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Letter

Human aging-associated DNA hypermethylation
occurs preferentially at bivalent chromatin
domains
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Tsun-Po Yang,* Huriya Beyan,' Pamela Whittaker,* Owen T. McCann,*

Sarah Finer,' Ana M. Valdes,> R. David Leslie,’ Panogiotis Deloukas,*®”

and Timothy D. Spector>°

"Blizard Institute of Cell and Molecular Science, Barts and The London School of Medicine and Dentistry, Queen Mary University of

London, London E1 2AT, United Kingdom; ?The Gurdon Institute and Department of Genetics, University of Cambridge, Cambridge
CB2 1QN, United Kingdom; *Department of Twin Research and Genetic Epidemiology, King’s College London, St. Thomas’ Hospital
Campus, London SET 7EH, United Kingdom; “The Wellcome Trust Sanger Institute, Hinxton, Cambridge CB10 1SA, United Kingdom

There is a growing realization that some aging-associated phenotypes/diseases have an epigenetic basis. Here, we report
the first genome-scale study of epigenomic dynamics during normal human aging. We identify aging-associated differ-
entially methylated regions (aDMRs) in whole blood in a discovery cohort, and then replicate these aDMRs in sorted CD4*
T-cells and CDI4* monocytes in an independent cohort, suggesting that aDMRs occur in precursor haematopoietic cells.
Further replication of the aDMRs in buccal cells, representing a tissue that originates from a different germ layer compared
with blood, demonstrates that the aDMR signature is a multitissue phenomenon. Moreover, we demonstrate that aging-
associated DNA hypermethylation occurs predominantly at bivalent chromatin domain promoters. This same category of
promoters, associated with key developmental genes, is frequently hypermethylated in cancers and in vitro cell culture,
pointing to a novel mechanistic link between aberrant hypermethylation in cancer, aging, and cell culture.

[Supplemental material is available online at http://www.genome.org. The microarray data from this study have been
submitted to the NCBI Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo/) under accession nos. GSE20236

and GSE20242.]

In biological terms, aging can be defined as cellular senescence,
which results in a diminished ability to respond to stress, increased
homeostatic imbalance and risk of diseases such as cancer, and
eventually death. Research in a variety of organisms has revealed
that many factors are involved in the aging process at the molec-
ular level. These include telomere-shortening, accumulation of ge-
netic mutations, oxidative stress, and molecular pathways altered
by quantitative and qualitative changes in nutrition (for review,
see Vijg and Campisi 2008).

More recently, several small-scale profiling studies have found
directional epigenetic perturbations associated with aging in
mammals (Fraga et al. 2005; Bjornsson et al. 2008; Boks et al. 2009;
Christensen et al. 2009). Epigenetic modifications, such as DNA
methylation and post-translational modifications of histone pro-
teins, are indispensable for many aspects of genome function, in-
cluding gene expression. The perturbation of epigenetic landscapes
during aging could potentially influence cellular functions, thereby
impacting on the development of various aging-associated pheno-
types and/or diseases, such as cancer. However, until now, we have
lacked a genome-scale view of aging-associated epigenomic dynam-
ics. Such information would potentially reveal key genomic regions/
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features or molecular pathways that are susceptible to aging-related
epigenetic perturbations. Here, we report the first genome-scale study
of epigenomic dynamics during normal human aging. Our data
support a model in which aging-associated differentially methylated
regions (aADMRs) that gain methylation with age (hyper-aDMRs) arise
in precursor/stem cells preferentially at bivalent chromatin domain
promoters. This same category of promoters is frequently hyper-
methylated in cancers and in vitro cell culture, pointing to a novel
mechanistic link between aberrant hypermethylation in cancer, ag-
ing, and cell culture.

Results

Genome-scale identification of human aging-associated
differentially methylated regions (aDMRs) in whole blood

We performed genome-scale DNA methylation profiling of whole
blood from 93 different healthy females (31 twin pairs and 31 sin-
gletons) ranging from 49 to 75 years of age (Supplemental Table 1).
Profiling was performed using Illumina HumanMethylation27
BeadChips (Illumina 27K) that allows determination of bisulfite-
conversion-based, single-CpG resolution DNA methylation levels at
27,578 ditferent CpG sites within >14,000 promoters in the human
genome. Approximately 80% of the promoters are represented by 2
CpG sites, and ~88% of all CpG sites represented on the array are
located within 750 base pairs (bp) of the transcriptional start site
(TSS) of the associated gene. The Illumina27K array has shown to
be quantitative and reproducible (Bibikova et al. 2009). To identify
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aging-associated differentially methylated regions (aDMRs), we cal-
culated Spearman’s rank correlation (p) between age and methyla-
tion (quantile-normalized beta scores) for each CpG site, and as-
signed a P-value (empirical statistics based on 1000 permutations).
At P<0.01—a pragmatic threshold for selecting CpG sites for further
study, and not representative of the significance of the aDMR set
as a whole—we observed 213 CpG sites that become more meth-
ylated with age (hyper-aDMRs) and 147 CpG sites that lose meth-
ylation with age (hypo-aDMRs). More than 95% of these aDMRs
were located within 500 bp of the transcriptional start site of the
associated gene (Supplemental Fig. 1). We also repeated the aDMR
calling procedure on un-normalized raw Beta values, and found the
aDMR lists derived from normalized and un-normalized data to be
highly correlated (R* = 0.93, calculated by taking the two vectors of
Spearman’s correlation coefficients of aDMR lists from normalized
and unnormalized data sets, and then calculating the correlation-
of-correlations). This demonstrates that the normalization proce-
dure itself does not introduce significant artifacts in the final data
set. Examples of aDMRs called at P < 0.01 from the normalized data
set are shown in Fig. 1A. We also confirmed that CpGs neighboring
the “index” aDMR CpGs show trends consistent with the original
index aDMR CpG site (P < 10~°, bootstrapped; Fig. 1B). It is impor-
tant to note that the aDMR-based analyses described below were
implemented in terms of enrichment of CpGs (relative to the array
as a whole), not enrichment of genes, thereby eliminating the pos-
sibility that the array design biased our findings (e.g., some pro-
moters are represented by a single or >2 CpG sites).

Genome-scale validation of whole-blood aDMRs in CDI4*
monocytes and CD4" T-cells from an independent cohort

Although human aging-related DNA methylation dynamics have
been investigated by several recent small-scale studies (Fraga et al.

2005; Bjornsson et al. 2008; Boks et al. 2009; Christensen et al.
2009), until now it has not been established whether aDMRs rep-
resent cell-intrinsic changes, or simply age-dependent changes in
the cellular composition of tissues. To address this issue, we per-
formed a genome-scale replication study, using Illumina 27K arrays,
on sorted CD14* monocytes and CD4* T-cells from an independent
cohort of 25 singletons (Supplemental Table 2). CD14" monocytes
are relatively short-lived cells (~weeks) of the myeloid lineage,
whereas CD4" T-cells represent a variety of cell types with varying life
spans (months-years) of the lymphoid lineage. Although the age
range of the second cohort (20-54 yr with one donor 69 yr of age) did
not perfectly overlap the age range of the first cohort (and the second
cohort was comprised of 20 females and five males), this validation
would still be appropriate for aDMRs that show aging-associated
DNA methylation dynamics across a wide age range without a sex-
specific bias. We found that hyper-aDMRs as a group show statisti-
cally significant replication in both CD4* and CD14" cells (P < 10~°
in both cases, bootstrapped; Fig. 2). Over 60% of whole-blood hyper-
aDMRs (131/213) showed aging-associated hypermethylation in
both CD14* and CD4" cells. Hypo-aDMRs showed significant rep-
lication in CD4" cells (P < 10~°, bootstrapped), but were non-
significant in CD14" cells. False discovery rates (FDRs) were esti-
mated as <20% for hyper-aDMRs and <35% for hypo-aDMRs (see
Methods for a detailed description of FDR estimation). Based on
these data, we conclude that the majority of identified hyper-aDMRs
represent cell-intrinsic aging-associated epigenetic perturbations.
Hypo-aDMRs did not replicate as clearly, probably because they re-
flect aging-associated changes in relative proportions of cell subtypes
in whole blood. For subsequent analyses, we focused only on sta-
tistically significant whole-blood hyper-aDMRs that show the same
directional aging-associated DNA methylation change in CD4" and
CD14" cells (Supplemental Table 3).
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Figure 1.

Aging-associated differentially methylated regions (aDMRs) found in human whole blood. (A) Methylation values (Beta scores from the

lllumina Beadstudio software) are plotted as a function of age for 93 whole-blood samples, and 25 CD14" monocyte and CD4" T-cell samples. The whole-
blood samples were collected from separate individuals than the sorted cells, and thus provide independent cross-validation. Trend lines show a least-
squares fit to the whole-blood data set. Shown are four representative examples. A complete list of aDMRs is presented in Supplemental Table 3. (B) CpGs
neighboring the aDMR CpG show similar age-related DNA methylation dynamics. For each CpG in the confirmed aDMR sets, we located the nearest
neighbor (in terms of genomic location) represented on the array, and calculated the mean aging/methylation correlation of the two sets of neighbor
CpGs. Box-and-whisker plots represent 50% and 95% credible intervals on the mean (bootstrapped).
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Figure 2. Validation of whole-blood aDMRs in CD14* monocytes and
CD4" T-cells from an independent cohort. For each probe with a signifi-
cant aging-methylation correlation in the whole-blood data (P < 0.01), we
calculated Spearman’s p values from the CD4" and CD14" data sets. We
plot 50% and 95% credible intervals for the box-and-whisker plots on
bootstrap estimates of the mean for each data set.

Hyper-aDMRs are associated with histone modifications typical
of transcriptional inactivity

We found that hyper-aDMRs are strongly enriched for CpG islands
(P < 107°, x*-test, CGIs were defined as length > 400 bases and
CpGoy/e > 0.6). Median methylation of the hyper-aDMRs is 5.4% and
9.9% in CD14" and CD4" cells, respectively, from the youngest 10
individuals, and this increases to a median methylation of 15.3%
in the oldest 10 individuals in whole blood. A Gene Ontology
(GO) analysis showed enrichment of tissue-specific functions, in-
cluding neural cell-related processes (Table 1). Consistent with the
GO analysis, comparison with previously published gene expres-
sion data revealed that hyper-aDMRs are depleted for ubiquitously
expressed genes, but relatively enriched for genes expressed in
neural cell types (P < 10~° in both cases, bootstrapped; Fig. 3A,B).
Based on these analyses, we hypothesized that our hyper-aDMRs are
predominantly associated with CGI promoters that are transcrip-
tionally moderately active, or inactive, in hematopoietic cells. Using
chromatin immunoprecipitation with massively parallel sequenc-
ing (ChIP-seq) data sets for human resting CD4* T-cells (Barski et al.
2007), we determined average levels of various histone modifica-
tions associated with hyper-aDMRs (Fig. 4A; Supplemental Fig. 2).
We found that, at least in CD4" T-cells, hyper-aDMR promoters
are depleted for marks commonly associated with transcriptional
activity, such as H3K4me3, H2AZ, and RNA polymerase II, but en-
riched for marks associated with transcriptional inactivity, such as
H3K9me3 and H3K27me3 (P < 107> in all cases, bootstrapped).

Hyper-aDMRs occur preferentially at bivalent chromatin
domains in human embryonic and haematopoietic stem cells

Gradual hypermethylation of moderately active, or inactive CGI
promoters—as observed for hyper-aDMRs—is reminiscent of a phe-
nomenon recently reported by Meissner et al. (2008). They found
that astrocytes differentiated from in vitro-derived mouse neural
precursor cells (NPCs) acquire methylation at 10 times as many CGI
promoters compared with astrocytes differentiated from in vivo-
derived NPCs. The aberrantly hypermethylated promoters in in
vitro—-derived NPCs were found to be enriched for genes not
expressed in NPCs or the astrocyte lineage. Rather, they are associ-
ated with a key set of developmentally regulated genes that harbor
both active (H3K4me3) and inactive (H3K27me3) histone marks in

embryonic stem (ES) cells—so-called bivalent chromatin domains
(Azuara et al. 2006; Bernstein et al. 2006). Therefore, we analyzed
published ChIP-seq profiles for H3K4me3 and H3K27me3 in hu-
man ES cells (Zhao et al. 2007) and haematopoietic stem cells (HSCs)
(Cui et al. 2009), and found that hyper-aDMRs are indeed enriched
for promoters that contain bivalent chromatin domains in ES
cells, and bivalent chromatin domains or H3K27me3-only in HSCs
cells (P < 10~° in all cases, bootstrapped; Fig. 4B).

Bivalent chromatin domain hyper-aDMRs colocalize
with regions hypermethylated in human cancers

Aberrant hypermethylation at bivalent chromatin domain pro-
moters is also a key feature of several cancers (Ohm et al. 2007;
Schlesinger et al. 2007; Widschwendeter et al. 2007). We were there-
fore interested in investigating the correlation between the hyper-
aDMRs we report here, and previously identified bivalent chromatin
promoters found to be aberrantly hypermethylated in human can-
cers. For this analysis, we focused on a set of 28 different genes an-
alyzed by Ohm et al. (2007). These 28 genes have been found to be
frequently hypermethylated and silenced in multiple adult cancers
by several different groups, and hence likely represent bona fide
cancer-related epigenetic perturbations. Four of these 28 genes were
identified as hyper-aDMRs in our study, which is more than expected
by chance (P = 0.004, x>-test). However, given the statistical uncer-
tainty associated with small data sets, we used an alternative strategy,
i.e., asking if the set of 28 genes, as a group, show aging-associated
hypermethylation, regardless of whether the individual genes in the
set were identified or not as hyper-aDMRs at the P < 0.01 cutoff
we used in our study. We found that probes (on the arrays used in
our study) associated with the promoters of the previously identified
28 genes do indeed show aging-associated hypermethylation (P =
0.0032, x*-test).

We also compared our hyper-aDMRs with data from a recent
study that reported human genome-wide DNA methylation pro-
files for primary and secondary acute myeloid leukemia (AML) i.e.,
cancers of hematopoietic cells (Figueroa et al. 2009). A significant
correlation was observed specifically between bivalent chromatin
domain hyper-aDMRs and aberrantly methylated promoters in
primary AML (P < 10~3, bootstrapped; Fig. 5), but not for nonbiva-
lent chromatin domain promoters and primary AML, and either
bivalent or nonbivalent chromatin domain hyper-aDMRs and sec-
ondary AML.

Hyper-aDMRs from other human tissues are also enriched
for promoters that harbor bivalent chromatin domains
in embryonic stem cells

We then wanted to investigate whether the hyper-aDMR signature
we observed in blood cells is present in other tissues, in particular

Table 1. Gene Ontology analysis of hyper-aDMRs

Multicellular organismal development (3.5 X 10°¢)

Sequence-specific DNA binding (8.6 X 107°)

Transcription factor activity (1.3 X 107

Forebrain development (2.5 X 1074

Regulation of transcription, DNA-dependent (3.4 X 10™%)

Sensory perception of sound (5.1 X 10~%)

Positive regulation of transcription from RNA polymerase Il
promoter (7.3 X 1074

Gene Ontology terms over-represented among genes with promoters
lying within 2.5 kb of the aDMR sets. P-values shown in parentheses were
derived using hypergeometric tests).
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Figure 3. Hyper-aDMRs are not associated with housekeeping genes,
but are enriched for neural-specific genes. (A) Probes were classified as
“housekeeping” (HK) (lying within 2.5 kb of the TSS of a housekeeping gene
according to Eisenberg and Levanon 2003) or otherwise. All probes with
a positive methylation/age correlation were ranked in order of increasing
P-value (i.e., decreasing probability of being a bona fide aDMR). For suc-
cessively larger sets of probes from the top of the ranked list, we calculated
the fraction of probes contained in the housekeeping set. (B) We subdivided
CpG sites and indentified a brain-specific subset (lying within 2.5 kb of the
TSS of a nervous system gene according to Dorus et al. 2004). Subsequent
analysis is as for A. The filled regions indicate 95% credible intervals esti-
mated from a Beta model.

those derived from different germ layers. Therefore, we generated
Mlumina27K-based DNA methylation profiles for buccal cells
obtained from 10 different individuals spanning an age range of
16-69 yr old (Supplemental Table 4). Buccal cells are ectodermal
in origin whereas CD4" and CD14" are mesodermal. We confirmed
that our buccal cell preparations contained very little, if any, leu-
kocyte contamination, hence giving us confidence that the mea-
sured methylation profiles were predominantly from buccal cells
(Supplemental Fig. 3). Hyper-aDMRs displayed statistically signif-
icant replication in buccal cells (P < 10~°, bootstrapped), suggest-
ing that many of the hyper-aDMRs observed in CD4" and CD14"
cells are multitissue hyper-aDMRs (Fig. 6). This conclusion is con-
sistent with the observation that whole-blood hyper-aDMRs that
replicated in CD4" and CD14" cells (i.e., the set of hyper-aDMRs
used thus far for all the analyses in this study) also showed a rel-
atively stronger aging-associated correlation (mean p = 0.26) in
buccal cells compared with whole-blood hyper-aDMRs that did

not replicate in CD4" and CD14" cells (mean p = 0.15) (P =0.027,
bootstrapped difference-of-means).

Recently, three small-scale studies (~800 genes in each case)
investigated human aging-related DNA methylation dynamics in
a variety of relatively heterogeneous tissue types (Bjornsson et al.
2008; Boks et al. 2009; Christensen et al. 2009). We were unable to
perform direct comparative analyses of aDMR lists from our study
and the previous studies since only ~0.5% of the CpGs on the
[Nlumina27K arrays are represented on the arrays used in those pre-
vious studies. Nevertheless, we reanalyzed the data from one of these
studies that examined aging in five different tissues (Christensen
et al. 2009) and found that for three of these tissues—lung, head,
and neck, and pleura—the identified hyper-aDMRs are enriched
for ES-cell bivalent chromatin domain promoters (P < 0.01 in each
case, x>-test). Although the authors also analyzed whole blood, we
were unable to perform a suitable analysis since only six hyper-
aDMRs were identified in whole blood in that study.

Discussion

Overall, our study identifies key properties of epigenetic dynamics
during normal human aging. First, the replication of whole-blood
hyper-aDMRs in CD4" and CD14" cells argues that these aDMRs
cannot result simply from aging-associated changes in relative pro-
portions of blood subsets. Rather, our findings are more consistent
with a model in which hyper-aDMRs arise in precursor/stem cells
prior to the divergence of the myeloid and lymphoid lineages. Fur-
thermore, we demonstrate that hyper-aDMRs occur preferentially
at a specific category of developmental gene promoters that bear
a distinctive bivalent chromatin signature in precursor/stem cells,
and are frequently hypermethylated in various cancers and cell cul-
ture. Also, our analysis of buccal cells, and data sets previously ge-
nerated by others, suggests that the hyper-aDMR signature we de-
scribe here occurs in multiple tissues.

Aberrant DNA methylation at bivalent chromatin domain pro-
moters in cell culture is associated with a decreased capacity to dif-
ferentiate, but an increased ability to proliferate in vitro (Meissner
et al. 2008). Similarly, in the context of human cancers, it has been
proposed that aberrant hypermethylation at bivalent chromatin do-
main promoters leads to permanent silencing of genes required for
differentiation, thereby pushing the stem cells into a state of per-
petual self-renewal and predisposing to cancer development, i.e., the
cancer stem cell hypothesis (Ohm and Baylin 2007). If similar out-
comes are associated with hypermethylation at bivalent chromatin
domains in precursor/stem cells in the context of aging, one would
predict that aging is accompanied by a loss of developmental po-
tency, but increased stem cell self-renewal. This has indeed recently
been demonstrated in mice—HSCs from older individuals display
increased stem cell self-renewal, but decreased efficiency to differen-
tiate (Rossi et al. 2005). Given the well-established link between
cancer incidence and old age, it is tempting to speculate that, at least
in some instances, hyper-aDMRs at bivalent chromatin domains can
act as one of the multiple “hits” required for cancer development in
the elderly.

Methods

Sample information

Fresh venous blood samples were collected in heparinized vacu-
tainer tubes and peripheral blood mononuclear cells (PBMCs) pre-
pared by centrifugation over Ficoll-Hypaque gradients using stan-
dard procedures. CD4" and CD14"* subsets were separated using
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figure showing correlations with all the ChIP-seq data reported in Barski et al. (2007) is shown in Supplemental Figure 1. (B) As in A, but analysis of hyper-

aDMR promoters in human embryonic and haematopoietic stem cells.

magnetic bead-based positive selection system (Miltenyi Biotech).
Genomic DNA was extracted using commercial kits (Qiagen). Buccal
cells were obtained via mouth swabs and genomic DNA extracted us-
ing a commercial kit (Qiagen). Detailed information about the sam-
ples, and ethics approvals are provided in the Supplemental material.

Analysis of DNA methylation by Illumina27K arrays

The Ilumina Infinium Human Methylation27 BeadChip assays
DNA methylation levels at 27,578 different CpG sites. The DNA is
first bisulfite converted, which results in unmethylated cytosines
being converted to uracils, whereas methylated cytosines are not
converted. The bisulfite-converted DNA is amplified, fragmented,
and hybridized to the arrays. For each CpG site, methylation levels
are measured by probes attached to beads, one each for unmethy-
lated and methylated DNA, followed by allele-specific base exten-
sion that includes a fluorescent label. Different labels are used for
the T (unmethylated) or C (methylated) alleles. Methylation scores
for each CpG site are classified as “Beta” values (using BeadStudio
3.2 software from Illumina), that range from O (unmethylated) to 1
(fully methylated) on a continuous scale, and are based on the ratio
of methylated-to-methylated + unmethylated signal outputs.

The samples were randomly arrayed in a 96-well plate, and
bisulfite conversion was performed using Qiagen 96-well bisulfite
conversion kits according to the manufacturer’s instructions. After
clean up, the samples were randomized again prior to hybridiza-
tion to the Illumina27K arrays that were processed according to
the manufacturer’s instructions. We confirmed that each sample
yielded a clear bimodal distribution of methylation Beta values,
and discarded 3/96 whole-blood arrays where this was not the case.
We also discarded any probes for which values were not reported
by the BeadStudio software. Finally, we quantile-normalized within
each of the three data sets (WB, CD4*, CD14"). We did not normal-
ize across these data sets in case there were differences in overall
methylation levels between the cell types.

Identification of aDMRs

For each of the three data sets, we calculated Spearman’s rank cor-
relation statistic (p) of methylation against age. The significance of
each correlation was evaluated by permuting the sample — age map
and recalculating the statistic. One possible confounding factor in
the whole-blood data set is the presence of some twin pairs (14 MZ
pairs, 17 DZ pairs). There are three factors that suggest these should
not be a concern: (1) No family is represented more than twice out

of a set of 93 samples, therefore any possible confounding effect will
be small; (2) we confirmed our results on a smaller set with the sec-
ond member of each twin pair excluded, and saw a very good cor-
relation of P-values between smaller and larger sets—68/131 hyper-
aDMRs are significant at P < 0.01 in the smaller data set and 115/131
at P < 0.05; (3) the aDMR sets we used in subsequent analyses were
confirmed on the CD4* and CD14" data sets, with no twin pairs
present. The whole-blood data set is exclusively female, and the
CD4" and CD14" data sets are 80% female. Given our step-wise
aDMR calling procedure, we have no power to call male-specific
aDMRs, and diminished power to call female-specific aDMRs.
However, our power to detect processes that are common to males
and females are unaffected.

Estimation of FDRs

The empirical statistics used to discover aDMRs are expected to
yield P-values uniformly distributed between O and 1 when applied
to random data. Therefore, we expect that approximately 1% of
CpGs will be incorrectly called as correlating with age at a thresh-
old of P < 0.01. In fact, we observed a considerable excess of low
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Figure 5. Hyper-aDMRs are also hypermethylated in human leukaemia.
We identified subsets of CpG sites as overlapping promoters (TSS =+ 2.5 kb)
of genes associated with leukemia according to Figueroa et al. (2009). For
each of the two disease types, we calculated the enrichment of hyper-
aDMRs amongst disease-associated CpGs relative to a model whereby
aDMRs and disease genes occur independently. Boxes indicate 50% credi-
ble intervals on our estimate of this ratio, and whiskers indicate 95% intervals
(Beta model).
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Figure 6. Hyper-aDMRs replicate in buccal cells. For each probe with
a significant positive aging-methylation correlation in the whole-blood data
(P<0.01), we calculated Spearman’s p-values from the buccal data set. We
split these into reproduced (correlation in the same direction in the CD4*
and CD14" data sets) and nonreproduced data sets, and also show results
for the complete set. We plot 50% and 95% credible intervals for the box-
and-whisker plots on bootstrap estimates of the mean for each data set.

P-values (greater than twofold for hyper-aDMRs, slightly less for
hypo-aDMRs), and made initial estimates of FDR by taking the
inverse of the fold excess. This yielded estimates of 41% for hyper-
aDMRs and 70% for hypo-aDMRs. However, we then confirmed
aDMRs by checking for a matching age/methylation trend in the
CD4* and CD14" samples. In the case that our aDMRs are artifac-
tual, ~50% of the calls would fail the first of these tests (since there
should be no correlation between the two data sets). Therefore, we
halved our estimates resulting in the final FDRs quoted in the main
text. The true FDRs are actually lower since we required a match in
both CD4* and CD14". However, since these samples came sub-
stantially from the same individuals, we might expect to see at
least some degree of correlation due to factors other than age. We
therefore take a conservative approach in our FDR estimations.

Processing of ChlP-seq data

ChIP-seq data were downloaded from http://dir.nhlbi.nih.gov/
papers/lmi/epigenomes/hgtcell.aspx and http://dir.nhlbi.nih.gov/
papers/lmi/epigenomes/hghscmethylation.aspx. We used tag-depth
statistics as provided for those data sets. When performing CpG-
centric comparisons of methylation and ChIP data, we considered
the maximum tag depth within 200 bp of the location of genomic
location of the methylation array probe sequence.

Statistical methods

Except where a standard test statistic is specified, all statistics were
generated empirically by shuffling or bootstrapping the data as ap-
propriate. Error bars represent empirically calculated 95% credible
intervals on our estimates unless otherwise stated.
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