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Aim: UVA radiation drives skin photoaging in the dermis, plausibly via persistent changes to DNA methy-
lation in dermal fibroblasts. Methods: Genome-wide DNA methylation changes after five repeated daily
UVA doses were determined at 48 h (transitionary) and 1 week (recovery) post final irradiation. Results:
Differential methylation was found at the transitionary time point in active chromatin states near genes
that are highly expressed in fibroblasts and are involved in cellular defensive mechanisms; the majority of
these methylation differences were restored to control levels after 7 day recovery. At the recovery time
point, new differential methylation occurred at repressed regions near developmental genes, normally
weakly expressed in fibroblasts. Conclusion: UVA irradiation induces transitionary and recovery-associated
DNA methylation responses in fibroblasts with contrasting functional characteristics.
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Chronic exposure of skin to ultraviolet (UV) radiation leads to skin aging and an increased risk of skin cancer [1,2].
The amount of photo damage that occurs in the skin is related to the total exposure of the epidermis and dermis
to both UVB (wavelength 280–315 nm) and UVA (315–400 nm), and the degree of attenuation by melanin [3,4].
While UVB is generally associated with greater DNA damage, UVA is more strongly associated with oxidative
damage [5]. However, DNA damage from UVA is still considerable [6], suggesting both DNA and oxidative damage
play an important role in UVA-induced photoaging [7]. Dermal fibroblasts are primarily exposed to UVA which
penetrates the skin more deeply due to its longer wave length (although those in the upper papillary dermis can
be exposed to longer-wave UVB, e.g., 300 nm) [8,9]. The accumulated exposure of fibroblasts to UVA leads to
detrimental effects, with most studies focusing on how UVA upregulates collagenases (e.g., [10]) and causes cellular
damage in fibroblast in vitro [11,12]. However, how repeat doses of UVA cause permanent changes to fibroblasts and
their cellular functions, remains relatively unknown.

Methylation of DNA is a key component of the epigenome through which cells regulate gene expression and,
consequently, the function of cellular pathways. With aging, there are consistent and persistent changes to DNA
methylation levels in skin marking changes in epigenomic regulation [13]. There is a tendency for hypomethylation
with photoaging and hypermethylation for intrinsic aging (i.e., aging occurring in sun protected body sites) [14,15].
Such DNA methylation changes are thought to be relatively stable, facilitating their use in the construction of
aging clocks for tissues, including for skin [16]. However, temporal dynamics of changes to DNA methylation with
repeated acute aging insults is unclear, and remains a key part of understanding how methylation changes become
persistent and influence or reflect gene expression regulation.

Epigenomics (2020) 12(7), 563–573 ISSN 1750-1911 56310.2217/epi-2019-0251 C© 2020 Bastiaan T. Heijmans



Short Communication Tilburg, Slieker, Suchiman et al.

Here, we studied the effects of repeat UVA exposure on methylation levels in fibroblasts in vitro, including
a transitionary time point 48 h after the last exposure as well as a recovery time point 5 days later. From the
initiation of the experiment to the transitionary time point, we maintained fibroblasts in a cell growth quiescent
state using low serum concentrations to ensure UVA treatment differences with controls were not due to UVA
exposure arresting cell growth. For the recovery phase, we moved the cells into higher serum which promoted cell
growth to observe whether the methylation changes were persistent even across cell replication.

Materials & methods
Study population
Primary human dermal fibroblasts were obtained from skin biopsies from eight female donors from European
descent. Four donors were participants of the Leiden 85+ study (age of 89.95 ± 0.17 years) and four were
participants of the control group of this cohort (age 22.62 ± 1.93 years; including two separately cultured fibroblast
samples from a single young donor) [17]. Skin biopsies were taken as previously described [17]. Briefly, 3 mm full
thickness punch biopsies were taken from the sun-unexposed medial site of the mid-upper arm. Fibroblasts were
outgrown as described to passage 11 at which cells were frozen in liquid nitrogen. Passage 11 cells were later
expanded to passage 13 to yield a sufficient number of cells. The study was approved by the Medical Ethical
Committee of the Leiden University Medical Center and written informed consent was obtained from all donors.

Culture & UV irradiation of fibroblasts
Primary human dermal fibroblasts (passage 13) obtained from skin biopsies were grown in DMEM (DMEM
31966-021; Gibco, ThermoFisher Scientific, MA, USA) supplemented with 100-U/ml Penicillin-Streptomycin
(15140-122; Gibco, ThermoFisher Scientific) and 17% fetal calf serum (FCS) (Bodinco, Alkmaar, The Netherlands)
at 37◦C with 5% CO2 at 100% humidity. For UVA irradiation (315–400 nm) fibroblasts were plated in 10 cm
petridishes (664160; Cell-Star Greiner Bio-One, Frickenhausen, Germany) at a density of 14,200 cells per cm2, an
approximate confluence of 70%. The UVA irradiation was performed in a cabinet under a bank of six 40 W Cleo
performance/R fluorescent tubes (wavelength 310–400 nm; Philips Lighting BV, Eindhoven, The Netherlands)
filtered through a 4 mm glass pane to eliminate traces of UVB radiation (wavelength <315 nm). Irradiance was
measured with an IL700 A equipped with a UVA sensitive detection head (International Light Inc., MA, USA).
During irradiation phenol red free medium (31053-028; Gibco, ThermoFisher Scientific, DMEM) supplemented
with 2 mM L-Glutamine (Gibco, ThermoFisher Scientific), 2-mM Sodium Pyruvate (Gibco, ThermoFisher
Scientific), 100-U/ml Penicillin-Streptomycin and 1.5% FCS was used to prevent growth or induce quiescence.
Cells were irradiated for 5 days and methylation changes were determined 48 h after irradiation (transitionary
response), as well as after another 5 day period during which the cells were undergoing cell replication (recovery
response) by raising the serum level. Fibroblasts were exposed to 3 (low) or 6 (high) J/cm2 UVA levels per day. A
sham treatment was included for each sample which had the same temperature increase for the same time period as
the 6 J/cm2 UVA treatment but was not exposed to UVA irradiation (fibroblast flasks were placed within the UV
box at the high UVA settings but with a reflective covering). Medium was refreshed directly after each irradiation.
48 hours after the last irradiation cells were harvest for DNA extraction (transitionary response), also, 150,000
fibroblasts of all treatments were reseeded and cultured for a further 5 days in 17% FCS DMEM medium, after
which cells were harvested for DNA extraction (recovery response). Cell number was measured at both timepoints
(transitionary and recovery) to determine the effect of irradiation on cell number/growth (Supplementary Figure
1).

DNA extraction & Illumina 450 k BeadChip
DNA was isolated from all 96 samples (eight donors, duplicate measurements, three doses [0, 3 and 6 J/cm2],
two time points [transitionary, recovery]) using the Qiagen QIAamp DNA mini kit according to the manufacture’s
protocol (Qiagen, Hilden, Germany). Between 196 and 600 ng of DNA was used as input for bisulphite conversion,
depending on the DNA yield of the cell samples. Bisulphite conversion was performed using the EZ-96 DNA
methylation kit (Zymo Research, CA, USA). The bisulphite converted samples were whole-genome amplified,
enzymatically fragmented and hybridized to the Illumina Human Methylation 450 k Bead Chip at the Erasmus
Medical Center Human Genotyping Facility (HuGe-F) in Rotterdam as described previously [18].
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Preprocessing of the Illumina 450 k BeadChip data
Preprocessing of 450 k array data was done according to our DNAmArray workflow available from https://gi
thub.com/molepi/DNAmArray. In short, the quality of the generated 450 k array data was assessed using the
Bioconductor package MethylAid [19]. The distribution of CpG methylation showed a bimodal pattern as normally
observed. Of the samples, 1/96 failed quality control and was excluded from further analysis based on irregular
CpG distribution. The female sex of all donors was confirmed by X-chromosomal CpG distribution and getSex
function of the minfi Bioconductor package [20]. Genotype SNPs on the array were used to confirm that donor
paired samples were from the same individual. Normalization was performed using Functional Normalization as
implemented in the minfi package using two principal components. We filtered for a minimum of three beads per
probe (bead median is 14 beats per probe on 450-k chip [21]). Also, measurements with a p-value of p > 0.01 or
intensity of zero were not incorporated in the analysis. This resulted in 454,543 CpGs for analysis. Graphs were
generated using the R-package ggplot2 [22].

Statistical analysis
Prior to analysis, β values obtained with the 450 k methylation array β values were transformed to M-values to
reduce heteroscedasticity [23]. The following linear model was applied to identify UVA-induced DNA methylation
changes in human fibroblasts in vitro:

Ym = β1 · Treatment + β2 · Donor + β3 · Factor1 + β4 · Factor2 + ε

Where Ym is the M-value for any particular CpGs, β1 is the fixed effect for treatment (UVA J/cm2) and β2 is the
fixed effect for donor. Factor1 and Factor2 are unmeasured confounders detected using the CATE package in order
to control for any unknown (technical) variability in the experiment [24]. To address any residual inflation and bias
of test statistics, we applied Bayesian control as implemented in BACON [25]. To correct for multiple testing, we
adjusted p-values using false discovery rate correction (FDR). The DNA methylation age predictor calibrated for
skin and blood was used to predict age of our donors based on DNA methylation patterns [16]. The following linear
model was applied to identify a possible effect of UVA irradiation on predicted age:

PredictedAge = β1 · Treatment + β2 · Donor + ε

Where PredictedAge is the predicted age for each sample based on the DNA methylation age predictor calibrated
for skin and blood, β1 is the fixed effect for treatment (UVA J/cm2) and β2 is the fixed effect for donor. All analyses
were performed with R statistics, version 3.1.0.

Annotation & enrichment test
To determine CpG island (CGI) centric-specific enrichments, CpGs on the 450-k chip were annotated to CGI,
CGI shore (Shore, 2-kb up and downstream of CGIs) or non-CGIs (NC) with annotation data as previously
described [26]. Chromatin state segmentations of human dermal fibroblasts of the Epigenomics Roadmap (E126)
were used to investigate the function of underlying genomic regions [27]. Using these state segmentations, we marked
the following chromatin states as active: Active transcription start site (TSS), Flanking Active TSS and Transcr. At
gene 5 and 3, strong transcription, weak transcription, genic enhancers, and enhancers. Chromatin states considered
repressive were: heterochromatin, bivalent/poised TSS, flanking bivalent TSS/Enh, bivalent enhancer, repressed
PolyComb; weakly repressed PolyComb and quiescent/Low.

We mapped differentially methylated CpGs to their nearest gene, either TSS or transcription end site (TES),
based on UCSC genes human genome build 19 [28]. Genes were mapped to protein–protein interaction networks,
and subnetworks evaluated for enrichment for Gene Ontology Biological Processes using STRING [29].

Results
We evaluated the effect of UVA irradiation on DNA methylation at 454,543 CpG sites in primary dermal
fibroblasts from eight female donors from European descent. At a transitory time point, in other words 48 h after
the last UVA exposure and cultured under conditions promoting a quiescent state, 248 CpGs were found to be
significantly differentially methylated (PFDR < 0.05). Approximately two thirds (177) of these CpGs showed a loss
of methylation. At the recovery time point, in other words 5 days after the transitionary time point and under
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culture conditions supporting cell proliferation, 162 CpGs were found differently methylated (PFDR < 0.05).
Here, the majority of CpGs showed a gain of methylation (116 CpGs). Only two CpGs were found differently
methylated in both responses (cg08995449 and cg11553153), in other words all but two CpGs found to be
differentially methylated in the transitionary response showed DNA methylation levels that had reverted back
toward nonirradiated levels after the recovery period (Figure 1). For CpGs identified as differentially methylated at
the recovery time point, no early indication of this upcoming change was seen at the transitionary time point.

Differentially methylated CpGs were annotated to their genomic regions to reveal possible functional differences
in genomic locations of differently methylated CpGs for the two responses (transitionary and recovery). For both
responses, differently methylated CpGs were enriched in non-CGI regions and depleted in CGIs (Figure 2A).
However, differences between the transitionary and recovery responses were observed when CpGs were annotated
to fibroblast chromatin states [27]. For the transitionary response, CpGs in active regions of the genome were
predominantly affected, whereas CpGs differently methylated in the recovery response were predominantly present
in repressed regions (Figure 2B), particularly for those CpG sites that gained methylation.

Differentially methylated CpGs were mapped to the nearest gene. The two CpGs differentially methylated
in both responses cg08995449 and cg11553153, map to PABPC1 and CHRM5, respectively. In a large dermal
fibroblast expression study (involving primary fibroblasts from 143 donors, GSE113957 [30]), the expression of
genes associated with the transitionary effect of UVA was higher than that of the recovery-associated genes (p <

0.0001, Figure 3). This observation was independent of whether all genes were evaluated or whether they were
split according to their vicinity to hyper- or hypomethylated CpGs. Underscoring the low expression of recovery-
associated genes, many had undetectable expression levels in the fibroblast expression study (61 genes, fragments
per kilobase of exon model per million reads mapped <1, out of the 97 genes). The distinct expression patterns
match the contrast in enrichment of transitionary CpGs for active chromatin states and recovery CpGs for repressed
states.

The top ten of the hypo- and hypermethylated CpGs for the transitionary and recovery time point plus their
associated genes are displayed in Table 1. To gain further insight in potential biological downstream effects,
the transitionary and recovery-associated genes were mapped to protein–protein interaction networks. For the
transitionary response, multiple smaller networks were observed and one larger gene network that linked to insulin
signaling and cellular defensive, which encompassed key aging-associated genes FOXO1, IGF1R and RPTOR
(Figure 4A). In the analysis of the recovery gene list, a number of smaller networks were found, including a network
comprising the developmental genes PAX2, DLL1 and NOTCH4 (Figure 4B).

Finally, various DNA methylation-based predictors exists of calendar age and deviations between predicted and
actual calendar age are hypothesized to reflect differences in biological age. As we studied skin fibroblasts, we applied
the DNA methylation age predictor calibrated for skin and blood [16] to obtain DNA methylation age estimators
for fibroblasts of the eight donors for both UVA irradiation levels at the transitionary and recovery time point. We
found that the predicted ages were not affected by UVA irradiation (p = 0.33 for the transitionary time point and
p = 0.25 for the recovery time point; Supplementary Figure 2). The ‘age predictor’ is based on 391 CpGs. None of
these CpGs were individually associated with UVA irradiation at either time point (p > 0.05).

Discussion
We identified DNA methylation changes that associate with a transitionary response of fibroblasts to repeat UVA
exposure as well as a recovery response 1 week postirradiation. The transitionary and recovery responses had only
two CpGs in common. This observation suggests the occurrence of a short-term effect on methylation dynamics,
which does not hold over time or cell division. There were marked differences in the two responses. First, the
transitionary response had greater loss of methylation whereas the recovery response showed predominately a gain
of methylation. Second, the transitional response occurred mainly in transcriptionally active regions of the genome
whereas the recovery response mainly occurred in areas linked to transcriptionally repressed regions, particularly for
those sites that gained methylation in the recovery period. Third, the transitionary response occurred in genomic
loci near genes that are generally expressed in dermal fibroblasts and involved in cell defense and aging, such as
IGF1R, FOXO1 and RPTOR. In contrast, the recovery response occurred near genes that commonly are not or
weakly expressed in fibroblasts and are involved in development, such as PAX2, FOXG1, DELTA1 and NOTCH4.
In addition, using a DNA methylation-based predictor of calendar age calibrated for skin, we observed that UVA
irradiation did not induce changes in predicted age suggesting that the clock does not capture UVA-induced aging
in fibroblasts.
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Figure 1. Effect of UVA irradiation on DNA methylation. (A) DNA Methylation effect in both transitionary and recovery response for
CpGs differently methylated in the transitionary (blue) and recovery (red) response. Two CpGs are affected in both responses (green). Top
CpG for both responses are indicated. (B) Top CpG for transitionary response, colors indicate individual donor. (C) Top CpG for recovery
response, colors indicate donor.
UVA: Ultraviolet A.
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Figure 2. Region annotation of differently methylated CpGs for transitionary and recovery phase separated by CpGs displaying a loss
or gain in methylation. (A) Differently methylated CpGS annotated to density centric annotation. (B) Differently methylated CpGs
annotated to active and repressive regions.
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Table 1. Characteristics of top ten differently hyper- and hypomethylated CpGs for transitionary and recovery response.
CpG Location (Chr and start) p-value Effect size (M-value scale) Nearest gene

Transitionary – Hypermethylated

cg25749212 chr6 32938950 1.97E-08 0.089 BRD2

cg11553153 chr15 34348521 4.76E-08 0.150 CHRM5

cg10224655 chr1 6053295 1.01E-07 0.064 KCNAB2

cg19841369 chr14 64663928 2.02E-07 0.049 SYNE2

cg04895895 chr1 231005895 2.16E-07 0.110 C1orf198

cg03224627 chr1 177896505 4.16E-07 0.076 SEC16B

cg08995449 chr8 101802144 5.61E-07 0.054 PABPC1

cg14206523 chr15 35017944 8.64E-07 0.067 GJD2

cg25336900 chr3 50202831 1.03E-06 0.038 SEMA3F

cg06790275 chr15 68346669 1.21E-06 0.039 PIAS1

Transitionary – Hypomethylated

cg03210210 chr5 118690955 2.61E-08 -0.109 TNFAIP8

cg12234762 chr7 1018901 2.83E-08 -0.093 COX19

cg14555350 chr5 142580618 3.22E-08 -0.059 ARHGAP26

cg26308909 chr7 2233090 2.87E-08 -0.055 MAD1L1

cg01722297 chr17 46190702 8.35E-08 -0.051 SNX11

cg11920745 chr10 640738 2.14E-07 -0.052 DIP2C

cg10665961 chr17 8958039 1.96E-07 -0.052 NTN1

cg23783489 chrX 148622220 1.65E-07 -0.026 CXorf40A

cg22436032 chr1 147786048 2.86E-07 -0.078 GPR89B

cg15223579 chr11 47272887 2.61E-07 -0.061 NR1H3

Recovery – Hypermethylated

cg05383332 chr14 74804420 7.53E-09 0.060 VRTN

cg12263377 chr2 237982246 8.15E-09 0.064 COPS8

cg07408148 chr5 15021403 2.23E-08 0.084 ANKH

cg23985818 chr4 94607780 4.75E-08 0.091 GRID2

cg23444894 chr16 19297743 6.17E-08 0.059 CLEC19A

cg16536740 chr6 53128954 8.47E-08 0.057 ELOVL5

cg21607700 chr6 166344313 1.32E-07 0.075 PDE10A

cg21051473 chr14 23855985 1.67E-07 0.051 MYH6

cg12466599 chr1 21894532 1.90E-07 0.063 ALPL

cg20318358 chr12 108167448 1.91E-07 0.073 ASCL4

Recovery – Hypomethylated

cg27646075 chr11 118048216 4.13E-08 -0.128 SCN2B

cg01136380 chr17 18874685 4.57E-07 -0.086 SLC5A10

cg23254334 chr19 8032346 6.01E-07 -0.105 ELAVL1

cg25718696 chr4 151503588 6.24E-07 -0.085 LRBA

cg26179858 chr4 7436199 6.28E-07 -0.068 SORCS2

cg20227165 chr11 45115819 1.12E-06 -0.066 PRDM11

cg13824877 chr6 170453283 1.16E-06 -0.049 DLL1

cg19326543 chr2 128422715 1.30E-06 -0.073 LIMS2

cg07415388 chr17 17717276 1.36E-06 -0.066 SREBF1

cg06103331 chr15 90319174 1.74E-06 -0.059 MESP2

Chr: Chromosome.

It has been shown that there is a loss of methylation in skin that associates with photoaging [14] which is
particularly evident in the epidermis [15]. Here, we found a hypermethylation tendency for methylation changes
that persisted in fibroblasts 1 week after repeat UVA radiation. This is in-keeping with persistent aging methylation
changes in other tissues, where hypermethylation is the more common change with age [31]. Our data supports the
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notion that the loss of methylation seen with photoaging is more specific to the epidermis. A previous study on
the effect of in vivo sun exposure on methylation reported hypomethylated regions in the epidermis but not in the
dermis [15]. As the dermis is a particularly heterogenous tissue, our observed in vitro effect on fibroblasts might not
be detected when all cell-types of the dermis are studied. Further confirmation that the recovery methylation site
changes reported here are relevant to fibroblast aging in vivo is required. For this, and due to recent advancements
in single cell methylation profiling, an in vivo methylation study of fibroblasts from skin samples is recommended.

The transitionary sites were located in regions of the genome linked to actively transcribed loci, indicating that
the transitionary response of the fibroblasts to UVA exposure is altering the expression of genes required for normal
fibroblast function. In particular, a number of genes were affected that have been linked to aging and cellular
defensive mechanisms. IGF1R and RPTOR (part of the mTOR protein complex) have been linked to human
longevity and cellular damage [32,33] and FOXO1 is associated with collagen production and would heal in skin [34].
It is tempting to speculate that the changes in DNA methylation in these genes is a response to limit the damage
from UVA. However, whether the activities of these genes are activated or repressed by UVA is unclear making it
difficult to confirm the directionality of effect. In addition, methylation changes may be associated with mRNA
changes in trans rather than in cis [35]. Hence, it is important to determine if the expression of the neighboring
genes to the transitionary methylation sites are altered and, if so, if this provides protection or makes the cells more
susceptible to further damage from subsequent UVA exposure.

The largest protein–protein interaction network among the recovery-associated genes included PAX2, FOXG1,
DELTA1 and NOTCH4, all of which are not normally expressed in dermal fibroblasts. These genes are also
linked to development and it is known that age-related DNA methylation changes accumulate near developmental
genes [35]. However, it remains unclear what role these genes would have in normal dermal fibroblast function.
Indeed, the recovery methylation changes occurred in normally repressed regions. In keeping with this, the mainly
hypermethylation of these sites could indicate that transcriptional repressors are no longer binding to these sites
making them available for DNA methyltransferase [18]. Further confirmation that the genes at these loci are being
activated through repeat UVA exposure and what transcription factors might be binding to these sites is now
required.
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Weaknesses to this study include the lack of mRNA data to relate to the methylation changes, the lack of a
replication experiment and, although we tried to control for cell growth differences between treatment and control,
we cannot rule out cell cycle effects on our results. The strengths to this study are the use of primary cells, the
inclusion of two time points, an appropriate sham treatment to control for temperature effects of the cells being
within the UV exposure box, and the use of in vivo relevant UVA doses – fibroblasts were exposed for 1 h giving
3 or 6 J/cm2 UVA, and skiers on average get 2 J/cm2 UVA per hour during the day with some getting two-three
times more [36], although the epidermis likely acts as a filter to UVA penetration in vivo.

Conclusion
Overall, we identified methylation changes that associate with two different types of responses in fibroblasts to
repeat UVA exposure: a transitionary response linked to genes that are associated with aging and cellular defense,
and a recovery methylation response 1 week later near normally repressed developmental genes.

Future perspective
The recovery in vitro results reflect in vivo skin studies demonstrating a loss-of-methylation in quiescent gene loci
with age. Future studies investigating dermal in vivo methylation changes could identify similar findings to our
recovery genes and, as a result, confirm that UVA radiation exposure to dermal fibroblasts in vitro can be used as
a model of human in vivo UVA aging. In addition, identification of the transcription factors driving methylation
changes at these specific loci in both the transitionary and recovery time point will offer a way to study epigenetic
responses to cellular damage, as well as the longer-term changes that likely affect cellular function and aging within
tissues.

Summary points

• UVA radiation drives skin aging plausibly via persistent changes to DNA methylation in dermal fibroblasts.
• Primary human dermal fibroblasts were irradiated with UVA in vitro using in vivo relevant UVA doses of five

repeated daily doses of 3 or 6 J/cm2.
• Genome-wide DNA methylation at 454,543 CpG sites was measured using the Illumina 450 k array at a

transitionary time point (48 h after the last irradiation) and at a recovery time point (1 week after the last
irradiation).

• UVA irradiation induced distinct transitionary and recovery DNA methylation signatures.
• Transitionary changes in DNA methylation preferentially occurred in genomic regions characterized by active

chromatin and near genes expressed in fibroblasts.
• Changes in DNA methylation at the recovery time point accumulated in repressed genomic regions near genes

that were generally not or lowly expressed in fibroblasts.
• The nearest genes of transitionary DNA methylation changes were linked to insulin signaling and cellular

defensive mechanisms.
• The nearest genes of recovery DNA methylation changes were linked to developmental pathways.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/sup

pl/10.2217/epi-2019-0251
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