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Aim: Michigan residents were exposed to polybrominated biphenyls (PBBs) when it was accidentally added
to the food supply. Highly exposed individuals report sex-specific health problems, but the underlying bi-
ological mechanism behind these different health risks is not known. Materials and methods: DNA methy-
lation in blood from 381 women and 277 men with PBB exposure was analyzed with the MethylationEPIC
BeadChip. Results: 675 CpGs were associated with PBBs levels in males, while only 17 CpGs were associated
in females (false discovery rate <0.05). No CpGs were associated in both sexes. These CpGs were enriched
in different functional regions and transcription factor binding sites in each sex. Conclusion: Exposure
to PBBs may have sex-specific effects on the epigenome that may underlie sex-specific adverse health
outcomes.

First draft submitted: 29 August 2019; Accepted for publication: 5 March 2020; Published online:
4 June 2020
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Exposure to endocrine-disrupting compounds (EDCs), a diverse class of chemicals defined by their ability to disrupt
the function or synthesis of hormones, is common in the modern world because they are present in many products
that people come in contact with, such as pesticides, plastics, electronics and household dust [1–6]. Despite their
prevalence, increased exposure to EDCs has been linked with several adverse health outcomes. Studies in animal
models and human cohorts have demonstrated that increased EDC exposure is associated with altered thyroid
hormone levels, lower birth weight and cancer [7–12]. However, there have also been sex-specific effects associated
with EDC exposure [13]. For example, in males, EDC exposure has been associated with decreases in sperm count,
infertility and prostate cancer [14–18], while in females, EDC exposure has been associated with altered menstrual
cycles, infertility and breast cancer [19–24]. Additionally, EDCs have sex-specific effects on endocrine tissues and
developmental milestones [25] and can even affect nonendocrine tissues, like neurons, and behaviors in a sex-specific
manner [26–29].

How sex-specific health effects occur following exposure to EDCs is not well understood. One potential
mechanism that might underlie sex-specific health effects is the activation of distinct biological pathways by
EDCs in males and females. These distinct biological pathways would then lead to distinct epigenetic marks
and distinct gene expression patterns and thus lead to different health outcomes. In animal models, exposure to
other estrogenic EDCs has been linked to reduced gene expression in male gonads and liver [30,31]. Additionally,
while female rats exposed to EDCs had more genes with altered expression, the genes altered in male brains
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were more likely to be genes involved in autism spectrum disorder [32,33]. EDCs also downregulated miRNAs
in the hypothalamus of male rats, but upregulated in the hypothalamus of female rats [34]. In human cohorts,
environmental exposures like arsenic are associated with global increases in H3K36me2 in men, but are negatively
associated with H3K36me2 in women [35]. Polychlorinated biphenyl, an EDC, had a stronger effect in males in
one study [36] but in another study, the effect was stronger in females [37]. Additionally, other persistent EDCs, like
p,p′-dichlorodiphenyldichloroethylene, have been associated with a much stronger epigenetic effect in males, with
many of the associated CpGs being located on the X-chromosome, indicating that there are sex-specific responses
to some environmental contaminants [37].

To further study the sex-specific effects of EDCs, we utilized the Michigan Polybrominated Biphenyl (PBB)
Registry. This registry was developed after 6–8 million people in Michigan were exposed to PBB, an EDC, that was
accidentally introduced into the food supply in 1973 [38,39]. Because PBBs are highly lipophilic and biologically
stable, members of this registry still have high levels of exposure to PBBs. Because PBBs can cross the placental
barrier and are present in breast milk, offspring of women who were exposed are also exposed to PBBs during
development [40–45]. Previous epidemiological research using this registry has reported many associations between
PBB exposure and sex-specific health outcomes. For example, women born to exposed mothers have an earlier age of
menarche and an increased risk of spontaneous abortion [46,47], whereas men born to exposed mothers have slower
pubertal development and an increased risk for genitourinary conditions [48,49]. Additionally, women who were
exposed during the incident have an increased risk of breast cancer and thyroid disease [8,50,51]. Previous epigenetic
research conducted in both sexes found that PBBs were linked to methylation of 1890 CpGs; the study also reported
that PBB-associated CpGs were correlated with estradiol-associated CpGs and were enriched for estrogen-related
transcription factor binding sites [52–54]. This supports further epidemiological research which found that higher
PBB exposure was associated with lower levels of estrogen and progesterone metabolites [55] and with in vitro work
that suggested PBB-153 had some ability to activate the estrogen receptor [56].

While PBBs have been associated with DNA methylation [52], that study would only detect CpGs associated in
both sexes, unless the CpG had a large effect in one of the sexes. Additionally, estrogenic EDCs are expected to
affect males and females differently and no studies have investigated whether there are sex-specific differences in
the association between PBBs and DNA methylation. This study uses Illumina’s MethylationEPIC BeadChip (CA,
USA) to test for associations between PBBs and DNA methylation in each sex separately. We then use existing
databases to test whether the CpGs significant in each sex differ in the biological pathways or functional positions
in a way that may give insight into how PBBs are acting in each sex.

Methods
Participant selection
As previously described [8,52,57], participants were recruited from the Michigan PBB Registry, which was started by
the Michigan state health department after the contamination incident. Participants were included in this study if
they had existing PBB levels, lipid levels and DNA methylation data from the same blood sample [52,57]. A total of
666 participants (386 women and 280 men) were included. Informed consent was obtained from each participant.
The Institutional Review Board at Emory University (Atlanta, GA, USA) approved all study protocols.

Exposure assessment
Exposure to PBBs was assessed as previously described [8,41,52,57]. Briefly, exposure to four congeners of PBB (PBB-
153, PBB-101, PBB-77 and PBB-180) was assessed using gas chromatography-tandem mass spectrometry [41]. The
value of congeners below the limit of detection in a sample was imputed as the limit of detection divided by the
square root of 2 [58]. All congeners were positively correlated with the other congeners (r = 0.23–0.99) and also
summed to give a total PBB level and transformed with a natural log for all analyses.

Epigenome-wide methylation assessment
DNA methylation was assessed on the MethylationEPIC BeadChip (Illumina) [59] as previously described [52]

and it is available on the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus
(GSE116339). Quality control (QC) and cell type estimation were conducted, as previously described [52] and it
was repeated for male and female samples separately in order to protect sex-specific epigenetic patterns. 8106 probes
were removed for missing data in the male dataset and 4468 probes were removed for missing data in the female
dataset. This resulted in a final dataset of 277 male participants with 814,920 probes and 381 female participants
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Table 1. Demographics table. Age, race and exposure information for the members of Michigan PBB Registry
by sex.

Males (n = 277) Females (n = 381) p-value

Age when sample collected (years)† 58.58 ± 11.96 51.16 ± 12.40 4.44e-14

Age when exposed (years)† 18.54 ± 11.79 12.73 ± 10.73 2.05e-10

Total PBB level (ng/ml)‡ 0.69 (5.17) 0.37 (4.14) 4.54e-7

Total PBB level (ng/g lipid)‡ 109.99 (5.43) 54.29 (4.29) 3.53e-8

Race/ethnicity§ 0.45

White/non-Hispanic 266 (96.03%) 372 (97.64%)

White/Hispanic 11 (3.97%) 9 (2.36%)

†Mean ± standard deviation.
‡Geometric mean (standard deviation).
§Number (percentage).
PBB: Polybrominated biphenyl.

with 818,441 probes. With this number of samples and tests, there is 80% power to detect an association with the
interaction between the level of PBBs and sex that explains at least 8% of the variance in methylation levels (in the
combined dataset) and 16% of the variance in methylation levels in males and 12% of the variation in methylation
levels in females using within group analyses of PBB levels [60].

Statistical analysis & software
R 3.6.1 was used for all analyses. Linear regression models were implemented in CpGassoc and were used to test
the interaction between sex and total level of PBBs (sex × total PBBs) and methylation proportion at each CpG
that passed QC in the combined sex dataset [61]. For this analysis, total PBB level, sex, age, lipid level and cell
type proportions were covariates because of their reported association with PBB and DNA methylation [52–54,62–64].
Because this sample size was underpowered to detect anything but large interactions between sex and PBBs, the
association between total PBB level and methylation proportion was next assessed at every probe that passed QC
in males and females separately, with age, lipid level and cell type proportions as covariates, using linear models
in CpGassoc. A Benjamini–Hochberg false discovery rate (FDR) of less than 0.05 was used to adjust for multiple
testing [65]. MissMethyl was used to determine whether any of the gene ontology (GO) pathways were enriched
in the results from each sex (FDR <0.05) in order to correct for the number of probes in each gene [66]. Pearson’s
correlation coefficients were used to correlate effect sizes from each of the sex-specific epigenetic analyses to the
existing PBB epigenetic analysis that was conducted in both sexes combined [52]. We also subset the women who
were postmenopausal (either by self-report or over age 55) and analyzed the association between PBBs and DNA
methylation. The results in these women were compared with the results from men using a Pearson’s correlation
coefficient. We also stratified both male and female groups by age and PBB exposure level (by median split) and
compared the results from each subtype using a Pearson’s correlation coefficients.

Chi-square tests were used to determine whether any CpG sites most associated with PBBs (FDR <0.2) were
enriched based on their functional role. This relaxed statistical cut-off was selected to make the groups of CpGs
between males and females more comparable. As previously described, CpG positions and potential functional role
by the annotation provided by the manufacturer and the publicly available ChromHMM tracks [52,67–69]. An α level
of 0.05 was used to determine statistical significance for the positional and functional enrichment. Enrichment of
transcription factor binding sites in the PBB-associated CpGs (FDR <0.05) was determined by oPOSSUM-3 as
previously described [52,70]. A Benjamini–Hochberg FDR of less than 0.05 was used to adjust for multiple testing.

Results
Study population characteristics
The study population is composed of 381 women and 277 men who are primarily White/non-Hispanic. The
population’s racial composition is indicative of the population structure of rural Michigan in the 1970s when
the exposure incident occurred. The male participants had a higher PBB exposure on an average than the female
participants (range in males: 0.01–236.73 ng/ml, range in females: 0.01–129.05 ng/ml, Supplementary Figure 1,
Table 1). The male participants were also older than the female participants (range in males: 33.1–88.4 years,
median: 57.8 years; range in females: 23.0–85.3 years, median: 50.0 years; Supplementary Figure 2). Age at sample
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collection and current PBB level were correlated in male participants (r = 0.39, p = 1.64e-11), but not in female
participants (r = 0.06, p = 0.21). Because a majority of the study population was exposed during the year-long
contamination incident, age when exposed to PBBs is highly correlated with current age in both males (r = 0.99,
p < 2.2e-16) and females (r = 0.96, p < 2.2e-16). Current lipid levels and current PBB levels were not correlated
in either sex (males: r = -0.07, p = 0.18; females: r = -0.02, p = 0.63). Estimated cell proportions also differed
by sex with women having higher proportions of CD8T and CD4T cells and men having higher proportions of
granulocytes, monocytes and natural killer cells (Supplementary Table 1).

Interaction between PBB & sex
The interaction between PBBs and sex was tested at each CpG that passed QC in the dataset that contained both
sexes. No CpGs were genome-wide significant, which is likely due to the sample size of this study and the multiple
comparisons threshold needed for statistical significance. Six probes were associated with a p < 1e-5 (Supplementary
Table 2).

Differences in DNA methylation by sex
Separating the sexes prior to filtering and normalizing the DNA methylation allowed for differences in DNA
methylation in each sex to be maintained. For probes on autosomes, slightly fewer were retained in males than
in females (Supplementary Table 3). However, for the sex chromosome probes, males had substantially fewer X
chromosome probes pass QC (odds ratio [OR] = 0.74, p = 1.64e-15) and substantially more Y chromosome probes
pass QC (OR = 14.68, p < 2.2e-16). Additionally, for the 814,635 probes that were retained in each sex, the
mean methylation across all probes was highly correlated between the sexes (r = 0.99, p < 2.2e-16), but there
were several probes that had large differences between mean methylation in females and males (range: -0.63–0.64;
Supplementary Figure 3A). Likewise, the distribution of methylation was similar in each sex (r = 0.97, p < 2.2e-
16), but there were several probes that had large differences between the interquartile range in females and the
interquartile range in males (range: -0.43–0.40; Supplementary Figure 3B).

Association between PBB & DNA methylation differs by sex
To test for sex-specific associations between PBB levels and DNA methylation, the association between each probe
and level of PBBs was assessed in each sex separately, controlling for age, lipid levels and cell type composition.
In males, 675 of the 814,920 CpGs were associated with PBB levels (Figure 1A, Supplementary Table 4), while
in females 17 of the 818,441 CpGs were associated with PBB levels (Figure 1B, Supplementary Table 5). Six
CpGs on the X chromosome associated with PBBs in males, while none of the results in females were on the sex
chromosomes.

Results from both analyses were moderately correlated with the results from the analysis in the combined dataset
(males: r = 0.69, p < 2.2e-16; females: r = 0.70, p < 2.2e-16; Supplementary Figures 5 & 6) [52]. In males,
methylation was positively associated with PBB levels in 71.85% of the significant CpGs (Figure 1C), while in
females, a smaller proportion of CpGs (58.82%) had a positive association between methylation and PBB levels
(Figure 1D). Additionally, none of the CpGs that were significant in the male analysis were significant in the female
analysis. In general, there was little overlap among the significant CpGs identified in either sex (Figure 3, Table 2).
Furthermore, while the direction of effect was the same 64% of the time, which is more than one would expect due
to chance (p = 1.87e-14), 36% of the time the effects were in opposite directions. For the 692 CpGs significant in
either sex, the effect sizes in males and females were only moderately correlated (r = 0.37, p < 2.2e-16; Figure 2).
The correlation in effect sizes between males and females was similar if the association was compared in just people
with higher exposure (r = 0.32, p < 2.2e-16), in older people (r = 0.29, p = 1.38e-14), in younger people (r = 0.36,
p = 2.2e-16) and when postmenopausal women were compared with men (r = 0.37, p = 2.2e-16). The correlation
in effect sizes between males and females was lower in people with lower exposure (r = 0.11, p = 0.002).

In males, 484 of the 675 CpGs (71.7%) associated with PBBs were annotated to genes. Many of the results were in
genes that are members of the cytochrome P450 family (CYP26C1, CYP2S1 and CYP3A7), are endocrine-related
(SSTR4 and STX16) or are involved in gene regulation (HDAC4, MIR1268A, MIR1975, MIR377, ZNF211,
ZNF418, ZNF507, ZNF 509 and ZNF71, Supplementary Table 3). In females, 14 of the 17 CpGs (82.4%)
associated with PBBs were annotated to genes. Some of these results are in genes that are involved in endocrine-
related disease (PTPRN2) or immune function (SEMA4D, Supplementary Table 4).
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Figure 1. Total polybrominated biphenyl level is associated with different CpGs in each sex. A Manhattan plot of the association of total
PBB level with DNA methylation proportion at 814,920 sites in males (A) or 818,441 sites in females (B). 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 PBBs. The blue line indicates statistical significance
(FDR <0.05). In males, 675 CpGs had a statistically significant association with total PBB level, while in females, 17 CpGs were associated.
In males, 71.85% of these significant CpGs (blue) had increasing methylation levels with higher PBB levels (C), while in females, 58.82% of
these significant CpGs (blue) had increasing methylation levels with higher PBB levels (D). The effect size is the beta coefficient from the
regression of DNA methylation proportion on total PBB level, controlling for age, lipids and estimates cell type proportions.
FDR: False discovery rate; PBB: Polybrominated biphenyl.

To test whether there were distinct biological pathways enriched in males and females, enrichment for GO
terms was investigated in the results from each sex. Two terms were significantly enriched in the results from males
(GO:0007156: homophilic cell adhesion via plasma membrane adhesion molecules and GO:0098742: cell-to-cell
adhesion via plasma-membrane adhesion molecules), but no GO terms were enriched in the results from females.
Importantly, the top terms enriched in males were not enriched in the top terms in females and the top terms
enriched in or the top terms in females were not enriched in males (Table 3, Supplementary Table 6).

Enrichment in functional regions differs by sex
Next we sought to test whether different functional regions were impacted by PBBs in males and females. The
top CpGs associated with PBBs in males were enriched in polycomb regions (OR = 1.08, 95% CI: 1.04–1.12,
p = 3.73e-5), regions of low activity near high activity areas (OR = 1.19, 95% CI: 1.14–1.24, p = 1.50e-15),
transcription-associated regions (OR = 1.30, 95% CI: 1.25–1.36, p < 2.2e-16) and promoter flanking regions
(OR = 1.12, 95% CI: 1.00–1.24, p = 0.03). The same were depleted in heterochromatin regions (OR = 0.93, 95%
CI: 0.90–0.97, p = 0.002), insulator regions (OR = 0.87, 95% CI: 0.79–0.95, p = 0.002) and inactive and active
promoters (inactive promoter: OR = 0.75, 95% CI: 0.68–0.82, p = 6.30e-10; active promoter: OR = 0.71, 95%
CI: 0.68–0.74, p < 2.2e-16). In females, the top CpGs associated with PBBs were enriched with transcription-
associated regions (OR = 1.37, 95% CI: 1.16–1.60, p = 0.0001) and strong and weak enhancers (strong enhancers:
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Table 2. CpGs most associated with polybrominated biphenyl levels in each sex.
CpGs most associated with PBB in males

CpG Gene Position T-statistic in males p-value in males T-statistic in
females

p-value in females

cg01471923 SSTR4 chr20:23015091 -6.67 1.47E-10 -0.84 0.39

cg05265607 SLIT1 chr10:98900817 6.33 1.02E-09 1.35 0.17

cg22823821 MIR377 chr14:101528332 6.29 1.28E-09 0.35 0.72

cg07463740 chr5:172737556 -6.28 1.35E-09 -1.81 0.07

cg12560768 STX16 chr20:57248316 6.06 4.54E-09 2.49 0.01

cg08131081 ABCA3 chr16:2347567 5.91 1.01E-08 0.01 0.98

cg14692377 SLC6A4 chr17:28562685 5.87 1.23E-08 1.52 0.12

cg09934938 CERS1 chr19:19000923 5.83 1.55E-08 1.06 0.28

cg16491680 SSTR4 chr20:60528285 -5.83 1.57E-08 -0.45 0.65

cg16558906 SLIT1 chr3:78546329 5.69 3.26E-08 1.33 0.18

CpGs most associated with PBB in females

CpG Gene Position T-statistic in males p-value in males T-statistic in
females

p-value in females

cg17551009 MIF-AS1 chr22:24242020 0.93 0.34 5.66 2.97E-08

cg18407955 PTPRN2 chr7:158110685 0.99 0.32 5.63 3.41E-08

cg20108327 MTUS1 chr8:17534512 0.64 0.52 5.39 1.20E-07

cg13703714 COL11A2 chr6:33159593 1.14 0.25 -5.31 1.88E-07

cg15808668 IP6K3 chr6:33710837 2.31 0.02 5.28 2.17E-07

cg06488678 TMPRSS9 chr19:2390040 1.40 0.16 -5.25 2.54E-07

cg16402161 ACSL1 chr4:185677585 1.22 0.22 5.15 4.13E-07

cg27234239 RALB chr2:121010047 -1.17 0.24 -5.11 4.97E-07

cg17095257 PDE8A chr15:85609662 -0.10 0.91 5.08 5.79E-07

cg01078620 chr17:7548313 -1.22 0.22 -5.07 6.13E-07

The ten CpGs most associated with PBBs in each sex were not associated with PBBs in the other sex.
PBB: Polybrominated biphenyl.

Table 3. Gene ontology pathways most enriched in polybrominated biphenyl-associated CpGs.
Gene ontology Term p-value in males FDR in males p-value in

females
FDR in females

GO:0007156 Homophilic cell adhesion via plasma membrane adhesion
molecules

6.30E-09 0.0001 1 1

GO:0098742 Cell-cell adhesion via plasma-membrane adhesion molecules 1.12E-06 0.01 1 1

The top GO pathways with PBB-associated CpGs in males were not associated enriched in the females (no pathways were significantly enriched in females).
FDR: False discovery rate; GO: Gene ontology; PBB: Polybrominated biphenyl.

OR = 1.39, 95% CI: 1.00–1.87, p = 0.04; weak enhancers: OR = 1.32, 95% CI: 1.03–1.67, p = 0.02) and were
depleted in active promoters (OR = 0.70, 95% CI: 0.58–0.83, p = 0.0001; Figure 4).

Different transcription factor binding sites enriched in each sex
To better assess whether different biological pathways were affected by PBBs in males and females, enrichment
for transcription factor binding sites was tested for the PBB-associated CpGs in each sex separately. In males,
the binding sites for 42 transcription factors were significantly enriched or depleted in the PBB-associated CpGs
(Supplementary Table 7). In females, the binding sites for 18 transcription factors were significantly enriched or
depleted in the PBB-associated CpGs (Supplementary Table 8). Only 10 transcription factors were enriched in
both sexes and 20% of the shared transcription factors had their association in the opposite direction. Both males
and females had nuclear hormone receptors and transcription factors involved in xenobiotic metabolism enriched
in the results (females: Esrrb, NR4A2, Arnt, HIF1A::ARNT; males: PPARG::RXRA, Esrrb; ESR2, NR4A2,
RORA 1; RXR::RAR DR5; Arnt::Ahr; HIF1A::ARNT; Arnt, PLAG1). However, males had more transcription
factors enriched in these pathways than females. Males also had enrichment for transcription factors involved in
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Figure 2. Effect sizes of polybrominated biphenyl-associated CpGs is only moderately correlated between males
and females. Out of the 692 CpGs associated with PBBs in either sex (FDR <0.05), the effect size for the analysis in
males was only moderately correlated with the effect size in females (r = 0.37, p < 2.2e-16). Generally, the CpGs
associated with PBBs in females (gray triangles) had a very small effect in males and the CpGs associated with PBBs in
males (black circles) had a very small effect in females. The effect size is the β coefficient from the regression model.
The solid line is the regression line between the two effect sizes. The dashed lines are an effect size of zero.
FDR: False discovery rate; PBB: Polybrominated biphenyl.

immune function (NFATC2, ARID3A, Tal1::Gata1, EBF1, NFKB1, Foxd3, STAT1, Stat3, TLX1::NFIC), male
reproductive function (Spz1, SRY) and females had members of cancer-related pathways, like C-MYC enriched
(MAX, Myc).

Discussion
In this study, we investigated sex specific associations between PBBs and DNA methylation by utilizing a cohort that
was highly exposed to PBBs. We then tested whether the sex-specific epigenetic marks were correlated between the
sexes and whether they were enriched for any biological pathways, transcription factor binding sites or functional
regions that could give insight into how PBBs may influence gene regulation in each sex. While no CpGs were
associated with the interaction between PBBs and sex, this is most likely due to the sample size being too small to
detect an association given the number of tests which needed to be corrected for. However, when the association
between PBBs and DNA methylation was tested in each sex separately, we found that men had 675 CpGs that
significantly associated with current PBB level, with 71.85% of them having higher methylation with higher PBB
concentrations and that women had 17 CpGs that were significantly associated with current PBB levels, with
58.82% of them having higher methylation with higher PBB concentrations. Additionally, finding a stronger effect
of PBBs on the male epigenome is consistent with the majority of other studies that found a stronger effect or more
CpGs associated with arsenic or EDC exposure in males [35–37]. However, it is not consistent with the study that
found more CpGs associated with polychlorinated biphenyls in females [37].
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Figure 3. Scatterplots of the CpGs most highly associated with total polybrominated biphenyl levels. The top CpGs
most associated with total PBB levels were only associated in either males (black circles) or females (gray triangles):
cg05265607 (SLIT1, males: p = 1.02e-9; females: p = 0.17) (A) cg22823821 (MIR377, males: p = 1.28e-9; females: p = 0.72)
(B) cg17551009 (MIF-AS1, males: p = 0.34; females: p = 2.97e-8) (C) cg18407955 (PTPRN2, males: p = 0.32; females:
p = 3.41e-8) (D). The solid line is the regression of DNA methylation proportion at that CpG on total PBB level in males
(controlling for age, lipids and estimates cell type proportions) and the dashed line is the regression of DNA
methylation proportion at that CpG on total PBB levels in females (controlling for age, lipids and estimates cell type
proportions).
PBB: Polybrominated biphenyl.

It is possible that the stronger effect seen in men could be due to men having a more sensitive response to
estrogen-like chemicals than women who have a wider range in natural estrogen levels. Since PBBs have been
associated with estrogen signaling previously [52] and with estrogen-related transcription factors in this analysis, the
stronger effect seen in men could be due to PBBs acting as a weak estrogen. It is also possible that the stronger effect
seen in men is due to men having higher body burdens of PBBs. However, if the stronger effect was simply due
to men having higher PBB levels, then one would expect that the same CpGs would have the largest association
in both sexes, but they would only reach statistical significance in men. Contrary to that, men and women had
distinct CpGs associated with PBBs and none of the CpGs that were significant in one sex were near significance
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Figure 4. CpGs most associated with polybrominated biphenyls in each sex are enriched in positional and functional
regions. Enrichment tests were conducted to determine if the CpGs most associated with polybrominated biphenyl
(PBB) were enriched in certain functional regions. PBB-associated CpGs in males were enriched in polycomb regions,
areas of low activity near regions of high activity, transcription-associated regions and promoter flanking regions and
depleted in active and inactive promoters, insulator and heterochromatin regions; in females, PBB-associated CpGs
were enriched in transcription-associated regions and strong and weak enhancer and depleted in active promoters.

in the other sex. Additionally, the effect sizes of significant CpGs were only moderately correlated between the
sexes, in both the total study population and the strata, with the most significant CpGs in one sex having a small
effect size in the other sex. The direction of effect in one sex was also in the opposite direction of the effect in the
other sex in 36% of the significant CpGs. These different CpGs associated with PBB levels were also enriched in
different biological pathways. The CpGs in males were enriched for two GO terms involved in cell adhesion, which
plays a critical role in many different biological processes including immune function. However, the GO terms
enriched in males had no evidence of enrichment in females and the top GO terms were not similar between the
two analyses. Taken together, this suggests that PBBs could have a sex-specific effect on the epigenome with CpGs
in different biological pathways being affected, which could provide a mechanism for sex-specific health effects
from environmental exposures. However, it is also possible that the difference in CpGs associated with PBBs in
each sex is a consequence of the difference in health outcomes experienced by men and women. Additionally, most
of the CpGs identified in this study were also not identified in the epigenome-wide association study (EWAS) that
analyzed both sexes together [52], indicating that sex-specific effects of EDCs can be missed in combined analyses.
A sex-specific analysis in epigenome wide analyses should be considered in addition to the combined-sex analysis
in order to get a more complete picture of how environmental factors are affecting the epigenome.

We also found that the CpGs most associated with PBBs in males had different functional enrichment from
the CpGs most associated with PBBs in females, further emphasizing the difference in how PBBs affect the male
and female epigenome. In functional categories defined by ChIP-seq data, the most associated CpGs in both males
and females were enriched in transcription-associated regions and depleted in active promoters. However, only
males had enrichment in polycomb regions, promoter flanking regions and regions of low activity near regions
of high activity and depletion in insulator regions and inactive promoters; and only females had enrichment
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in strong and weak enhancers. Because the relationship between positional methylation and gene expression is
unclear [71,72] and it is unclear which genes enhancers might be acting upon, it is difficult to say exactly how these
functional enrichments could affect health outcomes. However, finding differences in functional enrichment in the
results from men and women indicate that different biological pathways are being involved in each sex following
PBB exposure. This could explain some of the sex-specific health outcomes from PBB exposure. While some of
these enrichment differences may be due to the differences in the number of CpGs most associated in males and
females, the threshold for association was lowered to FDR <0.2 in order to minimize this difference. No studies
have investigated functional enrichment differences by sex and so it is not known whether there are sex-specific
functional enrichments with other environmental exposures.

Complementary to finding differences in function enrichment, we also found differences in the transcription
factor binding sites enriched in men and women. The binding sites for more transcription factors were enriched in
the results from men compared with women. While both males and females had CpGs enriched near the binding
sites for transcription factors that are nuclear hormone receptors, estrogen-related signaling transcription factors and
related to xenobiotic metabolism, males had more of each category enriched in their results (n = 10) than women
did (n = 4). Together, this may further support that PBBs have a stronger effect in men. Additionally, transcription
factor binding sites related to immune function and male reproductive function were only enriched in the CpGs
significant in males and transcription factor binding sites related to cancer development, like C-MYC, were only
enriched in CpGs significant in females. Furthermore, out of the 10 transcription factor binding sites enriched in
both sexes, there was no correlation in their Z-scores and 20% of them were associated in the opposite direction.
This demonstrates the different biological pathways associated with PBBs in each sex and that the effects of PBBs
on the male and female epigenome are distinct. These distinct epigenetic effects could underlie sex-specific health
effects from PBB exposure like genitourinary conditions in men or increased breast cancer risk in women [48,50].
No other study has tested for sex-specific enrichment of transcription factor binding sites with an environmental
contaminant, so it is not known if these results would be seen in sex-specific studies of other EDCs. The differences
in transcription factors enriched in the results of each sex and the differences in direction of effect further highlights
that there may be sex-specific differences from environmental exposures.

The findings of this study should be considered in light of its limitations. We were only able to test peripheral
blood samples and there are most likely sex-specific effects in other tissues. Additionally, our sample size is not
large enough to detect interactions between sex and PBB levels that account for less than 8% of the variance in
methylation levels so we were unable to determine if there are smaller effects common to both sexes. There is also
no other study population that has been assessed for their exposure to PBBs, making it impossible to replicate our
results at this time. However, this study population is unique because they were highly exposed to a single EDC
during a distinct time frame and they have been followed for the past 40 years, making them a valuable resource
for environmental health studies.

Conclusion
This study found the first evidence that PBBs may have sex-specific effects on the epigenome, with 675 CpGs
associating with PBBs in men and 17 different CpGs associating with PBBs in women. We also found that the
most associated CpGs in men and women were enriched in different functional and positional regions. Finally,
men and women had different transcription factor binding sites enriched near their most associated CpGs and even
the transcription factors in common had differences in direction of association for 50% of the transcription factors.
This suggests that there may be different transcription factors affected by PBB exposure in men and women, and
therefore different CpGs associated with PBB exposure in men and women. Sex-specific epigenetic associations
have the potential to underlie sex-specific health risks from environmental exposures.

Future perspective
Recent scientific studies have shown an increased appreciation of sex as a biological variable, which has been
shown to influence a wide variety of physiological processes, such as cellular metabolism, disease manifestation and
progression, and hormonal and reproductive health outcomes [73]. This study further emphasizes the importance
of sex in biological studies by indicating that there are sex-specific effects on the epigenome from environmental
exposures that are missed by analyses that combine the sexes. These sex-specific associations can increase our
understanding of how environmental exposures affect human health and future studies should consider sex-specific
biological responses to environmental stimuli.
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Summary points

• We analyzed the association between exposure to polybrominated biphenyls (PBBs) and genome-wide DNA
methylation levels in 277 men and 381 women in order to test for sex-specific epigenetic effects.

• 675 CpGs were associated with PBB levels in men and 17 CpGs were associated in women (false discovery rate:
<0.05). No CpGs were associated in both sexes, and the effect size for associated CpGs were only moderately
correlated.

• Most of the CpGs identified in this analysis were distinct from those identified in the analysis with the sexes
combined, indicating that a combined-sex analysis may miss sex-specific CpGs.

• The CpGs associated with PBB levels in men were enriched in cell adhesion pathways and were not enriched in
the results from women.

• The CpGs most associated in men were in distinct function regions than the CpGs most associated in women, with
men having enrichment in transcription-associated regions and women having enrichment in enhancer regions.

• PBB-associated CpGs in men were enriched near more and distinct transcription factor binding sites than
PBB-associated CpGs in women, including near transcription factor binding sites involved in male reproduction.

• Taken together, this could indicate that PBBs may have sex-specific effects on the epigenome and that a stronger
effect is seen in men, consistent with PBB acting weakly estrogenic.

• This is the first study of the sex-specific epigenetic effects of PBB exposure and finding sex-specific epigenetic
marks could suggest a mechanism for sex-specific health problems from PBB exposure.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at:

www.futuremedicine.com/doi/suppl/10.2217/epi-2019-0179
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