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Abstract

Background: Aging and sun exposure are the leading causes of skin cancer. It has been shown that epigenetic
changes, such as DNA methylation, are well established mechanisms for cancer, and also have emerging roles in
aging and common disease. Here, we directly ask whether DNA methylation is altered following skin aging and/or
chronic sun exposure in humans.

Results: We compare epidermis and dermis of both sun-protected and sun-exposed skin derived from younger
subjects (under 35 years old) and older subjects (over 60 years old), using the Infinium HumanMethylation450 array
and whole genome bisulfite sequencing. We observe large blocks of the genome that are hypomethylated in older,
sun-exposed epidermal samples, with the degree of hypomethylation associated with clinical measures of photo-aging.
We replicate these findings using whole genome bisulfite sequencing, comparing epidermis from an additional set of
younger and older subjects. These blocks largely overlap known hypomethylated blocks in colon cancer and we observe
that these same regions are similarly hypomethylated in squamous cell carcinoma samples.

Conclusions: These data implicate large scale epigenomic change in mediating the effects of environmental damage

with photo-aging.

Background

Aging is the greatest single risk factor for cancer, cogni-
tive decline, frailty, and immunological dysfunction [1],
yet consistent genomic alterations related to aging have
been elusive. For example, few genetic variants regulat-
ing human life span have been identified [2,3]. At the
same time, there is a growing realization that environ-
mental factors are major contributors to aging and age-
associated illness. Epigenetics is the study of chemical
modifications of the genome, heritable by cell progeny,
and it has been an attractive target for studies of aging
and environmentally influenced disease. Several groups
have shown differences in DNA methylation - a covalent
modification of cytosine at CpG dinucleotides - in
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peripheral blood samples and other tissues with increas-
ing age [4-6]. Some of these differences are possibly con-
founded by changes in cell type distribution with aging
[7], but many are likely real as they are seen across mul-
tiple cell types. Studies of identical twins have shown
markedly divergent patterns of DNA methylation in
whole blood over the lifespan, suggesting an environ-
mental component to epigenetic change with age [8],
and the epigenetic drift hypothesis [9].

The skin as a model of aging offers the advantage of
studying the influence of environmental factors by virtue
of its direct exposure to the sun. The superficial layer of
epidermis (approximately 60 um) interfaces more dir-
ectly with the outside world than the deeper dermal
layer. Even penetration of solar ultraviolet (UV) radi-
ation is mostly in the epidermis [10]. Furthermore, skin
affords the ability to compare the effects of intrinsic and
extrinsic (environmental) aging through the comparison
of chronically sun-exposed (for example, forearm and
face) and sun-protected skin (for example, upper inner
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arm) in the same individual. Both layers offer a relatively
homogenous system for analyzing DNA methylation; the
epidermis especially is composed of around 95% kerati-
nocytes [11]. Histological changes associated with aging
and sun exposure in human skin have been extensively
studied. The primary histopathological changes associ-
ated with aging and sun exposure are independent of
cell type change: in some studies of the epidermal layer,
increased thickness is associated with sun exposure, de-
creased thickness is associated with aging. Within the
dermal layer, loss of collagen and altered fibroblast
morphology is associated with both chronological aging
and sun exposure [12,13]. Despite the lack of large cell
type shifts, both extrinsic and intrinsic skin aging are as-
sociated with broad changes in gene expression, with
many similar pathways differentially regulated in each.
Pathways associated with intrinsic aging in sun-
protected skin are seen to be amplified by chronic envir-
onmental exposure in sun-exposed skin [14,15]. We
therefore hypothesized that epigenetic changes might
mediate the changes associated with environmental ex-
posure in aging skin.

A previous study of DNA methylation in aging skin
tissue was limited technologically. This study used the
Infinium HumanMethylation27 BeadChip, which mea-
sures 27,000 CpG sites, focused on dense CpG regions
termed CpG islands [16]. It showed little change related
to skin aging (hypermethylation at 0.38% of sites) and
even less change associated with sun exposure (hypome-
thylation at 0.05% of sites) [16]. We and others have re-
cently observed widespread differentially methylated
regions (DMRs) across the genome that distinguish
tissues (t-DMRs), stages of stem cell reprogramming
(r-DMRs), and cancer (c-DMRs). Most of these alter-
ations are either at regions near but not in CpG-dense
islands, termed CpG island shores, or distal from both
islands and shores (the 'open seas') [17-20]. These dis-
tal regions were discovered to be large blocks, corre-
sponding to heterochromatin regions termed large
organized chromatin lysine-modifications (LOCKs) or
nuclear lamin-associated domains (LADs), and these
large blocks show substantial hypomethylation in cancer
[20,21]. Almost none of these regions is represented on
the Infinium HumanMethylation27 BeadChip, and thus
were not included in the previous study. A more recent
study used whole genome bisulfite sequencing (WGBS) to
examine methylation in aging skin more comprehensively,
but they looked only at samples from one body site, the
inner forearm, of each individual and thus were not able
to characterize the interaction between intrinsic and ex-
trinsic aging in these samples [22].

In order to more fully examine methylation in human
skin samples affected by age and sun-exposure, we per-
formed array-based DNA methylation analysis using the
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Infinium HumanMethylation450 BeadChip array, which
includes islands, shores, most known c-DMRs, t-DMRs,
and r-DMRs and probes within the 'open sea' regions
identified as part of the hypomethylated blocks in cancer
[23]. We applied recently developed algorithms [24] cap-
able of identifying differences in large blocks as have
previously been detected in cancer samples using
WGBS, and we confirmed these results directly with
WGBS of additional samples. Here we describe profound
changes in DNA methylation associated with combined
aging and sun exposure, involving 670 Mb of the gen-
ome, and including large blocks similar to cancer. In
human subjects, these changes are progressive with
quantitative measures of skin aging. These same blocks
are observed to be hypomethylated in squamous cell
carcinoma samples.

Results

We undertook a comprehensive genome-wide analysis
of DNA methylation in human skin to test specifically
for alterations associated with age or with sun exposure,
and the potential relationship between these regions.
Ten younger individuals (<35 years old) and 10 older in-
dividuals (>60 years old) each submitted one sun-
protected biopsy specimen from the upper inner arm, as
well as one sun-exposed specimen from either the dorsal
forearm or crow’s feet (lateral epicanthus) (donor infor-
mation in Additional file 1). Donors were carefully se-
lected to exclude individuals with active skin conditions
or individuals using topical medications (exclusion cri-
teria detailed in methods). As methylation and sun-
exposure effects both vary with race, we limited this
sample set to Caucasian donors. In addition to tissue bi-
opsies, donors volunteered health history information.
For each donor, a dermatologist evaluated their degree
of apparent skin aging in both sun-exposed and sun-
protected regions using two established scales.

In order to study more homogenous tissue samples,
each punch biopsy was mechanically separated into epi-
dermis and dermis following overnight incubation with
dispase, a procedure associated with unappreciable fibro-
blast contamination in cultured epidermal sections [25],
and analyzed separately. In previous work, epidermal
sections separated in this manner show the same age-
and sun exposure-related methylation changes as epider-
mal sections separated by suction blister, indicating the
dispase separation does not have significant effects on
the methylome [16]. To confirm uniformity of our tech-
nique among sample groups, we sectioned a subset of
dispase separated epidermal layers and performed
hematoxylin and eosin staining. Examination of stained
sections showed separation below the basal layer for all
age and sun exposure groups, consistent with previous
histological analysis of dispase separated epidermis
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(Additional file 2) [26]. To characterize methylation
genome-wide, we used the Infinium HumanMethyla-
tiond50 bead chip (450k), which includes most CpG
islands and shores, additional regions shown to be differ-
entially methylated in cancer and development, and
other functionally important regions [23].

We classified the samples from each skin layer into
four groups: younger sun-protected (Y-pro), younger
sun-exposed (Y-exp), older sun-protected (O-pro), and
older sun-exposed (O-exp). To obtain an overview of
the genome-scale differences among these eight groups,
we performed principal component analysis and created
scatter plots of the first two principal components. As
expected given the established differential methylation
between tissue types [17], the greatest differences were
between dermis and epidermis, supporting the experi-
mental rationale of dissociating those two tissues. There
was also clear separation between samples obtained from
either sun-protected or sun-exposed arm and from the
face, indicating that this anatomical difference had to be
considered during subsequent analysis. When a principal
component analysis was repeated with just the epidermal
arm samples, there was striking separation among the
four groups, with the greatest difference between O-exp
and Y-pro (Figure 1A). The sun-exposed samples ob-
tained from the face cluster separately, but maintain the
separation between old and young. Principal component
analysis on dermal arm samples did not show separation
related to age and exposure (Figure 1B), suggesting that
the number of differences would be much less than in
epidermis, consistent with the previous studies [16].

Hypomethylated blocks associated with aging and sun
exposure in epidermis

In previous studies comparing methylation in colorectal
cancer and normal samples, large hypomethylated blocks
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spanning large, primarily CpG-poor regions of the gen-
ome were seen to be the major source of methylation
change in cancer [20,21]. Given the large differences
found by principal component analysis within epidermal
samples, we hypothesized that similar large blocks might
underlie the methylation changes seen with age and sun
exposure. Recent advances in analysis of 450k data
through the Minfi package now make it possible to iden-
tify such large blocks in addition to small DMRs by ap-
plying the Bumphunter approach to probes in open sea
regions using a large smoothing window [24,27]. We
began by using this block finder to identify any large
blocks differentially methylated between the samples
that appear most different upon principle component
analysis, the epidermal O-exp and Y-pro samples. Sun
exposed samples obtained from the face were included
in this analysis. Identified blocks were filtered by size
and the calculated family-wise error P-value. We identified
224 blocks, of which 223 were hypomethylated in the O-
exp samples compared to Y-pro samples, with an average
size of 443 kb (ranging from 202 kb to 1.3 Mb) and 9.2%
reduction in DNA methylation, ranging from 5.2 to 16%
(examples in Figure 2A,B; list of block locations in
Additional file 3). These blocks cover a total of 99 Mb of
the genome. It is likely that more blocks of hypomethyla-
tion are present in these samples but our detection is lim-
ited by the coverage of the 450k array in open sea regions.

We first sought to rule out confounding by the fact
that exposed and protected samples are obtained from
slightly different sites on the body (outer arm versus
inner arm). If the large scale differences observed were
due to body location per se and not chronic exposure,
we should detect these changes comparing the exposed
and protected samples obtained from younger individ-
uals. To address this, we performed the block finding
analysis comparing Y-exp and Y-pro samples. Using the
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Figure 1 DNA methylation in epidermal but not dermal samples clusters by age and sun exposure. (A) In epidermis, DNA methylation segregates old
versus young individuals, and also segregates sun-exposed and sun-protected anatomical regions, shown by multidimensional scaling of pairwise
distances derived from methylation levels assayed on the HumanMethylation450 BeadChip (450k). (B) In dermis, DNA methylation does not segregate
samples by age or anatomical region, shown by multidimensional scaling of pairwise distances derived from methylation levels assayed on the 450k.
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Figure 2 Block hypomethylation progresses from younger sun-protected to older sun-protected to younger sun-exposed to older sun-exposed
tissue. (A) Example of a region identified as a block comparing older sun-exposed to younger sun-protected epidermal samples using 450k data.
Top panel: methylation beta values (Methylated signal/Total signal) for 'collapsed’ measurements of methylation from open sea probes in 450k
data. These are methylation averages for each 1,500 bp open sea region calculated as part of the minfi's 'block finder' algorithm. The points represent
individual samples at each location, dotted lines show smoothed measurements across the region for each individual and solid lines represent the
smoothed average for each group. The box demarcates the block identified using Minfi. Bottom panel: smoothed methylation beta values from WGBS
data within the regions identified in 450k analysis. Horizontal bars indicate the locations of hypomethylated blocks identified previously in cancer and

assigned to the sample donor.

heterochromatin LOCKs [20]. (B) Example of a region identified as a block comparing older, sun-exposed and younger, sun-protected
epidermal samples using 450k data, plotted as in (A). (C) Heatmap showing mean block methylation in all blocks identified comparing
O-exp and Y-pro epidermis. Samples are ordered by mean methylation, and blocks are ordered by mean difference in methylation between
O-exp and Y-pro samples. Red/yellow indicate lower/higher mean methylation levels, respectively. (D) Relationship between block methylation and
Griffiths’ photoage grade. Mean methylation within all blocks identified comparing O-exp and Y-pro epidermis, versus Griffiths’ photoage grade

same cutoffs applied previously, we identified only 12 re-
gions that differ, encompassing 3.8 Mb of the genome -
compared with 224 regions, encompassing 99 Mb for the
O-exp versus Y-pro comparison (Additional file 4). While
significant, the relatively small area involved (3.8 Mb
compared to 99 Mb) indicates the magnitude of block hy-
pomethylation observed comparing O-exp and Y-pro
samples cannot be attributed only to body site differences.
By contrast, when comparing the O-exp and O-pro sam-
ples, we identified hypomethylated blocks of a comparable

magnitude to the O-exp and Y-pro comparison, 239
blocks encompassing 100 Mb, with a mean difference of
8.6% hypomethylated. While these analyses were per-
formed without regard to individual specific changes,
comparing the paired and unpaired t-statistics for each
methylation location demonstrates that the unpaired ana-
lysis is conservative and only underestimates the magni-
tude of change present (Additional file 5). This further
indicates that only long term sun exposure, as seen in
older donors, is sufficient for hypomethylated blocks.
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We also sought to determine if hypomethylation at
specific regions may be linked to age alone by compar-
ing O-pro and Y-pro samples. However, using the cutoffs
applied previously, no blocks were detected. This is con-
sistent with the lack of large scale change associated
with intrinsic aging reported previously [16]. By contrast,
when we compared O-exp and Y-exp samples, we identi-
fied 33 block regions with an average of 10% difference
in methylation, 32 of which are hypomethylated with
age, encompassing 12.7 Mb (Additional file 6). The pres-
ence of age-related hypomethylated blocks in the sun-
exposed body site but not the sun-protected body site
further demonstrates that hypomethylated blocks arise
only in epidermal tissue affected by both aging and sun
exposure. In contrast to the epidermis, all block finding
comparisons in the data from dermal samples identified
no significant blocks, consistent with the lack of differen-
tial clustering seen in the principal component analysis.
Thus, hypomethylated blocks encompassing a significant
portion of the genome are only observed in epidermal
samples affected by both age and sun exposure. Results of
all comparisons are summarized in Table 1.

Hierarchical clustering of all 38 epidermal samples
based on methylation within identified blocks demon-
strated a progressive hypomethylation with age and sun
exposure: the Y-pro samples are most methylated in
blocks; O-pro and Y-exp samples have lower block
methylation; and O-exp samples have the lowest methy-
lation in identified blocks (Figure 2C). Furthermore, this
showed individual variation in the magnitude of change
in blocks, with some donors showing much larger
changes than others. For example, donor 8 has the low-
est methylation in the sun-exposed sample across most
identified blocks, while the sun exposed sample from an-
other older individual, donor 16, is more methylated
within the identified blocks. Sun-exposed samples ob-
tained from the face (denoted in Figure 2C) fall with
sun-exposed samples obtained from the arm, indicating
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that the observed hypomethylation is not specific to the
dorsal forearm.

Confirmation of hypomethylated blocks by whole
genome bisulfite sequencing

To confirm the presence of hypomethylated blocks re-
lated to age and sun exposure in epidermal tissue and to
examine the whole genome, we obtained sun exposed
and sun protected epidermal tissue from three additional
younger donors (mean age 22 years, average Griffiths’
grade 0) and three additional older donors (mean age
77 years, average Griffiths’ grade 5) and performed
WGBS. We generated sequencing data to a depth of
5.6x to 7.2x and analyzed it using the BSmooth algo-
rithm, which was designed for analyzing low-coverage
WGBS data and has been previously demonstrated to
accurately estimate methylation levels at a single-base
pair resolution by borrowing information from nearby
CpGs [28]. After filtering reads with low quality mea-
sures, we obtained measurements for an average of
24,873,842 CpGs per sample (average of 88.15% cover-
age). Bisulfite conversion, assessed using spiked in
lambda phage, ranged from 99.7 to 99.9% (details in
Materials and methods; Additional files 7 and 8).

We first examined CpGs within the regions identified
as blocks comparing the O-exp and Y-pro samples in
450k. All 450k O-exp/Y-pro blocks showed hypomethy-
lation in the O-exp samples in the WGBS data, with 185
out of 224 blocks showing >5% mean hypomethylation
in O-exp samples in the sequencing data, validating our
finding of widespread hypomethylated blocks in O-exp
epidermis. For block regions depicted in Figure 2A,B,
methylation in WGBS samples is shown in the lower
panel. Mean methylation difference from WGBS for all
450k blocks is provided in Additional file 3. When only
methylation within blocks identified in 450k data was
examined, we observed separate clustering of O-exp
samples from Y-pro samples, indicating these regions

Table 1 Summary of blocks that vary with aging and sun exposure

Number 450k Total size 450k Mean change 450k Total size WGBS Mean change WGBS

Epidermis

O-exp versus Y-pro (sun + age) 224 99 Mb 9.2% 670 Mb 9.0%

Y-exp versus Y-pro (sun/site) 12 38 Mb 9.3% 0.9 Mb 7.3%

O-exp versus O-pro 239 100 Mb 8.6% 1.5 Mb 7.5%

O-pro versus Y-pro (age) 0 6.2 Mb 7.1%

O-exp versus Y-exp 33 12.7 Mb 10.0% 8.5 Mb 8.0%
Dermis Number Total width Mean difference

O-exp versus Y-pro 0 NA NA

Y-exp versus Y-pro 0 NA NA

O-pro versus Y-pro 0 NA NA

O-exp versus Y-exp 0 NA NA
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are sufficient to differentiate groups within sequencing
data (Additional file 9).

Density plots of measured methylation at all CpGs
with sufficient coverage in all sample groups showed hy-
pomethylation in sun-exposed epidermal samples from
older donors (Figure 3A). Using BSmooth [28], we iden-
tified blocks within our WGBS dataset. As in the 450k
data, we identified large regions of change comparing
the O-exp and Y-pro epidermal samples. The bisulfite
sequencing analysis identified a similar mean loss in
DNA methylation, 9% (ranging from 5 to 23%), but a
much more substantial fraction of the genome than
found by 450k analysis, that is, 670 Mb (21% of the gen-
ome). The mean loss in methylation comparing the
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more closely related groups found similar reductions in
mean methylation but fewer numbers of blocks than in
the 450k analysis, likely because of the smaller sample
size for sequencing and thus reduced power to detect
differences between the more closely related groups in
the latter case (summarized in Table 1).

The observed global hypomethylation in O-exp sam-
ples is explained by CpGs within the identified blocks
(Figure 3B,C). Thus, the results of this replication set in-
dependently confirmed our finding of hypomethylated
blocks in samples affected by age and sun exposure.
Examples of block regions identified in WGBS are
shown in Figure 3D, and the complete locations of the
hypomethylated blocks are listed in Additional file 10.
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Figure 3 Hypomethylated blocks in O-exp samples replicated by whole genome bisulfite sequencing. (A-C) Hypomethylation is enriched in
blocks. Distribution of high-frequency smoothed methylation values from CpGs with sufficient coverage from WGBS for (A) all CpGs, (B) CpGs in
blocks, and (C) CpGs outside of blocks. (D) Examples of blocks identified by WGBS. Shown are smoothed methylation values within blocks identified
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Hypomethylated blocks overlap with heterochromatic
domains

The increased genomic coverage provided by sequencing
data allowed us to compare the identified regions with
other genomic domains identified through sequencing-
based methods. The hypomethylated O-exp versus Y-pro
blocks in our data were seen to overlap strongly with
previously reported hypomethylated blocks in human
colon cancer [20] (odds ratio (OR) 8.5, P<2x 107%9).
These O-exp versus Y-pro blocks similarly showed sig-
nificant overlap with LOCKs (OR 3.4, P<2 x 10*¢) and
with LADs (OR 3.5, P<2 x 10™*®) mapped in fibroblast
cell lines [20,29]. Similar overlap of hypomethylated do-
mains with these heterochromatin structures has been
described in cancer and Epstein-Barr virus (EBV)-trans-
formation of lymphocytes [20,30], suggesting a functional
connection between the age and exposure associated alter-
ation in large domains of DNA methylation and processes
related to cancer.

In other studies, small age-related DMRs have been
found to occur preferentially at regions marked by both
H3K4me3 and H3K27me3 in embryonic stem cells
(bivalent domains) [6,31]. We compared the identified
blocks with regions identified as containing both
H3K4me3 and H3K27me3 in human embryonic stem
cells [32] and saw no enrichment (OR 0.68, P <2 x 107*¢).
Further, we note that only 17 out of 353 of the CpGs seen
to correlate strongly with chronological age across mul-
tiple tissues by Horvath [33] are found within the identi-
fied block regions. This suggests that the observed large
regions of hypomethylation in aged, sun-exposed epider-
mis represent a distinct change from the chronological
age-specific changes reported across other studies.

Methylation in blocks associated with clinical measures

Given the observed individual variation, we sought to
determine how well block methylation levels predict
clinical changes associated with skin aging. For each skin
donor, a dermatologist evaluated their degree of appar-
ent skin aging in sun-exposed and sun-protected regions
using two established scales. Griffiths’ photodamage age
grading measures coarse and fine wrinkling, photopig-
mentation and yellowing [34], and showed a significant
correlation with mean block methylation in sun-exposed
epidermal samples (R*=0.61, P<0.001; Figure S4A in
Additional file 11). Much of the variation in this rela-
tionship appears to be linked to the younger, sun-
exposed samples obtained from the face, which appear
to be more hypomethylated for a given age grade than
the arm samples. When these samples are removed from
regression, correlation is even stronger, with an R* = 0.81,
P-value <0.001 (Figure 2D). Helfrich’s photo-protected
skin aging scale, in contrast, was developed for sun-
protected skin and measures more nuanced fine wrinkling
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[35]. This sun-protected scale showed far less pronounced
correlation with block methylation in sun-protected sam-
ples (R>=0.16, P=0.1; Figure S4B in Additional file 11),
suggesting that the block hypomethylation correlates with
clinical grading primarily in epidermal samples affected by
sun exposure. Thus, methylation levels in O-exp versus Y-
pro blocks decrease with chronic exposure, varying with
the degree of clinically appreciable photoaging.

To explore how genetic diversity may relate to the ob-
served hypomethylated blocks in aged, sun-exposed skin,
we examined signal at 65 single nucleotide polymorph-
ism (SNP) probes included on the 450k array. None of
the 65 probes showed a significant difference (adjusted
P-value <0.05) between samples from older and younger
individuals (P-values for all probes in Additional file 12),
even though these probes were chosen to discriminate
genetic structure [23]. Additionally, we compared identi-
fied block regions to the genetically controlled methyla-
tion clusters (GeMes) mapped in a recent work using
data from two large Caucasian cohorts [36], and genetic-
ally controlled CpGs identified using a large cohort of
female twins through the MuTHER study [37]. Of the
identified O-exp versus Y-pro blocks, 84 contain GeMes,
although the GeMes account for only 6.6 Mb of the
identified 99 Mb, indicating that a large area is involved
in which methylation is not directly linked to genotype.
Similarly, of the 13,378 probes involved in our identified
O-exp versus Y-pro blocks, only 3,236 were linked to
genotype. GeMes within the identified blocks are de-
noted in Additional file 3. Furthermore, if the effect ob-
served were genetically driven, hypomethylated blocks
would be present in both samples obtained from the in-
volved individuals, but they are found only in older, sun-
exposed samples.

Given previously reported relationships between DNA
methylation and body mass index (BMI) and smoking
[37-39], we compared methylation levels within the
identified blocks to BMI and between smokers and non-
smokers. We observed no significant relationship be-
tween BMI and block methylation (R*=0.02, P=0.56)
or smoking status for donors for which this informa-
tion was available (R* = 0.20, P = 0.32) (Figure S5A,B in
Additional file 13).

Differential gene expression with epidermal aging and
sun exposure

To determine the relationship between hypomethylated
blocks observed in epidermal samples with sun exposure
and aging, we obtained RNA from epidermal samples
from a subset of the donors, including three Y-pro epi-
dermal samples and four O-exp epidermal samples
(individual donors used denoted in Additional file 1).
Expression data were obtained using Affymetrix ar-
rays. When we compared O-exp and Y-pro samples
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using gene set enrichment analysis (GSEA) [40], 88
pathways were identified as significantly enriched
based on a family wise error rate (FWER) <0.05. Intri-
guingly, this analysis identified three pathways associ-
ated with UV exposure in vitro, as well as multiple
pathways linked to cell cycle and proliferation (full re-
sults in Additional file 14). To understand the rela-
tionship between sample groups, we used limma to
compare each group of samples. When comparing the
O-exp and Y-pro samples, we observed more probes
with upregulation in the O-exp samples (Figure S6A
in Additional file 15). When we considered the intrin-
sic aging comparison (O-pro versus Y-pro), we did not
observe this trend (Figure S6C in Additional file 15).
When we considered the Y-exp versus Y-pro comparison,
we noted a similar trend towards upregulation in the sun-
exposed samples (Figure S6E in Additional file 15). This
indicates that, unlike the pattern observed with methyla-
tion, the global changes in gene expression are driven by
the exposure/body site differences, not the combination of
age and sun exposure.

Given our observation of widespread methylation
changes within the epidermal samples, we sought to use
our gene expression data to confirm that no large shifts
in cell type composition may be confounding our ana-
lysis. The second most common cell type in the epider-
mis, melanocytes (approximately 3% of cells), can be
distinguished from keratinocytes based on the presence
of MITF and SOX10 [41]. To determine if large changes
in melanocyte levels are present in our samples, we ex-
amined expression probes measuring expression of these
markers (three measuring MITF and two measuring
SOX10). None of the examined probes showed a signifi-
cant difference in expression comparing O-exp and Y-
pro samples, and none showed a log fold change greater
than 0.5 (Additional file 16).

In order to determine how patterns of expression re-
late to the identified hypomethylated blocks, data were
normalized using fRMA and probes were classified as
expressed or unexpressed using gene expression barcode
[42]. When expression data were compared to the loca-
tions of photoaging blocks, probes within blocks were
less likely to be expressed than those outside (OR 0.38,
P <0.001), consistent with the observed overlap between
blocks and heterochromatic regions.

Blocks hypomethylated with sun exposure and aging are
hypomethylated in squamous cell carcinoma

Having observed an overlap between our chronic expos-
ure blocks and hypomethylated domains observed in
colon cancer, we sought to determine the relevance of
our identified domains to a cancer that develops in epi-
dermis with chronic sun exposure, squamous cell carcin-
oma (SCC). We obtained seven SCC tissue samples and
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six normal skin samples from the same body sites as the
SCC samples and analyzed DNA methylation using the
450k array. Strikingly, we observed hypomethylation of
SCC samples compared with normal samples when
examining probes within the identified chronic exposure
blocks (Figure 4A), which is not seen when examining
probes outside of these regions (Figure 4B). This differ-
ence is seen even when examination is limited to probes
within the constitutively methylated open sea probes
(Figure 4C,D). For 221 out of 223 identified hypomethy-
lated blocks, SCC samples had lower mean methylation
than normal samples (difference in mean methylation
noted in Additional file 3). Clustering of these data
based on mean methylation within identified photoaging
blocks distinguishes most SCC from normal samples
(Figure 4E).

Methylation age correlates strongly with chronological age
In a recent work, Horvath [33] built an age-prediction
model using methylation at 353 cytosines probed on the
450k array which allows calculation of a 'methylation
age' for any given sample. Horvath reports these methy-
lation ages are highly correlated with chronological
age using a wide range of tissue samples. We applied
Horvath’s model to calculate methylation age for our
samples to determine how the widespread hypomethyla-
tion we observe in O-exp epidermis relates to methylation
age. We observed a strong correlation between chrono-
logical age and methylation age for both dermis (R* = 0.91,
P <2.2e-16) and epidermis (R* = 0.83, P< 1.1 e-15) (Figure
S8A,B in Additional file 17).

Small differentially methylated regions overlap with
polycomb targets
We next used our 450k data to identify small DMRs.
We used the method of 'bump hunting', which identifies
genomic regions in which methylation levels at consecu-
tive measured locations are associated with the outcome
of interest. That method was initially developed for the
CHARM array-based methylation method but was
adapted for the Minfi package for the 450k array [24,27].
Significance testing was performed by permutation ana-
lysis. Comparing O-exp and Y-pro epidermal samples,
we identified 166 small DMRs with at least 10% differ-
ence in methylation and an adjusted family-wise error
rate <0.1. These included 90 hypermethylated and 76
hypomethylated DMRs (listed in Additional file 18). The
average size of these DMRs was 460 bp, and the average
change in methylation was 37% (ranging from 23 to
64%), indicative of local regional effect on DNA methy-
lation, similar to what is seen in tissue and cancer
DMRs.

As we considered with the block regions, we asked
what changes were specific to age or sun exposure.
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Figure 4 Blocks identified in photoaged skin are more hypomethylated in squamous cell cancer (SCC). (A) Distribution of methylation values in
450k probes measuring CpGs within the identified age- and sun exposure-associated blocks. (B) Distribution of methylation values in 450k probes
measuring CpGs outside of the identified age- and sun exposure-associated blocks. (C) Distribution of methylation values in 450k probes measuring
CpGs within open sea regions and within the identified age- and sun exposure-associated blocks. (D) Distribution of methylation values in 450k probes
measuring CpGs within open sea regions and outside the identified age- and sun exposure-associated blocks. (E) Heatmap showing mean methylation
in blocks identified comparing O-exp and Y-pro epidermis. Samples and blocks are ordered by hierarchal clustering. Yellow/red indicate higher/lower

methylation, respectively.

Similarly to the block analysis, we identified a consider-
ably smaller number of DMRs specific to sun exposure
(30 significant DMRs found comparing Y-exp and Y-pro
samples versus 166 comparing O-exp and Y-pro) and
specific to age (2 significant DMRs found comparing O-
pro and Y-pro samples versus 166 comparing O-exp and
Y-pro). Within dermal samples, we again identified fewer
regions of change than in the epidermis: nine significant
O-exp and Y-pro DMRs were found, with even fewer
sun-specific and age-specific DMRs. Complete DMR
counts from all comparisons are shown in Additional file
19. These results suggest that small DMRs, like blocks,
require both age and sun exposure and occur predomin-
antly in the epidermis, although the cumulative size of
these DMRs was less than 1% of the area covered by
large blocks on 450k.

In other studies, small age-related DMRs have been
found to occur preferentially at regions marked by re-
pressive chromatin, bivalent domains, and targets of
Polycomb repressive complex 2 [6,31,43,44]. To deter-
mine if this overlap is found in the identified small
DMRs, we compared the identified regions with regions
marked by H3K4me3 and H3K27me3 in normal human
epidermal keratinocytes (NHEK cells) as identified by
the ENCODE project [45]. To control for the back-
ground enrichment from the 450k array, we determined
the significance of identified overlaps by generating
length- and probe number-matched random regions
from all array probes. We called an overlap significant if
there was more overlap between identified DMRs and
chromatin mark than >95% of randomly generated

region sets. We observed a significant overlap between
hypermethylated O-exp and Y-pro DMRs and regions
marked by H3K27me3 in NHEK cells, but not regions
marked by H3K4me3. Hypomethylated OE-YP DMRs
did not overlap significantly with either mark.

Discussion

A comprehensive analysis of DNA methylation in aging
and sun-exposed skin reveals widespread DNA hypome-
thylation of large blocks that overlap heterochromatin
domains and nuclear lamin-associated domains. The
greatest difference was between older, sun-exposed and
younger, sun-protected epidermal samples, indicating
that both age and sun exposure status is necessary for
widespread hypomethylation. We further observe these
same regions to account for the majority of the hypome-
thylation in SCC samples, suggesting a possible link be-
tween widespread hypomethylation in cancer and the
changes observed in normal epidermis.

The most unexpected result of our analysis was the
genome-scale differential methylation seen in epidermal
samples affected by both age and exposure, as evidenced
by the distinct clustering in principal component ana-
lysis. While most population studies of aging and envir-
onmental exposures have focused on methylation
changes in single CpGs or small DMRs [4,6,33], here we
identify changes across large block regions encompass-
ing approximately 20% of the genome. This extent of al-
tered methylation suggests that the change associated
with chronic environmental stress should be studied on
a genome scale, rather than only focusing on changes in
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DNA methylation in discrete regions. While our sample
size is relatively small, the large scale change identified is
informative for future study. The overlap of our identi-
fied blocks with other structural domains, including
LADs and LOCKs, further supports the idea that the ob-
served changes in DNA methylation are indicative of al-
teration to the epigenomic structure. Future studies of
chronic exposure should examine methylation at a simi-
lar, genome scale to determine if the changes identified
in our sample set are more broadly relevant.

We chose to examine skin in this study because it of-
fers a relatively homogenous system with regard to cell
type for studying aging and exposure. Once separated,
the epidermis in particular consists of 90 to 95% kerati-
nocytes in both sun-exposed and sun-protected body
sites [11]. The other main cell types in the epidermis,
melanocytes and Langerhans cells, account for a small
percentage of cells - there are approximately 36 kerati-
nocytes per melanocyte and approximately 53 keratino-
cytes per Langerhans cell [46]. While small increases in
melanocyte density in sun-exposed body sites and small
decreases in melanocyte density with age have been re-
ported, these are not of the correct pattern or sufficient
magnitude to confound the observed blocks of hypome-
thylation: comparing sun-exposed and sun-protected
body sites from young and old individuals shows up to a
twofold increase in melanocytes in heavily sun-exposed
sites and a decrease in melanocyte density by 6 to 8%
per decade in both sun-exposed and sun-protected loca-
tions [47]. As melanocytes account for approximately 3%
of cells present, a doubling or complete loss of these
cells could account for up to a 3% change in methyla-
tion, smaller than the magnitude of change observed in
blocks. Further, as we demonstrate, the observed hypo-
methylated blocks are not present comparing sun-exposed
and sun-protected body sites in young individuals, so they
cannot be attributed to the increased percentage of mela-
nocytes present in sun-exposed body sites of both young
and old individuals. The age related decrease in melanoc-
tyes would amount to approximately a 1% change in cell
composition over four decades (32% decrease in 3% of
cells), which is again not sufficient to account for the
changes we observe. Consistent with the very small
changes in cell composition reported in the literature, ana-
lysis of gene expression data from our samples indicates
no significant changes in melanocyte marker genes.

In the recent literature, multiple methods have been
developed to in silico correct for cell type heterogeneity,
including SVA, EWASher and refFreeEwas [48-50]. All
of these methods assume that the signal between cases
and controls is small compared to the effect of cell type
heterogeneity and that any large scale change identified
in principle component analysis is due to cell compos-
ition changes. Using these methods will therefore

Page 10 of 15

remove any large scale signal between cases and con-
trols, even if these differences are not due to cell com-
position effects. An example is given by the EWASher
paper in which applying the methodology to comparison
of colon cancer tumors and normal colon leaves only
two CpGs identified as significantly differentially methyl-
ated in cancer, contradicting 25 years of literature on
this disease [49], and acknowledged by the authors
themselves to be a significant blind spot of such correc-
tion methods [51]. Despite the significant body of evidence
supporting the absence of large scale cell composition
changes in our samples, the methylation changes we de-
scribe encompass a large portion of the genome and are
large enough to affect clustering (Figure 1), so it is not sur-
prising that the application of these algorithms to our data
removes the widespread hypomethylation observed in the
older, sun-exposed samples. However, given the substan-
tial evidence indicating no large changes in cell compos-
ition with aging and sun exposure, we attribute this to the
degree of differential methylation within the keratinocyte
population and not changes in cell type composition.

The identified blocks are distinct from the single CpGs
used to calculate 'methylation age' by Horvath and the
small hypermethylated DMRs overlapping bivalent chro-
matin domains identified as markers of chronological
age in other studies [6,31,33]. We see no evidence of hy-
pomethylation within our blocks or within 450k open
sea probes associated with chronological aging in publi-
cally available data from adipose tissue or peripheral
blood [4,36] (Figure S9A-D in Additional file 20), re-
inforcing our finding that block hypomethylation in epi-
dermal tissue occurs only with chronic exposure, not
aging alone. Heyn et al. report widespread hypomethyla-
tion with age in CD4+ T cells from WGBS of cells sorted
from one newborn and one centenarian [5], indicating
that large blocks of hypomethylation may be relevant in
other models of aging, although we see only a moderate
overlap of our identified blocks with hypomethylated
CpGs in their study (OR=1.77; Figure SOE,F in
Additional file 20) and the use of single samples in that
study makes it difficult to draw further conclusions
about the regions involved.

A functional role of altered block methylation is sup-
ported by the correlations between block methylation
and clinical measures of skin aging. Our analysis of the
relationship between hypomethylated blocks and gene
expression is limited by the low number of samples
available for gene expression analysis. In studies of can-
cer and EBV transformation, large publically available
expression datasets have allowed identification of a clear
relationship between hypomethylation and variability of
expression of genes within blocks [20,30]. Another re-
cent study linked loss of methylation in gene-poor re-
gions with activation of distal enhancers, indicating that
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loss of methylation may have functional consequences
beyond regulation of nearest genes [52]. Consistent with
an environmental exposure-driven effect, the magnitude
of age- and sun-related change was greater in epidermal
samples compared with dermal samples. These results
suggest that molecular aging and UV exposure studies
focused on dermis or full thickness biopsy may miss the
relevant epigenetic effects [53].

The occurrence of blocks of hypomethylation related
to age and sun exposure in regions previously seen to be
hypomethylated in cancer is highly intriguing. Similar
blocks identified in colon cancer samples were seen to
develop very early in cancer progression [20], suggesting
epigenetic reorganization may be an early event in car-
cinogenesis. While the blocks observed in our study en-
compass a smaller portion of the genome and have a
smaller magnitude of change, their occurrence in non-
malignant tissue suggests that epigenomic change may
be initiated by exposures, rather than only during
oncogenesis. Our observation in this work, that blocks
identified as hypomethylated with chronic exposure in
non-malignant tissue are hypomethylated in SCC,
while most other sites are not, suggests that these
changes may occur prior to malignancy. Our identifi-
cation of this subset of the 'cancer blocks' that become
hypomethylated with chronic exposure offers a poten-
tial target for chemoprevention strategies.

We note that these results suggest that an early
change quantitatively related to chronic exposure in
skin is a large-scale epigenomic alteration that was
missed by earlier studies focused on individual genes or
loci such as CpG islands. Intriguingly, a recent study by
Cruickshanks et al. identifies similar large regions of
hypomethylation in cells cultured to replicative senes-
cence [54], linking such loss of methylation to cell turn-
over and cell stress in culture. Further, Takeuchi et al.
[55] recently demonstrated that repeated exposure of
aged cells to UVA induces expression of progerin, the
mutated form of Lamin A seen in Hutchinson-Guilford
progeria, and abnormal nuclear morphology. This is in-
triguing given the observed overlap between our blocks
and lamina-associated domains. While speculative, a
general model consistent with these data is that re-
peated stress and cell turnover leads to progressive
destabilization of heterochromatin along the nuclear
membrane, with attendant changes in DNA methyla-
tion. These changes could serve both as a molecular
epigenetic clock of environmental exposure and a po-
tential target of increased risk. They fit well an age-
associated epigenetic drift hypothesis [9]. These results
may have therapeutic implications. For example, future
experiments should be performed to determine whether
modifiers of sun damage, such as retinoic acid, or spe-
cific inhibitors of laminopathies, such as lonafarnib
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[56], might modify the development of the epigenomic
alterations described here. Finally, we emphasize that
the changes observed here may be restricted to the spe-
cific sample types and method of analysis used here.

Conclusions

Our data demonstrate widespread blocks of hypomethy-
lation, involving 670 Mb of the genome associated with
chronic exposure in older, sun-exposed epidermal sam-
ples. The degree of hypomethylation correlates with clin-
ical measures of photo-aging. We observe these same
reasons to be similarly hypomethylated in SCC. These
data implicate large scale epigenomic change in mediat-
ing the effects of environmental damage with photo-

aging.

Materials and methods

Human subjects and tissue samples

Twenty-six healthy volunteers took part in the study.
Samples from 20 of these donors were used for 450k
analysis, and samples from the additional six donors
were used for WGBS. All participants provided written
informed consent, and this study was approved by the
Johns Hopkins Medicine Institutional Review Board
(IRB# NA_00041408 for sun-exposed and sun-protected
samples, NA_0036868 for SCC samples). All human ex-
perimentation was performed in accordance with the
Declaration of Helsinki. Exclusion criteria included use
of topical medications within 2 weeks of sampling, active
or dormant skin conditions, and pregnancy. To control
for pigmentation, only Caucasian subjects were selected.
For each subject, a dermatologist evaluated the degree
of apparent skin aging using two established scales:
Griffiths’ photodamage age grading measures coarse
and fine wrinkling, photopigmentation and yellowing
[34] while Helfrich’s photo-protected skin aging scale,
in contrast, was developed for sun-protected skin and
measures more nuanced fine wrinkling [35]. Paired
punch biopsy samples, 4 mm in diameter, were col-
lected under local anesthesia from the outer forearm or
lateral epicanthus (sun-exposed area) and upper inner
arm (sun-protected area). Immediately after removal,
samples were washed in phosphate-buffered saline and
transferred to DMEM (Gibco, Grand Island, NY, USA)
containing dispase (2 U/ml). Following dispase treat-
ment overnight at 4°C, epidermis and dermis were
separated, flash frozen and stored at -140°C. SCC con-
taining tissue was obtained from 10 previously diag-
nosed patients (8 females and 2 males; median age
67 years) undergoing either Mohs micrographic or exci-
sional surgery for treatment of their skin cancer. Dur-
ing repair of the surgical defect, standing cone
deformity 'dog ear' tissue was retained and submitted
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as normal control tissue. Samples were OCT embed-
ded, frozen and stored at -80°C.

Histology

Dispase-separated, flash frozen epidermal sections were
cut into 5 pum sections and stained with hematoxylin
and eosin. Sections were imaged using a Vectra Imaging
system.

DNA isolation

DNA was isolated from biopsy samples (epidermis and
dermis) and SCC samples using the MasterPure DNA
Purification Kit (Epicentre, Madison, W1, USA) accord-
ing the manufacturer’s protocol.

450k array

DNA was quantified using Quant-iT Picogreen Reagent
(Invitrogen, Grand Island, NY, USA) according to the
manufacturer’s instructions. DNA (1 pg) was bisulfite
treated using the EZ DNA methylation kit (Zymo Research,
Irvine, CA, USA) according to the manufacturer’s specifica-
tions for the 450k array. Converted genomic DNA was
eluted in 22 pl of elution buffer. DNA methylation
level was measured using Illumina Infinjum HD
Methylation Assay (Illumina) according to the manu-
facturer’s instructions.

450k analysis

All analyses were performed using R 3.0.3. Raw intensity
files were obtained and processed using the Minfi pack-
age to obtain methylation ratios (beta values). Samples
were normalized using the Illumina preprocessing
method implemented in Minfi. We applied multiple
quality control measures to remove questionable arrays
or probes. We examined 450k array control probes to
assess many measures of assay efficiency and calculated
median methylated and unmethylated measurements for
each sample. We removed probes that had an annotated
SNP (dbSNP137) at the single base extension or CpG
site (17,541 probes removed).

To identify blocks, we used the block finder as de-
scribed elsewhere [24]. Briefly, we applied the Bumphun-
ter approach to the open sea probes using a large
smoothing window. The estimates were thresholded
based on a 5% difference in methylation beta values.
Blocks were filtered to include only those >200 kb. Sig-
nificance was assigned based on permutation testing; a
cutoff of adjusted P-value (family-wise error rate) <0.05
was used.

To identify small DMRs, we used the bump hunting
technique as previously described [57]. Estimated differ-
ences were controlled for sex and body site (face or arm)
in the linear model. The estimates were thresholded
using a 0.1 difference in beta values (approximately 10%
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difference in methylation). Significance was assigned based
on permutation testing; a cutoff of adjusted P-value
(family-wise error rate) <0.1 was used.

To examine overlap with histone marks, we down-
loaded ChIP-Seq peaks from NHEK cells (Lonza CC-
2501) generated by the Bernstein-Broad group for the
ENCODE project (Gene Expression Omnibus (GEO) ac-
cession GSM733701, GSM733720) and determined how
many of our identified DMRs overlap with each set of
marks. To assess the significance of overlap with the
identified DMRs, we generated random regions from
450k probes with the same width and probe number as
the identified regions, determined how many of these
random regions overlap with each histone mark and re-
peated this procedure 1,000 times. The DMR list was
considered to significantly overlap with a histone mark if
it contained more overlaps than >95% of randomly gen-
erated lists.

Affymetrix microarray expression analysis

RNA was isolated from epidermal samples using Trizol
Reagent (Life Technologies, Grand Island, NY, USA) ac-
cording to the manufacturer’s instructions followed by
clean up using the RNeasy kit (Qiagen, Valencia, CA,
USA) following the RNA cleanup protocol. Genome-
wide gene expression analysis was done using Affymetrix
U133 Plus 2.0 microarrays according to Affymetrix’s
specifications. Data were normalized using fRMA as pre-
viously described [58] and expression was determined
using gene expression barcode [41]. Probes were classi-
fied as expressed if the mean expression Z-score in at
least one group was >2.54. Differential expression was
determined using limma [59]. GSEA was performed using
the gene pattern suite GSEA module [60]. Significance
was assessed using 1,000 permutations of gene sets.

Whole genome bisulfite sequencing libraries

Bisulfite sequencing libraries were constructed using the
[lumina TruSeq DNA Library Preparation kit protocol
with the following modifications. Unmethylated lambda
DNA (10 ng) was added to 1 pg of genomic DNA prior
to shearing in order to monitor bisulfite conversion effi-
ciency. After shearing, end repair was performed using a
modified protocol to prevent introduction of non-
genomic cytosines by using only dATP, dGTP and dTTP
nucleotides with a mixture of Klenow DNA polymerase,
T4 DNA polymerase and T4 polynucleotide kinase.
After purification, samples were bisulfite converted and
purified using Zymo EZ DNA Methylation Gold. Bisulfite
converted libraries were amplified using a mixture of
uracil-insensitive polymerases, Denville Choice Taq and
Agilent Pfu. Samples were amplified for 10 cycles of PCR.
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Whole genome bisulfite sequencing analysis

All analyses were performed using R 3.0.1. To process
sequencing data, we ran the BSmooth [28] bisulfite
alignment pipeline (version 0.4.5-beta) on the 100-by-
100 bp HiSeq 2000 paired-end sequencing reads ob-
tained for each sample, using Bowtie2 version 2.0.1 [61]
and the hgl9 build on the human genome as well as the
genome for lambda phage. Additional file 7 summarizes
the alignment results. After alignment, BSmooth was
used to extract read-level measurements, summarized in
Additional file 8. We filtered out measurements with
mapping quality <20 or nucleotide base quality <10 and
we removed measurements from the 5" most 10 nucleo-
tides of both mates. BSmooth was used to sort read-
level measurements by genomic coordinates and compile
a summary table.

Next, BSmooth was used to identify large hypomethy-
lated blocks as described in detail previously [20,28,30].
CpGs with coverage of 2 or greater in each sample
group (O-exp, O-pro, Y-exp, Y-pro) were included in the
analysis. We used the same cutoffs used in studies of
cancer, specifically a t-statistic cutoff of -2, 2. We esti-
mated variance based on the younger, sun-protected
samples. Identified blocks were filtered to include only
blocks >10 kb and with a mean difference of >5%.

Data availability
Array and sequencing data are available in GEO under
accession number GSE52980.

Additional files

Additional file 1: Table S1. Demographics of skin donors used in array
and sequencing analysis.

Additional file 2: Figure S1. Hemotoxylin and eosin staining of
dispase-separated epidermal punches.

Additional file 3: Table S2. Locations and characteristics of the O-exp
versus Y-pro blocks identified via 450k analysis.

Additional file 4: Table S3. Locations of the Y-exp versus Y-pro blocks
identified via 450k analysis.

Additional file 5: Figure S2. t-Statistics for the O-exp versus O-pro
comparison calculated using paired versus unpaired tests.

Additional file 6: Table S4. Locations of the O-exp versus Y-exp blocks
identified via 450k analysis.

Additional file 7: Table S5. Alignment results for sequencing.
Additional file 8: Table S6. Sequencing coverage.

Additional file 9: Figure S3. Clustering of WGBS samples using
methylation within the O-exp versus Y-pro blocks identified in 450k
analysis.

Additional file 10: Table S7. Locations of O-exp versus Y-pro blocks
identified using WGBS analysis.

Additional file 11: Figure S4. Mean methylation within blocks identified
comparing O-exp and Y-pro epidermis versus Griffiths’ photo age grade for

all sun-exposed epidermal samples and mean block methylation versus
Helfrich's photo-protected age grade for all sun-protected epidermal samples.

Page 13 of 15

Additional file 12: Table S8. SNP probes within the 450k array and a
P-value testing their association with young versus old donors.

Additional file 13: Figure S5. Mean methylation within blocks identified
comparing O-exp and Y-pro epidermis versus BMI and smoking status.

Additional file 14: Table S9. Gene sets identified as significantly
enriched in GSEA.

Additional file 15: Figure S6. Volcano plots and the distribution of
P-values for differential expression for the O-exp versus Y-pro, O-pro
versus Y-pro and Y-exp versus Y-pro comparisons.

Additional file 16: Figure S7. Expression levels of melanocyte-specific
markers in our sample group.

Additional file 17: Figure S8. Correlation between the methylation
age calculated with Horvath's algorithm and chronological age in dermal
and epidermal samples.

Additional file 18: Table S10. Locations of identified O-exp versus Y-
pro small DMRs identified via 450k analysis.

Additional file 19: Table S11. Results of small DMR finding in 450k data.
Additional file 20: Figure S9. Demonstrates no age-related methyla-
tion changes within the blocks identified comparing O-exp and Y-pro

epidermis in three public methylation data sets from peripheral blood
and adipose tissue.
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