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Nightshift work and genome-wide DNA methylation

Parveen Bhatti', Yuzheng Zhang?, Xiaoling Song®, Karen W. Makar?, Cassandra L. Sather”,
Karl T. Kelsey”, E. Andres Houseman®, and Pei Wang*’

"Program in Epidemiology, *Program in Biostatistics, >Cancer Prevention Program, Division of Public Health Sciences, Fred
Hutchinson Cancer Research Center, Seattle, WA, USA, *Genomics Resource, Fred Hutchinson Cancer Research Center,

Seattle, WA, USA, *Department of Community Health, Brown University, Providence, Rl, USA, °College of Public Health and
Human Sciences, Oregon State University, Corvallis, OR, USA, and “Genetics and Genomic Sciences, Mount Sinai Hospital,

New York, NY, USA

The negative health effects of shift work, including carcinogenesis, may be mediated by changes in DNA methylation,
particularly in the circadian genes. Using the Infinium HumanMethylation450 Bead Array (lllumina, San Diego, CA), we
compared genome-wide methylation between 65 actively working dayshift workers and 59 actively working
nightshift workers in the healthcare industry. A total of 473800 loci, including 391 loci across the 12 core circadian
genes, were analyzed to identify methylation markers associated with shift work status using linear regression models
adjusted for gender, age, body mass index, race, smoking status and leukocyte cell profile as measured by flow
cytometry. Analyses at the level of gene, CpG island and gene region were also conducted. To account for multiple
comparisons, we controlled the false discovery rate (FDR <0.05). Significant differences between nightshift and
dayshift workers were found at 16 135 of 473 800 loci, across 3769 of 20 164 genes, across 7173 of 22721 CpG islands
and across 5508 of 51843 gene regions. For each significant loci, gene, CpG island or gene region, average
methylation was consistently found to be decreased among nightshift workers compared to dayshift workers.
Twenty-one loci located in the circadian genes were also found to be significantly hypomethylated among nightshift
workers. The largest differences were observed for three loci located in the gene body of PER3. A total of nine
significant loci were found in the CSNKTE gene, most of which were located in a CpG island and near the transcription
start site of the gene. Methylation changes in these circadian genes may lead to altered expression of these genes
which has been associated with cancer in previous studies. Gene ontology enrichment analysis revealed that among
the significantly hypomethylated genes, processes related to host defense and immunity were represented. Our
results indicate that the health effects of shift work may be mediated by hypomethylation of a wide variety of genes,
including those related to circadian rhythms. While these findings need to be followed-up among a considerably
expanded group of shift workers, the data generated by this study supports the need for future targeted research into
the potential impacts of shift work on specific carcinogenic mechanisms.
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INTRODUCTION

The biology underlying observed associations between
nightshift work and cancer has yet to be fully elucidated.
A number of promising mechanisms have been inves-
tigated, including melatonin suppression leading to
increased circulating sex hormones and increased DNA
damage (Costa et al., 2010). However, relatively little
attention has been given to epigenetic mechanisms that
may impact gene expression, particularly of circadian
genes. Twelve genes central to the regulation of the
normal 24-h circadian clock have been identified. These
core circadian genes are also involved in various

mechanisms important to carcinogenesis, including
cell cycle control, DNA damage response (Gery &
Koeffler, 2007) and immunity (Baumann et al., 2013;
Nguyen et al., 2013; Yu et al., 2013). Thus, differential
expression of these genes, through epigenetic modula-
tion, may be a mechanism by which nightshift workers
are at an increased risk of developing cancer.

DNA methylation, which occurs at the 5 carbon of
cytosines in CpG dinucleotides throughout the genome,
is an epigenetic mechanism essential for proper cellular
function. Differential methylation at CpG loci has been
closely linked to differential expression of the genes with
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which they are associated (Ball et al., 2009; Bell et al.,
2011; Rauch et al., 2009). For example, increased methy-
lation of promoter regions of genes has been associated
with a decreased transcription of those genes (Bell et al.,
2011). Exposures to various exogenous agents including
smoking and air pollution have been shown to modulate
DNA methylation (Baccarelli & Bollati, 2009; Baccarelli
et al., 2009; Bollati et al.,, 2007; Breitling et al., 2011;
Moore et al., 2003). Modulation of DNA methylation
by environmental exposures, particularly those with no
demonstrable genotoxic effects, may induce carcino-
genesis (Suter & Aagaard-Tillery, 2009).

In population-based studies, methylation changes in
circadian genes have been associated with cancer risk
(Hoffman et al., 2010a, b), but only a single study among
women has previously evaluated whether nightshift work
may specifically modulate circadian gene methylation in
blood (Zhu et al., 2011). In addition to evaluating
promoter-specific levels of DNA methylation in two
circadian genes, this previous study compared methyla-
tion levels at each of ~27 000 CpG loci across the genome
between female nightshift and dayshift workers. To
expand on this previous work, we explored methylation
differences at ~450 000 CpG loci, including a total of 391
loci across the 12-core circadian genes in blood, between
a group of actively working female and male nightshift
and dayshift workers in the healthcare industry.

MATERIALS AND METHODS

Study population

The study was approved by the Institutional Review
Board of the Fred Hutchinson Cancer Research Center
and meets the ethical standards of the journal
(Portaluppi et al., 2010). The study population consisted
of women and men who were currently employed as
health care workers in the Seattle metropolitan area.
Subjects were recruited through advertisements at local
area hospitals, direct mailing to Washington State
Department of Health licensed and certified health
care workers, and referrals from eligible and ineligible
participants. Eligibility criteria included being 20 to 40
years of age, with a body mass index (BMI) between 18
and 32kg/m?® and no personal history of cancer,
diabetes, heart disease, autoimmune disorders or
inflammatory disease. In addition, participants could
not have been using melatonin supplements in the last
six months, and women could not currently be preg-
nant. Dayshift workers were required to be exclusively
working the dayshift for the past 6 months at least 24 h
per week with the dayshift beginning no earlier than
06:00 h. Dayshift workers must not have worked any
nights in the past 6 months. Nightshift workers could be
currently engaged in some day work, but were required
to be primarily working the nightshift for the past 6
months at least 24 h per week with the nightshift ending
no earlier than 06:00h. All dayshift and nightshift
workers were required to have schedules where they

typically worked at least three consecutive days or
nights, respectively, each week. A total of 106 dayshift
and 94 nightshift workers were screened. Seventy day-
shift and 69 nightshift workers were deemed eligible for
the study. Two dayshift workers and four nightshift
workers decided not to enter the study, and an add-
itional three dayshift and six nightshift workers dropped
out during the course of the study, giving a final sample
size of 65 dayshift and 59 nightshift workers.

Data and biospecimen collection

After a brief telephone screening interview, potentially
eligible subjects were visited at home or work to further
describe the study and to obtain informed consent. The
interviewer also collected height and weight measure-
ments and scheduled a subsequent appointment for
blood sample collection, which was to be completed
only after the subject worked his/her respective shift
schedule each day for three consecutive days. Blood
samples were collected (10mL ACD tube) within two
hours of completing the work shift on the third day
(07:00-09:00 h for nightshift workers and 17:00-19:00 h
for dayshift workers). At the time of blood collection, a
structured interview was administered to collect data
about physical activity, current work and sleep sched-
ules, reproductive and menstrual history (for female
participants) and current medication, supplement, caf-
feine, alcohol and tobacco use.

Laboratory methods

Lymphocyte isolation and cryopreservation

The ACD blood samples were processed within 24 h of
collection. Refrigerated centrifugation was used to iso-
late the buffy coat, which was resuspended in RMPI
1640 + P/S. After layering the buffy coat suspension over
Lymphocyte Separation Medium (Histopaque - 1077,
Sigma Aldrich, St. Louis, MO) and centrifugation at
room temperature, the mononuclear cell layer was
removed, washed, centrifuged and resuspended in
freeze media (RPMI with 15% fetal calf serum and
filtered 10% DMSO). After freezing at rate of —1°C/min
to —80°C, samples were transferred to a liquid nitrogen
freezer for storage.

Flow cytometry

Cryopreserved PBMCs were thawed and counted using
Trypan blue. A total of 200 000 cells were resuspended in
staining buffer (130-221-091, Miltenyi Biotec, San Diego,
CA) and stained with the following antibodies: CD14-
APC-Cy7 (557831, BD Biosciences, San Jose, CA), CD45-
AF700 (304024 Biolegend, San Diego, CA), CD3-VioBlue
(130-094-363 Miltenyi Biotec, San Diego, CA), CD19-
APC (130-091-248 Miltenyi Biotec, San Diego, CA),
CD16-PE (302008 Biolegend, San Diego, CA), CD56-PE
(130-00-755 Miltenyi Biotec, San Diego, CA), CD4-FITC
(300505 Biolegend, San Diego, CA), CD8-PE-Cy7 (560917
BD Biosciences, San Jose, CA). Cells were incubated for
15min on ice in the dark, washed with staining buffer
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and resuspended in fixation buffer (420801 Biolegend,
San Diego, CA). Flow cytometric analysis was carried out
on an LSR-II (BD Biosciences, San Diego, CA) in the
FHCRC Flow Cytometry Shared Resource. Data analysis
was performed using FlowJo (Tree Star, Ashland, OR)
software to determine the relative percentages of mono-
cytes, granulocytes, B cells, NK cells, CD4+ T cells and
CD8+ T cells within each sample following the gating
strategies previously described (Calvelli et al., 1993).

DNA extraction and bisulfite conversion

DNA was extracted from remaining cryopreserved
lymphocytes (ArchivePure DNA Purification Kit, 5-
Prime, Hilden, Germany) after cells were removed for
flow cytometric analysis. 500 ng of DNA was then treated
with sodium bisulfite using EZ DNA Methylation-
DirectKit (Zymo Research, Irvine, CA). Sodium bisulfite
converts unmethylated cytosine into uracil. Treated
DNA specimens were stored at —80°C and assayed
within two weeks.

Methylation assay

The Infinium HumanMethylation450 Bead Array
(Ilumina, San Diego, CA) was used to interrogate
485577 carefully chosen methylation sites per sample.
The CpG loci were chosen by an expert consortium and
covers 21 154 genes, with an average of 17 CpG sites per
gene distributed across various regions including the
first exon, 3’ and 5’ untranslated regions, the gene body
and close proximity to transcription start sites and may
be associated with informatically determined elements,
such as enhancers and promoters. Within each gene,
CpGs can also occur within or near CpG islands. The
array included 391 CpG loci distributed across the
12-core circadian genes: CLOCK, ARNTL, NPAS2, PERI,
PER2, PER3, CRYI1, CRY2, RORA, NRIDI, CSNKID and
CSNKIE. 4 pl of bisulfite treated DNA was denatured and
neutralized to prepare it for overnight isothermal whole-
genome amplification. Next, the DNA was enzymatically
fragmented for 60 min at 37°C and then precipitated
with isopropanol and allowed to air dry. DNA was then
resuspended in hybridization buffer. Samples were then
applied to the beadchips, and the beadchips were
incubated in a hybridization oven at 48°C for 16-24h.
After washing, the chip underwent extension and
staining in capillary flow-through chambers. Beadchips
were then scanned using the iScan+ (Illumina, San
Diego, CA). Methylation data were normalized for any
potential dye-bias by using the “methylumi” package
in R (Davis et al., 2014). Each CpG dinucleotide repre-
sented on the microarray was associated with an
M-value which was calculated as the log, ratio of the
intensities of the methylated and unmethylated probes.
A detection p value was also generated for each locus
(i.e. tests that the target signal was distinguishable from
negative controls). Laboratory personnel were blinded
to all study subject information, and specimens were
identified by study ID number only. Twelve blind

© Informa Healthcare USA, Inc.
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duplicate  DNA samples were randomly included
among the study samples.

Statistical analysis

The M-values for each CpG site were modeled as
dependent variables using linear regression that
included a variable for shift work status, gender, age,
BMI, race (White or Non-White) and current smoking
status (yes/no). To account for changes in DNA methy-
lation due to variation in leukocyte cell mixture, we also
included in our regression models variables for the
proportions of each of six major leukocyte subsets
(CD8+ T-cells, CD4+ T-cells, natural killer cells, B-cells,
monocytes and granulocytes) in each sample measured
using flow cytometry. In addition to conducting ana-
lyses at the level of each CpG site, analyses at the level of
CpG island and region within gene were conducted
when three or more loci occurred within that CpG island
or gene region (gene, CpG island and gene region were
assessed using annotation data provided by Illumina).
Any loci located at the “shelf” or “‘shore” of a particular
CpG island were included as part of that CpG island. Any
CpG loci that occurred in more than one CpG island or
gene region were included in multiple CpG islands or
gene regions for the purposes of these analyses. For each
gene, CpG island or region within gene, the average
M-values of CpG sites associated with that gene, CpG
island or region within gene were calculated, and those
average values were used to fit linear regression models
evaluating associations with shift work status.

In order to account for multiple comparisons, we
applied the Significant Analysis of Microarray (SAM)
method (Tusher et al., 2001) implemented in the
R package ‘“samr” to control for the false discovery
rate (FDR) within each level of analysis (locus level,
genomic context level and gene level), such that on
average only 5% of those differences deemed statistically
significant were false positives. Specifically, we first
subtracted other covariate effects from the M-values,
and then tested the association between the adjusted
M-values and shift work status using ‘“‘samr’”’. The
average ratio of adjusted M-values among nightshift
workers versus dayshift workers was reported as an
estimate of the percent change in methylation.

For the gene-level analyses, we used the on-line Gene
Ontology enRIchment analysis and visualization tool
(GOrilla) to determine if the genes found to be signifi-
cantly differently methylated belonged to various Gene
Ontology processes more often than predicted by
chance (Eden et al., 2009). All genes with g<0.05 were
submitted and ranked from largest to smallest according
to the difference from unity of the nightshift versus
dayshift ratio of methylation observed across each gene.

RESULTS

In Table 1, the distribution of selected demographic
variables is presented by shift status. Nightshift workers
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TABLE 1. Demographic data and blood cell profile among dayshift
and nightshift study participants.

Dayshift Nightshift
N (%) N (%)

Gender

Female 38 (58) 36 (61)

Male 27 (41) 23 (39)
Age

22-29 22 (34) 32 (54)

30-34 20 31) 15 (25)

35-40 23 (35) 12 (20)
Body Mass Index (kg/m?)

<21.7 16 (25) 15 (25)

>21.7 14 (22) 18 (31)

>24.7 24 (37) 6 (10)

>26.9 11 (17) 20 (33)
Race

White 47 (73) 48 (81)

Asian 12 (18) 7 (12)

Black 2 (3) 3 (5)

Other 4 (6) 12
Current smoker

Yes 3 (5) 2 (3)

No 62 (95) 57 (97)
Months engaged in current shift schedule

<12 13 (20) 15 (25)

>12-24 18 (28) 18 (31)

>24-48 24 (37) 11 (19)

>48 10 (15) 15 (25)
Proportions of blood cell types (Means)

B-cells 0.08 0.08

CD4+ T-cells 0.4 0.4

CD8+ T-cells 0.2 0.2

granulocytes 0.03 0.04

monocytes 0.08 0.07

NK cells 0.12 0.09

tended to be younger and have a higher BMI than
dayshift workers. Also dayshift workers tended to be
engaged in their current shift schedule slightly longer
than nightshift workers (median 30 versus 24 months,
respectively). Mean proportions of six major blood cell
types measured by flow cytometry are also provided; no
notable differences by shift status were observed.

The correlation coefficients between M-values of the
12 replicate pairs ranged from 0.96 to 0.99. Those 11 648
loci associated with sex chromosomes, as indicated by
the annotation file provided by Illumina, were excluded
since sex-stratified analyses would be underpowered.
An additional 129 loci which were undetected (detection
p value >0.05) in >20% of study samples were also
excluded from analyses, leaving a total of 473800 loci,
including 391 loci across the 12 circadian genes.

Significant associations (FDR <0.05) were found at
16 135 loci, and at each locus, methylation levels were
significantly lower among nightshift  workers
(Supplementary Table 1). Seventy-five percent of these
loci were located within known genes, which was
identical to the proportion of loci occurring within
known genes in the entire dataset. Eighteen percent of
these loci were associated with a single nucleotide
polymorphism (SNP present within probe <10 base

pairs from query site or >10 base pairs from query site as
indicated by Illumina), a similar proportion to the
overall dataset. The proportion of significant loci located
within CpG islands (65%), 200 base pairs of a transcrip-
tion start site (11%), 1500 base pairs of a transcription
start site (17%), 3’ untranslated regions (4%), 5’ untrans-
lated regions (13%), 1st Exons (7%) and gene bodies
(38%) were comparable to respective proportions in the
overall dataset. The largest loci-specific methylation
effect was a 33% lower level of methylation at the
cg05704942 locus in the MRTO4 gene (Table 2) among
nightshift compared to dayshift workers.

At the level of gene, significant associations (FDR
<0.05) were observed across 3769 of 20164 genes and
average methylation levels across each of these genes
were significantly lower among nightshift workers
(Supplementary Table 2). The largest gene-level effect
was an 11% lower average methylation level across the
two loci belonging to the PPIAL4A/PPIAL4B gene
(Table 2). The probes used to assay one of the loci in
this gene contained a SNP (rs76383089). The minor
allele frequency (MAF) of this SNP was not available
through National Center for Biotechnology Information
dbSNP  (http://www.ncbi.nlm.nih.gov/snp/); a high
MAF would indicate that the occurrence of the SNP
may have influenced results.

CpG loci were found to occur within 24592 CpG
islands, with 1871 of these being represented by only 1
or 2 CpG loci. When restricting to those CpG islands
containing three or more CpG loci (n=22721), average
methylation was found to be significantly decreased
among nightshift workers compared to dayshift workers
across 7173 of these CpG islands (g<0.05)
(Supplementary Table 3). The largest CpG-island level
effects were 11% lower levels of methylation across the
13 CpG loci within a CpG island in the DUSP22 gene
(chr6:291948-292839) and across the 8 CpG loci within a
CpG island in the ZNF714 gene (chrl19:21265164-
21265433). Nine of these DUSP22 loci were associated
with a promoter region.

CpG loci were grouped into 89461 gene-specific
regions, with 37618 of these being represented by only
1 or 2 CpG loci. When restricting to those gene regions
containing three or more CpG loci (n=>51843), average
methylation was found to be significantly reduced
among nightshift workers compared to dayshift workers
across 5508 of these gene regions (FDR <0.05)
(Supplementary Table 4). In the gene-region analyses,
the largest effect was observed for the 1st Exon/5" UTR
region of DUSP22. This region, made up of three loci,
exhibited a 15% lower level of DNA methylation among
nightshift workers compared to dayshift workers.

Among the loci with FDR <0.05, 21 were located in
the circadian genes, including CLOCK, CSNKID,
CSNKIE, NPAS2, PER2, PER3 and RORA (Table 3). The
largest effects were seen for three loci within close
proximity of each other in the body of the PER3 gene
that were 8% less methylated in nightshift workers as
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TABLE 2. DNA methylation differences between nightshift and dayshift workers.

Number Gene Enhancer/
Gene of Loci Illumina ID Location® SNPs (MAFs)® CpG Island® Region‘]1 Promoter® Ratio! FDR®
MRTO4 24 0.98 <0.001
cg05704942 19454129 chr1:195778849-19578708" Bodyi 0.66 <0.001
PPIAL4A/4B 2 0.88 <0.001
€g22106265 146421956 1576383089 (N/A) 1st Exon 0.97 0.05
€g23350716 146423368 TSS1500 0.80 <0.001
DUSP22 36 0.96 0.01
cg07332563 236687 chr6:291948-292839) TSS1500¢ Promoter 0.90 0.05
cg21548813 236882 chr6:291948-292839 TSS1500 Promoter 0.84 0.02
cg03395511 236903 chr6:291948-292839 TSS200 Promoter 0.86 0.03
cg15383120 236909 chr6:291948-292839 TSS200 Promoter 0.87 0.03
cgl18110333 237329 rs12525419 (N/A)  chr6:291948-292839 1stExon; Promoter 0.78 0.02
5'UTR'
cg05064044 237385 chr6:291948-292839 1stExon; Promoter 0.89 0.03
5'UTR
cgl1235426 237522 chr6:291948-292839 1stExon; Promoter 0.89 0.05
5'UTR
cg01516881 237596 chr6:291948-292839 Body™ Promoter 0.85 0.02
€g26668828 237823 1s815596 (0.50) chr6:291948-292839 Body Promoter 0.82 0.03
cg01171360 238285 1s7767281 (0.05); chr6:291948-292839 Body 0.90 0.05
1s72838722 (0.002)
ZNF714 9 0.91 0.01

cg01483656 21056736
cgl7751872 21056822
cgl15174294 21057104
cg06238316 21057204 1rs8101412 (0.26)
cg09352518 21057261

chr19:21265164-21265433" TSS200
chrl19:21265164-21265433  5'UTR®

Promoter 0.80 0.01
Promoter 0.87 0.01

chr19:21265164-21265433  5'UTR 0.86 0.02
chr19:21265164-21265433 5'UTR 0.85 0.02
chr19:21265164-21265433 5'UTR 0.81 0.01

2Location in NCBI Genome Build 36.

bSingle nucleotide polymorphisms associated with probe and minor allele frequencies provided by NCBI dbSNP; N/A = Not Available;

(http://www.ncbi.nlm.nih.gov/snp/).
“Associated CpG island.

9Functional region of gene — TSS1500 = Within 1500 bp of transcription start site; TSS200 = Within 200 bp of transcription start site;
5'UTR =5 prime untranslated region; 1stExon = First segment of gene coding for peptide sequence; Body = Within gene body; 3'UTR =3
prime unstranslated region; multiple listings indicate loci belong to multiple regions because of splice variants.

®Associated with informatically determined enhancer or promoter elements.

fRatio of average methylation at loci among nightshift workers compared to dayshift workers.

S8False Discovery Rate.

10.98-fold difference across 22 loci of this CpG island in the MRTO4 gene (g<0.001).
10.97-fold difference across 15 loci of this gene body in the MRTO4 gene (q<0.001).

10.89-fold difference across 13 loci of this CpG island in the DUSP22 gene (q=0.01).
k0.91-fold difference across 3 loci of this TSS1500 region in the DUSP22 gene (q=0.01).
10.85-fold difference across 3 loci of this 1stExon/5'UTR region in the DUSP22 gene (q=0.01).
0.98-fold difference across 25 loci of this gene body in the DUSP22 gene (q=0.05).
"0.89-fold difference across 8 loci of this CpG island in the ZNF714 gene (g<0.001).
©0.87-fold difference across 5 loci of this 5UTR in the ZNF714 gene (g=0.01.)

compared to dayshift workers. The largest number of
significantly differentially methylated loci were located
in the CSNKID gene; nine loci were found to be
significantly hypomethylated (3-4%) in nightshift work-
ers compared to dayshift workers. Eight of the nine loci
were located within the same CpG island and seven
were located immediately upstream of the gene tran-
scription start site. Five of these loci were also associated
with an enhancer element. At the level of gene, both
PER3 and CSNKIE demonstrated the largest effects
among the circadian genes; both were 2% less methy-
lated in nightshift workers as compared to dayshift
workers. Among CpG islands in the circadian genes, the
largest effect was observed in a CpG island of the PER3
gene (5% lower in nightshift workers). The largest gene-
region effect (3% less methylation in nightshift workers)

© Informa Healthcare USA, Inc.

was observed near the transcription start site of the
CSNKIE gene.

In the gene ontology enrichment analysis, 3691 of the
3769 gene names that were submitted were recognized,
and 3170 of the genes were associated with a Gene
Ontology term. Table 4 lists the 11 Gene Ontology
processes, many related to host defense and immunity,
found to be significantly represented among the sub-
mitted genes.

DISCUSSION

All statistically significant findings in our study entailed
decreased DNA methylation in the blood of nightshift
workers compared to dayshift workers. In fact, 65% of
the 473800 loci tested were hypomethylated among
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TABLE 3. DNA methylation differences between nightshift and dayshift workers for the 12-core circadian genes.

Number Enhancer/
Gene of loci Mlumina ID Location® SNPs (MAFs)? CpG island® Regiond Promoter® Ratiof FDR®
ARNTI" 24 099  0.09
CLOCK 16 0.99 0.03
cg04264638 56105895 chr4:56411993-56413357! 5'UTR} 0.96 0.02
CRY1 14 1.00 >0.1
CRY2 24 1.00 >0.1
CSNK1D* 45 099  0.03
CSNKIE 24 0.98 0.01
cgl4055351 37018667 3'UTR Enhancer 0.97 0.03
cgl3110239 37041213 chr22:38712684-38713333"  5'UTR™ Enhancer 0.97 0.02
cg02516101 37041837 chr22:38712684-38713333 5'UTR 0.97 0.05
€g26449680 37044218 chr22:38712684-38713333 TSS1500"; 0.97 0.03
TSS200°
cgl19781870 37044231 chr22:38712684-38713333 TSS1500 0.97 0.02
cg06748147 37044233 chr22:38712684-38713333 TSS1500 0.97 0.03
cgl0142237 37044341 chr22:38712684-38713333 TSS1500 Enhancer 0.96 0.02
cg01441777 37044362 chr22:38712684-38713333 TSS1500 Enhancer 0.97 0.05
cg06991495 37044412 1s79995406 (N/A) chr22:38712684-38713333 TSS1500 Enhancer 0.96 0.02
NPAS2 37 1.00 0.09
€g26574325 100951299 Body 0.97 0.02
cg27051778 100960753 1558248145 (0.02) Body Enhancer 0.97 0.02
NRIDI 26 1.00 >0.1
PERI? 20 0.99 0.03
PER2 24 0.99 0.05
cg13469320 238826861 Body 0.98 0.05
cg23072629 238860276 chr2:239196923-239197900 5'UTRY Enhancer 0.97 0.02
cg24831107 238861878 chr2:239196923-239197900 1st Exon; 0.97 0.02
5'UTR
PER3" 26 0.98 0.01
cgl17328665 7809786 chr1:7887198-7887476° Body 0.92 0.01
cg04725166 7809858 chrl:7887198-7887476 Body 0.94 0.05
cgl7724687 7809933 chr1:7887198-7887476 Body 0.92 0.02
cg08926642 7810042 15228696 (0.03) chrl:7887198-7887476 Body 0.92 0.03
cg09168692 7810147 chrl:7887198-7887476 Body 0.97 0.03
RORA" 111 1.00 >0.1
€g20006924 59309268 1s77221633 (N/A) chrl5:61519621-61520031" TSS1500 0.97 0.02

#Location of loci in NCBI Genome Build 36.

PSingle nucleotide polymorphisms associated with probes and minor allele frequencies provided by NCBI dbSNP; N/A = Not Available;
(http://www.ncbi.nlm.nih.gov/snp/).

“Associated CpG island.

YFunctional region of gene — TSS1500 = Within 1500 bp of transcription start site; TSS200 = Within 200 bp of transcription start site;
5'UTR =5 prime untranslated region; 1stExon = First segment of gene coding for peptide sequence; Body = Within gene body; 3'UTR=3
prime unstranslated region; multiple listings indicate loci belong to multiple regions because of splice variants.

®Associated with informatically determined enhancer or promoter elements.

fRatio of average methylation across gene among nightshift workers compared to dayshift workers.

8False Discovery Rate.

hp.99-fold difference across 14 loci of chr11:13298796-13300735 CpG island (g=0.04) in the ARNTL gene.

10.99-fold difference across 8 loci of this CpG island (¢=0.01) in the CLOCK gene.

J0.99-fold difference across 9 loci of this 5UTR (g=0.03) in the CLOCK gene.

k0.98-fold difference across 6 loci of chr17:80202799-80203289 CpG island (g=0.02); 0.99 fold difference across 8 loci of chr17:80206689-
80206927 CpG island (g=10.03); 0.99 fold difference across 13 loci of chr17:80231019-80231820 CpG island (g=0.03); 0.98 fold difference
across 6 loci of 3'UTR (g=0.02) of CSNKID gene.

10.98-fold difference across 23 loci of chr22:38712684-38713333 CpG island (g=0.01) of CSNKIE gene.

0.99-fold difference across 14 loci of 5UTR (g=0.03) in the CSNKIE gene.

"0.97-fold difference across 10 loci of TSS1500 region (¢ =0.01) of CSNKIE gene.

°0.98-fold difference across 9 loci of TSS200 region (g=0.01) of CSNKIE gene.

P0.99-fold difference across 15 loci of chr17:8054550-8055835 CpG island (g=0.01); 0.98 fold difference across 4 loci of TSS1500 region
(g=0.03) of PERI gene.

90.99-fold difference across 5 loci of 5UTR (q=0.03) in the PER2 gene.

"0.99-fold difference across 4 loci of chrl:7843460-7843693 CpG island (g=0.04); 0.99 fold difference across 5 loci in 5UTR (q=0.03) of
PERS3 gene.

°0.95-fold difference across 9 loci of this CpG island (q<0.001) in the PER3 gene.

0.99-fold difference across 10 loci in chr15:61520423-61521716 CpG island (g=0.04); 0.99 fold difference across 20 loci of chr15:60883298-
60885350 CpG island (g=0.04) in RORA gene.

Y0.99-fold difference across 8 loci in this CpG island (g=0.02) in the RORA gene.
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TABLE 4. Gene ontology terms associated with genes across which significant differences in methylation were

observed between nightshift and dayshift workers.

Number of genes

GO term Description p Value related to GO term
GO0:0098542 Defense response to other organism 2x107° 60
GO0:1901685 Glutathione derivative metabolic process 9x107° 8
G0:1901687 Glutathione derivative biosynthetic process 9x107° 8
GO:0042742 Defense response to bacterium 1x10°* 36
G0:0002446 Neutrophil mediated immunity 2x107* 3
GO0:0002444 Myeloid leukocyte mediated immunity 2x107* 3
GO0:0051707 Response to other organism 2x107* 77
GO0:0009617 Response to bacterium 2x107* 39
GO0O:0006749 Glutathione metabolic process 4x107* 14
G0:0043901 Negative regulation of multi-organism process 5x107* 11
G0:0016337 Cell-cell adhesion 9x107* 89

nightshift workers. If methylation changes in blood are a
surrogate for other tissues, this may indicate nightshift
work is associated with a general systemic loss of
methylation, which may also lead to increased genomic
instability (Ehrlich, 2002) and has been associated with
an increased cancer risk (Choi et al., 2009; Gao et al.,
2012; Hsiung et al., 2007; Liao et al., 2011; Moore et al.,
2008; Pufulete et al., 2003). In terms of gene expression,
the effect of this loss of methylation would be depend-
ent on the genomic context. While hypomethylation in
upstream regions, such as transcription start sites has
been associated with an increased gene expression, gene
body hypomethylation may be associated with
decreased gene expression or may impact gene splicing
(Jones, 2012).

Overall, the most significant reductions in methyla-
tion were observed in the MRTO4, PPIAL4A/PPIAL4B,
DUSP22 and ZNF714 genes. Little information is avail-
able on the specific role of the MRTO4 gene, though in
one study, mitochondrial levels of the MRTO4 protein,
which appears to be involved in mRNA turnover, were
associated with aggressive ovarian cancer (Wang et al.,
2011). The two significantly hypomethylated loci in the
PPIAL4A/PPIAL4B gene, which codes for a propyl isom-
erase involved in the folding of proteins, occurred in the
first exon and near the transcription start site, and, as
such, may be associated with an increased expression of
this gene. No studies suggesting a biological impact of
increased PPIAL4A/PPIAL4B expression were identified.
For both the DUSP22 and ZNF714 genes, significant
hypomethylation was observed in CpG islands that
included known promoter regions so it is likely that
this would result in an increased expression of these
genes among nightshift workers. While little is known
about the function of ZNF714 gene, DUSP22 is a gene
involved in the MAPK signaling pathway and over-
expression of this gene has been observed in chronic
lymphocytic leukemia (Lewintre et al., 2009).

Statistically ~ significant  hypomethylation = was
observed among the core circadian genes, though the
effects were relatively small in magnitude and, as such,
their potential to impact gene expression is uncertain.
The hypomethylation observed in the gene body of

© Informa Healthcare USA, Inc.

PER3 could be associated with decreased gene expres-
sion. Decreased expression of PER3 has previously been
observed in the lymphocytes of shift workers (Bracci
et al., 2014). Reduced PER3 expression has been
associated with increased risks of colon cancer and
mortality from the disease (Wang et al., 2012). The
hypomethylation observed in the upstream CpG islands
of PERI and PER2 that occurred in the 5’UTR or near the
transcription start site could lead to an increased
expression of these genes among nightshift workers,
which has been previously observed (Bracci et al., 2014).
Increased expression of these genes may, in fact, be
associated with anticancer effects since studies of PERI
and PER2 knockout mice have shown increased suscep-
tibility to tumor development and deregulated cell
division and apoptosis (Fu et al., 2002; Gery & Koeffler,
2007; Lee, 2006). Hypomethylation of CSNKIE occurred
near the transcription start site within a CpG island and
known enhancer element, so this could lead to an
increased expression of the gene among nightshift
workers. CSNKIE overexpression has been observed in
cancer tissues and its effects on cancer may be mediated
through down-regulation of the PER genes (Yang &
Stockwell, 2008). Given that the three significantly
hypomethylated CpG islands within CSNKID spanned
the transcription start site, gene body and 3’UTR, the
overall potential impact on expression is uncertain.
The hypomethylated promoter-associated CpG island
in the CLOCK gene may lead to an increased expression
of the gene among nightshift workers. Increased CLOCK
gene expression has been previously observed in the
lymphocytes of shift workers (Bracci et al., 2014), and
hypomethylation of the CLOCK promoter, as measured
in blood, has been associated with an increased risk of
breast cancer (Hoffman et al., 2010a). A CpG island in
ARNTL occurring near the transcription start site was
also found to be hypomethylated and may, thus, be
overexpressed among nightshift workers. Increased
ARNTL expression has been observed among shift
workers (Bracci et al., 2014), but the impact of this
overexpression on carcinogenesis has not been previ-
ously described. Two loci in the body of the NPAS2 gene
were found to be significantly hypomethylated, which
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may be associated with a decreased expression of
the gene among nightshift workers, though a previous
study indicated an increased expression of NPAS2
among shift workers (Bracci et al., 2014). Knockdown
of NPAS2 has been associated with a reduced DNA
repair capacity in a previous in vitro study (Hoffman
et al., 2008).

Hypomethylation observed at the single locus near
the transcription start site in RORA and the CpG island
with which it is associated may lead to an increased
expression of the gene among nightshift workers.
Increased expression of RORA may be beneficial,
since it has been associated with the DNA damage
response (Shi et al., 2012), and RORA has been shown to
be down-regulated in colorectal tumors (Kottorou et al.,
2012).

Though we observed no differences in the number of
major leukocyte cell types by shift status, we cannot rule
out differences in minor leukocyte subsets not captured
by flow cytometry analysis. Thus, rather than an indi-
cation of direct systemic effects of shift work on DNA
methylation, our observations may indicate immune-
related differences between night and dayshift workers.
This notion is supported by results of the gene ontology
analysis which revealed that processes related to host
defense and immunity were represented among the
significantly hypomethylated genes in our study. In
addition, the largest CpG island/gene region effects were
observed for DUSP22, a gene involved in T-cell receptor
signaling (Li et al., 2014). Differences observed in the
circadian genes may also be indicative of differences in
immune cell profile since circadian genes have regula-
tory functions in these cells (Baumann et al., 2013;
Nguyen et al., 2013; Yu et al., 2013).

Differences in immune cell profile between night and
dayshift workers could be attributable to natural diurnal
variation of immune cells since blood samples for
dayshift workers were collected between 07:00 and
09:00h and for nightshift workers they were collected
between 17:00 and 19:00 h. However, previous studies
suggest that shift work has direct impacts on immune
function. An increased prevalence of common infec-
tions and higher levels of circulating inflammatory
markers have been observed among shift workers
(Khosro et al.,, 2011; Mohren et al., 2002), and sleep
disruption, which is common among shift workers
(Kronholm et al., 2006; Pilcher et al., 2000), has been
associated with alterations in the balance of T-helper
cells (Costa et al., 2010), which would not be apparent
from our flow cytometry data. Given the key role of the
immune system in cancer etiology (Grivennikov et al.,
2010), the potential impact of shift work on immune cell
profile is, in itself, of tremendous importance, and DNA
methylation markers may offer an efficient method by
which to detect immune effects. There is also a possi-
bility that, within individual cell types, differences in
DNA methylation between night and dayshift workers
reflect natural diurnal variation in DNA methylation

responsible for diurnal changes in gene expression,
particularly for circadian genes. While an impact of DNA
methylation on circadian rhythms of gene expression
has not been observed in the liver (Azzi et al., 2014;
Vollmers et al., 2012), similar data have not been
reported for blood cells.

Glutathione derivative processes were also repre-
sented among the significantly hypomethylated genes
in gene ontology analysis. For example, GSTM5 was
found to be significantly hypomethylated among
nightshift workers compared to dayshift workers
(Supplementary Table 2), including multiple loci near
its transcription start site. GSTM5 is involved in detoxi-
fication of reactive oxygen species, and an increased
expression of this gene as a result of transcription start
site hypomethylation may be a response to the
increased levels of oxidative stress that have been
observed among shift workers (Faraut et al., 2013).

A previous study of 150 male chemical plant workers
evaluated the association of rotating shift work with
DNA methylation (Bollati et al., 2010). Specifically, the
study examined blood-based DNA methylation levels in
the promoters of the glucocorticoid receptor (GCR),
tumor necrosis factor alpha (TNFA), and interferon-
gamma (IFNG) genes, as well as across Alu and LINE-1
repetitive regions as surrogates of global changes in
DNA methylation. While no differences between rotat-
ing and dayshift workers were observed, when restrict-
ing the analysis to rotating shift workers, increased work
years (>15 years) were significantly associated with a
decreased methylation of Alu and of the promoter
region of IFNG gene. We did not observe significant
effects on IFNG in our study, but our finding of a general
decreased state of methylation among nightshift work-
ers supports the previous finding of decreased Alu
methylation with duration of rotating shift work.
A comparable analysis of the impact of shift work
duration was not possible in our study given the
relatively short durations of shift work in our population
(median =2 years).

Another previous study evaluated the impact of long-
term shift work (i.e. >10 years of working a job that
involved night work) on blood-based DNA methylation
(Zhu et al.,, 2011). Among 19 long-term female shift
workers, promoter methylation levels in the CLOCK and
CRY2 genes were found to be decreased and increased,
respectively, when compared to 98 female dayshift
workers (i.e. never worked the nightshift). While we
observed no effect on CRY2, we did observe significantly
decreased methylation across CLOCK’s upstream CpG
island and 5'UTR, which is in support of these previous
findings. In that previous study, 5408 of 27 578 CpG sites
captured by the Infinium HumanMethylation 27K
BeadChip (Illumina, San Diego, CA) were found to be
significantly differentially methylated between 10 long-
term nightshift and 10 dayshift workers after adjusting
for multiple comparisons. Unlike our study, the majority
of these CpG sites (66%) were hypermethylated. This
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may be related to study population differences since the
previous study evaluated long-term shift workers that
may or may not have been engaged in shift work at the
time of blood sample collection, while our study focused
on actively employed shift workers who were engaged in
nightshift work at the time of sample collection.

Despite the limited sample size, the comprehen-
sive evaluation of genome-wide DNA methylation was
a major strength of the study. In addition, issues of
exposure misclassification were avoided by evaluating
subjects that were actively employed in night or dayshift
work, though given that increased risks of cancer have
been associated with long-term shift work, shift work-
related methylation differences that are most relevant to
carcinogenesis may not have been detectable among
our subjects with their relatively limited cumulative
durations of nightshift work. While nightshift workers
may have also been actively engaged in day work, they
were required to be primarily engaged in night work,
and blood samples were collected only after three
consecutive nights had been worked. Our data were
limited in that we did not collect more specific infor-
mation on the typical work schedules that subjects were
engaged in (e.g. exact number of consecutive nights,
frequency of dayshift work). While verification of our
major findings using methods such as a quantitative
pyrosequencing to eliminate false positives would have
been ideal, inclusion of such a component was beyond
the scope of our study, and previous studies have
consistently demonstrated a high-degree of congruence
between Illumina Infinium HumanMethylation450 Bead
Array and quantitative pyrosequencing results (Almgren
et al., 2014; Glossop et al., 2013; Roessler et al., 2012;
Shenker et al., 2013). We were unable to entirely rule out
the potential for confounding of our results by diurnal
variation of minor immune cell profiles given the
differences in the timing of blood sample collection
between day and nightshift workers. Future studies
should collect multiple blood samples throughout the
day to account for this variation and should evaluate a
much more comprehensive panel of leukocyte cell types
to better understand the potential contribution of
immunity to observed differences in DNA methylation.
These future studies should also consider the potential
modifying effects of gender and diurnal preference.
Results of our study may not be generalizable to workers
on a regularly rotating shift pattern, which should also
be specifically evaluated in future studies.

Our exploratory study revealed a number of intri-
guing differences in DNA methylation between night-
shift and dayshift workers. Our findings certainly need
to be followed-up among a considerably expanded
number of shift workers, but they suggest that the
negative effects of shift work may be partly mediated by
hypomethylation of a wide variety of genes, including
those related to circadian rhythms. Our study also
suggests that nightshift work may impact oxidative
stress and immune function, and, as such, provides

© Informa Healthcare USA, Inc.
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data to support future targeted research into the poten-
tial impacts of shift work on these mechanisms.
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