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Abstract

INTRODUCTION—We investigated change in DNA methylation in peripheral blood CD4+ 

lymphocytes over time, examined the relation between CD4+ lymphocytes and brain methylation, 

and compared their associations with AD pathology.

METHODS—Genome-wide methylation was measured three times in 41 older persons using 

Illumina InfiniumHumanMethylation450 array. The two CD4+ lymphocytes measures were at 

study baseline and proximate to death. Brain tissue came from frozen dorsolateral prefrontal 

cortex.

RESULTS—Global methylation features were conserved across tissue. At individual CpG sites, 

methylation level was concordant between the two CD4+ lymphocytes but more diffuse between 

CD4+ lymphocytes and brain. Previous associations of brain methylation with neuritic plaques at 

target methylation sites were not replicated in CD4+ lymphocytes.

DISCUSSION—There is no strong evidence of change in CD4+ lymphocytes methylation among 

older persons over an average of 7.5 years. Methylation associations with AD pathology found in 

neocortex is not directly reflected in CD4+ lymphocytes.
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INTRODUCTION

DNA cytosine methylation is an epigenetic mechanism that is pivotal in regulating gene 

expression, cell development and differentiation [1]. Aberrant DNA methylation alterations 

are implicated in a number of neurodegenerative disorders including Alzheimer’s disease 

(AD) [2-8]. Dysregulations of DNA methylation in relation to AD pathology are observed in 

older persons free of clinical symptom, suggesting that it is an early indication of the disease 

onset. This, together with unavailability of brain samples until postmortem, leads to great 

interest of exploring methylation markers of AD in ante-mortem peripheral blood 

cells[9-13]. However, DNA methylation patterns are tissue specific [14-17], and the utility of 

interrogating peripheral tissue such as blood cells for a role of DNA methylation in 

neurodegeneration is unclear. While preliminary evidence suggests that peripheral blood 

may provide surrogate information for phenotypic variation due to methylation alteration in 

brain [18], findings on blood methylation with AD susceptibility have been largely 

conflicting [3, 10-12].

Another challenge of having blood methylation serve as surrogate for brain methylation is 

that DNA methylation patterns change over lifetime. Cross-sectional studies suggest that 

change in DNA methylation is fastest in prenatal period [19]; and that there are fewer 

methylated sites and lower methylation content in older age [20]. One longitudinal study 

shows both increase and decrease of DNA methylation in blood samples between two visits 

an average of 11 years apart [21]. These findings raise the question whether blood samples 

collected at different time period may influence the relation of methylation profiles in 

peripheral blood to postmortem brain.

In this study, we are interested in the potential utility of peripheral blood CD4+ lymphocytes 

DNA methylation to serve as a biomarker for the associations found between brain DNA 

methylation and AD pathology. CD4+ lymphocytes are selected because it represents a cell 

type related to immune function. Genome-wide DNA methylation was profiled three times 

from each of the 41 autopsied older persons. The CD4+ lymphocytes methylation was 

measured at study baseline and proximate to death. The postmortem brain methylation was 

obtained from frozen dorsolateral prefrontal cortex tissue. We compared DNA methylation 

profiles between the two CD4+ lymphocytes measures, and separately between CD4+ 

lymphocytes and brain, both in terms of global features as well as average methylation level 

at individual CpG sites. Further, using data from CD4+ lymphocytes measures we attempted 

to replicate the associations of target methylation sites with AD pathology that have 

previously been reported in post-mortem brain [4]. Notably, the sample size is not powered 

to discover genome-wide significant methylation signals of AD. Instead, the primary 

purpose of this study is to provide an essential cross walk between CD4+ lymphocytes and 

brain methylation as well as their relation to AD pathology. We are not aware of any other 

extant dataset in which this is possible. The data presented will provide important 
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information to other researchers considering pursuing similar work limited to peripheral 

blood, clinical diagnoses, and in some cases neuroimaging.

METHODS

Study subjects

Data came from the Religious Orders Study (ROS) and Rush Memory and Aging Project 

(MAP), the two community based clinical pathologic cohort studies of aging and dementia 

[22, 23]. Both studies are approved by the Institutional Review Board of Rush University 

Medical Center. Participants enroll without known dementia, and agree to annual clinical 

evaluations and brain autopsy at the time of death. A written informed consent and an 

anatomical gift act are obtained from each participant.

The DNA methylation data collection was performed in January 2010. Genome-wide DNA 

methylation data are available from approximately 750 postmortem dorsolateral prefrontal 

cortices. These data were previously used for a genome-wide association study of neuritic 

plaque burden, a key pathologic index of AD [4]. Because we are interested in comparing 

DNA methylation between peripheral blood and brain, and separately between blood 

measures over time, we performed this study on a subset of 41 subjects on whom two 

peripheral blood samples were available several years apart. The first CD4+ lymphocytes 

measure was at baseline (T1) to evaluate methylation profiles many years prior to death. The 

second CD4+ lymphocytes measure was proximate to death (T2) to investigate whether 

blood methylation was different between the two time points that were years apart, and 

whether their relation to brain methylation and AD pathology were also different. 

Considering the limited availability of the biospecimen resource of blood distal and 

proximate to death from persons with and without dementia who had come to autopsy, we 

elected for this small scale study so that it would inform the cost and benefit for a larger 

study.

Blood and brain DNA methylation measures

Blood DNA methylation was measured in CD4+ T cells isolated from frozen peripheral 

blood mononuclear cells (PBMCs). The PBMCs were washed with RPMI1640 medium to 

remove Dimethyl sulfoxide (DMSO) exposure. We chose to interrogate CD4+ lymphocytes 

as it is a single cell type related to immune function. CD4+ T-cells were isolated using 

magnetic-activated cell sorting (MACS), and reached the purity of at least 95% as assessed 

by flow cytometry. Blood DNA isolation was performed using AllPrep DNA/RNA Micro kit 

according to manufacturer’s instructions. Brain DNA methylation was measured in 

dorsolateral prefrontal cortex tissue, as previously described [4]. Briefly, 100-mg frozen 

sections were thawed on ice, with the gray matter dissected from the white matter. The 

Qiagen QIAamp DNA mini protocol was used for DNA isolation. DNA methylation profiles 

were generated using Illumina InfiniumHumanMethylation450 platform. The same 

processing and quality control (QC) pipeline was implemented to both CD4+ lymphocytes 

and brain methylation data, as described in the Supplemental Methods. At the end of QC 

pipeline, data on 420,132 CpG sites are retained across the 22 autosomes. At each site DNA 

methylation level was presented as a β value, that is, the ratio of the methylated probe 
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intensity to the sum of methylated and unmethylated probe intensities [24]. The values range 

from 0 to 1, where a larger value indicates higher methylation.

Neuropathology of AD

Multiple indices of AD pathology are assessed in ROS and MAP postmortem brain [25]. In 

the recent genome-wide DNA methylation scan of more than 700 brains, we reported 

primary findings with neuritic plaque pathology [4]. For consistency, our replication analysis 

was restricted to the same measure. Bielschowsky silver stain was used to visualize neuritic 

plaques in frontal, temporal, parietal, entorhinal, and hippocampal cortices. In each region, 

neuritic plaques were counted in a 1 mm2 area of the area with highest density. These counts 

were scaled and averaged across the five regions, as previously described [26]. The measure 

was right skewed, and square root transformation was applied prior to the analysis. A higher 

score refers to a greater burden of neuritic plaque pathology. National Institute on Aging 

(NIA) Reagan criteria were used for sample description [27].

Statistical analysis

To capture the global features of DNA methylation across tissues, average methylation levels 

(across subjects) at individual CpG sites were obtained for each of the T1 and T2 CD4+ 

lymphocytes, and brain methylation profiles. Using histograms and box plots, we described 

the overall distributions of methylation. We compared the distributions by annotated and 

functional feature types including CpG island features, gene features and chromatin states 

[17]. At individual CpG level, we estimated pairwise correlations among T1 and T2 CD4+ 

lymphocytes, and brain methylation for each of the 420,132 CpG sites. Next, mean 

methylation levels at each site are compared using paired t-tests between T1 and T2 CD4+ 

lymphocytes, and separately T2 CD4+ lymphocytes and brain. Finally, in a series of 

multivariable linear regression models, we examined CD4+ lymphocytes methylation 

associations with neuritic plaque pathology at 14 CpG sites which show brain methylation 

alterations in AD. In these models, the measure of neuritic plaques was the continuous 

outcome, and methylation level at each target CpG site was the predictor. The models were 

adjusted for age and sex.

The analyses were performed using SAS/STAT software, version 9.3 [SAS Institute Inc., 

Cary, NC] and R statistical software, version 3.1.2 [www.R-project.org].

RESULTS

Subjects characteristics

All of the subjects (N=41) included in the analyses were of European ancestry, and 65.9% 

(N=27) were females, and they had an average of 15.2 (standard deviation (SD)=3.5) years 

of education. The mean age was about 81 years at T1, and about 89 years at T2 (Table 1). 

The mean interval from T1 to T2 was 7.5 years (SD=4.1), whereas from T2 to death was 

about 1 year (SD=0.7) such that mean age at death was about 90 years. At T1, a majority of 

the participants (95.1%) were dementia free. At T2, almost half (46.3%) had dementia. 

Similarly, the average score for Mini Mental State Examination (MMSE) at T1 was about 27 

whereas it was 19 at T2 suggesting substantial cognitive deterioration among some 
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participants. 58.5% of the subjects had AD or other dementia perimortem, and nearly three 

quarters (73.2%) had pathological AD (intermediate or high likelihood AD by NIA-Reagan 

criteria). The average burden of neuritic plaque pathology was about 0.94 (SD=0.57), similar 

to that of the overall cohorts.

Global methylation features across tissues

Despite tissue difference, genome-wide DNA methylation captured by 

InfiniumHumanMethylation450 array features a distinct bimodal distribution for both CD4+ 

lymphocytes and brain (Figure 1A-1C). A majority of the CpG sites were either extremely 

hypo-methylated (β value ≤0.2) or extremely hyper-methylated (β value ≥0.8). We further 

observed that the density distributions of T1 and T2 CD4+ lymphocytes are virtually on top 

of each other (Figure 1D). On the other hand, comparing brain with CD4+ lymphocytes, 

they differed at the upper end of the distribution where fewer hyper-methylated CpGs in 

brain were seen. Indeed, the proportions of extremely hyper-methylated CpGs were 37.2% 

and 37.4% in T1 and T2 CD4+ lymphocytes respectively, and the proportion (32.0%) was 

lower in brain.

Since distributions of DNA methylation varied across island features, sub-genic regions, as 

well as chromatin states [17, 28], we examined whether these distinct distributions were 

conserved across tissues. We first examined methylation in CD4+ lymphocytes versus brain 

by island features (Figure 2A). As we reported earlier [28], most CpGs in islands were 

extremely hypo-methylated and a majority of CpGs in distal shelves were extremely hyper-

methylated. These differences in distributions by island features were well conserved across 

tissues. Nonetheless, the median methylation levels were lower in brain (Table 2).

Next, we examined the distribution of methylation by gene features (Figure 2B). On average, 

CpGs in sub-genic regions including 1stExon, 5’UTR, TSS200 and TSS1500 (200 and 1500 

base pairs from transcription starting site) were hypo-methylated, and CpGs in 3’UTR and 

gene bodies were hyper-methylated. Similar to the findings for island features, the 

differences in distributions by gene features were also conserved across tissues, and we also 

found that the median methylation levels were lower in brain for these sub-genic regions 

(Table 2).

Finally, we examined the distribution of methylation by chromatin structure. Notable 

differences were observed across the 15 previously identified chromatin states [17] (Figure 

3). As expected, CpGs in active promoters (i.e. TssA) were extremely hypo-methylated; and 

CpGs in strong transcription state (i.e. Tx) were extremely hyper-methylated. We observed 

overall similarity across tissues in methylation distribution by chromatin state. However, 

there was evidence that the average methylation level varied between CD4+ lymphocytes 

and brain in select states. In particular, the median DNA methylation level in transcribed 

state at 3’UTR and 5’UTR of genes (i.e. TxFlnk) was over 12 times higher in brain than in 

CD4+ lymphocytes proximate to death (Table 2). The difference between CD4+ 

lymphocytes and brain was also observed in other states including enhancer states and a 

state associated with zinc finger protein genes. Previous report shows that H3K4mel-

associated states, including TxFlnk, EnhG, Enh and EnhBiv, are the most variable states 

across tissues [17].
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CpG specific methylation correlation and difference across tissues

Next, we compared the DNA methylation at individual CpG sites. In contrast to the global 

distribution, methylation at individual CpG sites was mostly unimodal (Figure S1). Further, 

distributions for T1 and T2 CD4+ lymphocytes methylation were largely overlapping with 

one another. Comparing CD4+ lymphocytes with brain, the distribution was similar at some 

sites, but differed markedly at others. Pair plots of methylation across tissues show that T1 

and T2 CD4+ lymphocytes methylation were highly concordant, but that of CD4+ 

lymphocytes and brain were more diffuse (Figure 4). For each of the 420,132 CpGs, we 

obtained the Pearson correlation coefficient (r) for methylation between T1 and T2 CD4+ 

lymphocytes, and separately between T2 CD4+ lymphocytes and brain. We observe mild to 

moderate correlations between CD4+ lymphocytes methylation (mean Pearson r =0.23, 

SD=0.23), and the correlations for T2 CD4+ lymphocyte and brain was much weaker (mean 

Pearson r =0.06, SD=0.18).

Using paired t-tests, we scanned for difference of average DNA methylation between T1 and 

T2 CD4+ lymphocytes (Figure S2a). Only 1 CpG (cg24912310, p=8.78×10−8) was 

significant after Bonferroni correction for multiple testing (α=10−7). The CpG is located in a 

strong transcription region of the WDR88 gene in chromosome 19. By contrast, in a separate 

scan for difference between T2 CD4+ lymphocytes and brain, 46.8% of the 420,131 

interrogated CpGs showed significant difference (Figure S2b). A majority (59%) of the 

significant CpGs had lower average methylation levels in brain, compared to T2 CD4+ 

lymphocytes.

Blood methylation and AD pathology

More than 70% of the subjects included in the analysis were diagnosed with pathologic AD 

at autopsy. The limited sample size (N=41) prohibited conducting a genome-wide 

comparison of CD4+ lymphocytes and brain methylation for association with AD traits. 

Therefore, we first describe the global features of methylation level by disease status. 

Interestingly, there was only modest difference in global methylation distribution between 

subjects with (N=30) and without (N=11) pathologic AD. Specifically, the percent 

difference in median methylation level between the two groups was mostly under 5%, 

regardless of island features, gene features or chromatin states (Table S1). This was true for 

both CD4+ lymphocytes and brain, and the corresponding density distributions were visually 

identical.

Next, we targeted 12 validated CpGs and 2 CpGs in known AD loci that we previously 

published with a genome wide brain DNA methylation association with neuritic plaque 

burden [4]. Using multivariable linear regression, we examined the association of brain 

methylation with neuritic plaque pathology, and repeated the models for T1 and T2 CD4+ 

lymphocytes methylation (Table 3). Notably, even with this markedly smaller sample (prior 

N>700), we captured most of the signals using brain methylation measure, such that 3 CpG 

sites survived Bonferroni correction for multiple testing (α=0.0036) and additional 8 CpGs 

reached nominal significance (α=0.05). Further, consistent with the prior report, all the 

regression coefficients showed positive signs, suggesting that higher methylation level at 

these sites were associated with more burden of neuritic plaque pathology. By contrast, none 

Yu et al. Page 6

Alzheimers Dement. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the associations was replicated with either CD4+ lymphocytes measure, and many of the 

associations were in the opposite direction from that found with brain.

DISCUSSION

Increasing evidence suggests that alteration of DNA methylation is involved in AD [29]. 

Challenges in interrogating methylation in AD includes searching for suitable 

neuroepigenomic surrogates [30] and understanding the dynamics of change in DNA 

methylation [31]. In this study, by leveraging three sets of genome-wide DNA methylation 

data from 41 autopsied older persons, we characterized and compared the methylation 

profiles from two CD4+ lymphocytes measures on average 7.5 years apart, including one 

proximate to death, as well as post-mortem brain tissue. We then explored the association of 

CD4+ lymphocytes and brain methylation with neuritic plaque pathology.

We found one study that examined the change in DNA methylation in unfractionated 

peripheral blood cells among 111 older persons, where both increase and decrease in global 

methylation level are observed between 2 visits that were on average 11 years apart [21]. 

However, the comparison is primarily restricted to global methylation, and the Illumina chip 

used for analysis targets less than 2,000 CpG sites. In our study, there is no strong evidence 

of such change in CD4+ lymphocytes over 7.5 years despite significant changes in 

phenotype, e.g., the development of AD dementia. Specifically, global methylation 

distributions are almost identical between T1 and T2, and this holds for distributions 

stratified by several different epigenomic feature types. Numeric comparison indicates that 

methylation in CD4+ lymphocytes shows only slight elevation in T2. At the individual CpG 

level, the pairwise correlations are not strong, but methylation levels are largely concordant 

between the two time points. We found only one differentially methylated CpG site between 

the two CD4+ lymphocytes measures, after correction for multiple comparisons. Taken 

together, these results indicate that there is little change of large magnitude in CD4+ 

lymphocytes DNA methylation over several years in late life.

Until recently, the tissue specific methylation landscape was not well understood. As part of 

the NIH Roadmap Epigenomics Mapping Consortium (http://

www.roadmapepigenomics.org) [32], next-generation sequencing approaches were recently 

used to characterize distinct patterns of genome-wide DNA methylation between whole 

blood and multiple brain regions. Here, we compare our results with findings in a study from 

the Epigenomics Mapping Consortium [18]. First, the gene methylation profiles captured in 

our study using Illumina array are overall consistent. Briefly, both studies show that CpGs 

around the transcription start sites are on average hypo-methylated and those in the gene 

body are hyper-methylated. The Mapping Consortium suggested a subtle decrease in 

methylation level at the 3’ end of the gene. By contrast, our data suggest that CpGs in the 3’ 

remain extremely hyper-methylated. Most importantly, both studies confirm that these gene 

features are generally conserved across tissues. Further, we show that methylation profiles 

by other epigenomic features including island features and chromatin structure are also 

generally conserved between CD4+ lymphocytes and brain.
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Second, we confirm that there are significant difference in average methylation level 

between CD4+ lymphocytes and brain within the same individuals. The Mapping 

Consortium identified a number of tissue-specific differentially methylated regions (TS-

DMRs). Among the top TS-DMRs, a majority have lower methylation level in brain. They 

further reported that 74% of the 206 CpG sites covered by these TS-DMRs show 

methylation difference between tissues. In this study, we find that DNA methylation levels at 

approximately half of the autosomal CpG sites differ between CD4+ lymphocytes proximate 

death and brain, a majority of which have lower methylation in brain. Notably, in our data, 

73% of the same 206 CpGs reported in the roadmap study also show significant difference.

The results from the two studies also have differences. In particular, the Mapping 

Consortium found that between-subject differences in methylation are correlated across 

tissue, implicating potential utility of using methylation in peripheral tissues as a surrogate 

marker for brain methylation. Our results show that, on average, the pairwise correlations of 

CD4+ lymphocytes and brain methylation at the individual CpG level are minimal, and the 

lack of concordance is striking. More importantly, we target DNA methylation at 14 CpG 

sites that we previously reported to be associated with neuritic plaque pathology. While we 

replicate the finding with brain at most sites with a sample size barely 1/20th of the size, we 

are not able to replicate any of the associations using CD4+ lymphocytes measures from the 

same individuals. These findings suggest that the brain methylation associations with AD 

pathology at target sites are not directly reflected in CD4+ lymphocytes from the identical 

sample. We appreciate that these results only apply to CD4+ lymphocytes and we cannot 

extrapolate to other peripheral blood cells. It is possible that alterations in the methylation of 

other peripheral blood cells (e.g. monocytes) are involved in the disease process through 

different systems or may reflect ongoing processes in the central nervous system (CNS) 

[33]. Future studies are warranted to explore the utility of peripheral measures of 

methylation. Overall, the availability of blood distal and proximate to death allows us to 

associate with brain methylation as well as AD pathology from the same subjects. The new 

data reported here reflect findings that are different and complementary to those of the 

Consortium’s.

To our knowledge, this is the first study to cross-examine the genome-wide methylation 

profiles in CD4+ lymphocytes and postmortem brain from same subjects. Given the 

considerable interest in peripheral blood biomarkers for AD, our study offers insights into 

change of DNA methylation in CD4+ lymphocytes over several years in late life, as well as 

the potential for DNA methylation of CD4+ lymphocytes to recapitulate what can be 

identified via DNA methylation of neocortical homogenates. Given the rare biospecimens 

and costs, we intentionally did not power the study for genome-wide discovery of 

methylation signals with CD4+ lymphocytes. The lack of association with AD pathology in 

CD4+ lymphocytes may only apply to the target sites interrogated in the study. Nonetheless, 

we believe that the sample size is sufficient for the intended purpose, namely to inform go-

no go decisions regarding larger studies. Indeed, one of our take home messages is that brain 

methylation associations with AD pathology are not directly reflected in peripheral blood 

CD4+ lymphocytes. Based on our finding, we elected not to proceed with a well-powered 

study given the virtually irreplaceable blood biospecimen in our autopsied subjects. We 
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believe these data will be of great value to researchers when considering the design of future 

studies in this space.

Other limitations are noted. First, due to the design of microarray, the CpGs interrogated in 

the study, although genome-wide, only cover a small proportion of the methylation sites and 

are primarily located in promoters and CpG islands. As a result, the findings may not be 

generalizable to the entire methylome. Second, the time interval between the two blood 

collections is on average 7.5 years, which may not be long enough to capture the change of 

age related DNA methylation in CD4+ lymphocytes. Pathologic measures are not available 

at the time of blood sampling, and this presents a challenge in directly comparing the blood 

to brain methylation in association with AD pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

1. Systematic review: Increasing literature suggests that dysregulations of 

DNA methylation is an early indication of AD, which leads to great 

interest in exploring methylation markers of AD in peripheral tissue 

such as blood cells. Yet findings on blood methylation with AD have 

been inconsistent.

2. Interpretation: Our data shed light on the potential for DNA 

methylation of CD4+ cells to recapitulate what can be identified via 

DNA methylation of neocortical homogenates. We observe that global 

methylation features are conserved in both CD4+ cells and brain. 

However, there is no strong evidence of change in CD4+ methylation 

over an average of 7.5 years in late life. The previously identified brain 

methylation association with neuritic plaques at target sites is not 

replicated in CD4+ cells.

3. Future directions: Methylation association with AD pathology found in 

neocortex is not directly reflected in CD4+ cells. Future studies are 

warranted to replicate these findings and further elucidate the utility of 

peripheral measures for a role of methylation in neurodegeneration.
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Figure 1. 
illustrates the global distribution of DNA methylation for T1 CD4+ lymphocytes (Panel A), 

T2 CD4+ lymphocytes (Panel B), and brain (Panel C). Each panel (A, B and C) shows the 

histogram of methylation of 420,132 autosomal CpG sites, which were averaged across 41 

subjects. Panel D shows the density distributions of T1, T2, and brain, overlaying each other.
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Figure 2. 
illustrates global distribution for CD4+ lymphocytes and brain methylation by island 

features and gene features. Panel A shows the boxplot of methylation levels between T1 

CD4+ lymphocytes, T2 CD4+ lymphocytes, and brain, stratified by islands, shores and 

shelves. Panel B shows the boxplot of methylation levels between T1 CD4+ lymphocytes, T2 

CD4+ lymphocytes, and brain, stratified by sub-genic regions including TSS1500, TSS200, 

5’UTR, 1stExon, gene body and 3’UTR.
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Figure 3. 
illustrates global distribution for CD4+ lymphocytes and brain methylation by chromatin 

structure. The boxplot compares the methylation levels between T1 CD4+ lymphocytes, T2 

CD4+ lymphocytes, and brain, stratified by the 15 chromatin states. Abbreviations: TssA: 

Active transcirption stating site (TSS); TssAFlnk: Flanking Active TSS; 

TxFlnk:Transcription at gene 5’ and 3’; Tx: Strong transcription; TxWk: Weak transcription; 

EnhG: Genic enhancers; Enh: Enhancers; ZNF/Rpts: ZNF genes & repeats; Het: 

Heterochromatin; TssBiv: Bivalent/Poised TSS; BivFlnk: Flanking Bivalent TSS/Enhancer; 

EnhBiv: Bivalent Enhancer; ReprPC: Repressed PolyComb; ReprPCWk: Weak Repressed 

PolyComb; Quies: Quiescent. Detailed description of Chromatin states is reported 

previously [17].
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Figure 4. 
illustrates the concordance and discordance of DNA methylation across tissues. Panel A 

shows the pair plot of T1 and T2 CD4+ lymphocytes methylation at 10 random selected CpG 

sites. Each colored cloud represents methylation measure for a particular CpG. Panel B 

shows the pair plot of T2 CD4+ lymphocytes and brain for the same 10 CpGs. Panel C 

shows the pair plot of T1 and T2 CD4+ lymphocytes methylation at 500 random selected 

CpG sites. Panel D shows the pair plot of T2 CD4+ lymphocytes and brain for the same 500 

CpGs.
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Table 1

Basic characteristics of the subjects (N=41)

T1 T2 Death

Age (Mean, SD) 81.2 (6.2) 88.7 (4.7) 89.6 (4.9)

MMSE (Mean, SD) 27.4 (2.7) 19.4 (8.7) -

NCI (N, %) 21 (51.2%) 9 (22.0%) 9 (22.0%)

MCI (N, %) 18 (43.9%) 13 (31.7%) 8 (19.5%)

Dementia (N, %) 2 (4.9%) 19 (46.3%) 24 (58.5%)

Postmortem interval in hours (Mean, SD) - - 7.3 (3.3)

Pathologic AD
1
 (N, %) - - 30 (73.2%)

Neuritic plaque
2
 (Mean, SD) - - 0.94 (0.57)

1
NIA-Reagan intermediate or high likelihood AD,

2
square-root transformed
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Table 2

Median DNA methylation levels by global features across tissues

# CpGs (Blood/Brain) T1 T2 Brain p 
Δ

Island features

Island 135,303/135,303 0.059 0.060 0.058 <0001

 North shore 55,328/55,328 0.481 0.485 0.442 <0001

 South shore 43,325/43,325 0.466 0.471 0.415 <0001

 North shelf 20,732/20,732 0.845 0.846 0.826 <0001

 South shelf 18,409/18,409 0.847 0.848 0.830 <0001

Gene features

 TSS1500 60,703/60,703 0.172 0.176 0.161 <0001

 TSS200 47,242/47,242 0.048 0.049 0.048 .031

 5’UTR 37,987/37,987 0.141 0.144 0.135 <0001

 1stExon 20,239/20,239 0.062 0.063 0.059 .002

 Gene body 141,917/141,917 0.817 0.819 0.755 <0001

 3’UTR 15,188/15,188 0.853 0.853 0.815 <0001

Chromatin structure*

 1_TssA 60,614/125,965 0.039 0.040 0.048 <0001

 2_TssAFlnk 41,806/21,400 0.093 0.095 0.187 <0001

 3_TxFlnk 29,974/872 0.037 0.038 0.497 <0001

 4_Tx 28,060/23,942 0.895 0.895 0.863 <0001

 5_TxWk 33,593/55,988 0.876 0.877 0.835 <0001

 6_EnhG 4,486/4399 0.856 0.858 0.701 <0001

 7_Enh 23,797/24,161 0.741 0.746 0.586 <0001

 8_ZNF/Rpts 894/702 0.852 0.851 0.673 <0001

 9_Het 2,119/1,528 0.805 0.805 0.806 0.775

 10_TssBiv 3,872/12,473 0.064 0.066 0.087 <0001

 11_BivFlnk 9,281/4,212 0.090 0.094 0.091 0.008

 12_EnhBiv 9,381/3,645 0.146 0.151 0.186 <0001

 13_ReprPC 15,708/17,536 0.254 0.263 0.264 <0001

 14_ReprPCWk 39,455/36,929 0.684 0.683 0.804 <0001

 15_Quies 117,092/86,380 0.841 0.841 0.848 <0001

*
1: Active TSS; 2: Flanking Active TSS; 3: Transcription at gene 5’ and 3’; 4: Strong transcription; 5: Weak transcription; 6: Genic enhancers; 7: 

Enhancers; 8: ZNF genes & repeats; 9: Heterochromatin; 10: Bivalent/Poised TSS; 11: Flanking Bivalent TSS/Enh: 12: Bivalent Enhancer; 13: 
Repressed PolyComb; 14: Weak Repressed PolyComb; 15: Quiescent/Low. Detailed description is reported previously [17].

Δ
Each p-value was derived from a non-parametric Kruskal-Wallis test which compares the difference of median methylation levels between T1, T2 

and brain.
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