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ABSTRACT ARTICLE HISTORY

Exposure to polychlorinated biphenyls (PCBs), an endocrine-disrupting compound, is ubiquitous
despite decades-old bans on the manufacture and use of PCBs. Increased exposure to PCBs is
associated with adverse health consequences throughout life, including type 2 diabetes and
cancer. PCB exposure is also associated with alterations in epigenetic marks and gene transcrip-
tion, which could lead to adverse health outcomes, but many of these are population-specific. To
further investigate the association between PCB and epigenetic marks, DNA methylation was
measured at 787,684 CpG sites in 641 peripheral blood samples from the Michigan
Polybrominated Biphenyl (PBB) Registry. 1345 CpGs were associated with increased total PCB
level after controlling for age, sex, and 24 surrogate variables (FDR < 0.05). These CpGs were
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enriched in active promoter and transcription associated regions (p < 0.05), and in regions around
the binding sites for transcription factors involved in xenobiotic metabolism and immune function
(FDR < 0.05). PCB exposure also associated with proportions of CD4T, NK, and granulocyte cell
types, and with the neutrophil to lymphocyte ratio (NLR) (p < 0.05), and the estimated effect sizes
of PCB on the epigenome were correlated with the effect sizes previously reported in an
epigenome-wide study of C-reactive protein (r = 0.29; p = 2.22e-5), supporting previous studies
on the association between PCB and immune dysfunction. These results indicate that PCB
exposure is associated with differences in epigenetic marks in active regions of the genome,
and future work should investigate whether these may mediate the association between PCB and
health consequences.

Introduction although it could also come from the small
amounts of PCB in the soil and water or from
contact with hazardous waste from PCB contam-
ination sites [2]. Furthermore, PCBs tends to be
biologically persistent with half-life estimates ran-
ging from several years to over a decade [3-5],
meaning that older people exposed to high levels
of PCBs before the bans were introduced can still
have high levels of PCBs circulating in their
serum [2].

PCBs have been linked to a wide variety of
health problems in both model systems and
human cohorts. In rats and humans, PCB expo-
sure is associated with thyroid disease and altered

Exposure to polychlorinated biphenyls (PCBs) is
ubiquitous. Despite decades-old bans on manufac-
ture and use in the United States, biomonitoring
studies have demonstrated that the general popu-
lation has detectable levels of at least one of the
209 congeners of PCB [1,2]. Originally used as
coolants and lubricants in electronic devices,
PCBs are now recognized as an endocrine-
disrupting compound (EDC), meaning that they
can disrupt normal endocrine function by
mimicking or blocking hormones [2]. Continued
exposure to PCB happens primarily through diet-
ary exposures such as eating contaminated fish,
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thyroid hormone levels, which can impact devel-
oping neurons [6-12]. PCB exposure is also asso-
ciated with oestrogen-related health problems such
as endometriosis, increased menstrual cycle length,
later age of menarche, and increased risk for breast
cancer [13-16]. Beyond associations with thyroid
and oestrogen related hormones, PCB levels are
also associated with an increased risk for common
diseases such as type 2 diabetes [17], heart disease
[18], liver disease [19], and cancer [20].
Additionally, increased exposure to PCBs is asso-
ciated with immune-related phenotypes such as
altered immune cell composition and increased
inflammation [21,22]. Because of the wide variety
of health problems associated with PCB exposure,
their persistence in the environment, and the
potential for ongoing exposure, PCBs remain
a public health concern [23].

As part of the continued research into PCBs and
human health, there has been increased research
into the biological mechanisms by which PCBs can
lead to adverse health outcomes. Studies on the
effects of PCBs on reproductive organs have
reported that PCBs can alter oestrogen receptor
expression in ovarian follicles in chickens and
affect sex steroid secretion by affecting the expres-
sion of steroidogenic genes [24]. Similarly, in rats,
PCB exposure reduced testosterone, oestradiol,
and androgen-binding protein levels in testicular
interstitial fluid, potentially leading to the
observed changes in testicular architecture [25].
PCB exposure has also been shown to increase
the expression of inflammatory genes in the
hypothalamus of rats and increase cytokines and
C-reactive protein (CRP) - markers of inflamma-
tion - in endothelial cells by activating NF-
kB signalling through altered epigenetic marks
[26]. In human populations, PCBs have been asso-
ciated with gene expression of immune-related
genes in blood [27]. PCB exposure has also been
associated with global DNA methylation levels in
blood, but the direction has been inconsistent,
potentially due to differences in exposure, popula-
tion differences, and technologies [28-30]. In the
only large epigenome-wide study of PCB exposure
in humans published to-date, PCB exposure asso-
ciated with 650 CpG sites with significant overlaps
in the epigenetic signal from B-cell chronic
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lymphocyte leukaemia [31]. However, many of
these were only significant in the men from one
of the populations studied, suggesting that differ-
ent populations may have different responses to
PCB due to underlying genetic differences or dif-
ferences in exposures, and that there may be sex-
specific effects.

This study seeks to better understand the asso-
ciation between PCB exposure and DNA methyla-
tion levels in humans who were exposed to PCBs
from typical environmental sources. To do this, we
utilized the larger MethylationEPIC array and
samples taken as part of the Michigan
Polybrominated  Biphenyl  (PBB)  Registry.
Participants from this registry were recruited
because they were believed to have high exposure
to the structurally-related EDC, PBB, after an agri-
cultural accident in the 1970s, and were used to
study the association between PBB and DNA
methylation [32,33]. However, PCB exposure has
also been measured in this registry, and it is com-
parable to national exposure levels and has low
correlation with their PBB exposure [1,34].
Therefore, this is a reasonable population to test
for epigenetic associations with increasing expo-
sure to PCB. We then utilized existing datasets and
studies to annotate and interpret the epigenetic
marks associated with PCB exposure. Finally, we
attempted to replicate the previous CpGs asso-
ciated with PCB [31] and tested whether there
was any overlap between the CpGs previously
reported to associate with PBB [32] and PCB.
The results will improve our understanding of
PCBs (and potentially other EDCs) and epigenetic
marks, and help understand the health risks of
people who are exposed.

Methods
Participant selection

Participants were selected from the Michigan PBB
Registry. This cohort was started in 1976 by the
Michigan Department of Community Health
(MDCH; now the Michigan Department of
Health and Human Services) after an agricultural
accident contaminated livestock feed with PBB.
The MDCH enrolled individuals believed to have
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had the highest exposure to PBB: families that
lived on farms quarantined because of high PBB
levels in livestock, people who ate food from quar-
antined farms, and chemical workers and their
family members. Biological samples and health
information from the original registry participants,
their children, and other members of the commu-
nity who were exposed to PBBs are still being
collected by Emory University, which now man-
ages the registry (http://pbbregistry.emory.edu/).
Informed consent was obtained from each indivi-
dual before participation and study protocols were
approved by the Institutional Review Board at
Emory University. Participants were previously
selected from the registry for epigenetic analysis
if they were exposed to PBB prior to being 50 years
old, had given information on their health out-
comes, had a recent (2004-2015) buffy coat or
whole blood sample available for DNA extraction,
and had detectable PBB levels in their serum
(N = 666). All samples were taken between
2004-2015 (31-42 years after the exposure inci-
dent), but DNA methylation measurement
occurred at one time to limit batch effects. PBB
levels, PCB levels, lipid levels, and DNA methyla-
tion levels were all measured from fractions of the
same blood sample collected from each partici-
pant. Current and past health and demographic
information on all of these participants is still
being collected.

Exposure assessment

While this population was originally recruited to
study the effect of PBB exposure, PCB levels have
also been measured in their serum. 209 possible
congeners of PCB exist based on the number and
position of the chlorine molecules around the
biphenyl rings, but exposure to four common con-
geners of PCB (PCB-153, PCB-138, PCB-180, and
PCB-118) was previously assessed in members of
this registry using gas chromatography-tandem
mass spectrometry [35]. The limit of detection
(LOD) is 0.7 pg/mL for PCB-180; 1.6 pg/mL for
PCB-153; 1.2 pg/mL for PCB-138; and 1.4 pg/mL
for PCB-118. The extraction recovery ranged from
83.2 to 99.2%. The accuracy ranged from 89 to
119% and the precision ranged from 2.8 to 8.5%.
Eighteen participants had PCB measurements that

failed quality control checks and were excluded
from all further analyses. For the purposes of this
study, the value for congeners below the LOD in
a sample was imputed as the LOD divided by the
square root of 2 [36]. The congeners were summed
to give a total PCB value per person. This was then
transformed using a natural log so that the distri-
bution was less skewed.

Lipid measurement

Total lipid level was calculated in this cohort as
part of previous studies [6]. A Triglyceride
Quantification Assay Kit (Abnova Corporation)
was used to measure the total triglyceride content
in serum, and a Cholesterol Assay Kit (Caymen
Chemical Company) was used to measure total
cholesterol content in serum. Both were done in
accordance with the manufacturer’s recommenda-
tions. Total lipid amount was calculated based on
these components as described elsewhere [37].

DNA extraction

As previously described [32], peripheral blood
samples were collected from participants as part
of the ongoing Michigan PBB Registry activities
between 2004-2015. DNA was extracted from
buffy coat samples using the QIAamp DNA
Blood Mini Kit (QIAGEN, Hilden, Germany).
DNA was extracted from the blood sample from
which the exposure levels and lipid levels were
assessed on to limit confounding.

MethylationEPIC Beadchip

As previously described [32], methylation levels
were measured across the genome at 866,895
sites using the Infinium MethylationEPIC
BeadChip (Illumina, San Diego, CA) [38]. Briefly,
1 microgram of DNA from participants’ buffy
coats was bisulphite converted, amplified, frag-
mented, and hybridized to the BeadChip accord-
ing to the manufacturer’s instructions. DNA from
a female, lymphoblast line was used as a technical
replicate. Data with low signal (detection p-value
greater than 0.01) was considered missing, and
samples and probes with missing data (missing in
more than 10% of samples) were removed with
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CpGassoc [39]. Two samples were removed for
low signal, and 5,982 probes were removed for
missing data. Previously identified cross-reactive
probes (N = 44,210) were also removed from the
dataset [40]. BMIQ was used to adjust for probe
type [41]. CpGs with gaps (5%) in their methyla-
tion proportions (indicative of a potential SNP)
were identified using Gaphunter and removed
[42]. 6 samples that were mismatches for sex,
genetically identical to other samples, or flagged
for sample contamination were removed. The 57
SNP probes were removed from the dataset. This
resulted in a final dataset of 641 participants and
787,684 probes. For each individual sample at each
probe, the methylation proportion (f) at that site
was calculated from the methylated (M) and
unmethylated (U) signal as f = M/(U+M).
Significant surrogate variables were calculated
using SVA to adjust for batch and cell type differ-
ences [43]. There were 24 significant surrogate
variables, and they correlated with known con-
founders such as cell type composition (Figure
§1). Cell type composition for multivariate analysis
was calculated for each sample using Houseman’s
method for estimating cell type proportion with
methylation signals from CpGs that are distinct in
blood cell types [44,45]. The DNA methylation
data can be accessed on NCBI's Gene Expression
Omnibus (GSE116339).

Epigenome-wide association testing

Linear regression models in CpGassoc were used
to interrogate the association between total PCB
level and both the average methylation proportion
across all probes that passed quality control
(787,684 sites) and the methylation proportion at
every probe individually [39]. Age at sample col-
lection, sex, and the 24 significant surrogate vari-
ables estimated earlier were used as covariates.
A Benjamini-Hochberg False Discovery Rate
(FDR) of less than 0.05 was used to adjust for
multiple testing [46]. As a sensitivity analysis,
each congener of PCB was associated separately
with DNA methylation, with age, sex, and 24 sur-
rogate variables, and the results from this analysis
were correlated with the results from the main
analysis using a Pearson’s correlation coefficient.
Additionally, a sensitivity analysis controlling for
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cell type composition and lipid levels (in addition
to age, sex, and the 24 surrogate variables) was
conducted and the results from this analysis were
correlated with the results from the main analysis
using a Pearson’s correlation coefficient. To iden-
tify potential sex-specific associations, the sample
was also stratified by sex, and the association
between PCB and DNA methylation was tested
in each sex separately, adjusting for age and 24
surrogate variables. The association between global
methylation (the average methylation proportion
across all sites) and total PCB level was also tested
using the same covariates. MissMethyl was used to
determine whether any of the 330 KEGG pathways
were enriched in the results to correct for the
number of probes in each gene, and an FDR of
less than 0.05 was used to adjust for multiple
testing [47].

Enrichment tests for specific positional and
functional regions

Chi-square tests were used to test for enrichment
of PCB-associated CpGs in certain positions
(based on location within a gene or proximity to
a CpG island). CpG positions were determined
from the annotation provided for each probe by
the manufacturer. Functional regions were deter-
mined by the ChromHMM tracks publicly avail-
able on the UCSC Genome Browser [48-50].
Briefly, these tracks used data from multiple chro-
matin immunoprecipitation sequencing (ChIP-
seq) experiments to annotate the genome into 25
categories based on the combination of histone
marks seen in that region in that cell type. These
25 categories were then further condensed into 10
functional region types based on that category’s
position relative to a gene, its function, and its
effect on gene transcription. For the enrichment
tests, the tracks from the most similar cell type to
whole blood (the GM12878 lymphoblastoid cell
line) were used. An alpha level of 0.05 was used
to determine statistical significance for the posi-
tional and functional enrichment. Enrichment of
transcription factor binding sites was tested using
oPOSSUM-3, which is based on data from ChIP-
seq data for various transcription factors. This
reports a Z score for enrichment of transcription
factor binding sites within 10 base pairs on either



342 (&) S.W.CURTIS ET AL.

side of each CpG that was associated with PCB
compared to 10 GC-matched CpGs that were not
associated with PCB [51]. A Benjamini-Hochberg
False Discovery Rate (FDR) of less than 0.05 was
used to adjust for multiple testing.

Correlations with oestradiol and immune
signalling

Because PCB is a known endocrine-disrupting com-
pound and has been previously associated with oestro-
gen-related health conditions [15,16], we tested
whether the epigenetic effect from oestradiol was cor-
related (using a Pearson’s correlation coefficient) with
the epigenetic effect of PCB. This analysis included
both the CpGs that were significantly associated with
oestradiol (FDR < 0.05; N = 24,878) in a previous
study [52] and the CpGs significantly associated with
PCB in this study. Additionally, enrichment of oestra-
diol-associated CpGs in the CpGs significantly asso-
ciated with PCB was tested using a chi-square test and
results from the same previously published epigen-
ome-wide study [52]. Because these were identified
using data from the Infinium HumanMethylation450
BeadChip, the results from this study were first subset
to the probes interrogated by both studies (N =
401,387).

Because PCB exposure has also been associated
with inflammation and immune-related pheno-
types [26,31], PCB exposure was associated with
epigenetic-based immune phenotypes. First, the
epigenetic signal from PCB was compared to the
epigenetic profile of an immune phenotype esti-
mated by a previously published epigenome-wide
study of CRP (a marker of low-grade inflamma-
tion) [53]. Similar to the analysis with oestradiol,
the effect sizes between the CpGs that overlap in
both datasets and were significantly associated
with CRP (FDR < 0.05; N = 206) were compared
using a Pearson’s correlation coefficient [53].
Second, the estimated cell type proportions cal-
culated earlier, as well as the neutrophil to lym-
phocyte ratio (calculated from the cell types
estimated from DNA methylation) were regressed
on total PCB, both in univariate analyses and
controlling for age, sex, and lipid levels [54]. An
alpha level of 0.05 was used to determine statis-
tical significance.

Replication

We next sought to test 1) whether our results
replicated the results of a previous epigenome-
wide study with PCB [31], and 2) whether the
epigenetic signal from PCB was similar to the
epigenetic signal from the structurally similar
PBB, as found in a previously published epigen-
ome wide study [32]. To replicate the PCB-
associated CpGs reported in the previous study,
we tested whether there was correlation between
the effect size reported with the CpGs significantly
associated with PCB-156 in a Swedish male popu-
lation (FDR < 0.01; the strongest association in
that study [31]) and the effect size for total PCB
in this study, both using the results from the
combined-sex analysis and the males-only analysis.
Additionally, for the congeners that were mea-
sured in both studies (PCB-180, PCB-138, PCB-
153, and PCB-118), the effect size for the CpGs
associated with each congener (FDR < 0.01) from
the previous study and the effect size for that same
congener from this study (combined-sex analysis
and males-only analyses), were also tested for cor-
relation. For testing the overlap between the epi-
genetic effect from PCB and the epigenetic effect
of PBB, the effect sizes from both this analysis and
the previously published analysis were compared
with a correlation coefficient (including both the
CpGs associated with PCB and the CpGs asso-
ciated with PBB).

Results
Study population

The population of this study is composed of 641
people of primarily White/Non-Hispanic ancestry,
which is representative of the population structure
of rural Michigan in the 1970s. There were more
female participants than male participants (N =
373 vs. 268). Participants had exposure to PBB
due to an industrial accident (range: 0.01--
236.73 ng/mL; Table 1) and exposure to PCB due
to typical environmental exposure (range 0.07--
8.11 ng/mlL, Figure S2) [1,55]. There was low cor-
relation between participantss PCB and PBB
exposure (r = 0.17; p = 5.43e-6), and a majority
of participants (69.5%) had higher exposure to
PCB than PBB. Current serum levels of all four



Table 1. Descriptive characteristics of study population.
Demographics

N 641
Percent male® 268 (41.8%)

Current Age (years)® 543 + (12.8)
Total PCB level (ng/mL)* 0.74 (2.55)
Total PCB level (ng/g lipid) 114.05 (2.61)
PCB-118 level (ng/mL)* 0.04 (5.02)
PCB-118 level (ng/g lipid) 6.53 (4.92)
PCB-138 level (ng/mL)* 0.22 (2.75)
PCB-138 level (ng/g lipid) 34.12 (2.81)
PCB-153 level (ng/mL)¢ 0.25 (2.55)
PCB-153 level (ng/g lipid)* 38.38 (2.61)
PCB-180 level (ng/mL)¢ 0.19 (2.51)
PCB-180 level (ng/g lipid)* 29.76 (2.58)
Total PBB level (ng/mL)* 0.47 (4.65)
Total PBB level (ng/g lipid)* 72.64 (4.90)

Race/Ethnicity 2
White/Non-Hispanic
White/Hispanic

?Frequency and percentage
PMean and standard deviation
“Geometric mean and geometric standard error

621 (97%)
20 (3%)

measured PCB congeners were positively corre-
lated (r = 0.65-0.99; Figure S3). Older age at
sample collection was correlated with higher
serum levels of PCB (r = 0.56; p < 2.2e-16), and
males had significantly higher exposure than
females (geometric mean of 0.86 vs. 0.67; p =
0.0007). Current PCB levels were not associated
with current lipid level (r = 0.07; p = 0.06).

PCB associates with DNA methylation

Similar to some studies of PCB exposure [28],
global DNA methylation level was positively asso-
ciated with total PCB, controlling for age, sex, and
surrogate variables (t = 5.96, p = 4.14e-9). Out of

10
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the 787,684 CpG sites tested, current total PCB
level associated with the methylation proportion
at 1345 CpGs (FDR<.05; Figure 1, Table S1). Of
these CpGs, 51.8% had higher methylation levels
in those with higher levels of PCB (Figure $4).
Results of the analysis that also adjusted for lipids
and cell type proportions (in addition to age, sex,
and the 24 surrogate variables) were highly corre-
lated with results that just adjusted for age, sex,
and 24 surrogate variables (R = 0.98; p < 2.2e-16;
Figure S5). The effect sizes from the total PCB
analysis were also highly correlated with the effect
sizes from analyses of each congener individually
(r = 0.63-0.98; Figure S6). When the analysis was
conducted in males and females separately, 3 CpGs
were associated with total PCB in males, including
2 CpGs not found significant in the combined sex
analysis (Table S2), and 12 CpGs were associated
with total PCB in females including 2 CpGs not
found significant in the combined sex analysis
(Table S3). The results from the 1349 CpGs asso-
ciated with total PCB in any analysis were highly
correlated in men and women (r = 0.83, p < 2.2e-
16). However, the CpGs significant in the analysis
only in females had a small effect in men and the
CpGs significant in the analysis only in males had
a small effect in females (Figure S7). Of the 1345
results significant in the main analysis, 1050 are
annotated to 953 unique genes. The genes with the
largest number of significant CpGs were GK
(N = 7), TMEM187 (N = 6), and ITPKB (N = 5).
Scatterplots for the most significant CpGs were
plotted and showed no outliers driving the results

1 1
1 2 3 4 5 6

1 T
8 9 10 12

18

21

Chromosome

Figure 1. Current PCB levels associate with DNA methylation levels genome-wide. A Manhattan plot of the association of total PCB
level with DNA methylation proportion at 787,684 sites. The x-axis is the location of each site across the genome. The y-axis is the -
log10 of the p-value for the association with PCB. The blue line indicates statistical significance (FDR < 0.05). 1345 CpGs had

a statistically significant association with total PBB level.
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(Figure 2). There was no enrichment of KEGG
pathways among PCB-associated CpGs (Table
S4). There was enrichment of PCB-associated
CpGs in the 5XUTR, gene body, and exon band,
but there was no enrichment in any island position
(Figure S8).

Functional enrichment with PCB-associated CpGs

To better understand the function of the CpGs
associated with PCB, they were annotated to func-
tional regions as defined by the combination of
chromatin marks. PCB-associated CpGs were
depleted in regions that were inactive promoters
(OR =0.72, 95% CI = 0.52-0.98, p = 0.04), insula-
tors (OR = 0.60, 95% CI = 0.41-0.85, p = 0.005),
polycomb regions (OR = 0.60, 95% CI = 0.51-0.71,

QO

p = 2.43e-9), or heterochromatin regions (OR =
0.78, 95% CI = 0.67-0.91, p = 0.001), and they
were enriched in regions that were active promoters
(OR = 121, 95% CI = 1.06-1.38, p = 0.003) and
associated with transcription (OR = 1.64, 95% CI =
1.43-1.87, p = 1.18e-13; Figure 3). Additionally,
enrichment for transcription factor binding sites
near the PCB-associated CpGs was also tested.
Several transcription factor binding sites (N = 38)
were enriched or depleted in the regions near PCB-
associated CpGs (Table S5), with many of them
being nuclear hormone receptors (HNF4A - p =
0.0003; PPARG:RXRA - p = 0.0006; NR2F1 - p =
0.009), involved in xenobiotic metabolism (HIF1A::
ARNT - p = 7.09e-16; Arnt:Ahr - p = 1.39-13;
Arnt - p = 0.0003), or involved in immune
response (NF-kappa B - p = 0.003).
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Figure 2. Scatterplots of the CpGs most highly associated with total PCB levels. The top CpGs most associated with total PCB:
€g26207239 (BIRC2, p = 1.96e-10; (a), cg19181419 (p = 1.35e-10; (b), cg17536959 (p = 1.60e-9; (c), cg14585892 (LY6D, p = 2.81e-9;
(d). The solid line is the regression of DNA methylation proportion at that CpG on total PCB level (controlling for age, sex and 24

surrogate variables).



EPIGENETICS (&) 345

Heterochromatin

Polycomb 4

Low activity near activity region

Transcription associated

Insulator

Weak enhancer -

Strong enhancer

Inactive promoter

Promoter flanking

Active promoter -

—

0.4

1.2 1.6

Odds Ratio

Figure 3. CpGs most associated with PCB are enriched in certain functional regions. Enrichment tests were conducted to determine
if the CpGs most associated with PCB were enriched in certain functional regions. PCB-associated CpGs were enriched in
transcription-associated regions and active promoters. They were depleted in polycomb, heterochromatin, insulator, and inactive

promoter regions.

Immune- and oestrogen-related associations
with PCB-associated CpGs

Because PCB has been associated with endocrine
disruption and immune-related cancers [13-
16,26,31], it was of interest if the PCB-associated
CpGs were among those previously associated
with immune- or oestrogen-related phenotypes.
To test for immune-related associations, we simi-
larly investigated correlations between CpG-
specific effect sizes from PCB and those previously
estimated from CRP [53]. Among the set of CpGs
associated with CRP (N =206), the effect from
PCB and the effect from CRP were positively cor-
related (r = 0.29, p = 2.22e-5, Figure S9). We also
found that, after adjustment for age, sex, and cur-
rent lipid levels, PCB levels were positively asso-
ciated with CD4 T and NK cell type proportions
and negatively associated with the proportion of
granulocytes and the neutrophil to lymphocyte
ratio (NLR) (Table 2). When we tested for oestro-
gen-related associations, we found that the

epigenetic profiles of CpG-specific effect sizes esti-
mated for oestradiol [52] and for PCB were corre-
lated, both when restricting analysis to oestradiol
associated CpGs (N = 24,878, r = 0.14, p < 2.2e-
16), and to PCB-associated CpGs (N = 664, r =
0.35, p < 2.2e-16; Figure S10) [52]. Of the 664
PCB-associated CpGs that were included in the
oestradiol analysis, 103 of them were also signifi-
cant in the oestradiol analysis (OR = 2.68; 95%
CI = 2.16-3.29; p < 2.2e-16), suggesting that there
is considerable overlap between the epigenetic
marks that are associated with oestradiol levels
and PCB.

Replication

We attempted both to replicate the epigenetic signal
found in a previous epigenome-wide study of PCB
[31] and to test the correlation between the epige-
netic signal from PCB and the epigenetic signal
from the structurally related PBB [32]. The
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Table 2. Association of PCB with cell type proportions and NLR ratio, both in univariate analyses and controlled for age, sex, and

lipid levels.
Univariate Multivariate
B(95% Cl) P-value B(95% Cl) P-value
D8 T —0.0057 0.0007 0.0007 0.70
(—0.0090, —0.0024) (—0.0031, 0.0046)
D4 T —-0.0045 0.08 0.0074 0.01
(=0.0097, 0.0005) (0.0015, 0.0133)
B cells —0.0008 0.61 0.0008 0.66
(—0.0040, 0.0024) (—0.0030, 0.0048)
NK 0.0118 2.48e-12 0.0069 0.0005
(0.0085, 0.0150) (0.0030, 0.0108)
Monocytes 0.0052 0.0001 —0.0006 0.69
(0.0025, 0.0080) (—0.0037, 0.0025)
Granulocytes 0.0001 0.97 —-0.0099 0.04
(—0.0079, 0.0082) (-0.0197, —0.0001)
log(NLR) 0.0035 0.88 —-0.0821 0.004

(—0.0445, 0.0516)

(—0.1394, —0.0248)

strongest signal in the previous study was with
PCB-156 (not measured in this population) in
Swedish males. In the 536 CpGs that were signifi-
cant (FDR < 0.01) in that study and passed quality
control in this study, the effect sizes were not cor-
related in the combined-sex analysis (r = 0.04, p =
0.25), but had a low, significant correlation in the
male-only analysis (r = 0.11, p = 0.006). For the
four congeners (PCB-153, PCB-180, PCB-118,
PCB-138) measured in both studies, the single-
congener effect sizes for the 49 CpGs significant
in the previous studies (FDR < 0.01) were nega-
tively correlated with the single-congener effect
sizes estimated for those CpGs in this study in the
combined-sex analysis (r = —0.37, p = 0.007) and
were not correlated with the single-congener effect
sizes estimated for those CpGs in males only (r =
-0.11, p = 0.41; Figure S11). The effect sizes for
1812 CpGs associated with PBB levels (FDR < 0.05
[32]) that also passed quality control in this study
were weakly but significantly correlated with the
effect size of those CpGs with PCB (r = 0.08, p =
0.0001; Figure S12(a)). The effect size for the 1345
CpGs associated with PCB levels was similarly cor-
related with the effect size of those CpGs with PBB
(r = 0.08, p = 0.002; Figure S12(b)). While 5 CpGs
were significantly associated with both PBB and
PCB, the overlap was not significant (p = 0.27).

Discussion

This study investigated the association between PCB
and DNA methylation through an epigenome-wide
study of a population that was exposed to PCB at

levels comparable to those considered background
exposure in the United States. We then assessed the
potential function of the associated CpGs by testing
for enrichment of biological pathways, functional
regions, and transcription factor binding sites, as
well as testing for correlations between the epigenetic
signal from PCB and the epigenetic signal from CRP
and oestradiol. Finally, we attempted to replicate
previously published CpGs associated with PCB
and test whether the CpGs that associate with the
structurally-similar PBB overlap with the CpGs that
associate with PCB. In this study, 1345 CpGs asso-
ciated with PCBs, after adjusting for age, sex, and 24
surrogate variables. These results were consistent if
estimated cell type proportions were also controlled
for, indicating that these results are robust to differ-
ent methods of adjustment for heterogeneity, and
were consistent with results from analyses of each
congener individually, indicating that the method for
summing the congeners did not bias the results.
Slightly over half of these CpGs (51.8%) had
a higher proportion of DNA methylation with higher
current levels of PCB. We also found that higher
PCB was associated with higher global methylation
levels. This is consistent with some [28], but not all
[29,30] previous studies, although some of this
inconsistency may certainly be due to differences in
technologies. Finding an association between PCB
and specific sites in the epigenome is also consistent
with a previous study and there was a positive asso-
ciation between the effect sizes from their reported
results and the results from analysis of total PCB in
just the males from this study [31], but the same sites
were not associated in these two studies, and the



effect size for the CpGs reported in that study were
not positively correlated with the effect size for those
CpGs in the combined-sex analysis from this study.
The previously reported CpGs were only signifi-
cantly associated with PCB in the Swedish men
and were not associated in the Italian men or the
women who were studied. Since this study involved
presumably mixed European ancestry, there could be
population-specific differences in response to PCBs,
either due to underlying genetic differences or differ-
ences in PCB congeners and exposure routes, that
explain the inconsistent findings in these two studies.
Additionally, there might be a sex-specific effect of
PCB on the epigenome based on previously reported
studies [31] and the results from this study. While
the correlation of CpGs associated with total PCB
was high between men and women, there were 12
CpGs associated in the female-only analysis that had
a small effect in the male-only analysis, as well as 3
CpGs associated in the male-only analysis that had
a small effect in the female-only analysis. However,
given the large number of covariates that had to be
adjusted for in this analysis, it is likely that larger
sample sizes are needed to further explore the sex-
specific effects of PCB exposure.

While no biological pathways were enriched,
these results still could have a functional role. We
found that the PCB-associated CpGs were more
likely to be in active promoter and transcription
associated regions of the epigenome. Additionally,
they were enriched in the regions near the binding
sites for nuclear hormone receptors and transcrip-
tion factors involved in xenobiotic metabolism and
immune function. Many of these functional enrich-
ments, for example finding NF-kB and AHR binding
sites enriched in the results, are what is expected
from exposure to a dioxin-like EDC and are consis-
tent with previous reports in in vitro models [26,56],
and taken together, suggest that these molecules are
bound and activated in response to PCBs. These
results also suggest that PCB could be impacting
gene expression, and therefore cellular function,
since the associated CpGs are near transcribed
regions of the genome, consistent with previous stu-
dies [27]. However, future studies would be needed
to directly test whether the associated CpGs are
associated with any cellular phenotypes or health
consequences.
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The results from this study also support PCB
having an effect on the immune system. We found
that the effect size for CpGs associated with the
inflammatory marker CRP was correlated with the
effect size from PCB. This supports our other
result that NF-xB binding sites were enriched
near our PCB-associated CpGs, since NF-«B is
involved in inflammatory response. Additionally,
we found that PCB was associated with certain cell
type proportions and NLR, even after adjusting for
age, sex, and lipid levels. However, it associated
with lower, not higher, NLR, when a higher NLR is
indicative of inflammation. Therefore, the epige-
netic effects of PCB exposure seem to have some
correlations with inflammation and immune func-
tion, similar to other reported studies [14,26,31]. It
is also consistent with previous studies that have
found increased exposure to PCBs is associated
with decreased thymic volume, altered antibody
production, and an increased number of lympho-
cytes and T-cells [57-59]. However, not all of the
studies have had consistent, clinically relevant
health outcomes, and more studies are needed to
test whether typical exposure to PCB causes altera-
tions to immune function and whether alterations
to epigenetic marks mediate any potential
immune-related health outcomes.

In this study, the effect that PCB had on the
epigenome was positively correlated with that
reported for oestradiol, a natural oestrogen [52].
Additionally, a significant number of the CpGs asso-
ciated with PCB are also associated with oestradiol
levels. Since PCB has previously been shown to affect
oestradiol levels by altering the expression of steroi-
dogenic genes and to associate with oestrogen-
related health outcomes like age of menarche, cycle
length, and breast cancer risk [13,15,16,24], this sup-
ports that PCB may be impacting oestrogen function
and thus have wide impact on health. Because this is
a cross-sectional study, we cannot distinguish
between PCB affecting oestrogen levels, which then
affects oestrogen-associated CpGs, or if PCB acts
similarly to an oestrogen on the same CpGs, or
some combination of the two. However, either
would indicate that PCB affects oestrogen signalling.
Future studies into the mechanism by which PCB
affects oestrogen signalling and potential oestrogen-
related health outcomes are warranted.
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We also found that, despite the structural simi-
larity between PCB and PBB, there was very low
correlation between their epigenetic signal, and
only 5 CpGs were significant in both analyses.
First, this suggests that our PCB results are not
driven by the high PBB exposure in some partici-
pants. Additionally, this suggests that these mole-
cules may have different effects on cellular
function, and therefore, different health risks
despite their structural similarity. While both
PCB and PBB do increase risk for certain adverse
health outcomes, such as breast cancer [16,60],
they also have opposite effects on other outcomes,
such as age of menarche [15,61]. It is possible that
the CpGs that differ between the two EDCs could
mediate these health outcomes that are different
between the two molecules. However, given the
large effect that PBB had on the epigenome [32],
it is possible that some of the surrogate variables
may have accounted for the larger PBB exposure
in some individuals and thus absorbed the varia-
tion in CpGs that would be shared by PBB and
PCB. This would have limited our ability to detect
these shared CpGs in this study. However, using
the surrogate variables in this analysis was neces-
sary to adjust for potential unmeasured confoun-
ders like smoking status and BMI.

Despite the limited overlap between CpGs asso-
ciated with PBB and PCB, it is important to note
that the correlation between PBB’s and PCB’s epi-
genetic signal was still statistically significant.
Additionally, some of the transcription factors asso-
ciated with PBB, for example, HIF1A::ARNT, were
significant in this study, and transcription factors
involved in xenobiotic metabolism and nuclear hor-
mone receptors (even if they were different tran-
scription factors) were significant in both studies
[32]. The effect sizes from both molecules were also
positively associated with the effect sizes from CRP
and oestradiol. Therefore, both PBB and PCB could
still be associated with the same biological pathways
(and thus some of the same health outcomes) even
if they are associated with different CpGs. Some of
the similarities and the differences between PCB
and PBB may also be due to combinations of expo-
sures that have different effects than either chemical
individually. Since any organism has multiple envir-
onmental exposures, developing methods that can
analyse combinations of exposures on an

epigenome-wide scale is needed. Overall, more
research is needed to determine the mechanisms
that mediate the response to both PBB and PCB
exposure to better understand the effect each has on
cellular function and health.

The results of this study should be interpreted
in light of its limitations. While the PCB exposure
levels were comparable to background exposure
levels for the general population in the United
States, this study population was predominantly
composed of people who self-report as white/non-
Hispanic. Given that genetic differences could
influence response to PCB, it is not known if
these 1345 CpGs would associate with PCB expo-
sure in a population with a different genetic ances-
try. Therefore, more research is needed on the
epigenetic effects of PCB in more diverse cohorts.
Additionally, DNA methylation was only assessed
in blood samples, and so it is not known if PCB
and epigenetic marks would associate in other
relevant tissues. Also, not enough participants
reported health information on potential confoun-
ders and conditions, such as BMI. This meant that
we instead adjusted for 24 surrogate variables,
which may have decreased our power to detect
associations at some CpGs, particularly in the
stratified analyses. Furthermore, this did not
allow us to investigate the potential for these
CpGs to mediate risk for certain health conditions.
For this to be done, studies with larger sample
sizes with more detailed phenotyping are needed.

However, this study did have several strengths.
By incorporating all significant surrogate variables
into the linear regression models, we were able to
adjust for both known confounders (such as dif-
ferences in cell type proportions or batch effects)
and unknown confounders (such as smoking or
BMI, which was not available for all participants).
This is also the largest epigenome-wide study of
PCB to-date, and our wuse of the newer
MethylationEPIC BeadChip enabled wider cover-
age of the epigenome and a greater focus on
enhancer regions than the older arrays or global
methylation methods. We were also able to mea-
sure PCBs and DNA methylation levels in the
same tissue to also limit potential confounding,
Finally, we were able to use existing datasets and
studies to better understand the potential function
of the CpGs associated with PCB.



In conclusion, PCBs were associated with the
proportion of DNA methylation at 1345 CpGs.
While they were not enriched in any particular
biological pathways, these CpGs were more likely
to be in active promoters and transcribed regions,
suggesting they may have a functional -effect.
Additionally, they were enriched in the binding
sites for transcription factors that were nuclear
hormone receptors or involved in xenobiotic
metabolism and immune function. The epigenetic
signal from PCB was also associated with the epi-
genetic signal from oestradiol and CRP. Taken
together, these results suggest typical levels of
exposure to PCB affect specific sites in the epigen-
ome consistent with an EDC and may affect
immune function, consistent with previous studies
of PCB.
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