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Abbreviations 

 

GWAS: Genome-wide association study 

EWAS: Epigenome-wide association study 

PBC: Peripheral blood cell 

T2D: Type 2 diabetes mellitus  

TSS: Transcription starting site 

MC: Methylation changes 

ELOVL2: Elongation of very long chain fatty acids protein 2 

FHL2: Four and a half LIM domain 2 

TRIM59: Tripartite motif containing 59 

KLF14: Krüppel-like factor 14 

GLM: Generalized liner model 

FACS: Flow cytometry  

CBA: Cytometric Bead Array 

SVF: Stromal vascular fraction 

IFN-γ: Interferon-γ 

IL-12: Interleukin-12 

IL-1β: Interleukin-1β 

IL-6: Interleukin-6 

TNF-α: Tumor necrosis factor-α 

SD: standard error 
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Abstract 

 Epigenetic modifications such as DNA methylation and histone modification play critical roles in 

many physiological processes such as the maintenance of homeostasis, adaptation to the environment 

and disease development. Using an epigenome-wide association study, I identified 22 CpG sites located 

in 17 loci that showed significant age-related methylation, including genes known to be associated with 

common adult-onset diseases such as ELOVL2, FHL2 TRIM59 and KLF14. I then examined the 

methylation levels of CpG sites in the mouse counterparts Elovl2, Fhl2, Trim59 and Klf14 using various 

mouse organs of different ages. Among the four genes, Elovl2 and Klf14 replicated significant 

age-related methylation changes in mice with different organ specificities. The age-related epigenetic 

change in Elovl2 was observed only in the colon, spleen, lung and tail, while the age-related epigenetic 

change in Klf14 was observed only in the kidney, lung, spleen, colon, adipose tissue and peripheral 

blood cells (PBCs). Fhl2 and Trim59 failed to replicate significant epigenetic differences in mice. I also 

observed significantly decreased gene expression of Klf14 in adipose tissue and PBCs correlated with 

the increased methylation level in Klf14, but not in Elovl2. As KLF14 is known to be associated with 

T2D, I examined the possibility of KLF14/Klf14 as an epigenetic biomarker of T2D by comparing the 

expression levels and methylation levels in T2D model mice (db/db) and obese mice treated with a 

high-fat diet (HFD). I observed a significant increase in methylation levels in Klf14 in the spleen, 

adipose tissue and PBCs in T2D and obese mice. I also observed a significant decrease in the 

expression levels of multiple downstream genes regulated by Klf14 in the adipose tissue in T2D and 

obese mice. By contrast, the expression levels of two inflammatory genes, Il-12 and Tnf- were 

significantly increased in obese mice. By FACS analysis, I confirmed that the inflammatory mediators 

IFNγ, IL-6 and IL-1β as well as TNF-α and IL-12 shared significant increases in obese mice, yet IL-12 

and TNF-α were the most responsive cytokines to obesity, demonstrating a 7-fold and 3-fold increase, 

respectively. Finally, I observed that the increased methylation levels in HFD-fed mice could be 

reversed by switching back to a normal-food diet (NFD), possibly correlated with weight loss. These 

results suggest that methylation changes in KLF14 may also be associated with changes in gene 
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expression and inflammation status in human adipose tissue with obesity and/or T2D. In addition, the 

detectable methylation changes in KLF14 in PBCs at the subclinical stage may serve as a predictive 

epigenetic biomarker for the development of T2D. 
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Introduction 

 

Epigenetics is a term denoting hereditary changes in gene expression without changes in the DNA 

sequence. Many recent papers have reported critical roles of epigenetic changes in many biological 

processes, such as tissue differentiation, maintenance of homeostasis and adaptation to the environment 

[e.g., Bernstein et al. (2007); Gut et al. (2013); Trerotola et al. (2015)]. Two major mechanisms of 

epigenetic modifications are DNA methylation and histone modification. Both affect the local 

chromatin structure and eventually regulate the gene expression level. In addition to their biological 

relevance, epigenetic modifications are significantly associated with some physiological states such as 

chronological age, obesity and disease [Richardson (2003); Rakyan et al. (2011)]. These findings hold 

substantial promise for identifying mechanisms through which genetic and environmental factors 

contribute to risks for human diseases [Civelek and Lusis (2014)]. It is well known that aging is 

associated with an increased risk for many diseases, including dementia, cardiovascular diseases, 

inflammatory diseases, metabolic diseases, age-related macular degeneration and cancer. DNA 

methylation levels in specific sites are known to change depending on chronological age [Garagnani et 

al. (2012); Hannum et al. (2013); Rönn et al. (2015)], suggesting that age-associated epigenetic change 

resulting in changes in gene expression is one of the molecular mechanisms accounting for the risk for 

multifactorial diseases. 

The prevalence of diabetes is globally increasing and reached 425 million adults worldwide in 

2017 (www.idf.org/diabetesatlas). Type 2 diabetes, T2D, is a long-term metabolic disorder characterized 

by hyperglycemia and insulin resistance. Complications due to hyperglycemia and insulin resistance 

include heart disease, stroke, and diabetic retinopathy. The factors contributing to the incidence of T2D 

are not only genetic background but also physiological status such as chronological age, obesity and 

little exercise, which is why it is called a lifestyle disease. Genome-wide association studies (GWASs) 

have identified more than 100 independent SNPs that are significantly associated with T2D [Manolio et 

al. (2009); Imamura and Maeda (2011); Morris et al. (2012); Flannick et al. (2016)]. However, the 
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whole picture of T2D has not yet been solved because, in addition to the additive effects of multiple 

susceptible genes, acquired but partially heritable modifications such as epigenetic changes play 

important roles in the onset of T2D as the “missing heritability” component [Ling et al. (2009); Manolio 

et al. (2009); Trerotola et al. (2015)]. 

In this study, I examined the association of DNA methylation with chronological age in human and 

mouse models. I also examined the association of DNA methylation with T2D and obesity in mouse 

models. In the first part of the study, I report the results of EWAS using 480 general Japanese subjects 

of different ages, in whom I identified 22 CpG sites located in 17 loci showing statistically significant 

methylation changes associated with age. Among the significant genes with age-associated methylation, 

I focused on ELOVL2, FHL2, TRIM59 and KLF14 since these genes have been reported to be 

associated with age-related diseases in other GWASs. In subsequent parts of this study, I investigated 

methylation changes in the promoter regions of the mouse counterparts Elovl2, Klf14 and Fhl2 in 

various organs in C57BL/6J (B6) mice of different ages. I also examined the methylation changes in 

Klf14 during different physiological states such as T2D and obesity caused by a high fat diet (HFD) 

using C57BLKS/J Iar -＋Leprdb /+Leprdb (db/db) as T2D model mice and B6 mice. I examined the 

age-related methylation status in Elovl2 and Klf14 in different organs. I also examined the correlation of 

the methylation status of Klf14 with gene expression levels of Klf14 as well as downstream genes, and 

with the inflammatory status in adipose tissue. Finally, I discuss the potential use of KLF14 as a 

biomarker for obesity and T2D. 
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Materials and Methods 

 

Human subjects 

The 288 subjects in the Fukuoka Cohort Study were selected from the participants in the baseline 

survey of the Kyushu University Fukuoka Cohort Study, which is an ongoing general population-based 

cohort. They were 50- to 75-year-old residents of the East Ward in Fukuoka City, and they participated 

in the survey from February 2004 to August 2007 and provided informed consent for genetic analysis. 

Details of the study are available elsewhere [Nanri et al. (2008); Ohnaka et al. (2009)]. The 192 subjects 

were selected from the participants in the KING (KItaNagoya Genome) Study, who were 55 to 

82-year-old males undergoing community-based annual health checkups in Kitanagoya City. Male 

subjects without diabetes mellitus were chosen because they were also used as part of the control 

subjects in an epigenome-wide association study of coronary artery disease (Supplementary Table 1). 

Non-diabetic subjects were defined as having a fasting plasma glucose concentration < 7.0 mmol/L, a 

hemoglobin A1c level (measured according to the Japan Diabetes Society method) < 6.5%, or no 

current treatment for diabetes in the baseline data. Details of the study are available elsewhere [Asano et 

al. (2010)]. Informed consent in accordance with the Declaration of Helsinki was acquired from all 

subjects. The Ethics Committee at Kyushu University, Fukuoka, Japan, also approved this study. 

 

Epigenome-wide association study (EWAS). 

Bisulfite treatment was applied to genomic DNA extracted from PBCs using the EZ-96 DNA 

Methylation Kit (Zymo Research), which induces both bisulfite conversion and DNA cleanup in a 

96-well plate. Genome-wide DNA methylation profiles were acquired by the Illumina 

HumanMethylation450 BeadChip (Illumina) according to the manufacturer’s instructions. 

GenomeStudio V2011.1 (methylation module version 1.9.0) was used to calculate the beta values 

indicative of the estimated methylation level of each CpG site. The beta value was defined as follows: 

Max (signal for methylation, 0) / [Max (signal for methylation, 0) + Max (signal for unmethylation, 0) + 
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100]. Using this metric, the DNA methylation level was expressed by a number between 0 (no 

methylation) and 1 (complete methylation). The signal intensities were normalized to internal controls 

and background before beta value calculation. 

To exclude outliers, principal component analysis (PCA) was performed for each of the four 

sample sets (96 samples in each set) using a total of 473,864 CpG sites on autosomes. One subject was 

detected as an outlier in the Fukuoka Cohort Study and eliminated from further analyses. Then, 273 and 

3,163 CpG sites in the Fukuoka Cohort Study and KING Study, respectively, showing a call rate < 0.95, 

were excluded from the statistical analyses. The call rate of all samples was > 0.99. 

I analyzed the association between the DNA methylation level of autosomes and age using a 

generalized linear regression model (GLM) adjusting for sex and body mass index (BMI) in the 

Fukuoka Cohort Study set and adjusting for BMI in the KING Study set [Michels et al. (2013)]. I 

selected common age-associated DNA methylation levels that passed the conservative Bonferroni 

corrected significance level (P < 1.05 x 10-7 accounting for 473,864 tests) in both sets and combined the 

two sets to perform further analyses. I affirmed that the selected age-associated DNA methylation sites 

also passed the conservative Bonferroni corrected significance level in the combined set using GLM by 

adjusting for sex and BMI. I defined the most significant site in each locus as the representative 

age-associated DNA methylation site (landmark site) and used the 17 landmark sites for further 

analyses (Supplementary Fig. 1). 

I used R version 2.14.2 for GLM. The information for the genes, methylation sites loci, SNPs, and 

GWAS catalog were based on the database of NCBI37/hg19 [Kent et al. (2002); Karolchik et al. 

(2004)]. 

 

Mouse subjects 

All mouse work was conducted according to the relevant national and international guidelines. 

C57BL/6J (B6), BALB/cByj (Balb), C57BLKS/J Iar -＋Leprdb /+Leprdb (db/db), and C57BLKS/J Iar 

-m+/+Leprdb (+/db) were purchased from CLEA Japan Inc. (Tokyo, Japan). All mice were bred under 
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pathogen-free conditions with free access to water and food at the Center of Biomedical Research, 

Research Center for Human Disease Modeling, Graduate School of Medical Sciences, Kyushu 

University, Fukuoka, Japan. The ethics committees of Kyushu University approved all experimental 

protocols. All diet foods were purchased from Oriental Yeast. A schematic diagram of the mouse 

treatments is shown in Supplementary Fig. 2. To examine age-related epigenetic changes, I prepared 

“Young” and “Aged” B6 (Supplementary Fig. 2A) and Balb mice (Supplementary Fig. 2B) following 

the treatment. I dissected 4- and 50-week-old mice as the “Young and “Aged” groups, respectively. I 

prepared 5 male and 5 female diet-matched mice for each treatment. To examine the T2D-related 

epigenetic changes, I prepared age-, sex- and diet-matched “T2D” and “Healthy” groups following the 

treatment shown in Supplementary Fig. 2C. I used 12-week-old homozygous db/db mice and 

heterozygous +/db mice as the “T2D” and “Healthy” groups, respectively. To examine obesity-related 

epigenetic changes, I prepared age- and sex-matched “Normal” and “Obese” groups following the 

treatment shown in Supplementary Fig. 2D. I raised male B6 mice (n = 50) for 4 weeks only with the 

normal food diet (NFD; 11.5% from fat), and then switched to the high fat diet (HFD; 62.2% from fat) 

only 25 mice as the “Obese” group while continuing to raise the remaining 25 mice with NFD as the 

“Non-obese” group. I sacrificed 5 mice from each treatment every week to collect 4, 5, 6, 7 and 

8-week-old mice on two different diets. To examine diet-related epigenetic changes, I treated age-, 

sex-matched mice with three different dietary conditions as shown in Supplementary Fig. 2E. I raised 

20 male B6 mice with only NFD for 16 weeks as the “N-only” (NFD-only) group. I also raised another 

20 male B6 mice with NFD for 4 weeks and then switched them to HFD for 12 weeks as the “N-H” 

(NFD-HFD) group. In addition, I raised another 20 male B6 mice with NFD for 4 weeks, then switched 

them to HFD for 4 weeks and further them switched back to NFD for 8 weeks as the “N-H-N” 

(NFD-HFD-NFD) group. I sacrificed 5 mice each per treatment every 4 weeks to collect 4, 8, 12, and 

16-week-old mice receiving three different dietary conditions. After dissection of the samples, I 

collected the cerebrum, cerebellum, heart, lung, liver, pancreas, spleen, colon, kidney, testis (or the 

ovary), adipose tissue (epididymal white adipose tissue), tail tissue and PBCs (Supplementary Table 2). 
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Intra peritoneal glucose tolerance test (IPGTT) 

Peripheral blood samples were obtained from the tail vein. Plasma glucose concentrations were 

determined based on plasma insulin concentrations by ELISA (Morinaga Institute of Biological 

Science). After a 16-h fast, glucose tolerance was assessed by an Intra-peritoneal glucose tolerance test 

(IPGTT). Briefly, under anesthesia with 2% (vol./vol.) isoflurane via facemask for 1.5 min, a glucose 

bolus (1 g / kg i.p.) was injected, and peripheral blood samples were collected from the tail vein at 0, 15, 

30, 60, 90 and 120 min. 

 

Extraction of genomic DNA and RNA 

I extracted genomic DNA from ≤ 25 mg of frozen tissue (≤ 10 mg of the spleen) using PureLink® 

Genomic DNA (Invitrogen). Total RNA was extracted from ≤ 30 mg of the frozen organs (≤ 10 mg of 

the spleen) using the RNeasy Plus Mini Kit (QIAGEN). The experiments were performed according to 

the manufacturer’s instructions. DNA and RNA concentrations were measured with a NanoDrop 

photometer (SCRUM Inc.). 

 

Bisulfite pyrosequencing 

Genomic DNA was treated with bisulfite using the EZ-96 DNA Methylation Kit (Zymo Research) 

according to the manufacturer’s instructions. The bisulfite-treated DNA was then amplified by PCR 

using the following primer pair: Forward 5’-GGTAGGGTTGGGATTTGTAAGTAT-3’ and Reverse 5’ 

biotin-CCCCTCAAACCCCTATACCC- -AATTTA-3’ with the following conditions: 40 cycles of 96°C 

for 30 s, 55°C for 30 s and 72°C for 30 s, without a final extension. For each PCR, 12.5 mM MgCl2, 15 

M dNTP Mixture, 20 pmol forward and reverse primers, 1.25 U of TaKaRa EpiTaq HS  (TaKaRa), 5 

μl of 10×EpiTaq PCR buffer (TaKaRa) and 100 ng of the bisulfite-treated DNA were used in a 50 μl 

total reaction volume. After PCR, the quality was evaluated by 1% agarose gel electrophoresis, allowing 

the identification of the product size. The PCR products were subsequently pyrosequenced by 

ALLIANCE Biosystems. The DNA methylation status was evaluated and visualized using R (version 
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2.15.0). The difference in methylation levels among organs was evaluated by t-tests. For individual tests, 

I set the level of significance at 0.05. For multiple testing, the corrected P value (Pc) was obtained by 

the Bonferroni method by multiplying the raw P values by the number of organs tested (n = 11).  

 

Bisulfite sequencing by cloning. 

Genomic DNA was treated with bisulfite using the EZ DNA Methylation Kit (Zymo Research) 

according to the manufacturer’s instructions. The bisulfite-treated DNA was then amplified by PCR 

using the following primer pairs: Elovl2 Forward 5’-GGTAGGGTTGGGATTTGTAAGTAT-3’ and 

Reverse 5’-CCCCTCAAACCCCTATACCCAATTTA-3’; Fhl2 Forward 

5’-TTTTTGTGTTTTAAGTAGGGTTGTG-3’ and Reverse 5’- 

AATAACAATAACCCCATATCATTTC-3’; Trim59 Forward 5’-GTTTTGGGGGGGAAGGGT-3’ and 

Reverse 5’-ACCCTCCAACCCATAACTAAACAAAAAAC-3’; Klf14 Forward 

5’-ATGGTATTTTTAGTAGTTTGGGAAATTA-3’ and Reverse 

5’-TAAAACTCTACCTAACACCCAACTA-3’. For each PCR, TaKaRa EpiTaq HS (TaKaRa) was used. 

Amplified DNA was cloned using the TOPO TA Cloning Kit (Invitrogen) and pGEM T Easy Vector 

System1 (Promega). The insert was amplified by PCR using standard vector-specific M13 forward and 

reverse primers under the following condition: 30 cycles of 96°C for 30 s, 55°C for 30 s, and 72°C for 

30 s, with a final extension at 72°C for 5 min. The sequence data were obtained from approximately 

36-48 clones for each sample using the 3730 DNA Analyzer (Applied Biosystems). The sequences of 

the target sites for Elovl2, Fhl2, Trim59 and Klf14 are depicted in Figures 2 and 3 and Supplementary 

Figure 3A and B, respectively. The mean value of 5 mice was subjected to statistical analysis to 

calculate each MC. 
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Quantitative reverse transcription PCR 

Reverse transcription reaction was performed using a High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems). cDNA was prepared from 1 g of total RNA with random hexamer primers 

according to the manufacturer’s instructions. The analysis of Elovl2 expression was performed using 

TaqMan probes Mm00517086_m1 for Elovl2 (Applied Biosystems) and Mm99999915-g1 for mouse 

Gapdh (Applied Biosystems). All amplifications were carried out in triplicate. The 7900HT Sequence 

Detection System (Applied Biosystems) was employed for data collection. Comparative analyses of 

Elovl2 and Gapdh were performed using the specialized computer program SDS 2.2.2 (Applied 

Biosystems). The mRNA expression level of Elovl2 was calculated by the 2−CT (relative quantity) 

method according to the instructions provided in the manual supplied with the TaqMan® Low Density 

Array (Applied Biosystems). 

For Klf14 and the downstream genes, mRNA levels were quantified by quantitative reverse 

transcription PCR using Go Taq qPCR Master Mix (Promega) with the LightCycler 480 System II 

(Roche). The primers used for each target gene are summarized in Supplementary Table 3. The linearity 

of the amplification as a function of the cycle number was tested in preliminary experiments, and 

mRNA expression levels were normalized to the expression level of β-actin. The mRNA expression 

levels of Klf14 were calculated by the 2−CT (relative quantity) method. 

 

Cytokine Analysis 

Concentrations of five different antigenic factors were determined in both serum and SVF samples 

using the BDTM Mouse CBA Enhanced Sensitivity Flex Set (BD Pharmingen) with mouse IL-6 (BD 

Pharmingen, #562236), mouse IL-12 (BD Pharmingen, #562264), mouse TNF-α (BD Pharmingen, 

#562336), mouse IL-1β (BD Pharmingen, #562278), and mouse IFN-γ (BD Pharmingen, #562233) 

[Morgan et al. (2004)]. Each CBA Set contained one bead population with a distinct fluorescence 

intensity as well as the appropriate phycoerythrin (PE) detection reagent and standard. Five bead 

populations coated with capture antibodies specific to IL-6, IL-12, TNF-α, IL-1β, and IFN-γ were 
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mixed with each other. The tests were performed according to the manufacturer’s recommendations, 

and samples were run in duplicate. After addition of PE-conjugated detection antibodies, the samples 

were incubated again and then resolved in a FACS Verse flow cytometer (BD Pharmingen). The results 

were generated in graphic and tabular format using the CBA analysis software (BD Pharmingen). 

 

Isolation of the stromal vascular fraction from adipose tissue 

I removed the epididymis white adipose tissue and then minced it into small pieces. I incubated 

them at 37°C for 50 min in collagenase solution (2 mg/ml) of collagenase type A (Roche) in HEPES 

(Life Technologies) with gentle stirring. We then centrifuged 500 g of the digested tissue for 10 min, 

suspended the pellet containing the stromal vascular fraction into HEPES and filtered it through a 

70-µm mesh. We washed the cells twice with HEPES and finally re-suspended them in cell staining 

buffer. 

 

Statistical analysis for mouse study. 

Statistical analysis was performed using the Student’s t test and ANOVA followed by the Schaffer 

test. Data were expressed as the mean ± SD. P values < 0.05 were considered statistically significant. 
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Chapter 1: Epigenome-wide association study (EWAS) with age 

To identify age-associated changes in DNA methylation levels, I analyzed two sample sets from 

ongoing general population cohort studies: 288 samples from the Fukuoka Cohort Study and 192 

samples from the KING Study. DNA methylation levels were obtained using the Illumina Human 

Methylation 450K BeadChip, and the data for 473,864 autosomal DNA methylation sites were analyzed 

using a GLM with adjustment for gender and BMI in each sample set (Supplementary Fig. 1 and 

Supplementary Table 1). I found that both sample sets shared the identical 22 age-associated DNA 

methylation sites in the same direction and thus reached the conservative Bonferroni threshold (P < 

1.05 × 10-7 accounting for 473,864 tests, Table 1). The 22 sites corresponded to 17 loci including 15 

genic regions of the following genes: CC2D2A, TRIM2, SERINC5, KLH35, C1R, RASSF5, MIR29B2, 

FHL2, SFMNT1, TRIM59, PCDHB1, ELOVL2, NHLRC1, KLF14 and OTUD7A. Scatter plots of 

representative methylation sites of the 17 loci showed a nearly linear change in the DNA methylation 

level with aging (Fig. 1). Among the 22 age-associated CpG sites, the 15 sites (10 loci) presented higher 

DNA methylation levels with advancing age, and the other seven sites (seven loci) showed lower DNA 

methylation levels. 

The most significant age-associated DNA methylation site was cg16867657 located near the 5’ end 

of ELOVL2 (P = 1.7 × 10-45, Table 1). ELOVL2 also harbors two additional significant CpG sites, 

cg21572722 and cg24724428 with the ninth and the eleventh lowest P values (2.0 × 10-37 and 5.3 × 

10-31, respectively, in Table 1). ELOVL2 is known to contribute to the long-chain polyunsaturated fatty 

acid (PUFA) metabolic pathway [Leonard et al. (2002); Ohno et al. (2010)]. The second, third, and 

fourth lowest P values were found in cg06639320, cg22454769, and cg24079702 (P = 2.8 × 10-40, 2.0 × 

10-37, and 5.3 × 10-31, respectively, Table 1) located near the 5' end of FHL2, which is known to be 

associated with osteoporosis [Günther et al. (2005); Johannessen et al. (2006)]. The fifth lowest P value 

(P = 3.6 × 10-28, Table 1) was found in cg07553761 near the 5' end of TRIM59, which is known to be 

associated with the tumorigenesis of various cancers including lung cancer and stomach cancer 

[Khatamianfar et al. (2012); Zhou et al. (2014)]. The sixth lowest P value (P = 6.7 × 10-26, Table 1) was 
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found in cg04875128 located near the 3' end of OTUD7A, which has been reported to be associated 

with neurodevelopmental phenotypes [Shinawi et al. (2009)]. The seventh lowest P value (P = 2.3 × 

10-25, Table 1) was found in cg08097417 located near the 5' end of KLF14, which also harbors another 

significant site, cg14361627, with the 15th lowest P value (1.6 × 10-19, Table 1). KLF14 has been 

reported to be associated with T2D and with serum levels of HDL-cholesterol [Manolio et al. (2008); 

Teslovich et al. (2010); Imamura and Maeda (2011); Morris et al. (2012); Flannick and Florez (2016)]. 

The tenth lowest P value (P = 2.3 × 10-22, Table 1) was found for cg22736354 in an exon region of 

NHLRC1, which is known to be associated with progressive myoclonus epilepsy [Chan et al. (2003); 

Singh et al. (2009)]. 

 

Chapter 2: Conservation of age-associated CpG sites between human and mouse 

Based on the EWAS result, I selected four genes of those genetic variations were known to be 

associated with multifactorial diseases, namely, ELOVL2, FHL2, TRIM59 and KLF14, for further 

studies using mouse models. These CpG sites have been reported to be associated with age in previous 

EWASs from different ethnic groups [Berdasco and Esteller (2012); Garagnani et al. (2012); Rönn et al. 

(2015)]. I investigated whether genome sequences in which age-associated CpG sites were originally 

identified in humans were conserved in mice.  

As shown in Fig. 2, the most significant CpG site, namely, cg16867657, was not a conserved 

cytosine. Consequently, I analyzed cg24724428, which is located at -264 bp from the transcription 

starting site (TSS) of ELOVL2. The BLAST search using the genome sequence around cg24724428 

revealed the highly conserved sequence in the promoter region of mouse Elovl2. The 49 bases from 

-240 to -285 of ELOVL2 showed 41.3% identity to the sequence from -291 to -339 of Elovl2 (Fig. 2). It 

is noted that the cg24724428 CpG site was conserved between human and mouse (Fig. 2). This 

conservation indicates that this genomic region in mice is appropriate for a proxy target for further 

DNA methylation analyses of human ELOVL2. The predicted nucleotide sequence of the region of 

Elovl2 after bisulfite treatment is also shown at the bottom of Fig. 2. I designed PCR primers 
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(highlighted by a shadow) and a sequence primer (underlined) for pyrosequencing to determine the 

methylation levels of four CpG sites: P1-P4, where the P4 corresponds to the mouse-cg24724428 site. 

Like cg16867657, the second significant CpG site, cg06639320, was also not conserved. I 

examined the next significant site, cg22454769, located -196 bp from the TSS of FHL2. The BLAST 

search using the genome sequence around cg22454769 revealed the conserved sequence in the intronic 

region of mouse Fhl2 (Supplementary Fig. 3A). Although it was not a promoter region, a primer was 

designed around the conserved region (Supplementary Fig. 3A). The 49 bases from -58 to -106 of 

FHL2 showed 28.6% identity to the sequence from +501 to +549 of Fhl2 (Supplementary Fig. 3A).  

The next significant CpG site, cg07553761, was located -351 bp from the TSS of TRIM59. The 

BLAST search using the genome sequence around cg07553761 revealed the conserved sequence in the 

promoter region of mouse Trim59 (-206 bp upstream from the TSS). The 45 bases from -329 to -373 of 

TRIM59 showed 55.6% identity to the sequence from -185 to -228 of Trim59 (Supplementary Fig. 3B). 

The significant CpG site, cg14361627, was the only site with a conserved cytosine between human 

and mouse. In addition, it was located -228 bp from the TSS of KLF14. The BLAST search using the 

genome sequence around cg14361627 revealed the highly conserved sequence in the promoter region of 

mouse Klf14. The 46 bases from -206 to -250 of KLF14 showed 81.8% identity to the sequence from -1 

to -044 of Klf14 (Fig. 3). It is noted that the cg14361627 CpG site was conserved between human and 

mouse (Fig. 3). This observation indicated that this genomic region in mice was appropriate for a proxy 

target for further DNA methylation analyses in human KLF14. The predicted nucleotide sequence of the 

region of Klf14 after bisulfite treatment is also shown at the bottom of Fig. 3. There were 9 CpG sites: 

P1-P9 (Fig. 3). P3 is the CpG site that has been reported to be associated with age in previous EWASs 

[Berdasco and Esteller (2012); Garagnani et al. (2012); Rönn et al. (2015)]. I designed PCR primers 

(highlighted by a shadow) to determine the methylation levels of four CpG sites, P1-P9, where P3 

corresponds to the mouse-cg14361627 site. 

First, I examined age-related changes in the methylation level at the nine CpG sites (P1-P9) in 

Fhl2 and Trim59 (Supplementary Figure 4A and Supplementary Figure 5A) by bisulfite sequencing 
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with cloning using the DNA sampled from 11 different organs (Supplementary Figure 4B and 

Supplementary Figure 5B). Both genes failed to replicate the age-associated change I observed in 

human cohorts. Therefore, I did not pursue the examination of Fhl2 and Trim59 in the following 

studies. 

Next, I examined the methylation levels of the CpG sites in Elovl2 by pyrosequencing using DNA 

samples prepared from 12 organs (cerebrum, cerebellum, heart, lung, liver, pancreas, spleen, colon, 

kidney, testis, ovary and tail) of 15 mice each from the “Young” and “Aged” groups (Fig. 1A). The 

methylation levels at the P3 site in the promoter region of Elovl2 are shown as boxplots in Fig. 4A. I 

observed a statistically significant increase in methylation levels in the “Aged” mice in the lung 

(methylation change = 8%, Pc = 1.7E-07), spleen (MC = 12%, Pc = 1.4E-09), colon (MC = 28%, Pc = 

4.3E-08) and tail (MC = 6%, Pc = 0.0001). 

I then compared the methylation levels at the P1-P4 sites between “Young” and “Aged” mice in the 

colon and spleen. The methylation levels varied among the 4 sites in both the “Young” and “Aged” 

groups (Fig. 4B). However, the order of the methylation levels of P3 > P2 > P1 ≥ P4 was conserved in 

the “Young” and “Aged” mice and conserved in the colon and spleen. This trend of methylation 

changes was also observed in other organs (Supplementary Fig. 6), suggesting that the methylation 

levels of these 4 sites are tightly linked under different physiological conditions. 

One may argue that the age-associated methylation changes in Elovl2 specifically observed in the 

lung, spleen, colon and tail could be different between sexes and/or between mouse strains. To clarify 

these issues, we examined the methylation levels at P3 in male and female B6 mice and in male Balb 

mice. Similar organ specificity and directions of methylation change with age were observed in both 

sexes and in both mouse strains (Supplementary Figs. 7 and 8). Taken together, the results strongly 

suggested that the age-associated DNA methylation increase in the ELOVL2 promoter region originally 

identified in human PBCs was conserved in mouse. In addition, the epigenetic changes in ELOVL2 

might not only occur in PBCs but also in lung, spleen and colon in humans. 

To obtain methylation data for the 5' additional sites located 3' downstream from P1-P4, we 



Iwaya Ph D thesis (2018). 

19 

 

performed bisulfite cloning-sequencing using the same PCR primer sets as applied for bisulfite 

pyrosequencing. A total of 48 clones generated from DNA prepared from colons obtained from the 

“Young” and “Aged” mice were selected and subjected to DNA sequence analysis. In addition to the 

P1-P4 sites, the P5-P9 sites also showed increased methylation levels in the “Aged” mice compared 

with the “Young” mice (Fig. 4C). The methylation changes did not occur in a position-specific manner; 

alteration of the methylation status was linked between the CpG sites of P1-P9. Therefore, we assumed 

that methylation might occur in cis and spread around the promoter region of Elovl2. 

 Next, I examined age-related changes in the methylation level at the nine CpG sites (P1-P9) in 

Klf14 (Fig. 3) by bisulfite sequencing with cloning using the DNA sampled from the PBCs (Fig. 5A). In 

male mice, I observed an age-related increase in methylation levels at the six CpG sites, P1- P6, as also 

observed in humans. The most significant increase was observed in P3, the CpG site originally 

identified in my EWAS (MC = 35%, P = 0.0008). However, three sites, P6-8, did not show age-related 

methylation, suggesting that methylation might be transmitted in cis in the promoter region of Klf14. I 

also examined the methylation levels in the 9 CpG sites in the adipose tissue of the spleen in both sexes. 

I observed an age-related increase in the methylation level at nearly all the sites, with P3 consistently 

showing the largest fold-change (Supplementary Fig. 9). 

I then examined age-related methylation at P3 in 11 organs (cerebrum, heart, lung, liver, pancreas, 

spleen, colon, kidney, testis (or the ovary), adipose tissue and PBCs). I observed a significant 

age-related increase in the methylation level in 7 organs: lung (MC = 18.3%, P = 0.009), spleen (MC = 

38.3%, P = 0.0007), kidney (MC = 12.5%, P = 0.0007), colon (MC = 50.8%, P = 0.006), adipose tissue 

(MC = 42.5%, P = 6.3E-05), testis (MC = 31.7%, P = 0.0005) and PBCs (MC = 35%, P = 0.0008) (Fig. 

5B). The increase in methylation levels was more pronounced in female mice (Supplementary Fig. 10). 

I detected similar patterns of position effects and organ specificities in female groups (Supplementary 

Fig. 10). It is notable that this result is consistent with the findings of human cohort studies [Berdasco 

and Esteller (2012); Garagnani et al. (2012); Rönn et al. (2015)]. The most responsive CpG site in all 

tested organs, including in females, was P3 (Supplementary Figs. 9 and 10). 
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I also compared the methylation level at P3 in Klf14 using the DNA sampled from the spleen, 

adipose tissue and PBCs between age-, sex- and diet-matched “T2D” mice (db/db) [Srinivasan and 

Ramarao (2007)] and “Healthy” mice (+/db). I observed a significant increase in the methylation level 

in “T2D” mice compared with the healthy control (Fig. 5C and Supplementary Fig. 11). This result 

supported the methylation level of Klf14 as a biomarker for T2D. If the methylation level of Klf14 

changes under the subclinical conditions of T2D, Klf14 could be a promising epigenetic biomarker for 

T2D. Therefore, I compared the methylation levels at P3 between the “Obese” mice treated with HFD 

as a subclinical condition and the “Non-obese” mice treated with NFD as the healthy control. HFD mice 

are significantly larger in body weight compared with NFD mice (Supplementary Fig. 12A). The 

intraperitoneal glucose tolerance test (IPGTT) on the final day showed a trend towards insulin 

resistance (Supplementary Fig. 12B), but the blood glucose level was < 200 after 2 hours, which does 

not meet the diagnostic criteria for T2D [Winzell and Ahren (2004); Srinivasan and Ramarao (2007)]. I 

observed an obesity-associated increase in the methylation level in the spleen, adipose tissue and PBCs 

(Fig. 5D). I also observed that the methylation level gradually increased in accordance with the increase 

over the weeks of treatment with the HFD (Supplementary Fig. 13).  

 

Chapter 3: Expression analysis of Elovl2 and Klf14 

As I detected the rise in age-related methylation in Elovl2 and Klf14, I examined the expression 

levels in Elovl2 and Klf14 in different ages. I quantitated the expression levels of Elovl2 using 

quantitative reverse transcription PCR using the cDNA sampled from the lung, spleen and colon; 

however, Elovl2 transcripts were undetectable in these organs from both “Young” and the “Aged” mice 

(the results of the colon are shown in Supplementary Fig. 14). These results are consistent with a 

previous study reporting that this gene is expressed in brain, liver, pancreas and testis, but not in the 

lung, colon or spleen [Berdasco and Esteller (2012)]. Hence, some organs such as brain, liver, pancreas 

and testis might be free from age-related DNA methylation in Elovl2. 

Similarly, cDNA sampled from the spleen, adipose tissue and PBCs was used to examine the 
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expression levels of Klf14. Klf14 is known to be expressed in various organs in addition to adipose 

tissue [Parker-Katiraee et al. (2007)]. I examined the expression levels of Klf14 in the adipose tissue in 

“Young” and “Aged” male B6 mice. I observed a significant decrease in the gene expression of Klf14 in 

the “Aged” mice (Fig. 6A). This age-related reduction of gene expression might have been due to the 

age-related increase in methylation levels in the promoter region of Klf14, as shown in Fig. 5A. I also 

examined the expression levels of Klf14 in the adipose tissue in “T2D” and “Healthy” male mice. I 

observed a significant decrease in the gene expression of Klf14 in the “T2D” mice (Fig. 6B). This result 

also revealed that the significant decrease in gene expression correlated with the increase in T2D-related 

methylation as well as age. I further examined the expression levels of Klf14 in the adipose tissue in 

“Obese” and “Non-obese” male B6 mice. I observed a significant reduction of the gene expression of 

Klf14 in the “Obese” mice (Fig. 6C). The same result was obtained for PBCs. Therefore, with regard to 

Klf14, gene expression declined with increasing methylation in all mice in this study. 

 

Chapter 4: Expression analysis of downstream genes of Klf14 and cytokine analysis 

KLF14 is a transcription factor that is known to be a master regulator of many downstream genes, 

including inflammatory genes [Grarup et al. (2010); Voight et al. (2010); Small et al. (2011); Civelek 

and Lusis. (2014)]. Therefore, I quantified the expression levels of 6 downstream genes (i.e., Prmt2, 

Klf13, Gnb1, Temt, Slc7a and Ninj2) and 6 inflammatory genes (i.e., Adipoq, Tnf-a, Il-12, Il-6, Foxp3 

and F4/80) in the adipose tissue in “Obese” and “Non-obese” mice. I observed significant changes in 

the expression levels of these genes between the “Obese” and “Non-obese” mice, except for Gnb1 (Fig. 

6D). The expression of all genes exhibited a significant decrease in “Obese” mice, with the exception of 

three inflammatory genes: Tnf-, Il-12 and Il-6. The largest changes are observed in two inflammatory 

genes: a 7-fold increase in Il-12 and a 3-fold increase in Tnf-. Interestingly, Adipoq and Foxp3 are 

reported as anti-inflammation gene [Dalmas et al. (2015)]. This result suggested that Klf14 

simultaneously reduced anti-inflammatory molecules and increased inflammatory molecules and that 

Klf14 was related not only to the metabolism in adipose tissue but also to inflammation, as suggested in 
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previous studies [Fokeng et al (2016); Franks and McCarthy (2016)]. 

Due to the observation of increased expression in two inflammatory cytokine genes, Il-12 and 

Tnf- downstream of Klf14 in the “Obese” mice, I quantified the amount of IL-12 and TNF- as well as 

three additional cytokines, IFN-, IL-6 and IL-1 by FACs analyses in the serum and stromal vascular 

fraction (SVF) of the adipose tissue. I observed no significant difference in cytokine expression in the 

serum between the “Obese” and the “Non-obese” mice, although two of them showed marginally 

significant increases: IL-6 (P = 0.054) and TNF- (P = 0.055) (Fig. 7A). By contrast, I observed a 

significant obesity-related increase in all five cytokines tested in SVF (Fig. 7B). Although all five 

cytokines showed a significant obesity-related increase, the most responsive cytokines were TNF- 

showing a 4-fold increase and IL-12 showing a 12-fold increase (Fig. 7B). IL-12 also showed the most 

significant decrease in gene expression in this study. IL-12 has recently been reported to be associated 

with differentiation into M1 macrophages [Dalmas et al. (2015)], My result suggests that expression 

levels of Klf14 affects the differentiation into M1 macrophages in SVF. Although I failed to detect 

changes in inflammatory cytokines in serum, the inflammatory cytokines were significantly increased in 

adipose tissue, especially SVF. This result suggested that prediction of T2D at the subclinical stage 

might be difficult by inflammatory tests using peripheral blood materials.  

 

Chapter 5: Methylation changes in mice returning to NFD from HFD 

In addition to susceptible genes as genetic factors, physiological states such as chronological age, 

obesity and lack of exercise are contributing factors to the incidence of T2D. Dietary control and 

exercise are widely known to be effective to reduce the risk for T2D. To examine the significance of 

dietary change in methylation levels in Klf14, I prepared three different dietary conditions 

(Supplementary Fig. 2E). The first group consisted of male B6 mice raised only with a normal food diet 

(NFD) for 16 weeks (“N-only”). The second group contained male B6 mice raised with an NFD for 4 

weeks and then a high fat diet (HFD) for 12 weeks (“N-H”). The third group comprised male B6 mice 

raised with an NFD for 4 weeks, then a HFD for 4 weeks and then again a NFD for 8 weeks (“N-H-N”). 



Iwaya Ph D thesis (2018). 

23 

 

While the “N-H” mice showed the highest rate of weight gain, the “N-H-N” mice stopped gaining 

weight immediately after the switch back to NFD from HFD (Supplementary Fig. 15).  

In adipose tissue, I observed a significant reduction of the methylation level at P3 of Klf14 in 

“N-H-N” mice at 8 weeks after the dietary switch back to NFD from HFD, while the “N-H” mice 

showed a continuous increase in the methylation level (Fig. 8A). Body weight decreased immediately, 

and despite losing significance in “N-H-N” mice at 4 weeks after the dietary switch back to NFD from 

HFD, no significant decrease in methylation levels in “N-H-N” mice was detected at 4 weeks. Based on 

this result, weight loss was not necessarily accompanied by a decrease in the methylation of Klf14 in 

adipose tissue, although it is considered important to maintain for a certain period.  

In PBCs, I observed a weak but similar trend to that observed in adipose tissue. The reduction of 

the methylation level in “N-H-N” was significant only at 8 weeks after the dietary switch back to NFD 

from HFD (Fig. 8B). Consequently, the methylation level of Klf14 in PBCs was correlated with the 

methylation of Klf14 in adipose tissue. 
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Discussion 

The EWAS presented herein using PBCs from Japanese cohorts identified novel age-associated 

CpG sites at 7 loci, 3q29, C1R CC2D2A, OTUD7A, RASSF5, SERINC5, TRIM2, and, as well as ten 

known loci, 1p13.2, ELOVL2, FHL2, KLF14, KLHL35, MIR29B2, NHLRC1, PCDHB1, SFMBT1 and 

TRIM59 [Rakyan et al. (2010); Bell et al. (2012); Garagnani et al. (2012); Hannum et al. (2013) 

Markunas et al. (2016]. Among the newly identified genes, some have been reported to be associated 

with human diseases. CC2D2A has been reported to play a critical role in the formation of cilia and to 

be associated with Meckel syndrome (MKS; MIM 249000), Joubert syndrome and related disorders 

(JSRD; MIM 213300), and autosomal-recessive mental retardation with retinitis pigmentosa (RP; MIM 

268000) [Tallila et al. (2008); Gorden et al. 2008; Noor et al. (2008)]. MKS and JSRD belong to 

ciliopathies sharing common phenotypes (retinal dystrophy, polydactyly, cystic renal disease, and 

hepatic fibrosis) and molecular mechanisms [Gorden et al. (2008)]. TRIM2 encodes UbcH5a-dependent 

ubiquitin ligase and is highly expressed in the nervous system. TRIM2 protein is known to bind to 

neurofilament light subunit (NF-L) and regulate its ubiquitination. TRIM2-deficient mice present 

increased levels of NF-L in axons and develop juvenile-onset ataxia [Balastik et al. (2008)]. SERINC5 

is abundantly expressed in myelin throughout the brain and facilitates the synthesis of both 

phosphatidylserine and sphingolipids [Inuzuka et al. (2005)]. A phosphatidylserine formulation has been 

shown to improve learning and memory tasks in patients with age-associated memory impairments 

[Crook et al. (1991)]. C1R is known to be associated with the development of systemic lupus 

erythematosus (SLE) [Zipfel and Skerta. (2009)].  

The most significantly associated site was found in ELOVL2, which is responsible for the 

elongation of PUFA, including docosapentaenoic acid (DPA), eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) [Leonard et al (2002); Ohno et al (2010)]. A genome-wide association 

study (GWAS) also demonstrated that ELOVL2 is the susceptibility locus for plasma phospholipid 

levels of EPA, DPA, and DHA [Lemaitre et al. (2011)]. The n-3 long-chain PUFA, which is abundant in 

fish, has pleiotropic effects on biological functions, such as inhibition of platelet aggregation, 
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vasodilation, anti-inflammation, reduction of plasma triglyceride level, and anti-hypertensive effects. 

An epidemiological study has also reported that n-3 long-chain PUFA shows beneficial effects for 

cardiovascular disease, depression, Alzheimer’s disease, and dementia [Riediger et al. (2009)]. FHL2 is 

a member of the LIM-only protein family. Protein members within the group share highly conserved 

amino acid sequences, suggesting that the family members originated from a single ancestral gene copy 

[Fimia et al. (2000)]. These proteins are defined by the presence of the four and a half cysteine-rich 

LIM homeodomains, with the half-domain located in the N-terminus [Kurakula et al. (2015)]. FHL2 

has been reported to be associated with osteoporosis [Kurakula et al. (2015)]. TRIM59 has been 

reported to be associated with tumorigenesis [Khatamianfar et al. (2012); Zhou et al. (2014)]. The 

overexpression of Trim59 has been shown to repress signaling via NF-B, Ifn-, and the 

interferon-sensitive response element (ISRE) in mice [Kondo et al. (2012)]. KLF14 is a member of the 

Krüppel-like factor family of transcription factors with zinc-finger domains capable of binding GC-rich 

sequences [Parker-Katiraee et al. (2007); Small et al. (2011)]. KLF14 regulates the transcription levels 

of various genes, including the type II receptor for transforming growth factor-beta (TGFRII) [Truty et 

al. (2009)]. KLF14 is also known to be a master regulator of inflammatory genes in adipose tissue and 

to be associated with BMI and adult-onset diseases such as T2D, coronary artery disease and 

hypercholesterolemia [Parker-Katiraee et al. (2007); Grarup et al. (2010); Voight et al. (2010); Small et 

al. (2011)]. Age-associated methylation in the promoter region of KLF14 has been previously reported 

in multiple human populations with different ethnic backgrounds [Garagnani et al. (2012); Hannum et 

al. (2013); Steegenga et al. (2014); Rönn et al. (2015); Kananen et al. (2016)]. The identification of 

these disease-susceptibility genes in EWAS with age suggests that age-associated changes in DNA 

methylation would not be merely biomarkers of aging but have an important role in the pathogenesis of 

a broad spectrum of diseases.  

The age-related methylation changes in the CpG sites in the promoter regions in ELOVL2 and 

KLF14 in humans were shown to be replicated in mice. I showed that this change was organ-specific: 

the lung, spleen, colon and tail were responsive to age in terms of DNA methylation in the promoter 



Iwaya Ph D thesis (2018). 

26 

 

region of Elovl2. Although multiple EWASs as well as the present study have reported age-associated 

methylation changes in the promoter region of ELOVL2 [Garagnani et al. (2012); Hannum et al. (2013); 

Rönn et al. (2015)], none have identified the responsible environmental factors affecting epigenetic 

changes among the suggested candidates, such as physical stresses and nutrients. It is almost impossible 

to assess epigenetic changes in various organs at different ages at the individual level in humans. 

Therefore, the results obtained using my mouse models provide unique information to understand the 

molecular process of age-associated DNA methylation in the ELOVL2 promoter at an individual level. 

The expression level of Elovl2 was undetectable in any of the lung, spleen and colon in “Young” 

and “Aged” mice. A previous study has reported that this gene is expressed in liver, pancreas and testis, 

but not in the lung, colon or spleen [Ohno et al. (2010)], which is consistent with my current results. 

One possibility is that the target gene expression level is regulated by the age-associated methylation of 

neighboring genes. In the human genome, a neighboring gene, ELOVL2-AS1, shares a promoter region 

with ELOVL2. However, because Elovl2-as1 is not annotated in the current mouse genome data (mm9), 

I could not evaluate the expression of this gene. This gene will be examined in future experiments. 

Another possibility is that this age-associated methylation change is merely an accidental result of aging 

with no functional significance. However, since these organ-specific epigenetic changes are 

evolutionarily conserved at least between human and mouse, they are likely to retain functional 

significance. As the most significant methylation change in Elovl2 was observed in the colon, it is 

possible that the unknown function of Elovl2 is associated with the colon. The histological study 

analyzing each cell type in normal and abnormal colon tissue, such as cancer cells, might be helpful to 

clarify the function of age-related methylation in ELOVL2. 

The age-associated methylation changes at CpG sites in Fhl2 and Trim59 originally observed in 

my human EWAS were not replicated in my mouse experiments. These discrepancies can be attributed 

to the biological differences between mouse and human, such as the distinct functions of orthologs, 

physiology, genomic context of the region and process of aging, in addition to the experimental 

differences between the two species, including genetically uniform mice in controlled environments and 
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genetically heterogeneous humans in heterogeneous environments. 

I showed that KLF14 represented another gene in which the age-related methylation changes were 

shared by humans and mice. KLF14 has also been reported to be significant age-responsive genes by 

previous EWASs in human samples [Garagnani et al. (2012); Hannum et al. (2013); Steegenga et al. 

(2014); Rönn et al. (2015); Bacos et al. (2016); Kananen et al. (2016)]. Additionally, KLF14 has been 

reported to be associated with T2D in large GWASs [Manolio et al. (2008); Imamura and Maeda 

(2011); Morris et al. (2012); Flannick and Florez (2016)]. Utilizing the advantages of animal models, I 

could examine methylation changes in Klf14 in multiple organs collected from environmentally 

controlled individuals of different ages. The spleen, colon, kidneys, adipose tissues and PBCs were the 

most responsive organs to DNA methylation of Klf14. A previous study has reported that KLF14 is 

expressed in spleen, colon, kidneys and adipose tissues [Parker-Katiraee et al. (2007)], which is 

consistent with my results. Therefore, in the present study, I demonstrated that the 

methylation-associated reduction in gene expression of Klf14 occurred in spleen, adipose tissue and 

PBCs. Furthermore, the decrease in expression of Klf14 in spleen, adipose tissue and PBCs was 

correlated with the decrease in expression of the downstream gene set regulated by Klf14. These 

downstream genes also have been reported to be associated with BMI, HDL cholesterol, TG, waist–hip 

ratio: WHR, insulin sensitivity, inflammation and HOMA-IR in GWASs with large sample sizes 

[Fokeng et al. (2016); Franks and McCarthy (2016)]. In the current study, however, I could not detect 

significant differences in HDL cholesterol, TG or HOMA-IR, although I detected significant differences 

in weight, insulin sensitivity and inflammation. 

As KLF14 is known to be a master regulator of inflammatory genes, the significantly altered 

expression of inflammatory genes such as Tnf- and IL-12 could be reasonably attributed to the 

significant obesity-associated decrease in Klf14 gene expression, suggesting a global change in the 

inflammatory status of adipose tissue in T2D as well as obese mice. My results are also consistent with 

previous studies reporting that age, T2D and HFD exacerbate inflammation [Wu et al. (2007)]. It is 

notable that the most responsive cytokine is Il-12 that is known to be involved in the differentiation of 
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naive T cells into Th1 cells [Hsieh et al. (1993); Dalmas et al. (2015)]. Interestingly, Klf14 has also been 

reported to be associated with the differentiation of regulatory T cells and macrophages [Sarmento et al. 

(2015)]. Future studies are required to identify the responsible cell types and to clarify the mechanisms 

underlying the inflammatory change triggered by the methylation change in adipose tissue. 

One of the major treatments for early T2D to recover insulin sensitivity is dietary therapy by 

reducing calorie intake. In this study, I showed that the weight and methylation level of Klf14 were 

gradually increased by the 4-week HFD treatment and that gaining weight stopped after the dietary 

improvement, i.e., the switch from HFD to NFD (Supplementary Fig. 15). However, it took 8 weeks to 

recover the increased methylation level to normal levels after the 4-week HFD treatment, although an 

improvement was observed during the first 4 weeks (Fig. 8). Since the chronological ages of humans 

are significantly longer than mice although the precise conversion is difficult, my results indicate that 

humans require a long time to recover the weight gain after diet therapy and even longer time to recover 

the methylation level in Klf14. For precise estimation of the length of the period to recover the 

epigenetic status that is potentially useful for clinical purposes, it is necessary to examine mice in a 

greater variety of dietary combinations with different durations of HFD and NFD treatments.  

Due to the explosive increase in T2D patients worldwide, highly specific and highly sensitive 

biomarkers are demanded to identify people in subclinical states of T2D. Considering the evolutionary 

conservation of the epigenetic changes in KLF14, I consider KLF14 a hopeful candidate as an 

epigenetic biomarker to predict inflammatory changes in adipose tissue. Since the epigenetic changes in 

KLF14 were shown to also be associated with inflammation, KLF14 may serve as a biomarker for other 

metabolic diseases involving inflammation in addition to T2D. It is notable that the epigenetic changes 

in KLF14 were detectable in PBCs, which is one of the easiest tissues to access. Therefore, Klf14 could 

be a predictive epigenetic biomarker for age-related multifunctional diseases including T2D. Further 

studies are necessary to clarify the mechanism underlying the epigenetic changes during disease. 
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Conclusion 

Using an EWAS, I identified 22 CpG sites located in 17 loci that showed significant age-associated 

changes in DNA methylation. I showed that the age-associated DNA methylation changes in Elovl2 and 

Klf14 were conserved in mice. The methylation levels of Elovl2 and Klf14 increased with age, 

especially in the lung, spleen and colon, similarly to in human PBCs. The methylation level of mouse 

Klf14 was associated with T2D and obesity as well as aging, especially in adipose tissue, spleen and 

PBCs. It is notable that the increased methylation level of Klf14 introduced by HFD could be reversed 

to the normal levels by switching back to NFD and that the methylation changes could be detected in 

subclinical states in PBCs, one of the easiest tissues to access. Therefore, I conclude that methylation 

changes in KLF14 may serve as a predictive epigenetic biomarker for age-associated multifunctional 

diseases such as T2D in the clinic. 
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Figure Legends 

Figure 1. Scatter plots of the methylation changes at 17 representative loci showing significant associations 

with chronological age in the cumulative sample set. IDs of CpG sites are indicated with gene symbols in 

parantheses. Linear regression lines are also indicated with correlation coefficients (R). 

 

Figure 2. The age-associated methylation site cg24724428 in the promoter region of ELOVL2. The 

age-associated CpG sites in human and the corresponding mouse site are marked by bold letters. The 

asterisks show conserved nucleotides in mouse. The predicted sequence after bisulfite treatment is shown at 

the bottom. The position of primers for PCR and pyrosequencing are highlighted by shadows and 

underlining, respectively. There are 9 CpG sites, P1-P9, located in the mouse target region of Elovl2. P4 is 

the site corresponding to cg24724428 in human.  

 

Figure 3. The age-associated methylation site cg14361627 in the promoter region of KLF14 depicted as in 

Figure 2 except a pyrosequencing primer. There are 9 CpG sites, P1-P9, located in the mouse target region of 

Kfl14. P1 is the site corresponding to cg14361627 in human. 
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Figure 4. Organ-specific methylation changes in the CpG sites in Elovl2 (A) DNA methylation levels at P3 

in various organs from the “Young” and “Aged" mice. The pooled results from male and female mice are 

shown. (B) The methylation levels at P1-P4 in the colon and spleen from the “Young” and “Aged” mice. (C) 

Results of bisulfite cloning-sequencing of the 9 CpG sites, including the additional 5 sites. Open and filled 

ellipses indicate non-methylated and methylated states, respectively. Each row corresponds to each clone. A 

total of 86 clones were analyzed for the DNA from colon of the “Young” and “Aged” mice. Five mice were 

used in each condition (*P < 0.05, **P < 0.01, ***P < 0.005. Error bars represent means ± SD). 

 

Figure 5. DNA methylation levels in Klf14 in different organs. DNA was analyzed for 36 clones. (A) 

Comparison of the methylation levels at multiple CpG sites (P1-P9) in Klf14 in PBC between diet-matched 

“Young” and “Aged” male B6 mice. (B) Comparison of the methylation levels at P3 in Klf14 in various 

organs between diet-matched “Young” and “Aged” male B6 mice. (C) Comparison of the methylation levels 

at P3 in Klf14 in 3 organs, spleen, adipose tissue and PBC, between age-matched “T2D” and “Healthy” male 

mice. (D) Comparison of the methylation levels at P3 in Klf14 in 3 organs, spleen, adipose tissue and PBC, 

between age-matched “Obese” and “Non-obese” male B6 mice. Five mice were used in each condition (*P < 

0.05, **P < 0.01, ***P < 0.005. Error bars represent means ± SD). 
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Figure 6. The expression level of Klf14 and related genes in adipose tissue quantitated by quantitative 

reverse transcription PCR. (A) Comparison of the mRNA expression of Klf14 between diet-matched “Young” 

and “Aged” male B6 mice. (B) Comparison of the mRNA expression of Klf14 between age- and 

diet-matched “Healthy” and “T2D” male mice. (C) The mRNA expression of Klf14 in “Obese” mice 

normalized to the expression level in age-matched “Non-obese” mice. (D) The mRNA expression of 

downstream genes regulated by Klf14 in age- and diet-matched “Healthy” and “T2D” male mice. Five mice 

were used in each condition (*P < 0.05, **P < 0.01, ***P < 0.005. Error bars represent means ± SD). 

 

Figure 7. Five cytokines, IFN-γ, IL-6, TNF-α, IL-12 and IL-1β, were quantified by flow cytometry. (A) 

Comparison of the cytokine levels in serum between “Obese” and the “Non-obese” mice. (B) Comparison of 

the amounts of cytokines in SVF from adipose tissue between “Obese” and the “Non-obese” mice. Five mice 

were used in each condition (*P < 0.05, **P < 0.01, ***P < 0.005. Error bars represent means ± SD). 

 

Figure 8. DNA methylation levels in Klf14 in three different dietary conditions . DNA was analyzed for 36 

clones. (A) DNA methylation levels at P3 in Klf14 in adipose tissue. (B) DNA methylation levels at P3 in 

Klf14 in PBC. Five mice were used in each condition.(*P < 0.05, **P < 0.01, ***P < 0.005. Error bars 

represent means ± SD). 



Table	1.	CpG sites	with	the	methylation	 levels	significantly	associated	with	age.
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Rank Site Chr.	band Position Genes	 (location) Fukuoka	Cohort	Study KING	Study Combined

Effect	size P value Effect	size P value Effect	size P value

12 cg16008966 1p13.2 114,761,794 - -0.0025 6.9	x	10-13 -0.0024 6.8	x	10-8 -0.0025 1.7	x	10-20

20 cg08128734 1q32.1 206,685,423 RASSF5	(intron) -0.0027 4.1	x	10-8 -0.0047 5.6	x	10-12 -0.0033 1.5	x	10-16

19 cg10501210 1q32.2 207,997,020 MIR29B2 (0.97	kb	upstream) -0.0053 8.7	x	10-10 -0.0068 3.6	x	10-8 -0.0058 1.3	x	10-16

2 cg06639320 2q12.2 106,015,739 FHL2	(0.08	kb	upstream) 0.0036 2.5	x	10-26 0.0043 2.3	x	10-15 0.0039 2.8	x	10-40

3 cg22454769 2q12.2 106,015,767 FHL2	(0.08	kb	upstream) 0.0054 9.4	x	10-30 0.0048 7.3	x	10-16 0.0049 2.0	x	10-37

4 cg24079702 2q12.2 106,015,771 FHL2	(0.08	kb	upstream) 0.0048 2.6	x	10-26 0.0038 1.7	x	10-11 0.0042 5.3	x	10-31

14 cg03607117 3p21.1	 53,080,440 SFMBT1	(0.35	kb	upstream) 0.0015 8.4	x	10-13 0.0018 8.2	x	10-8 0.0016 6.6	x	10-19

5 cg07553761 3q25.33 160,167,977 TRIM59	(0.35	kb	upstream) 0.0040 1.0	x	10-21 0.0046 9.4	x	10-19 0.0038 3.6	x	10-28

21 cg16932827 3q29 193,988,639 - -0.0024 9.6	x	10-8 -0.0034 6.8	x	10-8 -0.0028 1.6	x	10-14

22 cg20816447 4p15.32 15,480,781 CC2D2A (intron) -0.0027 1.4	x	10-8 -0.0035 9.0	x	10-8 -0.0029 5.1	x	10-14

16 cg10149533 4q31.3 154,064,784 TRIM2 (9.5	kb	downstream) -0.0023 8.7	x	10-10 -0.0037 4.9	x	10-11 -0.0028 2.5	x	10-18

17 cg06677021 5q14.1 79,490,511 SERINC5 (intron) 0.0028 2.0	x	10-10 0.0031 5.5	x	10-8 0.0031 3.0	x	10-18

8 cg23500537 5q31.3 140,419,819 PCDHB1 (11	kb	downstream) 0.0025 9.0	x	10-15 0.0031 3.6	x	10-9 0.0028 3.6	x	10-23

1 cg16867657 6p24.2 11,044,877 ELOVL2	(0.25	kb	upstream) 0.0050 2.0	x	10-35 0.0047 2.5	x	10-18 0.0046 1.7	x	10-45

11 cg24724428 6p24.2 11,044,888 ELOVL2	(0.26	kb	upstream) 0.0043 2.6	x	10-14 0.0040 4.3	x	10-9 0.0041 5.4	x	10-22

9 cg21572722 6p24.2 11,044,894 ELOVL2	(0.27	kb	upstream) 0.0021 8.6	x	10-15 0.0022 1.2	x	10-10 0.0020 6.9	x	10-23

10 cg22736354 6p22.3 18,122,719 NHLRC1 (exon) 0.0023 1.7	x	10-17 0.0022 8.2	x	10-8 0.0022 2.3	x	10-22

15 cg14361627 7q32.3 130,419,116 KLF14	(0.23	kb	upstream) 0.0027 6.8	x	10-13 0.0027 9.1	x	10-9 0.0026 1.6	x	10-19

7 cg08097417 7q32.3 130,419,133 KLF14	(0.25	kb	upstream) 0.0024 1.6	x	10-17 0.0025 2.8	x	10-10 0.0024 2.3	x	10-25

13 cg08160331 11q13.4 75,140,865 KLHL35 (exon) 0.0032 2.8	x	10-18 0.0028 7.9	x	10-10 0.0027 7.9	x	10-20

18 cg11751101 12p13.31 7,244,660 C1R (intron) -0.0017 2.0	x	10-8 -0.0027 4.0	x	10-11 -0.0020 5.2	x	10-17

6 cg04875128 15q13.3 31,775,895 OTUD7A	(3'	end) 0.0056 1.4	x	10-17 0.0051 1.2	x	10-10 0.0053 6.7	x	10-26

Abbreviations:	 Chr,	 chromosome;	RASSF5, Ras association	 domain	family	member	5;MIR29B2, microRNA	29b-2;	FHL2, four	and	a	half	 LIM	domains	2;	SFMBT1,	 Scm-like	with	 four	mbt domains	1; TRIM59,tripartite	 motif-containing	59;	CC2D2A, coiled-coil	and	C2	
domain	containing	2A;	TRIM2,	 tripartite	motif	 containing	2;	SERINC5,	serine	 incorporator	5;	PCDHB1,	protocadherin beta	1; ELOVL2,	elongation	of	very	long	chain	 fatty	acids	like	2;	ELOVL2-AS1,ELOVL2	antisense	RNA	1;	NHLRC1,	NHL	repeat	containing	1; KLF14,	
Kruppel-like	 factor	14;	KLHL35,	kelch-like	35; C1R, complement	component	1,	r	 subcomponent;	OTUD7A, OTU	domain	containing	7A.
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cg24724428

264	bp
Exon	1

human -240 CGCCGGTTTCG---CGCGGCGGCTCAACGTCCACGGAGCCCCAGGAATA -285
mouse -291 CGCCTTTTGCAGGAGTCTGGGCGCGCACGTCTATCACAGCATCAGGCTC -339

****  ** *      * * *     ***** *      *    *  *  

ELOVL2
(minus	strand	on	chr 6:	10,980,993-11,044,624)

P1 P2 P3 P4-257

-451

P5

P6 P7 P8 P9

TGTYGGTYGGGTTGGGATTTGTAAGTATAGTTGGYGTTTTTTGTAGGAGTTTGGGYGYGTAYGTT

TATTATAGTATTAGGTTTTTGGAGAAGTTATTAGTAGTTTTTTYGTTATTTTTGGGGAGTGGTTG

GGYGAGYGYGTYGGATGATTTAAATTGGGTATAYGGGTTTGAGGGGATGATTAAGGGTTGGTTTG
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Figure	2



cg14361627

228	bp
Exon	1

human -206 GCCTCAGAAATTATCTTGTCTCCGCGTTCTTTCTTCTGCCGGCGA -250
mouse   -1 GCCTGGGAAATTATCTTGTCTGCGCTTTCTCTCCGCTGCTGGCGA -044

****  ******************* **** **  ***  *****

KLF14
(minus	strand	on	chr7:130,415,903-130,420,381)

TYGTTTYGGTTYGAGGATATTTTTGGATYGYGTTGTYGYGYGGGTTATGGTATTTTTAGT

AGTTTGGGAAATTATTTTGTTTGYGTTTTTTTTTYGTTGTTGGYGAGTTAGGTAATTTTA

ATGYGYGTAAGTTTYGGATYGTAATTTTTGGGTAGTTTGTYGGTTTYGTTTTTTTYGTTT

TTGGTTTTTGGTTAGTTGGGTGTTAGGTAGAGTTTTAGAAATTTTTTTTTATTTTTTAAG

GGGGAGGAGG

P1 P3P2

P4 P5 P6 P7 P8 P9

+60

-140
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Figure	3
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Figure	5	C	and	D
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Fukuoka	Cohort	Study KING	Study Combineda

Subjects	(male/female) 287 (136/151) 192 (192/0) 479 (328/151)

Mean	age,	SD	(year) 62.9 (6.4) 66.0 (6.0) 64.1 (6.4)

Mena	BMI,	SD	(kg/m2) 23.4 (3.1) 23.1 (2.5) 23.2 (2.9)

Hypertensionb (%) 63.6 - 57.8 - 61.3 -

Diabetes	mellitus	(%) 10.5 - 0.0 - 6.3 -

Dyslipidemia	(%) 61.7 - 35.9 - 51.4 -

a The	subjects	of	Kyushu	University	Fukuoka	Cohort	 Study	and	the	subjects	of	KING	Study	were	combined.
b There	was	one	missing	value	in	the	Fukuoka	Cohort	Study.

Supplementary	 Table	1.	Cohorts	used	in	EWAS.
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Supplementary	 Table	2:	Summary	of	organs	used.	
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36

Cerebrum Cerebellum Heart Lung Liver Pancreas Spleen Kidney Colon Testis	/	ovary Tail Adipose	
tissue

PBC

Elovl2

“Young”

○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ × ×vs	

“Aged”

Fhl2

“Young”

○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ × ×vs	

“Aged”

Trim59

“Young”

○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ × ×vs	

“Aged”

Klf14

“Young”

○ × ○ ○ ○ ○ ○ ○ ○ ○ × ○ ○vs	

“Aged”

“Healthy”

× × × × × × ○ × × × × ○ ○vs

“T2D”

“Non-
obese”

× × × × × × ○ × × × × ○ ○vs

“Obese”



Supplementary	 Table	3.	
Primers	for	quantitative	reverse	transcription	PCR.
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Gene Primer sequence (5’ – 3’)

Il1a
F TGGTTAAATGACCTGCAACAGGAA

R AGGTCGGTCTCACTACCTGTGATG

Il6
F CCACTTCACAAGTCGGAGGCTTA

R CCAGTTTGGTAGCATCCATCATTTC

Adipoq
F TTCTGTCTGTACGATTGTCAGTGGA

R GGCATGACTGGGCAGGATTA

Tnf
F ACTCCAGGCGGTGCCTATGT

R GTGAGGGTCTGGGCCATAGAA

Il12a
F CCGGTCCAGCATGTGTCAA

R CAGGTTTCGGGACTGGCTAAGA

Klf14
F AGCCTGCAGGAACCTTTGAGAA

R GGTGAGACACCAGAGTCATTTGGA

Actb
F CATCCGTAAAGACCTCTATGCCAAC

R ATGGAGCCACCGATCCACA

Slc7a10
F AGCGGGTGGCACTCAAGAA

R GACACCCTTGGGTGAGATGAAGA

Aph1c
F TGCTCATCTTCGGAGCGTTG

R CAGTCGCATCGAGGGTGCTA

Gnb1
F TTGCTGGGTATGATGACTTCAACTG

R TGACTCGGTTGTCGTGTCCA

Klf13
F GTTTACGGGAAATCTTCGCACCT

R CGTGCGAACTTCTTGTTGCACT

Ninj2
F CAGGACCTCCAGCAATCCTA

R TTAATTCTGGTGCTGTGGACAA

Prmt2
F TGCAGAATGGCTTTGCTGAC

R GGAAACATAGGCGAGAACTTGG

Tpmt
F AAGAGCACCCTGATGCTGAGGTA

R CGCAGTCCACTCTGGCCTTTA



Fukuoka	cohort	study set
• Number	of	sample:	288

KING	study	set
• Number	of	sample:	192

Association	analysis	between	age	 and	DNA	methylation	level	on	autosomes	using	
general	linear	model	(GLM)	adjusted	with	sex		(sex	term	was	excluded	in	the	KING	
study	set)	and	body	mass	index	(BMI).

Affirming	the	selected	sites	also	cleared	conservative	
Bonferroni corrected	 significance	levels	(P-value	<	1.05	x	
10-7)	in	combined	set	(n=479)	using	GLM	by	adjusting	with	
sex	and	BMI.

22	sites

Supplementary Figure 1.
Flow chart summarizing the design for identification of CpG sites associated with age.
Bonferroni correction was done using a total number of CpG site (473,864) on
autosomes.

Selected	the	sites	which	showed	the	same	direction	 of	
association	and	cleared	conservative	Bonferroni corrected	
significance	levels	(P-value	<	1.05	x	10-7)	in	both	 sets.

• Removed	1	sample	
(by	principal	 component	 analysis	)
• Excluded	 273	sites	(call	rate	<	0.95)
• All	sample	showed	call	rate	>	0.99

• Excluded	 3,163	sites	(call	rate	<	0.95)
• All	sample	showed	call	rate	>	0.99

22	sites

Supplementary	 Figure	1
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Supplementary	 Figure	2
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Supplementary	 Figure	2

Supplementary Figure 2.
The schematic diagram of treatments of mice. NFD: normal fat diet. HFD: high fat diet. (A)
The scheme for treatment of the “Young” and “Aged” B6 mice. I dissected 4 week-old
and 50 week-old mice as the “Young and “Aged” groups, respectively. I prepared diet-
matched 5 males and 5 females for each treatment. (B) The scheme for treatment of the
“Young” and “Aged” Balb/c mice. (C) The scheme for treatment of the “T2D” and
“Healthy” mice matched for age, sex and diet. I used 12 week-old homozygous db/db
mice and heterozygous +/db mice as “T2D” and “Healthy” mice, respectively. (C) The
scheme for treatment of the “Non-obese” and “Obese” mice. I raised male B6 mice (n =
50) for 4 weeks then switched into HFD only for 25 mice as the “Obese” group while I
kept raising the remaining 25 with NFD as the “Non-obese” group. I sacrificed 5 mice
from each treatment every week to collect 4, 5, 6, 7 and 8 week-old mice in two different
diets. (D) The scheme for treatment of three different dietary conditions. I raised 5 male
B6 mice with only NFD for 12 weeks as the “N-only” (NFD-only) group. I also raised
another 5 male B6 mice with NFD for 4 weeks then switched to HFD for 8 weeks as the
“N-H” (NFD-HFD) group. In addition, another 5 male B6 mice with NFD for 4 weeks then
switched to HFD for 4weeks then switched back to NFD for 4 weeks as the “N-H-N” (NFD-
HFD-NFD) group.



cg22454769

86	bp
Exon	1

human -58  CGGGAGCGTCGCCTCCGGCGTGGGCTCTCGGGCGCGAGTTTCGGACGAG -106
mouse +549 CAACCCTCGCTGCGTCCTGGCCTTGGCTCCAGGGCTAGTTGCTATGCAG +501

*        *  *  *   *      * * ** **** *

FHL2
(minus	strand	on	chr2:105,977,283-106,015,681)

+99

-522

A

Supplementary Fig. 3A.
The age-associated methylation site, cg22454769, in the promoter region of FHL2.
There are 28 CpG sites located in the mouse target region of Fhl2. However, the
CpG site corresponding to cg22454769 was substituted by CC inmouse.

TGTGGTGGGGTTGGGGTTTAAGGGAATTTAGTGGATTGTGGATYGGTGGYGGTGGYGGTT

TAGYGGGYGGAGTGTAGTAGGAGTTGYGTTYGTTTTYGAGAATTTTYGTTGAGTTATTTG

ATTATATAAGGATATAYGYGTTYGGGYGGYGGGTTGGGYGYGTTGGTTAGGAGAGTTAGG

YGTGGTAGYGAGYGTTTTTYGGTAGTTAGTYGGTTGTYGTTTGTTTTTTTGATGAYGTTA

TTATAGATTTTTTGTTTGATTTAATTTTTTTTTTTGTTTTTTGGTGTTTGGTTTATAYGG

TTAATTTTYGTTGYGTTTTGGTTTTGGTTTTAGGGTTAGTTGTTATGTAGTGTAGAGAGT

TGTAGTAGTTGATATTTAAGGGYGAAATGATATGGGGTTATTGTTATTAGGATAYGTTTG

GGTTGYGGGGTTTTGTTTGAGTGTAGTTTGGTGTAAGTATGGATGGGTTATTTGTAGATT

TGGGGGAAGGAATTATGTGT

68

Supplementary	 Figure	3

P1 P3P2
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cg07553761

351	bp
Exon	1

human -329 CCTGGCGCGGGACGAGGCGAAGCGCCGGTGGCCGACGGCTTCTGA -373
mouse -185 CCTCGCGAGGG-CGGGGAT--GCGCGGGTGACCCGGCGGCTTCTG -228

*** *** ***  * *  *  **** **** **    *  *   

TRIM59
(minus	strand	on	chr3:160,153,291-160,167,626)

B

P1 P3P2 P4 P5 P6

P7 P8 P9

-235

-460

69

Supplementary	 Figure	3

Supplementary Fig. 3B.
The age-associated methylation site, cg07553761, in the promoter region of
TRIM59. There are 15 CpG sites located in the mouse target region of Trim59. P5
is the site corresponding to cg07553761 inhuman.

GYGTTTTGGGGGGGAAGGGTTGGYGTTAGGATTTYGYGAGGGYGGGGATGYGYG

GGTGATTYGGYGGTTTTTGGAGGYGGTTGGTTGAGGGATTGTTTATTATTTAGGAT

TAYGTTYGTAYGGGATGGTTTTGGAGTTGGYGGYGYGTAGGTTTTTTTTATTGTTAT

TTTATAGGTTTTTTGTTTAGTTATYGGTTGGAGGGTTYGGYGYGTTYGTTYGTTTTY



A

M
et
hy
la
tio
n	
le
ve
ls	
in
	P
BC
	(%

)
M
et
hy
la
tio
n	
le
ve
ls	
(%
)

B

ns.

70

Supplementary Figure 4.
DNA methylation levels in Fhl2 compared between the “Young” and “Aged” mice. (A) The
methylation levels at multiple CpG sites (P1-P9) in Fhl2 in the spleen compared between diet-
matched “Young” and “Aged” male B6 mice. (B) The methylation levels at P3 in Fhl2 in various
organs compared between diet-matched “Young” and “Aged” male B6 mice. Five mice were
used in each group (*P < 0.05, **P < 0.01, ***P < 0.005. Error bars represent means± SD).

■Young			■ Aged	

ns.ns.ns. ns.ns.ns. ns.ns.

ns. ns.ns.ns. ns.ns.ns. ns.ns. ns. ns.

■Young			■ Aged	

Supplementary	 Figure	4
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■Young			■ Aged	

ns.ns.ns. ns.ns.ns. ns.ns.

ns. ns.ns.ns. ns.ns.ns. ns.ns. ns. ns.

■Young			■ Aged	

Supplementary	 Figure	5

Supplementary Figure 5.
DNA methylation levels in Trim59 compared between the “Young” and “Aged” mice. (A) The
methylation levels at multiple CpG sites (P1-P9) in Trim59 in the spleen compared between
diet-matched “Young” and “Aged” male B6 mice. (B) The methylation levels at P5 in Trim59 in
various organs compared between diet-matched “Young” and “Aged” male B6 mice. Five mice
were used in each group (*P < 0.05, **P < 0.01, ***P < 0.005. Error bars represent means ±
SD).
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Supplementary	Figure	6.
DNA	methylation	levels	at	P1-P4	in	Elovl2	in	other	organs	from	“Young”	and	
“Aged”	mice.
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Supplementary	Figure	7.	
DNA	methylation	levels	at	P3	in	Elovl2 were	not	different	between	male	
and	female	mice	in	various	organs.
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Supplementary Figure 8.
DNA methylation levels at P3 in Elovl2 were not different between C57/B6 and
Balb/c mice in various organs. Only the methylation levels of male mice were
blotted.
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Supplementary	 Figure	9
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D

Supplementary Figure 9.
DNA methylation levels at P3 in Klf14 compared between the “Young” and “Aged” mice in
male adipose tissue (A), female adipose tissue (B), male spleen (C) and female spleen (D).
Five micewere used in each group (*P < 0.05, **P < 0.01, ***P < 0.005. Error bars represent
means± SD).

■Young	male		■ Aged	male

■Young	female		■ Aged	female

Supplementary	 Figure	9
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Supplementary	 Figure	10
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Supplementary Figure 10 .
DNA methylation levels in Klf14 compared between the “Young” and “Aged” mice. (A) DNA
methylation levels at 9 CpG sites in Klf14 in the PBC compared between the “Young” and
“Aged” female mice. Five mice were used in each group (*P < 0.05, **P < 0.01, ***P <
0.005. Error bars represent means± SD).

■Young	female		■ Aged	female
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Supplementary	 Figure	11
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Supplementary Figure 11.
DNA methylation levels at 9 CpG sites in Klf14 compared between the “Healthy” and “T2D”
mice. in the spleen (A), the adipose tissue (B) and PBC (C). Five mice were used in each
group (*P < 0.05, **P < 0.01, ***P < 0.005. Error bars represent means± SD).
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Supplementary	 Figure	11
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Supplementary Figure 12.
(A) Body weight compared between “Non-obese” and “Obese” mice in different ages. Five
mice were used in each group (*P < 0.05, **P < 0.01, ***P < 0.005. Error bars represent means
± SD).
(B) Intraperitoneal glucose tolerance between “Non-obese” and “Obese” mice. Fivemice were
used in each group (*P < 0.05, **P < 0.01, ***P < 0.005. Error bars represent means± SD).
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C

B ■”Non-obese”		■ “Obese”

Supplementary Figure 13.
DNA methylation levels at P3 in Klf14 compared between the “Obese” and “Non-obese”
mice in the spleen (A), the adipose tissue (B) and PBC (C). Fivemicewere used in each group
(*P < 0.05, **P < 0.01, ***P < 0.005. Error bars represent means± SD).

■”Non-obese”		■ “Obese”

Supplementary	 Figure	13
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Supplementary	Figure	14.	
Amplification	plot	of	Elovl2 and	GAPDH as	an	internal	control.	While	Elovl2was	
detected	in	the	brain	(A),	it	was	not	detected	in	the	colon	(B),

A B

Supplementary	 Figure	14
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Supplementary Figure 15.
Body weight compared among “N-only”, “N-H” and “N-H-N” mice in different ages.
Five mice were used in each group (*P < 0.05, **P < 0.01, ***P < 0.005. Error bars
represent means± SD).
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