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ABSTRACT
Molecular mechanisms underlying the negative health effects of shift work are poorly understood, which
remains a barrier to developing intervention strategies to protect the long-term health of shift workers.
We evaluated genome-wide differences in DNA methylation (measured in blood) between 111 actively
employed female nightshift and 86 actively employed female dayshift workers from the Seattle
metropolitan area. We also explored the effect of chronotype (i.e., measure of preference for activity
earlier or later in the day) on DNA methylation among 110 of the female nightshift workers and an
additional group of 131 male nightshift workers. Methylation data were generated using the Illumina
Infinium HumanMethylation450 BeadChip (450K) Array. After applying the latest methylation data
processing methods, we compared methylation levels at 361,210 CpG loci between the groups using
linear regression models adjusted for potential confounders and applied the false-discovery rate
(FDR) � 0.05 to account for multiple comparisons. No statistically significant associations at the genome-
wide level were observed with shift work or chronotype, though based on raw P values and absolute
effect sizes, there were suggestive associations in genes that have been previously linked with cancer (e.g.,
BACH2, JRK, RPS6KA2) and type-2 diabetes (e.g., KCNQ1). Given that our study was underpowered to detect
moderate effects, examining these suggestive results in well-powered independent studies or in pooled
data sets may improve our understanding of the pathways underlying the negative health effects of shift
work and the influence of personal factors such as chronotype. Such an approach may help identify
potential interventions that can be used to protect the long-term health of shift workers.
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Introduction

Shift work is a feature of our 24-hour economy, with 18% of
workers in the developed world engaged in it fulltime.1 This
high prevalence, coupled with growing evidence for its impact
on chronic disease, including cardiovascular disease, diabetes
and cancer,2–5 makes shift work a pressing public health con-
cern. An understanding of the mechanisms behind shift work’s
relationship with chronic disease could aid strategies to miti-
gate its negative health effects; however, the molecular mecha-
nisms underlying the negative health effects of shift work are
poorly understood. Several promising mechanisms have been
proposed.6,7 Among these, changes in DNA methylation are
compelling for 3 reasons: 1) Differential DNA methylation
associates with transcriptional programming;8,9 2) Changes in
DNA methylation are inducible by exogenous factors;10 and 3)
Changes in DNA methylation have been observed in the early
stages of development of various chronic diseases.11–13

In a previous study, we evaluated DNA methylation, as mea-
sured in blood, across »473,800 CpG loci among 65 dayshift
and 59 nightshift workers.6 Significant differences, at the

genome-wide level, between dayshift and nightshift workers
were observed at 16,135 loci. We now expand on that study by
comparing DNA methylation between 86 dayshift and 111
nightshift workers from another previous study, originally con-
ducted to examine the effects of nightshift work on circulating
melatonin and reproductive hormones in women,14 while
applying the latest methylation data processing methods, which
have advanced rapidly since our earlier study.

Chronotype (i.e., preference for engaging in activity earlier
or later in the day) may impact a person’s ability to adapt to
shift work schedules.15,16 While evening-type individuals are
thought to be less disrupted by shift work, and some studies
have observed decreased risks of cancer among evening-type
compared with morning-type shift workers,17,18 other studies
have observed increased risks of cancer among evening-type
compared with morning-type shift workers.19,20 To further our
understanding of the effects of chronotype in the context of
shift work, we also explore the impact of a measure of chrono-
type on DNA methylation among 110 of the female nightshift
workers and an additional 131 male nightshift workers from a
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previous study of nightshift work in association with circulating
melatonin and cortisol levels in men.21

Results

Shift work and DNA methylation

For the 197 female subjects included in the analysis of shift
work and DNA methylation (86 dayshift, 111 nightshift), the
distribution of selected variables is presented by shift status in
Table 1. Nightshift workers were slightly younger and had a
slightly higher body mass index (BMI) than dayshift workers.
The proportion of nightshift workers who are non-white were
also greater than in dayshift workers. On average, dayshift
workers were engaged in their current shift schedule longer
than nightshift workers. While the fraction of smokers was the
same for night and dayshift workers, alcoholic beverage con-
sumption was greater among dayshift workers. The mean pro-
portions of cell types in blood for dayshift and nightshift
workers, inferred from the DNA methylation data, are also pro-
vided in Table 1. No major differences in cell-type proportions
were apparent between dayshift and nightshift workers.

M-values were calculated as measures of methylation for each
CpG dinucleotide represented on the 450K Array. The correlation coefficients between M-values of the replicate samples

were �0.95, indicating suitable precision of the assay. After
applying our bioinformatics processing pipeline (see Materials
and Methods) 361,210 CpG loci remained for analysis. In linear
regression models adjusted for age, BMI, race, alcohol consump-
tion, smoking, and leukocyte cell mixture, and after accounting
for multiple comparisons using the false-discovery rate (FDR),
shift work was not statistically significantly associated with meth-
ylation differences at any of the loci that we analyzed (q-value
>0.99) (Supplementary Table 1). The top 5 associations based on
P values and top 5 associations based on differences in M-values
are highlighted in a volcano plot of the overall results (Fig. 1).

Chronotype and DNA methylation among nightshift
workers

One female nightshift worker was missing data with which to cal-
culate chronoscore, leaving a total of 241 nightshift workers (110
female and 131 male) for inclusion in our analysis. Based on our
previous study of chronotype and its impacts on melatonin sup-
pression in the same population, we considered 2 chronoscore
categorization schemes.22 In the first scheme, chronoscore was
dichotomized at the midpoint of the scale (evening-types, 13–33;
morning-types, 34–55). In the second scheme, evening-types are
those with scores of 28 or less, intermediate-types are those with
scores from 29–39 and morning-types are those with scores of 40
or higher. When examining the dichotomized variable, 51% of
the nightshift workers were of evening chronotypes, and this dis-
tribution was similar when considering men and women sepa-
rately (results not shown). The distributions of selected variables
are presented by the dichotomized chronoscore variable in
Table 2. Those with lower chronoscores tended to be younger but
were similar to those with higher chronoscores across all other
factors. After accounting for multiple comparisons, only one
locus had a q-value <0.99 (Supplementary Table 2). cg24873410
in the body of the Ribosomal Protein S6 Kinase A2 (RPS6KA2)

Table 1. Distribution of select factors, by shift status, among female participants
included in the analysis of shift work in association with genome-wide DNA meth-
ylation as measured in blood.

Dayshift
n (%)

Nightshift
n (%)

Agea,b

22–29 19 (22) 36 (33)
30–36 20 (23) 27 (24)
37–42 28 (33) 27 (24)
43–48 19 (22) 21 (19)

Body Mass Index [(lbs/in2)£703]a,c

17.9–21.5 27 (31) 23 (21)
>21.5–23.4 22 (26) 27 (24)
>23.4–25.5 17 (20) 32 (29)
>25.5–29.4 20 (23) 29 (26)

Race
White 72 (84) 81 (73)
Other 14 (16) 30 (27)

Smoking
No 80 (93) 104 (94)
Yes 6 ( 7 ) 7 ( 6 )

Alcohol
No 58 (67) 103 (93)
Yes 28 (33) 8 ( 7 )

Months engaged in current shift schedule (months)d

6-<12 13 (15) 21 (19)
12-<24 26 (30) 33 (30)
24-<54 21 (25) 34 (31)
� 54 26 (30) 23 (20)

Proportion of blood cell types (means)
B-cells 0.04 0.05
CD8 T-cells 0.10 0.10
CD4 T-cells 0.13 0.14
Natural Killer cells 0.04 0.04
Granulocytes 0.62 0.65
Monocytes 0.10 0.11

aAge and BMI categories based on quartiles among all 197 participants included in
shift work analysis.
bMean (Standard Deviation) for Age: Dayshift D 35.9 (7.0); Nightshift D 34.4 (7.4).
cMean (Standard Deviation) for Body Mass Index: Dayshift D 23.0 (2.6) ; Nightshift
D 23.8 (2.7).
dMean (Standard Deviation) for Months engaged in current shift schedule: Dayshift
D 46.4 (47.9); NightshiftD 36.8 (36.1).

Figure 1. Volcano plot of results from genome-wide analysis of DNA methylation
and shift work status, highlighting the 5 loci with the smallest unadjusted P values
(�) and the 5 loci with largest absolute differences in effect size (�).
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gene, which encodes a protein kinase, was hypermethylated
among those shift workers with lower chronoscores (i.e., evening-
ness) compared with those with higher chronoscores (q-value D
0.21). The top 5 associations based on raw P values and top 5
associations based on differences in M-values are highlighted in a
volcano plot of the overall results (Fig. 2). When using the 3 cate-
gory chronoscore variable, such that individuals with scores of 28
or less were compared with those with scores of 40 or higher
(individuals with scores of 29 to 39 were excluded), we did not
detect any significant associations. The q-value for the CpG locus
in RPS6KA2 did change from 0.21 to 0.99, though the effect esti-
mate was only marginally altered (results not shown).

Discussion

In the analysis of shift work and genome-wide DNA methyla-
tion, we observed no statistically significant associations after

accounting for multiple comparisons. However, our explor-
atory results, which are provided in their entirety (Supplemen-
tary Table 1) may be worth examining in larger, independent
studies or pooled analyses of multiple smaller independent data
sets examining the impacts of shift work on DNA methylation.
For example, when considering raw P values, the top associa-
tion consisted of decreased methylation among nightshift
workers at cg10365984, a locus in a CpG island at the 5’UTR of
the BTB Domain and CNC Homolog 2 (BACH2) gene, which
encodes a transcriptional regulator. Decreased methylation at
the 5’UTR may suggest increased expression of this gene
among nightshift workers.23 BACH2 expression has been previ-
ously associated with immunosuppression within tumors.24

As another example, when considering absolute effect sizes,
one of the largest associations observed was for cg24634471, a
locus in a CpG island near the transcription start site of the
JRK gene. The locus was hypomethylated in nightshift com-
pared with dayshift workers, possibly indicating increased
expression of the Jrk Helix-Turn-Helix Protein (JRK) gene,23

which is a DNA binding protein. JRK has been observed as
overexpressed in colorectal, breast and ovarian cancers.25

There were also no statistically significant associations
observed in the chronoscore analysis (Supplementary Table 2).
When considering raw P values, the most significant associa-
tion was observed for a locus in the body of the RPS6KA2
(RSK) gene (cg24873410), which was hypermethylated among
those with a later diurnal preference. Since CpG methylation of
the gene body has been positively associated with expression,23

RPS6KA2may be expressed at higher levels in individuals tend-
ing toward eveningness. RPS6KA2 is a downstream signaler of
the mitogen-activated protein kinase pathway and was identi-
fied as a putative tumor suppressor gene for ovarian cancer.26

In a previous study from our group, there was suggestive evi-
dence that the risk of ovarian cancer among evening-type shift
workers was lower than it was among morning-type shift
workers.18

Table 2. Distribution of select factors, by chronoscore, among nightshift workers
included in the analysis of chronoscore in association with genome-wide DNA
methylation as measured in blood

Chronoscorea

Higher Lower
n (%) n (%)

Gender
Female 53 (45) 57 (47)
Male 66 (55) 65 (53)

Ageb,c

22–28 31 (26) 46 (38)
29–34 24 (20) 23 (19)
35–41 27 (23) 30 (24)
40–55 37 (31) 23 (19)

Body Mass Index [(lbs/in2)£703]b,d

17.9–22.6 31 (26) 30 (25)
>22.6–24.9 26 (22) 34 (28)
>24.9–27.4 30 (25) 30 (24)
>27.4–31.2 32 (27) 28 (23)

Race
White 83 (70) 84 (70)
Other 36 (30) 37 (30)

Smoking
No 115 (97) 112 (92)
Yes 4 ( 3 ) 10 ( 8 )

Alcohol
No 106 (89) 112 (92)
Yes 13 (11) 10 ( 8 )

Months engaged in current shift schedule (months)e

6-<12 20 (17) 16 (13)
12-<24 28 (23) 36 (30)
24-<54 28 (32) 44 (36)
� 54 33 (28) 26 (21)

Proportion of blood cell types (means)
B-cells 0.04 0.05
CD8 T-cells 0.09 0.09
CD4 T-cells 0.14 0.15
Natural Killer cells 0.06 0.04
Granulocytes 0.59 0.59
Monocytes 0.12 0.10

aScore from the Composite Scale of Morningness was dichotomized at the midpoint
of the scale; higher score (� 34) D mornigness; lower score (� 33) D eveningness
bAge and BMI categories based on quartiles among all 241 participants included in
chronoscore analysis.

cMean (Standard Deviation) for Age: Higher chronoscore D 36.1 (8.1); Lower chro-
noscore D 33.7 (8.4).
dMean (Standard Deviation) for Body Mass Index: Higher chronoscore D 25.0 (3.0);
Lower chronoscore D 24.8 (2.8).

eMean (Standard Deviation) for Months engaged in current shift schedule: Higher
chronoscore D 43.1 (43.7); Lower chronoscore D 40.1 (41.8).

Figure 2. Volcano plot of results from genome-wide analysis of DNA methylation
and chronoscore, highlighting the 5 loci with the smallest unadjusted P values (�)
and the 5 loci with largest absolute differences in effect size (�).
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Based on raw P values, another interesting association
with chronoscore that may be worth exploring in future
studies is at a CpG locus (cg08303146) in the first exon of
the Potassium Voltage-Gated Channel Subfamily Q Member
1 (KCNQ1) gene, which encodes a voltage-gated potassium
channel. The locus was hypermethylated among shift work-
ers with a later diurnal preference, suggesting decreased
expression of the gene among these individuals.23 SNPs in
this gene have been associated with type-2 diabetes across
multiple study populations.27 Recently, these polymor-
phisms were linked to differential DNA methylation in a
study of type-2 diabetes, suggesting that differential methyl-
ation may be on the causal pathway linking the SNPs to an
increased risk of type-2 diabetes.28 An analysis in the
Nurses’ Health Cohort demonstrated that nurses working
out of synch with their chronotype (e.g., morning-type
nightshift workers, evening-type dayshift workers) were at
significantly increased risk of developing type-2 diabetes.29

Results of the current study differ from those we observed in
our previous study of DNA methylation.6 In that study of 65
dayshift and 59 nightshift workers, we observed 16,135 loci
that were significantly differentially methylated between night
and dayshift workers after FDR correction. In the few years
since that study was published, the field has made rapid advan-
ces in understanding the limitations of array-based measure-
ment of DNA methylation and in the pre-processing of
Illumina 450K data. Unlike the previous study, our current
study excluded 124,302 CpG sites due to quality control con-
cerns and incorporated improved normalization techniques,
which may partly explain differences in findings. Further, our
current statistical analysis is based on applying the FDR to the
results of individual linear regression models and is more con-
servative than the statistical analysis of microarrays (SAM)
approach that we previously used.30 Differences in blood cell
composition between the current and previous study may also
account for differing results. In the previous study, DNA was
extracted from isolated lymphocytes, leaving few granulocytes
to contribute DNA (»4%). In the current study, granulocytes,
by far, were the largest contributor of DNA among dayshift
and nightshift workers (>60%). Even though we adjusted for
cell profile in both studies, this adjustment may not have been
adequate to normalize such large differences in cell proportion
between the 2 studies.

Our findings also did not replicate those from the previous
study of methylation and shift work by Zhu et al. (2011). This
may be attributable to differences in the study populations and/
or differences in the methylation data processing. Zhu et al.
(2011) evaluated female participants with a cumulative history
of �10 y of nightshift work (did not have to be consecutive
years and did not have to be currently engaged in shift work),
whereas our participants were actively engaged in nightshift
work for no less than 6 consecutive months. They found hypo-
methylation in the promoter region of CLOCK and hyperme-
thylation in the promoter region of CRY,31 which we did not
observe at the genome-wide level.

We performed sensitivity analyses to determine if the ability
to detect statistically significant effects of nightshift work on
DNA methylation would be improved if analyses excluded day-
shift and nightshift workers that reported less than 12 months

on their current shift schedule. Q-values remained unchanged
(>0.99; results not shown).

Relative to the large number of loci that were examined, our
sample size was small, limiting our power to detect moderate
effects. Another limitation of our study is the lack of data on
long-term cigarette smoking or alcohol consumption. Long-
term cigarette smoking and alcohol consumption have been
associated with differential DNA methylation,32,33 and differen-
ces in cigarette smoking and alcohol consumption have been
reported between dayshift and nightshift workers.34,35 Instead,
we had data on whether or not cigarettes had been used or alco-
hol had been consumed in the 24-hour periods over which
urine specimens were collected, which may or may not have
coincided with collection of the blood sample that was ulti-
mately assayed for genome-wide DNA methylation.

While actigraphy-based sleep quality data were available for
the majority of participants, we did not include sleep quality
data in the analyses because sleep quality would most likely be
a mediator of the effect of shift work on DNA methylation and
carcinogenesis. Mediation analyses were beyond the scope of
this manuscript but may be explored in the future to improve
understanding of the specific aspects of shift work that may be
impacting DNA methylation levels.

Exploring the impacts of shift work on DNA methylation in
blood is a reasonable strategy since shiftwork has been associ-
ated with cancer across multiple tissues types and sites,36–40

including hematopoietic cancers. In addition, previous studies
have shown that methylation in blood can serve as a systemic
marker of methylation in other tissues.41,42

Our study did not identify any statistically significant differ-
ences in genome-wide DNA methylation by shift status or
chronoscore. Because our study was underpowered to detect
moderate effects, examination of some of the suggestive associ-
ations we observed in well-powered, independent studies or in
pooling efforts including multiple independent data sets may
help improve our understanding of mechanisms underlying the
negative health effects of shift work. Insights afforded by such
studies may inform the development of much needed interven-
tions to protect the long-term health of shift workers.

Materials and methods

Study subjects

The study was approved by the Institutional Review Board of
the Fred Hutchinson Cancer Research Center. Study subjects
were drawn from participants of 2 previous studies of shift
work conducted among healthcare workers from the Seattle
metropolitan area: the Female Shift Worker Study (FSWS)14

and the Male Shift Worker Study (MSWS).21 Subjects in both
studies were recruited through advertisements at local area hos-
pitals, direct mailing to Washington State Department of
Health licensed and certified health care workers, and referrals
from eligible and ineligible participants. To be eligible for these
studies, participants had to be actively engaged in dayshift or
nightshift work at the time of recruitment and during data col-
lection. In the FSWS (recruitment and data collection from
November 2003 to August 2007) and MSWS (recruitment and
data collection from October 2007 to May 2011), nightshift
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workers were required to work at least 20 h per week (at least
8 h per shift, stopping work no earlier than 06:00) and to sleep
at night during days off. Dayshift workers were required to
work at least 20 h per week and work exclusively during the
dayshift (i.e., work at least 8 h per shift, beginning work no ear-
lier than 06:00).

For the FSWS, participants were required to be women aged
20 to 49 y. Additional eligibility criteria included: regular men-
strual periods; no personal history of breast cancer, chemother-
apy, or tamoxifen therapy; no pregnancy or breast feeding
within the past year; no use of supplements containing phytoes-
trogens or isoflavones; and consumption of no more than 5
servings per week of soy-based foods. For the MSWS, partici-
pants were required to be men aged 20 to 55 y. They could not
be using medications or supplements to treat benign prostate
conditions within 30 d of participation, could not have a per-
sonal history of prostate cancer or chemotherapy, and could
not have undergone general anesthesia or major surgery at least
8 weeks before enrollment. For both the FSWS and MSWS,
participants were required to have a BMI [weight in kilograms
(kg) divided by the square of height in meters (m2)] between 18
and 30 kg/m2, and could not have been using hormones or sup-
plements containing melatonin during the 30 d before
enrollment.

Two-hundred and 88 participants from the FSWS (129 day-
shift and 159 nightshift) and 208 participants from the MSWS
(all nightshift) had available buffy coat samples for DNA
extraction or previously extracted buffy coat DNA. Blood sam-
ples for DNA extraction were not collected from any dayshift
workers in the MSWS. For the current study, we restricted to
those participants who worked their respective shift schedules
(day or night) for at least 6 consecutive months as we were
interested in examining longer term impacts of shift work on
DNA methylation. In total, 88 dayshift and 113 nightshift
workers from the FSWS and 135 nightshift workers from the
MSWS were selected.

Data and biospecimen collection

For eligible participants across the 2 studies, informed consent
was obtained during either a home or work visit by trained
study interviewers/phlebotomists. Structured interviews were
conducted to collect information about current work and sleep
schedules, work history, and physical activity. Height and
weight measurements along with blood samples (10 mL EDTA
vacutainer tubes) were also obtained during these interviews.
For dayshift (nightshift) workers, data on caffeine, alcohol,
tobacco, medication, and supplement intake were self-reported
for the 24 h periods preceding the night (day) sleep period dur-
ing which urine samples were collected to measure circulating
melatonin levels (melatonin data not included in this study).

To assess chronotype, all participants completed the Com-
posite Scale of Morningness, which is a self-reported question-
naire developed to assess chronotype among shift workers.43

The scale is used to assign a total chronoscore ranging from 13
to 55 points. Lower chronoscores are indicative of a later diur-
nal preference (i.e., evenigness) and higher scores are indicative
of an earlier diurnal preference (i.e., morningness).43 Based on
the student population in which this scale was originally

developed, scores of 22 and less were classified as evening-
types, 23 to 43 as intermediate-types and 44 and above as
morning-types (14). However, as we previously pointed out in
our analysis of the impact of chronotype on melatonin suppres-
sion among shift workers,22 these cut-points are arbitrary as
they are based on the 10th and 90th percentiles of the distribu-
tion of chronoscores in the original student study population,
and in our population with its much different age distribution,
these cut-points lead to very few individuals being classified as
morning and evening-types. Therefore, in our previous study
of melatonin suppression,22 we evaluated alternative cut-points
including simple dichotomization at the midpoint of the chro-
noscore scale (evening-types 33 or less and morning-types 34
or higher) and classification of individuals that are §5 points
from the exact midpoint of the scale as intermediate-types such
that evening-types are those with scores of 28 or less, interme-
diate-types are those with scores from 29–39 and morning-
types are those with scores of 40 or higher.

Specimen processing

Buffy coats were isolated from the whole blood samples and sub-
sequently stored at ¡70�C. For the FSWS, buffy coat samples
were stored from 7 to 11 y before DNA was extracted and used
for the methylation assay. For the MSWS, buffy coat samples
were stored up to 4 y before DNA extraction. The extracted
DNA from the MSWS was subsequently stored for up to 8 years,
at ¡20�C, before being used for the methylation assay. DNA
extraction for both studies was performed on the buffy coats
using a salt precipitation method.44 Extracted DNA (500 ng) for
each participant was treated with sodium bisulfite using EZ
DNA Methylation-DirectKit (Zymo Research, Irvine, CA).
Treated DNA specimens were stored at¡80�C, and the methyla-
tion assay was performed within 2 weeks of treatment.

Methylation assay

The Infinium HumanMethylation450 Bead Array (450K; Illu-
mina, San Diego, CA) was used to quantify DNA methylation
at 485,577 CpG loci. The array measures methylation across
21,154 genes, each with an average of 17 CpGs. CpGs span vari-
ous gene regions, including those located 1500 bp and 200 bp
upstream of transcription start sites (TSS1500 and TSS200
respectively) and those located within the 5' untranslated
region, first exon, gene body, and 3' untranslated region. CpGs
could be positioned within or near CpG islands.

The DNA methylation assay was performed as described
previously.6 Briefly, 4 ml of bisulfite treated DNA was dena-
tured 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 iso-
propanol and allowed to air dry. DNA was then resuspended in
hybridization buffer. Samples were then applied to the methyla-
tion assay BeadChips, which were then incubated in a hybrid-
ization oven at 48�C for 16–24 h. After washing, the chip
underwent extension and staining in capillary flow-through
chambers. BeadChips were then scanned using the iScanC
(Illumina, San Diego, CA). Laboratory personnel were blinded
to all study subject information, and specimens were identified
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by study ID number only. For 10% of subjects, a duplicate DNA
sample was randomly included among the study samples
(within and across batches) for quality control assurance.

Data processing

Based on a plot of log median probe intensities, we excluded 8
samples [4 samples from the FSWS (2 dayshift and 2 nightshift)
and 4 samples from the MSWS] that clustered together with
lower intensities in both the methylated and unmethylated
channels compared with all other samples.45,46 These samples
also had bisulfite conversion I and II control probe levels that
were outliers compared with all other samples.

For the remaining samples, each CpG dinucleotide repre-
sented on the array was associated with an M-value, calculated
as the log2 ratio of the intensities of the methylated and unme-
thylated probes. We used the “noob” method in the minfi Bio-
conductor package47 to resolve bias in the M-values associated
with differences in background fluorescence.48 Functional nor-
malization was used to rescale the M-values, which corrected
any bias from differences in distributions of M-values from the
2 types of probes used in the array and removed technical vari-
ation while allowing for biologic differences in global
methylation.49

We excluded non-CpG (i.e., CH) sites and CpG sites on the sex
chromosomes. We also excluded CpG sites measured by poorly
performing probes, which included CpG loci measured by probes
with bead counts <3 in at least 10% of samples and CpG sites for
which the detection P value was�0.01 in at least 10% of samples.47

Since the presence of SNPs at or near a CpG locus can affect probe
hybridization,50 we excluded all CpG loci containing any SNP and
those CpG loci within 10 base pairs of at least one SNP with a
minor allele frequency >1% in any population based on 1000
Genomes data.51 We also excluded cross-reactive probes (i.e.,
probes that cross-hybridize to sites other than those for which they
were designed).52,53 After implementing these processing proce-
dures, 361,210 CpG loci remained for analysis.

Statistical analysis

The M-values for each CpG site were modeled as dependent
variables using linear regression (R version 3.4.0). For the anal-
ysis of shift work and its association with DNA methylation,
only data from the FSWS were included because there were no
data for dayshift workers from the MSWS. All models included
a variable for shift work status and adjustment variables for
potential confounders: age (continuous), BMI (continuous),
race (White or Non-White), alcohol consumption (yes or no),
smoking (yes or no), and the mixture of leukocytes that con-
tributed DNA to each participant’s sample. Leukocyte cell mix-
ture for 6 major leukocyte subsets (CD8C T-cells, CD4C T-
cells, natural killer cells, B-cells, monocytes, and granulocytes)
was inferred based on the method by Houseman et al. (2012).54

Variables indicating the proportion of these cell types (exclud-
ing monocytes to avoid collinearity) were included in all statis-
tical models to adjust for cell type. Multiple testing was
accounted for with FDR using the Benjamini-Hochberg (BH)
method.55 Resulting q-values �0.05 were considered statisti-
cally significant.

For the analysis of chronotype association with DNA meth-
ylation, data for nightshift workers from both the FSWS and
MSWS were included. Methods were similar to those described
for the shift work analysis; however, instead of a variable for
shift work, the model included a dichotomous variable for
chronoscore. We also conducted an analysis comparing the
highest to lowest categories of the 3 category chronotype vari-
able described earlier. Along with variables for age, BMI, race,
alcohol consumption, smoking, and cell mixture; a variable for
gender was included in these models.
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