 

In conclusion, a vicious combination of TET repression and increased DNMT activity 13 

had a synergistic effect on induction of aberrant DNA methylation.   14 

 15 

 16 

 17 

18 
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Methods   1 

 2 

Animal experiments   3 

Mouse gastritis was induced by inoculating H. felis (ATCC 49179, ATCC, Manassas, 4 

VA) into six-week-old male C57BL/6J mice (CLEA Japan, Tokyo, Japan).  After 34 or 86 5 

weeks of infection, mice were sacrificed and the stomach was resected.  Mouse colitis was 6 

induced in six-week-old male BALB/c mice (Charles River Laboratories, Yokohama, Japan) 7 

by administration of 2% DSS (molecular weight = 36,000 – 50,000) as described (31).  After 8 

14 weeks, mice were sacrificed and the colon was resected.   9 

Gastric and colon epithelial cells were isolated from the gastric glands and colonic crypts, 10 

respectively as described (50), and used for analysis of epithelial cell-specific methylation 11 

and expression changes.  The entire gastric and colon tissue, containing both mucosal and 12 

muscle layers, were used for expression analysis of inflammation-related genes.  For 13 

histological analysis, entire mouse stomach was fixed by formalin, and was embedded in 14 

paraffin.  The formalin-fixed paraffin-embedded (FFPE) samples were sliced, and were 15 

stained with hematoxylin and eosin.   16 

 17 

Cell culture   18 

The 293FT cell line was purchased from Thermo Fisher Scientific (Waltham, MA), the 19 

MCF7 cell line was purchased from the American Type Culture Collection (Rockville, MD), 20 

and the NUGC-3 cell line was purchased from Japanese Collection of Research Bioresources 21 

(Tokyo, Japan).  Three gastric cancer cell lines were kindly provided by Dr. K. Yanagihara 22 

(National Cancer Center, Tokyo, Japan) (HSC41 and HSC60) and Dr. W. Yasui (Hiroshima 23 

University, Hiroshima, Japan) (TMK1).  The absence of Mycoplasma infection was 24 

confirmed using the MycoAlert mycoplasma detection kit (Lonza, Basel, Switzerland).  25 
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293FT cells were maintained in DMEM containing 10% (v/v) FBS.  MCF7, NUGC-3, 1 

HSC41, and TMK1 cells were maintained in RPMI1640 containing 10% (v/v) FBS.  HSC60 2 

cells were maintained in RPMI1640 with high glucose containing 10% (v/v) FBS.   3 

 4 

Clinical samples   5 

Twelve normal gastric tissue samples (six samples infected with H. pylori and six 6 

non-infected samples) were endoscopically collected from healthy volunteers, and were 7 

stored in RNAlater (Thermo Fisher Scientific) at -80ºC.  All the gastric tissue samples were 8 

collected with informed consents.   9 

 10 

DNA methylation analysis by an Infinium MethylationEPIC BeadChip array   11 

DNA methylation microarray analysis of human cells was performed using an Infinium 12 

MethylationEPIC Kit (Illumina, San Diego, CA), which is highly reproducible for 13 

genome-wide DNA methylation analysis but only available for human cells (40, 41) as 14 

described (42).  A total of 851,494 CpG sites (probes) were assembled into 551,478 genomic 15 

blocks (assemblies of CpG sites) that were classified according to their relative locations i) 16 

from a transcription start site (TSS) and ii) against a CpG island.  Among the 548,543 17 

genomic blocks, 535,684 blocks were located on autosomes, and were used for the analysis.  18 

DNA methylation levels (β values) of individual genomic blocks were evaluated using the 19 

mean β values of all the probes within individual genomic blocks (51).  Genomic blocks with 20 

DNA methylation levels increased at 20% or more (Δβ ≥ 0.2), which was larger than the 21 

biological fluctuation, were defined as methylated blocks.  DNA methylation data were 22 

submitted to the Gene Expression Omnibus (GEO) database under accession no. 23 

GSE117528.   24 

 25 
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Gene expression analysis   1 

Total RNA was extracted using ISOGEN (Nippon Gene, Tokyo, Japan).  From 3 μg of 2 

total RNA, cDNA was synthesized using SuperScript III reverse transcriptase (Thermo 3 

Fisher Scientific).  Genome-wide gene expression analysis was conducted using a SurePrint 4 

G3 Human Gene Expression 8x60K v2 Microarray (Agilent Technologies, Santa Clara, CA) 5 

as described (52).  Gene expression analysis of specific genes was conducted by quantitative 6 

RT-PCR (qRT-PCR) as described (53), using primers listed in Supplemental Table 4.  The 7 

copy number of cDNA molecules of an individual gene was normalized to that of an internal 8 

control gene.   9 

 10 

Analysis of the 5-hmC content   11 

One μg of genomic DNA was denatured at 100°C and cooled on ice.  Then, DNA was 12 

digested with 2 U of nuclease P1 (Wako Chemical, Osaka, Japan), followed by treatment 13 

with 0.1 U of venom phosphodiesterase I (Worthington Biochemical, Lakewood, NJ) and 10 14 

U of calf intestinal alkaline phosphatase (New England Biolabs, Beverly, MA) (54).  The 15 

amounts of six deoxyribonucleosides [2'-deoxyguanosine (dG), 2'-deoxyadenosine (dA), 16 

2'-deoxycytidine (dC), 2'-deoxythymidine (dT), 5-methyl-2'-deoxycytidine (5-mC), and 17 

5-hmC] in the hydrolyzed DNA samples were analyzed by the LC/MS/MS system of 18 

API2000 (AB SCIEX, Framingham, MA) equipped with the Shimadzu 10ADvp HPLC 19 

system (Shimadzu, Kyoto, Japan).  The global 5-hmC content was calculated as the fraction 20 

of 5-hmC in the total dC (sum of dC, 5-mC, and 5-hmC).   21 

 22 

Expression analysis of miRNAs and in silico prediction of Tet-targeting miRNAs   23 

Genome-wide analysis of miRNA expression was performed using a mouse miRNA 24 

microarray, Release 21.0, 8x60K (Agilent Technologies).  Briefly, 100 ng of total RNA was 25 
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dephosphorylated by calf intestine alkaline phosphatase and was incubated at 100°C, 1 

followed by cooling on ice.  Denatured RNA was labeled with Cyanine3, purified by a 2 

MicroBioSpin6 column (BioRad, Hercules, CA), and hybridized to a microarray.  The 3 

microarray was scanned using an Agilent G2565BA Microarray Scanner (Agilent 4 

Technologies), and the scanned data were analyzed using Feature Extraction software 5 

(Agilent Technologies) and GeneSpring software Ver.12.5 (Agilent Technologies).  In silico 6 

prediction of Tet-targeting miRNAs was performed using miRanda (microRNA.org).   7 

 8 

Introduction of specific miRNAs into cultured cells   9 

A total of 3 x 105 cells of 293FT or MCF7 were seeded on day 0, and were transfected 10 

with 20 pmol of mirVanaTM miRNA mimics (hsa-miR-29c-3p, hsa-miR-26b-5p, or 11 

hsa-miR-20a-5p; Thermo Fisher Scientific) using LipofectamineTM RNAiMAX reagent 12 

(Thermo Fisher Scientific) on day 1.  The cells were harvested on day 2, and expression 13 

levels of TET1, TET2, and TET3 were analyzed by qRT-PCR.   14 

 15 

Vector construction and luciferase assay   16 

The 3'-untranslated region (UTR) of human TET3 containing MIR26B target sites 17 

(Supplemental Figure 9) was amplified using primers listed in Supplemental Table 5.  PCR 18 

products were digested with XhoI and SalI restriction enzymes, and were cloned into the 19 

pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega, Madison, WI).  20 

Mutations of MIR26B target sites were introduced using primers listed in Supplemental 21 

Table 5.  Sequences of the constructed vectors were confirmed by dideoxy sequencing.   22 

For luciferase assay, 100 ng of pmirGLO Dual-Luciferase miRNA Target Expression 23 

Vector containing the 3'-UTR sequence was transfected into the 293FT cells in the presence 24 

or absence of 10 nM of mirVanaTM miRNA Mimics.  After 48 hours from transfection, 25 
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activities of firefly luciferase and Renilla luciferase were measured using the Dual-Glo 1 

Luciferase Assay System (Promega) and an ARVO MX 1420 multilabel counter 2 

(PerkinElmer, Waltham, MA).   3 

 4 

Chromatin immunoprecipitation-sequencing (ChIP-seq)   5 

100 μg of cross-linked chromatin extracted from NUGC-3 cells with mock and TNF- 6 

(30 ng/ml) treatment was immunoprecipitated using 5 μg of antibody against RELA [Cat. 7 

Number, AF5078 (R&D Systems, Minneapolis, MN)].  Immunoprecipitated and input DNA 8 

were end-repaired to generate 3'-dA overhangs, and adapters were ligated to each end using 9 

NEBNext Ultra II DNA Library Prep Kit (New England Biolabs).  DNA fragments with sizes 10 

ranging from 100 to 600 bp were selected by Agencourt AMPure XP (Beckman Coulter, 11 

Brea, CA) after 15 cycles of PCR amplification, and were sequenced using Illumina 12 

HiSeqTM4000 (Illumina) in 150 bp pair-end mode at a final sequencing depth of 36-47 13 

million reads per sample.   14 

ChIP-seq data were aligned to the hg19 version of the human reference genome using 15 

bowtie2 (v2.4.1) (55) with the following parameters -D15 -R 2 -N 0 – L 22 -I s, 1, 1.15 -x 16 

hg19.  Peaks were called by comparison to the background data (input DNA) using MACS2 17 

(v2.1.0) using the narrowpeak mode and with the following parameters -g hs -q 1e-6 -f 18 

BAMPE -B (56).  Fragment pileup at every bp was normalized to reads per million mapped 19 

reads, and was displayed with location of peaks in the IGV viewer (57).  Heatmap of 20 

ChIP/input enrichment around TSS (from -2.5 to +2.5 kb) was obtained using DROMPA3 21 

(v3.7.1) with the following parameters -stype 1 -scale_ratio 2 (58).   22 

Enrichment of binding motifs of transcription factors was analyzed for 200 bp regions 23 

around identified peak summits in TNF--treated NUGC-3 cells using HOMER 24 

findMotifsGenome.pl command with the following parameters -size 200 hg19r (59).   25 
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 1 

Western blotting   2 

Western blotting was conducted as described (52), using a rabbit monoclonal antibody 3 

against NF-B p65 [1:1000; #8242; Cell Signaling Technology Japan (Tokyo, Japan)], rabbit 4 

monoclonal antibody against phospho-NF-B p65 (Ser536) (1:1000; #3033; Cell Signaling 5 

Technology Japan), and a goat polyclonal antibody against Actin [1:200; sc-1616; Santa 6 

Cruz Biotechnology (Santa Cruz, CA)].   7 

 8 

Measurement of DNA methyltransferase activity   9 

Nuclear proteins were extracted from gastric cancer cell lines (HSC41 and TMK1) by an 10 

EpiQuik Nuclear Extraction Kit I (Epigentek, Farmingdale, NY).  Using 10 μg of the nuclear 11 

protein, DNMT activity was measured by an EpiQuikTM DNMT Activity/Inhibition Assay 12 

Ultra Kit (Epigentek), which can measure total DNMT activity (both de novo and 13 

maintenance activities).   14 

 15 

Knockdown of TET3 by shRNA   16 

TET3 was knocked down by three independent shRNAs as described (60).  Briefly the 17 

sense and antisense oligonucleotides containing shRNA sequence (A-022722-13, 18 

A-022722-14, and A-022722-16; Horizon Discovery, Cambridge, UK) were annealed.  19 

Annealed DNA was cloned into pGreenPuro shRNA Cloning and Expression Lentivector 20 

(System Biosciences, Mountain View, CA), and the constructed vector was packaged into 21 

lentivirus.  293FT cells or HSC60 cells were infected with lentivirus, and cells with stable 22 

expression of shRNA were obtained by puromycin selection.   23 

 24 
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Nitric oxide treatment   1 

As nitric oxide donors, NOC18 (Dojindo Laboratories, Kumamoto, Japan) and SNAP 2 

(S-nitroso-N-acetyl-DL-penicillamine) (Sigma-Aldrich Japan, Tokyo, Japan) were used.  3 

Cells with TET3 knockdown or control cells were seeded (3 x 104 cells) on day 0, and were 4 

treated with NOC18 for 6 days (from days 1 to 7).  Then, cells were trypsinized, and 3 x 104 5 

cells were re-seeded.  Six-day treatment of NOC18 was repeated nineteen times (total = 20 6 

times).   7 

 8 

Gene ontology analysis   9 

Gene ontology analysis was performed by DAVID bioinformatics resources 6.8 (61, 62).  10 

The enrichment of specific biological processes (category, GOTERM_BP_ALL) in genes 11 

hypermethylated by the combination but not by TET3 knockdown alone or NOC18 treatment 12 

alone among all the genes with promoter CpG islands was analyzed.   13 

 14 

Statistics   15 

The difference of gene expression levels and fraction of 5-hmC were evaluated by the 16 

Welch's t-test (2 tailed), and p values less than 0.05 were considered as significant.  17 

Correlation coefficient (r) and p values were calculated by Pearson's correlation analysis.  18 

FDR q values were calculated using R with qvalue package.   19 

 20 

Study approval   21 

All the animal experiments were approved by the Committee for Ethics in Animal 22 

Experimentation at the National Cancer Center.  The study using clinical samples was 23 

approved by the Institutional Review Boards of the National Cancer Center (2012-305) and 24 

Toyama University (Rin29-11).   25 
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Figure 1   14 

Tet repression by exposure to chronic inflammation.  A) Experimental protocol of H. felis 15 
infection.  Mice were infected with H. felis for 34 (40 weeks of age) or 86 (92 weeks of age) 16 
weeks.  Inflamed, H-felis-infected; Ctrl, mock-treated.  B) Histological changes in the 17 
stomach by H. felis infection.  Hyperplastic changes and infiltration of inflammatory cells 18 
were observed by H. felis infection.  Inflamed, H-felis-infected; Ctrl, mock-treated.  C) 19 
mRNA expression changes of inflammation-related genes by exposure to chronic 20 
inflammation.  Il1b, Nos2, and Tnf were up-regulated by exposure to chronic inflammation.  21 
Inflamed, H-felis-infected (40 weeks, n=16; 92 weeks, n=14); Ctrl, mock-treated (40 weeks, 22 
n=10; 92 weeks, n=10).  Data represent mean ± SD (Welch's t-test: *, p < 0.05; **, p < 0.01).  23 
D) mRNA expression changes of the Tet and Dnmt genes by exposure to chronic 24 
inflammation.  Tet3 was mildly repressed at 40 weeks of age, and all the three Tet genes were 25 
repressed at 92 weeks of age.  On the other hand, Dnmt expression did not show major 26 
changes.  The stomach of H-felis-infected mice [40 (inflamed, n=16; ctrl, n=10) and 92 27 
weeks (inflamed, n=14; ctrl, n=10)], the colon of DSS-treated mice (inflamed, n=5; ctrl, n=5), 28 
and the stomach of H. pylori-infected humans [young (inflamed, n=3; ctrl, n=3) and old 29 
(inflamed, n=3; ctrl, n=3)] were analyzed.  Data represent mean ± SD (Welch's t-test: *, p < 30 
0.05).  E) and F) The 5-hmC content measured by LC/MS/MS combined with HPLC.  The 31 
5-hmC content in genomic DNA was reduced both in the mouse stomach (E) (40 weeks: 32 
inflamed, n=16; ctrl, n=10; 92 weeks: inflamed, n=14; ctrl, n=10) and the human stomach (F) 33 
(Young: inflamed, n=3, ctrl, n=3; Old: inflamed, n=3, ctrl, n=3) by exposure to chronic 34 
inflammation.  Data represent mean ± SD (Welch's t-test: *, p < 0.05).   35 
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Figure 2   14 

Up-regulation of Tet-targeting miRNAs by exposure to chronic inflammation.  A) miRNA 15 

up-regulated by exposure to chronic inflammation in a mouse (G5-4).  36 miRNAs were 16 

up-regulated 5-fold or more by exposure to chronic inflammation.  B) In silico prediction of 17 

Tet-targeting miRNAs.  Sixteen, 67, and 51 miRNAs were predicted to target Tet1, Tet2, and 18 

Tet3, respectively.  C) Identification of Tet-targeting miRNAs up-regulated by the exposure 19 

to chronic inflammation.  Twelve miRNAs that can potentially target one or more Tet genes 20 

(shown by red squares) were up-regulated by exposure to chronic inflammation in four mice.  21 

Data represent mean ± SD (n = 4).  D) Potential target sites for the miRNAs in the 3'-UTR 22 

regions of the TET genes.  Some miRNAs had multiple target sites in a single TET gene.  E) 23 

Repression of TET genes by MIR29C, MIR26B, and MIR20A.  Introduction of these 24 

miRNAs into 293FT cells repressed the expression of the TET genes.  Data represent mean ± 25 

SE (Welch's t-test: *, p < 0.05; **, p < 0.01).  F) MIR26B target sites within the 3'-UTR 26 

region of human TET3.  The 3'-UTR regions with wild type sequences (WT) and sequences 27 

with a mutation or two mutations (Mut) were cloned into a reporter vector.  G) Luciferase 28 

assay using the 3'-UTR region of human TET3.  Reduction of the luciferase activity by the 29 

introduction of MIR26B mimic was canceled by introduction of the two mutations into the 30 

target sites.  Data represent mean ± SE (Welch's t-test: **, p < 0.01).   31 
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Figure 3   15 

Increased RELA binding levels at promoter regions of TET-targeting miRNAs.  A) 16 

Activation of NF-B signaling pathway in NUGC-3 cells by TNF-.  A downstream target 17 

gene of NF-B signaling pathway, IL6, was up-regulated by TNF- treatment.  Data 18 

represent mean ± SE.  B) Heatmap of RELA binding levels in NUGC-3 cells treated with 19 

TNF-.  RELA binding levels at genomic regions around TSSs of 44,112 transcripts were 20 

aligned according to the binding level after TNF- treatment.  Clear increase by the 21 

treatment was observed.  Each row shows ± 2.5 kb centered on TSS.  C) Enriched motifs in 22 

RELA peaks detected in NUGC-3 cells treated with TNF-.  NF-B binding motifs were 23 

most significantly enriched in NUGC-3 cells treated with TNF-, showing successful 24 

detection of RELA binding sites.  D), E), and F) RELA binding status around the putative 25 

promoter regions of TET-targeting miRNAs.  RELA binding levels at putative promoter 26 

regions of MIR26B (CTDSP1) (D) and MIR20A (MIR17HG) (E) were robustly increased by 27 

TNF- treatment.  RELA binding levels at these host genes were comparable to that at the 28 

IL6 promoter (F).  Black boxes indicate genomic regions with peaks detected.  Y-axis 29 

represents the read pileup normalized to the total number of reads at a bp position (rpm/bp).   30 
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Figure 4   17 

Induction of aberrant DNA methylation by a combination of TET3 repression and increased 18 

DNMT activity.  A) DNA methylation analysis of 293FT cells with TET3 knockdown alone, 19 

NOC18 treatment alone, and their combination.  TET3 knockdown alone induced aberrant 20 

DNA methylation at only a small number of genomic blocks.  NOC18 treatment alone 21 

induced aberrant methylation at a minimal number of genomic blocks.  In contrast, their 22 

combination induced aberrant DNA methylation at a large number of genomic blocks.  The 23 

number of methylated genomic blocks by the combination markedly increased in a culture 24 

period-dependent manner.  Genomic blocks with  value ≥ 0.2 are in triangles with a red 25 

broken line, and their numbers are noted.  The data obtained from one of the three 26 

independent cultures were shown.  B) Volcano plot analysis of DNA methylation differences.  27 

The number of genomic blocks with larger  values ( ≥ 0.2) and larger -log10 (FDR q) 28 

values greatly increased in 293FT cells treated with the combination.  Red lines show  29 

value of 0.2, and -log10 (FDR q) value of 1.3 (q < 0.05).   30 

31 



Mechanism of methylation induction   Takeshima et al. 

31 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

Figure 5   16 

Biological relevance of methylation induction by the combination of TET repression and 17 

NOC18 treatment.  A) Synergistic effect of a combination of TET3 knockdown and NOC18 18 

treatment confirmed in a gastric cancer cell line, HSC60.  Compared to TET3 knockdown 19 

alone or NOC18 treatment alone, their combination strongly induced aberrant DNA 20 

methylation in the HSC60 cells in a culture period-dependent manner.  Genomic blocks with 21 

 value ≥ 0.2 are in triangles with a red broken line, and their numbers are noted.  B) 22 

Characteristics of genomic regions aberrantly methylated by the combination.  Most of the 23 

hypermethylated genomic blocks were located in gene body regions without CpG islands.  C) 24 

Biological relevance of genomic regions aberrantly methylated by the combination.  Genes 25 

methylated by the combination in HSC60 were also methylated in primary non-cancerous 26 

tissues of gastric cancer patients.  D) A model of induction of aberrant DNA methylation by 27 

chronic inflammation.  In biological settings, chronic inflammation can induce both TET 28 

repression and increased DNMT activity.  This vicious combination was considered to 29 

cooperatively induce aberrant DNA methylation, even in genomic regions resistant to DNA 30 

methylation induction.   31 
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