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(P<0.05 ESR1 CpGs
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Toxicol 2017; Sci Rep 2016; Environ Res
2016 ,
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total-OH-MiNP total-cx-MiNP
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0.1 DMP CpG
FDR
cg05392644  FDR=0.069
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PCB , H19 LINE1

, PCB H19
LINE1 ,

IGF2/H19, LINE1

PFASs

DNA
DNA

PFAS
, PFOS
, PFOA
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, DMR

, ZFP57 imprinting control
region

Risoetal.

2016  SMAD3

(DeVries et al. 2016) GFPTZ2
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DNA
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PCB

PCBs

2009 2011
29
32.0
mono-ortho PCB 21
2
92 82 29
26
mono-ortho PCB 21 Total
TEQ 3.9
pg/g lipid 2.6 9.1 pg/g lipid
6.5 pg/g

lipid 3.1 18pg/g lipid

31

49
10
pg/g lipid 3.2 23 pg/g lipid
2008

94 Total PCBs 81

33 ng/g lipid 6.6 200 ng/g
lipid

98 pg/g whole 25 460 pg/g
whole PCBs
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1999 2004
49 Total PCBs
81 ng/g lipid 30 390 ng/g lipid
98 pg/g
whole 25 460 pg/g whole
49
Total PCB

Total PCBs
94 93
60 ng/g lipid
1 200 ng/g lipid

PCBs

Total dioxin
Total PCB 1
Total

dioxin Total PCB

MnBP
100 MiBP 100 MEHP 65.0%
MECPP  95.0%
MBzP 5.0  MEHHP
5.0 cx-MiNP 0%

2014

DEHP  47% DINP  26% DBP
4%
DEHP  DBP DiINP
DiINP
(ng/ml) MnBP 18.5 MiBP 5.9 MEHP
0.405 MECPP 0.24
648
648
(ng/ml) MnBP 47 MiBP 3.4 MEHP
7.2 MECPP 0.37
MnBP MEHP
MiBP
20
84 MEHP 0.52
+ 0.61 p g/mL( + SD)
(EHP 2003) 123

(ng/ml) MIBP 1.77
MnBP 2.46 MBzP 1.26 MEHP 1.18
MECCP 1.64 MiNP <LOD
(Reproduction 2014)

DEHP MEHP
DnBP DiBP
MnBP MiBP
(
14 267 . 2002
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33 . 2010 .)

Minatoya, 2018

BPA
Harley, 2013;
Mustieles, 2015; Giesbrecht, 2017

BPA ADHD
ADHD
BPA
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DEHP
DBP
DNA
A BPA
DNA
BPA
DNA
AHRR, MYOI1G,
BPA GFI1 Morales E et al., 2016, Joubert
Hanna, 2012 Kim, BR et al ., 2016, Kiipers LK et al., 2015
2017 BPA
Martin, 2018
450K
GO
n
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Minatoya,
2017 Minatoya, 2017



ADHD total-OH-MiNP
CYPIAI 1 CpG MQL 50%
total-OH-MiNP 170
ADHD

total-MiNP total-OH-MiNP

ADHD
DNA

DEHP DNA
Diisononyl phthalate DiNP
Frederiksen DEHP DNA
cx-MiNP
0.67 ng/mL  43.3%
MiNP OH-MiNP
cX-MiNP 1.01 ng/mL
6.31 ng/mL 8.85 ng/mL 2
5
35% 95% 92%
total
Ql/Qz_sampIe Ql/QZ_RM
QL/Q2 rux 1.3 QL/Q2 rm
x 0.7
2 3 6 MDL DEHP
MQL
total-cx-MiNP
MDL 65%
MQL 89% 10
total-MiNP total-OH-MiNP
total-cx-MiNP MDL 2009 2011
9.6% 51% 76% MQL 50% 51 29
78% total-cx-MiNP 32.0
MQL mono-ortho PCB 21
total-MiNP 2
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29 26
32
mono-ortho PCB 21
Total TEQ
5.3 pg/g lipid 2.8 27 py/g
lipid 6.5 po/g lipid
3.1 18 pg/qglipid
PCBs
1999 2004
49
Total PCBs 81 ng/g lipid
30 390 ng/g lipid
98 pg/g whole 25 460
pg/g whole

85 Tota PCB

11 PCB/dioxin

FDR False Discovery
Rate 0.05

FDR
CpG
2 CpG  FDR
cg01228410 FDR=0.010
SLC9A3 cg18267081 FDR=0.010 TSSC1
SLC9A3
TSSC1

PCB. FDR 0.05

FDR
CpG
CpG 2
CpG  FDR

€g16848072 FDR=0.018 ANAPC13
€g05392644 FDR=0.0003 IDH3A
cg08181060 FDR= 0.0024 ADAT2
ANAPC13
ADATZ  tRNA

IDH3A CpG
€g05392644 FDR=0.069 PCB
€g05392644 FDR=0.0003
PCB/dioxin

PCB

EHP. 2006, Environ. Res.2009,
Environ. Res.2011
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30
ADHD
562 ADHD
1263
3
6 ADHD
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Psychiatry Research
2017
450k 562

CpG
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SMAD3,
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pg/g lipid 2.6 9.1 pg/g lipid PCBs
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(n=169) (n=77) (n=92)
n (%) n (%) n (%) p

( ) 30.3+4.8 30.5+5.0 30.1 £4.6 0.626

(cm)?4 158.7+5.1 1582+5.1 158.9+49 0.349

(kg)2d 53.6+8.3 52.6 +8.0 543+8.3 0.163

(<12 )P 72 (42.6) 29 (37.7) 43 (46.7) 0.235

b 14 (8.3) 6(7.8) 8(8.7) 0.832

(<500 i 118 (69.8) 53 (68.8) 65 (70.7) 0.797

1 /)

b 84 (49.7) 38 (49.4) 46 (50.0) 0.933

b 94 (55.6) 42 (54.5) 52 (56.5) 0.797

b 31(18.3) 10 (13.0) 21(22.8) 0.988

b 31(18.3) 11 (14.3) 20 (21.7) 0.259

(n=14) (n=6) (n=8)
()P 6 (42.9) 3(50.0) 3(37.5) 0.640
(g/day)°e 0.0 (0.0-51.8) 0.0 (0.0-51.8) 0.0(0.0-14.8)

(mg/day)® 117.1 (3.0425.5) 114.0 (10.5-356.5) 108.3 (3.0-425.5) 0.856

( N 73(43.2) 31 (40.3) 42 (45.7) 0.481

b 31(18.3) 61 (16.9) 18 (19.6) 0.642

(g)* 3,141.6 +322.7 3,167.8 +280.3 3,119.6 £ 354.6 0.335

(cm)2d 484+19 48.7+23 482+1.5 0.106

(cm)3d 333+1.2 33.7+1.1 329+1.2 <0.001

(cm)2d 31.8+1.3 319+ 1.1 31.7+1.5 0.254

( ) 395+1.0 39.3+0.9 39.6+ 1.1 0.072

at ;P ; ¢ Mann-Whitney  U- ; d + ;e ( - ); f Versus
2. PCBs
(pg/g lipid)
(%) 25 75

Total PCBs 100.000 107,773.8 16,016.9 67,666.1 101,278.2 132,403.8 326,821.0
TriCBs 1.144 1,540.1 238.9 893.7 1,189.8 1,662.7 17,655.2
TetraCBs 6.134 6,796.8 1,692.9 4,610.2 6,278.5 8,130.6 24,037.5
PentaCBs 6.134 6,796.8 1,692.9 4,610.2 6278.5 8,130.6 24,0375
HexaCBs 47.262 49,210.1 6,120.2 30,847.8 45,523.0 60,376.2 159,214.1
HeptaCBs 30.743 34,316.8 3,658.7 19,4234 29,622.5 43,184.4 167,252.1
OctaCBs 6.454 6,976.2 1,108.1 4,268.3 6,224.6 8,891.0 22,737.6
NonaCBs 0.876 968.5 203.6 608.9 881.3 1,206.1 3,463.2
DecaCBs 0.477 507.0 93.5 333.2 454.7 565.6 3,300.5
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3. PCBs IGF-2, H19, LINE-1
IGF-22 H19° LINE-1¢

PCBs B (95% CI) B (95% CI) B (95% CI)

(n=169)
HeptaCBs 0.003 (-0.018, 0.023) 0.009 (-0.002, 0.021) 0.005 (0.000, 0.010)*
DecaCBs -0.007 (-0.032, 0.018) 0.017 (0.003, 0.031)* 0.003 (-0.003, 0.009)
Total PCBs -0.002 (-0.025, 0.020) 0.010 (-0.003, 0.023) 0.004 (-0.002, 0.009)

(n=77)
HeptaCBs -0.001 (-0.035, 0.034) 0.007 (-0.013, 0.026) 0.001 (-0.007, 0.009)
DecaCBs -0.004 (-0.038, 0.030) 0.005 (-0.014, 0.024) 0.002 (-0.006, 0.010)
Total PCBs 0.002 (-0.033, 0.038) 0.004 (-0.016, 0.024) 0.000 (-0.008, 0.009)

(n=92)
HeptaCBs -0.003 (-0.030, 0.024) 0.010 (-0.006, 0.025) 0.008 (0.002, 0.015)*
DecaCBs -0.009 (-0.046, 0.028) 0.029 (0.010, 0.051)* 0.005 (-0.005, 0.014)
Total PCBs -0.011 (-0.041, 0.020) 0.013 (-0.005, 0.031) 0.007 (0.000, 0.014)
a

) , , DNA
b
, IGF-2 , DNA
c
, IGF-2 , , DNA
B PCB 10 IGF-2, H19, LINE-1 Logio
* p<0.05.
4. DecaCB 2,2,3,3,4,4°,5,5,6,6’-DecaCB [#209] H19
(n=169) (n=77) (n=92)
n B (95% CI) B (95% CI) B (95% CI)
(93.5-<333.2 pg/g lipid) 42 Reference Reference Reference

(333.2-<454.7 pg/g lipid) 43
(454.7-<565.6 pg/g lipid) 42
(565.6-<3,305.5 pg/g lipid) 42

0.005 (-0.002, 0.012)

0.006 (-0.002, 0.013)
0.012 (0.004, 0.020)**
p for trend = 0.007

0.006 (-0.005, 0.016)

0.012 (0.000, 0.022)
0.006 (-0.006, 0.019)
p for trend = 0.253

0.008 (-0.003, 0.018)

0.001 (-0.009, 0.011)

0.017 (0.005, 0.028)**
p for trend = 0.040

B PCB
* p<0.05.

, IGF-2
H19

, DNA
Logio
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5. HeptaCBs LINE-1
(n=169) (n=77) (n=92)
HeptaCBs B (95% CI) B (95% Cl) B (95% Cl)

2,2°,3,3°,5,6,6-HeptaCB (#179)
2,2°,3,3°,5,5”,6-HeptaCB (#178)
2,2°,3,4,4°,5,6-HeptaCB (#182)
2,2’3,4,4°,5,6-HeptaCB (#183)
2,2°,3,4,4°,5,6-HeptaCB (#181)
2,2°,3,3°4,5,6-HeptaCB (#177)
2,2°,3,3,4,5,5"-HeptaCB (#172)
2,2°,3,4,4°,5,5"-HeptaCB (#180)
2,3,3°,4,4°,5,6-HeptaCB (#191)
2.2’3.3’.4.4°,5-HeptaCB (#170)

0.002 (0.000, 0.004)
0.004 (-0.001, 0.008)
0.005 (0.000, 0.009)*
0.004 (-0.001, 0.008)
0.001 (-0.002, 0.003)
0.003 (-0.001, 0.007)
0.001 (-0.002, 0.005)
0.005 (0.000, 0.010)*
0.001 (-0.002, 0.003)

0.005 (0.000, 0.010)

0.002 (-0.001, 0.005)
0.001 (-0.007, 0.008)
0.002 (-0.005, 0.009)
0.002 (-0.005, 0.009)
0.000 (-0.004, 0.003)
0.001 (-0.005, 0.008)
0.002 (-0.005, 0.010)
0.000 (-0.008, 0.009)
-0.001 (-0.006, 0.004)
0.000 (-0.008, 0.008)

0.002 (-0.001, 0.005)
0.007 (0.001, 0.013)*
0.007 (0.001, 0.013)*
0.006 (0.000, 0.012)
0.002 (-0.001, 0.005)
0.006 (0.000, 0.012)
0.001 (-0.002, 0.005)
0.009 (0.002, 0.015)**
0.002 (-0.002, 0.005)
0.008 (0.002, 0.015)*

, IGF-2

, , DNA
p PCB 10 LINE-1 Loguo
* p<0.05.
6 HeptaCBs LINE-1
(n=169) (n=77) (n=92)
n B (95% CI) B (95% CI) B (95% CI)
Total heptaCBs
(3,658.7-<19,423.4 pg/glipid) 42 Reference Reference Reference

-0.001 (-0.004, 0.002)
0.002 (-0.001, 0.005)

0.003 (0.000, 0.016)
p for trend = 0.019

Reference
0.000 (-0.003, 0.002)
0.002 (-0.001, 0.005)
0.002 (-0.001, 0.005)
p for trend = 0.065

Reference

0.000 (-0.003, 0.002)

0.002 (-0.001, 0.005)

0.003 (0.000, 0.006)
p for trend = 0.028

Reference
-0.001 (-0.003, 0.002)
0.002 (-0.001, 0.005)
0.003 (0.000, 0.007)*
p for trend = 0.015

Reference
-0.002 (-0.004, 0.001)
0.002 (-0.001, 0.005)
0.003 (-0.001, 0.006)
p for trend = 0.031

-0.004 (-0.007, 0.000)

0.001 (-0.007, 0.006)
-0.001 (-0.006, 0.004)
p for trend = 0.705

Reference
-0.002 (-0.006, 0.002)
0.002 (-0.003, 0.006)
-0.001 (-0.006, 0.004)
p for trend = 0.853

Reference
-0.002 (-0.006, 0.002)
0.000 (-0.004, 0.005)
0.000 (-0.004, 0.005)
p for trend = 0.624

Reference
-0.002 (-0.006, 0.002)
0.002 (-0.003, 0.006)
0.000 (-0.006, 0.005)
p for trend = 0.689

Reference
-0.002 (-0.007, 0.002)
0.001 (-0.003, 0.006)
-0.001 (-0.006, 0.005)
p for trend = 0.837

0.001 (-0.004, 0.004)
0.003 (-0.001, 0.006)
0.005 (0.001, 0.010)*
p for trend = 0.015

Reference
0.001 (-0.003, 0.005)
0.003 (-0.001, 0.006)
0.005 (0.000, 0.009y
p for trend = 0.031

Reference
0.002 (-0.003, 0.006)
0.003 (-0.001, 0.007)
0.005 (0.001, 0.010)*
p for trend = 0.022

Reference
0.001 (-0.003, 0.004)
0.003 (-0.001, 0.007)
0.006 (0.001, 0.011)*
p for trend = 0.005

Reference

-0.001 (-0.005, 0.002)

0.003 (-0.002, 0.007)

0.004 (0.000, 0.009)
p for trend = 0.018

Logio

(19,423.4-<29,622.5 pg/g lipid) 42
(29,622.5-<43,184.4 pg/g lipid) 43
(43,184.4-167,252.1 pg/g lipid) 42
2,2°.3,3°,5,5°,6-HeptaCB (#178)
(111.1-<907.8 pg/g lipid) 42
(907.8-<1,334.7 pg/g lipid) 43
(1,334.7-<1,968.3 pg/g lipid) 42
(1,968.3-7,130.4 pg/g lipid) 42
2,2°,3,4,4°,5,6-HeptaCB (#182)
(741.3-<4,082.7 pg/g lipid) 42
(4,082.7-<6,321.4 pg/g lipid) 43
(6,321.4-<8,726.6 pg/g lipid) 42
(8,727.6-36,847.7 pg/g lipid) 42
2,2°,3,4,4°,5,5"-HeptaCB (#180)
(1,475.7-<8,652.3 pg/g lipid) 42
(8,652.3-<12,976.4 pg/g lipid) 43
(12,976.4-<19,913.8 pg/g lipid) 42
(19,913.8-75,056.0 pg/g lipid) 42
2,2°,3,3°,4,4’,5-HeptaCB (#170)
(615.2-<2,999.1 pg/g lipid) 42
(2,999.1-<4,491.8 pg/g lipid) 42
(4,491.8-<6,462.8 pg/g lipid) 43
(6,462.8-24,488.3 pg/g lipid) 42
, IGF-2 , , DNA
B PCB LINE-1
* p<0.05.
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PFASs DNA
An epigenome-wide study of cord blood DNA methylationsin relation to prenatal
perfluoroalkyl substance exposure

Background: Prenatal exposure to perfluoroalkyl substances (PFASs) influences fetal
development and later in life.

Objective: To investigate cord blood DNA methylation changes associated with prenatal
exposure to PFASs.

Methods: We assessed DNA methylation in cord blood samples from 190 mother-child pairs
from the Sapporo cohort of the Hokkaido Study (discovery cohort) and from 37 mother-child
pairs from the Taiwan Maternal and Infant Cohort Study (replication cohort) using the Illumina
HumanM ethyl ation 450 BeadChip. We examined the associations between methylation and PFAS
levelsin maternal serum using robust linear regression models and identified differentialy
methylated positions (DMPs) and regions (DMRS).

Results: We found four DM Ps with afalse discovery rate below 0.05 in the discovery cohort.
Among the top 20 DM Ps ranked by the lowest P-values for perfluorooctane sulfonate (PFOS)
and perfluorooctanoic acid (PFOA) exposure, four DM Ps showed the same direction of effect and
P-value < 0.05 in the replication assay: ¢g16242615 mapped to ZBTB7A, cg21876869 located in
the intergenic region (IGR) of USP2-ASl, cg00173435 mapped to TCP11L2, and cg18901140
located in the IGR of NTN1. For DMRs, we found aregion associated with PFOA exposure with
family-wise error rate < 0.1 located in ZFP57, showing the same direction of effect in the
replication cohort. Among the top five DMRs ranked by the lowest P-values that were associated
with exposure to PFOS and PFOA, in addition to ZFP57, DMRs in the CYP2E1, SMIAD3,
SLC17A9, GFPT2, DUSP22, and TCERGIL genes showed the same direction of effect in the
replication cohort.

Conclusion: We suggest that prenatal exposure to PFASs may affect DNA methylation status at
birth. Longitudina studies are needed to examine whether methylation changes observed are
associated with differential health outcomes.
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Perfluoroalkyl substances (PFASs) are
synthetic compounds ubiquitously distributed
in the environment that can disrupt endocrine
system functions (Lau et a. 2007). PFASshave
long haf-lives in human: 5.4 vyears for
perfluorooctane sulfonate (PFOS) and 3.8
years for perfluorooctanocic acid (PFOA)
(Olsen et a. 2007). Furthermore, PFASs can
pass through the placental barrier (Inoue et al.
2004). Consequently, fetuses can be exposed to
PFASs via maternal circulation, which
suggests apossibility of PFAS negative effects
on embryonic and fetal development.
Epidemiological studies have shown that
prenatal exposure to PFASs has been
associated with various health outcomes,
including birth size reduction, disruption of
balance, obesity,
neurodevelopmental problems, and immune
function impairment (Apelberg et a. 2007;
Chen et a. 2013; Grandjean et a. 2012
Halldorsson et al. 2012; Kishi et a. 2017;
Olsen et a. 2009). However, the mechanisms
underlying these associations are not clear.
One hypothesis is that prenatal exposure to
PFASs might lead to health outcomes in the
offspring through epigenetic aterations in
chemical

hormone

utero because epigenetics (i.e,
modification of DNA) isanintrinsic biological
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mechanism that can be affected by extrinsic
environmental factorsin humans.

DNA methylation is an epigenetic
modification that plays a role in embryonic
development and celular differentiation
(Breton et al. 2017). It occurs by the addition
of a methyl group to a cytosine mostly at
cytosine-guanine dinucleotide (CpG) loci and
actslike agene expression switch (Hackett and
Surani 2013). Human epidemiological studies,
including genome-wide approaches, have
indicated that environmental factors such as
diet, hormones, stress, drugs, or toxicants(e.g.,
lead, mercury, or tobacco smoke) during
prenata  development influence DNA
methylation patterns in children (Breton et al.
2017). Despite a significant impact of PFASs
on heath outcomes, there were few
epidemiological studiesof epigenetic effects of
PFAS exposurein utero. Guerrero-Preston et al.
(2010) observed that cord blood PFOA
concentrations negatively correlated with cord
serum global DNA methylation levels. We al so
reported that prenatal PFOA exposure was
associated with reduced IGF2 methylation in
cord blood, which could predict infant
ponderal index at birth (Kobayashi et al. 2017).

Genome-wide methylation analyses allow
a hypothesis-free assessment of epigenetic
aterations in relation to the environmenta
factors (Christensen and Marsit 2011). To our
knowledge, only one study showed an
associ ation between maternal PFOA levelsand
genome-wide DNA methylation using 44 cord
blood samples (Kingsley et a. 2017). The
objective of the present study was to
investigate cord blood DNA methylation
changes in association with prenatal exposure



to PFA Ss using the genome-wide approach and
to determine CpG loci epigenetically
vulnerable to prenatal PFAS exposure.

450K DNA methylation analysis. We assessed
DNA methylation in cord blood samples from
190 mother-child pairs from the Sapporo
cohort of the Hokkaido Study (discovery
cohort) and from 37 mother-child pairs from
the Taiwan Maternal and Infant Cohort Study
(replication cohort) using the Illumina
HumanMethylation 450 BeadChip. After
quality control (Aryee et al. 2014), signd
intensities were normalized using functional
normalization (Fortin et a. 2014). We applied
the ComBat method to adjust methylation data
for sample plate to reduce a potential bias due
to batch effects (Leek et a. 2012). Beta-values
were calculated from signa intensities and
used for the subsequent data analyses by using
the following equation (Bibikova et al. 2011):
B = methylated / (methylated + unmethylated
+ 100).

Exposure assessment. PFOS and PFOA levels
were measured in maternal serum by using
column-switching liquid chromatography-
tandem mass spectrometry (LC-MS/MS) as
previously described (Lien et al. 2011; Okada
et a. 2012; Washino et al. 2009).

Data analysis. Cord blood cell proportion was
estimated by the method implemented in the
R/Bioconductor package minfi (Bakulski et al.
2016). Using limma packagein R, robust linear
regression analyses (Fox and Weisberg 2011)
and empirical Bayesian methods (Smyth 2004)
were applied to determine the associations of
B-value at each CpG site with either PFOS or
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PFOA  logio-transformed  concentration,
adjusted for maternal age, parity, materna
educational levels, maternal blood sampling
period, maternal pre-pregnancy BMI, maternal
smoking during pregnancy, gestational age,
infant sex, and cord blood cell estimates. Due
to the small sample size of the replication
cohort, we used only maternal age, infant sex,
and cord blood cell estimates as covariates. For
multiple comparisons, P-values were adjusted
by the false discovery rate (FDR) to obtain g-
values. Successful replication for differentialy
methylated positions (DMPs) was defined as
having the same direction of effect with those
observed in the discovery cohort and P-value
< 0.05. We adso identified differentially
methylated regions (DMRS) associated with
PFAS exposures using bumphunter function in
R/Bioconductor (Jaffe et a, 2012) and the
same models as those in the linear regression
analyses. P-values were adjusted by the
family-wise error rate (FWER). Statistica
analyses were performed using minfi, sva, and
[imma packages in R ver. 332 and
Bioconductor ver. 3.3.

Gene ontology analysis. We identified the
enrichment of genes corresponding to the
DMPs with P-vadue < 0.001 in Kyoto
Encyclopedia Genes and Genomes (KEGG)
pathways (Kanehisa et a. 2002) using
missMethyl  package R/Bioconductor
(Phipson et al. 2016)

in

The study was conducted with the informed
consent of al subjectsin the written form. The
institutional Ethical Board for human gene and
genome studies at the Hokkaido University



Graduate School of Medicine and the
Hokkaido University Center for
Environmental and Health Science approved
the study protocol. The Human Ethics
Committee of the National Health Research
Committee of Taiwan approved the study of
the replication cohort.

Epigenome-wide association study in the
discovery cohort. Maternal and infant
characteristics and their relationship to PFOS
and PFOA concentrations are described in
Table 1. Median (25" to 75" percentiles) of
PFOS and PFOA concentrations in maternal
blood were 5.2 ng/mL (3.8 to 7.1) and 1.4
ng/mL (0.9 to 2.1), respectively. The average
(= SD) age of the mothers was 29.7 + 4.8 years.
Of the 190 newborns, 84 (44.2%) were male.
We observed  datistically — significant
differences in both PFOS and PFOA levels by
parity, maternal blood sampling periods, and
smoking during pregnancy. Additionally,
PFOA level was significantly higher among
mothers with male infants, and PFOS levels
were marginally affected by the educational
level.

Figure 1 shows the results of genome-wide
analyses of the association between cord blood
DNA methylation and prenatal PFOS (Figure
1A) or PFOA (Figure 1B) exposure. The
volcano plots (Figure 1) showed imbalance in
positive versus negative methylation changes,
suggesting global methylation shifts due to
PFAS exposure.

Differentially methylated positions (DMPs).
We found epigenome-wide significant
associations (FDR ¢-value < 0.05) between
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PFOS exposure and DNA methylation for two
CpGs:. one located in the intergenic region
(IGR) of CXADRP3 (cg02044327), and
another mapped to SNAPIN (cg25705526). In
addition, significant associations between
PFOA exposure and DNA methylation for
another two CpGs were found: one located in
the IGR of AC002480.3 (cgl1260715), and
another mapped to GPR126 (cg04461802).
Top 20 DM Psranked by the lowest P-valuefor
the association with exposure to PFOS and
PFOA are shown in Table 2. Among them, four
DMPs met the criteria for replication that
showed the same direction of effect and P-
vaue < 0.05 in the replication assay:
€g16242615 mapped to ZBTB7A for PFOS;
€g21876869 located in the IGR of USP2-ASL,
900173435 mapped to TCP11L2, and
€g18901140 located in the IGR of NTNL1 for
PFOA.

Differentially methylated regions (DMRS).
Next, we assessed DMRs associated with
prenata PFAS exposures using bumphunter
function (Jaffe et al, 2012). We found one
region associated with PFOA exposure with
FWER < 0.1 that was located in the IGR of
ZFP57 and included 21 CpGs. We showed top
five regions for PFOS and PFOA exposures
ranked by the smallest P-value (Table 3). We
also compared the direction of methylation
changes in the discovery and replication
cohorts (Table 4), in which we averaged
methylation levels of each site because those
were highly correlated (data not shown). A
DMR in CYP1E2 was observed for both PFOS
and PFOA exposures. Eight of the ten regions
showed the same direction of methylation
changes in the replication cohort.



Gene ontology analysis. Lastly, we tested for
the enrichment of KEGG pathways (Kanehisa
et a. 2002) among the genes with annotated
CpGs showing P-vaue < 0.001. Among the
323 pathways analyzed, 31 and 26 KEGG
pathways were significantly enriched after
Bonferroni correction among the genes
affected by for PFOS and PFOA exposures,
respectively. Gene Ontology analyses of the
dataobtained using 450K chip are knownto be
biased for cancer-related genes (Haper et a.
2013). Human disease pathways, including
cancer, weretherefore excluded from thelist of
the pathways affected by PFAS exposures
(Figure 2). Enrichments in the pathways
involved in signal transduction and signa
molecules and interactions were observed
among the genes affected by both PFOS and
PFOA exposures

Few studies have focused on the epigenetic
effects of prenatal exposure to PFASs. In this
study, median concentrations of PFOS and
PFOA were 5.2 and 1.4 ng/mL, respectively,
which were lower than those reported in the
United States (PFOS: 8.2, PFOA: 2.9 ng/mL)
(Stein et al. 2012), Canada (PFOS:. 16.6,
PFOA: 2.1 ng/mL) (Monroy et a. 2008),
Denmark (PFOS. 21.5, PFOA: 3.7 ng/mL)
(Huang et a. 2012), Norway (PFOS:. 13,
PFOA: 2.2 ng/mL) (Starling et a. 2014), South
Korea (PFOS: 9.3, PFOA: 2.6 ng/mL) (Lee et
al. 2013), and China (PFOS. 6.7, PFOA: 4
ng/mL) (Jiang et al. 2014). Despite the low
levels of exposure, we showed suggestive
evidence for the presence of CpGs
epigenetically vulnerable to PFAS exposure in
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utero.

We observed potential global methylation
shifts resulting from prenatal PFAS exposure
(seevolcano plotsin Figure 1): up-methylation
for PFOS exposure and down-methylation for
PFOA exposure. This was consistent with
previous reports for prenatal PFOA exposure
(Guerrero-Preston et al. 2010; Kingsley et al.
2017). Two studies in adult populations have
suggested a possibility of PFAS exposure
effect on global methylation (Leter et a. 2014;
Watkins et al. 2014).

We then focused on the changes at specific
regions and found four DMPs with FDR <
0.05: ¢g02044327 (CXADRP3), cg25705526
(SNAPIN), cgl11260715 (AC002480.3), and
cg04461802 (GPR126) (Figure 1), although
these DMPs did not meet the criteria for
replication (Table 2). Among 20 DMPs with
lowest P-values for PFOS and PFOA

exposures (Table 2), four DMPs were
replicated: 916242615 (ZBTB7A),
€g21876869  (USP2-ASl), ¢g00173435
(TCP11L2), and ¢gl18901140 (NTN1).

ZBTB7A (Zinc finger and BTB domain
containing 7A) encodes a proto-oncogenic
transcription factor that interacts directly with
MBD3 (methyl-CpG-binding domain protein
3) in the nucleus (Choi et a. 2013). TCP11L2
(T-Complex 11 Like 2) codes for the TCP11
like protein. TCP11 plays arole in the process
of sperm capacitation and acrosome reactions.
USP2-ASL (USP2 Antisense RNA 1) belongs
to the non-coding RNAs. Netrin 1 (NTN1) isa
secreted laminin-like protein identified as an
axon guidance molecule.

Next, we explored DMRs that are
potentially more informative than individual



CpG sites(Solomon et a. 2017). Wefound one
down-methylated region with FWER < 0.1,
which was located in the IGR of ZFP57
(ZFP57 Zinc Finger Protein) (Table 4). ZFP57
IS necessary for maintaining repressive
epigenetic modifications at imprinting control
regions (Riso et al. 2016). We observed down-
methylation of this region in the replication
cohort (Table 4). In addition to a DMR in
ZFP57, we reported six DMRs in CYP2EL,
SMAD3, SLC17A9, GFPT2, DUSP22, and
TCERGLIL that showed the same direction of
methylation change in the replication cohort
(Table 4). Among them, methylation of
SMAD3 (SMAD Family Member 3) at birth
has been previously linked to asthma in
children of asthmatic mothers (DeVries et a.
2016). Cord blood DNA methylation of
GFPT2 (Glutamine-Fructose-6-Phosphate
Transaminase 2) was associated with adiposity
in childhood (Kresovich et a. 2017).
Furthermore, methylations of CYP2EL
(Cytochrome P450 Family 2 Subfamily E
Member 1), DUSP2 (Dual Specificity
Phosphatase 2), and TCERGIL (transcription
elongation regulator 1-like) were associated
with rheumatoid arthritis(Mok et al. 2017) and
colon tumors (Bae et a. 2014). Additionally,
PFOS inhibited the oxidation reaction of
CYP2E1 invitro (Narimatu et a. 2011).

Gene ontology analysis showed that
differentially methylated genes were enriched
in multiple KEGG pathways (Figure 2),
including signal transduction, signaling
molecules and interaction, endocrine system,
and immune system. However, in this assay we
used genes with annotated CpGs with P-value
< 0.001, i.e., not achieving epigenome-wide
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significance. It remains to be seen whether
identified DNA methylation changes are
functionally relevant.

Methylation changes derived from the
exposures to PFOS and PFOA were different.
We have reported that PFOS and PFOA
differentially affected health outcomes related
to these pathways. Prenatal exposure to PFOS,
but not PFOA, was negatively associated with
the levels of maternal fatty acids (Kishi et al.
2015), possibly disrupted both maternal and
infant thyroid hormone levels (Kato et al.
2016), and showed an inverse relationship with
cord blood levels of glucocorticoids (Goudarzi
et a. 2017). Dehydroepiandrosterone level
was positively associated with the exposure to
PFOS and negatively associated with the
exposure to PFOA (Goudarzi et a. 2017).
PFOS and PFOA showed both positive and
inverse associations with the levels of severa
reproductive and steroid hormones (Ito et al.
2016). The observed different potencies and
modes of action may partly account for the
distinct patterns of methylation changes. The
differences in PFOS and PFOA concentrations
and/or placental permeability could be an
alternative explanation.

In this epigenome-wide study, we suggested
that even relatively low levels of prenatal
exposure to PFASs impacted DNA
methylation status at birth. Further study is
needed to examine the persistence of DNA
methylation changes due to prenatal exposure
throughout life, and the associations of these
changes with health outcomes causally linked
to PFAS exposure in longitudinal studies.
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Table 1 Characteristics of study population of the discovery cohort (n=190).

PFOS (ng/mL)

PFOA (ng/mL)

Mean £SD Median Median
" (%0) (25th, 75th) P (25th, 75th) P
or correlation® or correlation®
Concentration in maternal blood
190 5.2 (3.8, 7.1) 1.4 (0.9, 2.1)
Maternal characteristics
Maternal age (year)?® 190 29.7+4.8 p= —0.087 0.233 p=—0.041 0.579
Pre-pregnancy BMI (kg/m?)®
190 21.2+3.1 p=—0.018 0.803 p= —0.056 0.444
Parity (times)®
0 104 54.7 5.7 (4.2, 8.0) 0.002 1.6 (1.2,2.4) <0.001
>1 86 45.2 4.7 (3.1, 6.2) 1.0 (0.7, 1.5)
Blood sampling period
< 28 weeks 74 38.9 5.8 (4.6,7.5) <0.001 1.7 (1.2, 2.3) 0.004
28-36 weeks 47 24.7 5.6 (4.0, 8.5) 1.3 (0.8, 1.8)
36 weeks 69 36.3 4.6 (2.8, 5.7) 1.2 (0.8, 1.8)
Ecucational level (year)®
<12 89 46.8 5.2 (4.1, 7.0) 0.966 1.3 (0.8, 1.8) 0.072
>12 101 53.2 5.3(3.6, 7.4) 1.5 (1.0, 2.3)
Annual householdincome (million yen)©
<3 38 20 5.4 (3.9, 8.0) 0.878 1.4 (0.8, 2.2) 0.541
3-5 95 50 5.1 (3.5, 7.0) 1.4 (0.9, 1.8)
5-7 40 21.1 5.4 (4.2, 6.9) 1.4 (0.9, 2.1)
>7 15 7.9 5.1 (3.0, 8.8) 2.3(0.8, 2.4)
missing 2 1.1 7.8 (4.5, 11.1)
Smoking during pregnancyb
No 157 82.6 5.3 (4.0, 7.3) 0.039 1.4 (0.9, 2.2) 0.011
Yes 33 17.4 4.3 (2.5, 6.8) 1.0 (0.7, 1.6)
Alcohol consumption during pregnancyb
No 130 68.4 5.2(3.9,7.2) 0.954 1.4 (0.9, 2.1) 0.821
Yes 60 31.6 5.3(3.7,7.1) 1.4 (0.9, 2.2)
Infant characteristics
Sex? Male 84 44.2 5.1 (3.3, 7.0) 0.117 1.6 (1.0, 2.4) 0.025
Female 106 55.8 5.4 (4.1, 7.5) 1.3(0.8,1.9)
Gestational age (week)® 190 39.9+1.0 p=0.031 0.675 p=0.093 0.203
Birth weight (g)? 190 3131 =330 p=-0.122 0.095 p=-0.118 0.104

aSpearman's correlation test (p), "Mann-Whitney U-test, °Kruskal-Wallis test
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Figure 1. Manhattan (Ieft panels) and volcano plots (right panels) of the genome-wide associations
of DNA methylation with prenatal exposure to PFOS (A) or PFOA (B) in the discovery cohort.

Left panels: Manhattan plots of P-value for the associations between prenatal PFA S exposures and
DNA methylation across chromosomes. Right panels: Vol cano plots showing P-values versus the
magnitude of effect (Coef) on DNA methylation associated with prenatal PFAS exposures.
Horizontal lines represent the significance threshold of a FDR < 0.05.
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Table 2. Top 20 CpGs ranked by the smallest P-value from the epigenome-wide analysis of the
association between prenatal PFAS exposure and cord blood DNA methylation.

Discovery cohort Replication cohort

Probe ID Gene Chr Feature? - Replicated®
Coef P-Value Coef® P-Value

log10(PFOS)

€g25705526 SNAPIN 1 TSS200 0.020 1.48E-07°*9  -0.006 0.425
cg04928693 MTX1 1 TSS1500 0.024  7.19E-07 -0.003 0.737
€g18155888° MORN1 1 Body 0.017 4.32E-06 0.023 0.277
cg17086204 PLA2G5 1 3'UTR 0.025 5.56E-06 0.000 0.955
cg10504365 TRIM67 1 TSS1500 0.032 5.84E-06 -0.022 0.003
cg01889773° GPC1 2 Body 0.030 6.92E-07 0.008 0.538
cg16845265 KLHL29 2 IGR 0.065 8.73E-07 -0.019 0.528
€g25808157 GREB1 2 Body 0.034 3.13E-06 -0.002 0.926
€g21969395 LRAT 4 TSS200 0.016 8.23E-06 -0.001 0.870
€g22953687 ZFYVEZ8 4 Body 0.025 8.25E-06 -0.018 0.117
cg12215478 SRPK1 6 Body 0.008 6.93E-06 -0.002 0.421
€g14369981° LMX1B 9 IGR 0.037 2.81E-06 0.007 0.705
cg17918227° CADM1 11 Body 0.012 7.56E-06 0.005 0.336
cg14120075° TFDP1 13 Body 0.031 3.94E-06 0.008 0.626
cg03097541° ZNF213 16 5'UTR 0.006 3.38E-06 0.002 0.131
cg01718742 CDH8 16 TSS200 0.003  4.06E-06 -0.001 0.651
€g02044327° CXADRP3 18 IGR 0.078  4.06E-08™R9 0.036 0.142
€g16242615° ZBTB7A 19 5'UTR 0.037 4.54E-06 0.035 0.028 v
€g15815607 HM13 20 Body 0.053 4.57E-06 -0.008 0.645
cg12700033 YWHAH 22 TSS200 0.006 7.41E-06 0.000 0.958
log10(PFOA)

€g23049737 RERE 1 3'UTR 0.011 1.43E-05 -0.009 0.056
cg00567854° BTG2 1 TSS1500 -0.025 1.48E-05 -0.009 0.214
cg10403518 SLC9A4 2 Body 0.038 1.75E-06 -0.014 0.083
€g22325921 DUX2 4 IGR -0.020 9.90E-06 0.002 0.719
cg05158146° MIR4460 5 IGR -0.010 6.75E-06 0.000 0.931
€g23917868° MIR145 5 TSS200 -0.020 1.76E-05 -0.006 0.289
cg04461802 GPR126 6 5'UTR -0.046  1.65E-07/PRd 0.008 0.456
cgl1260715°  AC002480.3 7 IGR -0.008 2.32E-08P"9  -0.002 0.247
€g12105980° EN2 7 IGR -0.023  1.24E-05 -0.008 0.220
cg13951074 DMRT2 9 IGR 0.010 5.09E-07 0.000 0.888
cg07661167° ZNF33BP1 10 IGR 0.032 1.62E-06 0.015 0.065
cg01486146 PAX2 10 IGR -0.014 1.50E-05 0.005 0.088
€g21876869° USP2-AS1 11 IGR -0.027 1.64E-06 -0.024 0.000 v
cg17114584 IRF7 11 Body -0.047 9.01E-06 0.001 0.928
cg00173435° TCP11L2 12 TSS200 0.006 8.52E-07 0.003 0.001 v
€g16475925° SPG7 16 TSS200 0.003 1.82E-05 0.002 0.095
cg00897875 MAP3K14 17 5'UTR -0.006 9.16E-07 0.004 0.077
€g18901140° NTNI 17 IGR -0.036 2.66E-06 -0.029 0.000 v
cg01426818° CBX4 17 IGR -0.012 5.20E-06 -0.002 0.720
€g18002862° RAP1GAPZ2 17 Body -0.008 1.22E-05 -0.002 0.146
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Abbreviations: Chr, chromosome; IGR, intergenic region; TSS, transcription start site; TSS200, 200
bases from TSS; TSS1500, 1500 bases from TSS; body, gene body; UTR, untranslated region.
aGene feature category of the methylation locus.

bPartial regression coefficient; the magnitude of the effect on DNA methylation.

“CpG that showed the same direction of effect in both the discovery and replication cohorts.
dGenome-wide significance threshold (FDR ¢ < 0.05).

€Successful replication defined as having the same direction of effect and a P-value < 0.05 in the
discovery cohort.

Table 3. TOP5 of differentially methylated regions indicated by the bumphunting method.

Gene  Chr Start End Number of Features® cGlP P-value
Probes
log10(PFOS)
CYPZE1 10 135342560 135343280 6 Body island/shore 3.75E-04
KLHL35 11 75139390 75139736 4 Body island/shore 8.86E-04
SMAD 15 67356310 67356942 5 TSS1500/1GR shore 1.09E-03
HOOKZ2 19 12876846 12877188 4 Body island/shore 1.65E-04
SLC17A9 20 61590751 61591209 4 Body island/shore 4.83E-04
log10(PFOA)
GFPT2 5 179740743 179741120 4 Body island 2.03E-03
ZFP57 6 29648225 29649084 21 IGR open sea 1.00E-047WERe
DUSP22 6 291687 293285 10 Body island 7.87E-04
CYPZE1 10 135342560 135343280 6 Body island/shore 3.72E-04
TCERGIL 10 132910868 132911152 Body open sea 1.52E-03

Abbreviations: Chr, Chromosome; body, gene body; IGR, intergenic region; TSS, transcription start

site; TSS1500, 1500 bases from TSS, FWER, family-wise error rate

aGene feature category of the methylation locus.

bRelation to CpG island.

‘FWER < 0.1
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Table 4. The average partial regression coefficient of TOP5 DMRs in the discovery and replication
cohorts.

Discovery cohort Replication cohort
Gene Chr
Average Coef® Direction® AverageCoef® Direction®
log10(PFOS)
CYPZE1 10 0.040 + 0.059 +
KLHL35 11 0.134 + -0.127 -
SMAD 15 0.128 + 0.027 +
HOOKZ2 19 -0.212 - 0.290 +
SLC17A9 20 0.165 + 0.163 +
log10(PFOA)
GFPTZ2 5 -0.100 - -0.035 -
ZFP57 6 -0.112 - -0.052 -
DUSP22 6 -0.030 - -0.113 -
CYP2E1 10 0.112 + 0.007
TCERGIL 10 0.025 + 0.009

Abbreviations: Chr, Chromosome.
@Average partial regression coefficient at CpG sitesin the region.
Pdirection of methylation change: +, up-methylated, —, down-methylated.
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Figure 2. Significantly enriched pathways among the genes with differentially methylated CpGs
associated with the exposures to PFOS (A) and PFOA (B).

White bars, observed number of genes; black bars, expected number of genes in each pathway. P <
0.001 vs. the expected number of genes.
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Figure 1. Secondary comparison of differentially methylated CpG sites identified in the
Ne-S vs. Su-S comparison relative to those identified in the St-S vs. Su-S comparison. (A)
Venn diagram showing 9 CpG sites that were common between the Ne-S vs. Su-S
comparison (46 sites) and the St-S vs. Su-S comparison (64 sites). (B) Box plots showing
methylation rates (B-value) at 9 common CpG sites.
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Figure 2. Secondary comparison of differentially methylated CpG sites identified in the
Ne-S vs. Su-S comparison relative to those identified in the Ne-S vs. St-S comparison. (A)
Venn diagram showing one CpG site that was common between the Ne-S vs. Su-S
comparison (46 sites) and the Ne-S vs. St-S comparison (15 sites). (B) Box plots showing
methylation rates (B-value) at one common CpG site.
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Figure 3. Correlation between HumanMethylation450K array (HM450K) and next
generation sequencing (NGS) data analysis for the DNA methylation status of eight CpG
sites after removing outliers. Values of Spearmen correlation coefficient (p) are indicated.

- 66 -



Table 1. Verification result for selected CpG sites using Next Generation Sequencing

P-value Mean (SD°) methylation (ratio)
Gene region CpG site®
Ne-S vs Su-S° Ne-S vs St-S¢ St-Svs Su-S Ne-S St-S Su-S
ACSM3 cg59 (cg06478823) 0.032 * 0.728 0.033* 0.700 (0.062)  0.690 (0.078)  0.722 (0.080)
AHRR cg26 1.17E-10 ** 0.258 1.55E-08 ** 0.644 (0.052)  0.636 (0.049) 0.564 (0.068)
cg28 6.64E-12 ** 0.205 6.24E-09 ** 0.640 (0.054)  0.630 (0.050)  0.549 (0.067)
cg51 (cg05575921) 1.05E-11** 0.625 9.76E-11 ** 0.615(0.060)  0.609 (0.050) ~ 0.519 (0.072)
cg71 3.73E-12 ** 0.587 1.48E-10** 0.738(0.064)  0.733 (0.057) 0.611 (0.097)
cg96 1.33E-10** 0.388 6.18E-08 ** 0.679 (0.058) 0.670 (0.057)  0.579 (0.082)
AHRR cq26 0.964 (0.984) 0.768 (0.826) 0.980 (0.980) 0.854(0.034)  0.851(0.037)  0.854 (0.035)
cg56 0.007 **(0.656) 0.827 (0.892) 0.042* (0.429) 0.785(0.150)  0.814 (0.111)  0.768 (0.150)
0g79 (cg21161138) 0.064 (0.064) 0.669 (0.576) 0280(0350)  0767(0.040)  0.755(0.063)  0.749 (0.046)
CYP1A1l €926 (cg05549655) 8.47E-04 ** 0.941 7.06E-04 ** 0.210 (0.061)  0.202 (0.053) 0.245 (0.061)
cg3l 0.008 ** 0.986 0.005 ** 0.242 (0.066)  0.236 (0.054)  0.274 (0.060)
cg42 0.009 ** 0.312 3.67E-04 ** 0.480(0.081) 0.461 (0.073) 0.518 (0.071)
cg49 0.166 0.288 0.007 0.470 (0.070)  0.453 (0.065)  0.491 (0.070)
cg57 8.93E-4 ** (0.002 **) 0.781(0.781)  7.07E-5** (2.19E-04 **) 0.566 (0.077)  0.558 (0.064)  0.604 (0.069)
IGR cg26 0.72 (0.849) 0.600 (0.600) 0.303 (0.422) 0.371(0.076)  0.367 (0.070)  0.374 (0.087)
cg75 (cg05150608) 0.024 * 0.736 0.010* 0.368 (0.066)  0.365 (0.071)  0.403 (0.080)
cq77 0.044 * 0.707 0,041 * 0.376 (0.078)  0.372(0.085)  0.415(0.110)
SHANK2 (039 (cq05780228)  2-50E-04** (L9BE-04*¥)  0.287 (0.246) 0.034%(0.034%  0590(0.042) 0579 (0.040)  0.558 (0.046)
cg67 0.09 (0.120) 0.986 (0.964) 0.163 (0.163) 0.937 (0.018)  0.938 (0.013)  0.932 (0.017)
cq74 0.025 * 0.793 0,022 * 0.848(0.027)  0.849 (0.028)  0.837 (0.027)
TRIM36 cq26 0.003 ** 0.777 0.003 ** 0.549 (0.085)  0.538 (0.088)  0.602 (0.098)
cg38 0.031 * 0.562 0.009 ** 0.569 (0.082)  0.556 (0.087)  0.606 (0.088)
0940 (cg07469926) 0.005 ** 0.678 0,002 ** 0.563(0.057)  0.551(0.065)  0.595 (0.063)
EVC2 ¢34 (cg01290904) 0.007 ** (0.007) **  0.0526 (0.042 *) 0429 (0527)  0637(0.056) 0.658(0.083) 0667 (0.054)

aCpG sites are numbered according to their position on the sequencing products,

overlapped CpG sites with Human Methylation 450K array are indicated in parentheses.
bNever-smoker. cSustained-smoker. dStopped-smoker. eStandard deviation.
Steel-Dwass tests. *, P < 0.05; **, P < 0.01, P value from analysis before removal of outliers
are indicated in parentheses.
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dioxin Total PCB 2017 108 83-
93.
3. Nakamura T, Naka K, e d.
Determination of dioxins and
polychlorinated biphenylsin breast milk,
maternal blood and cord blood from
residents of Tohoku, Japan. <ci. Total
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pa/g lipid pg/g whole
2,3,7,8-TCDD 1 0.66 ND 4.1 0.003  0.0019 ND 0.011
1,2,3,7,8-PeCDD 1 0.63 ND 3.6 0.003  0.0019 ND 0.010
1,2,3,4,7,8-HxCDD 2 1.2 ND 5.0 0.006  0.0036 ND 0.018
1,2,3,6,7,8-HxCDD 2 2.8 ND 14 0.006  0.0090 ND 0.033
1,2,3,7,8,9-HxCDD 2 11 ND 5.0 0.006  0.0033 ND 0.012
1,2,3,4,6,7,8-HpCDD 2 12 ND 56 0.006 0.037 ND 0.17
OCDD 4. 88 . 22310 00L 027 0094 __ 096
2,3,7,8-TCDF 1 ND - - 0.003 ND - -
1,2,3,7,8-PeCDF 1 2.1 ND 8.3 0.003  0.0065 ND 0.018
2,3,4,7,8-PeCDF 1 2.0 ND 8.1 0.003  0.0063 ND 0.019
1,2,3,4,7,8-HXCDF 2 11 ND 4.4 0.005 0.0031 ND 0.010
1,2,3,6,7,8-HXCDF 2 11 ND 5.6 0.005  0.0030 ND 0.013
2,3,4,6,7,8-HXxCDF 2 ND — — 0.005 ND — —
1,2,3,7,8,9-HXCDF 2 ND — — 0.005 ND — —
1,2,3,4,6,7,8-HpCDF 2 1.4 ND 8.8 0.005  0.0039 ND 0.020
1,2,3,4,7,8,9-HpCDF 2 ND — — 0.005 ND — —
OO 4 ] ND . R T 001 ND___ . T T
3,4,4'5-TCB CB81 10 ND — — 0.03 ND — —
3,3'4'4'-TCB CB77 10 13 ND 33 0.03 0.040 ND 0.095
3,3',4,4'5-PenCB CB126 10 7.0 ND 28 0.03 0.021 ND 0.066
334455-HCB CBI6Y 0 .52 ND____ 17 003 0015 ND____0.039
2'3,4,4'5-PeCB CB123 10 16 ND 150 0.03 0.048 ND 0.46
2,3',4,4'5-PeCB CB118 10 1400 120 9500 0.03 4.3 0.62 22
2,3,4,4'5-PeCB CB114 10 92 ND 700 0.03 0.27 ND 1.6
2,3,3',4,4'-PeCB CB105 10 290 ND 1800 0.03 0.88 ND 4.1
2,3'4,4'55"-HXCB CB167 10 130 ND 1300 0.03 0.38 ND 3.1
2,3,3',4,4'5-HXxCB CB156 10 420 ND 2700 0.03 1.3 ND 6.2
2,3,3'4,4'5-HXCB CB157 10 120 ND 700 0.03 0.35 ND 1.6
2334455HpCB CBIBY 0 30 ND____ 450 003 008 ____ND_____ 14
Total PCDDs 110 27 380 0.33 0.12 1.2
Total PCDFs 13 10 37 0.037 0.025 0.087
Total PCDD/PCDFs 120 37 390 0.37 0.15 1.2
Total non-ortho PCBs 30 20 64 0.091 0.060 0.16
Total mono-ortho PCBs 2600 410 17000 7.6 12 40
Total dioxin-like PCBs 2600 430 17000 1.7 12 40
Totaldioins ... 2700 480 18000 .. 81 14 41
Total PCDDs-TEQ 2.0 13 5.4 0.0059  0.0040 0.017
Total PCDFs-TEQ 1.2 0.64 3.9 0.0034  0.0017  0.0092
Total PCDDs/PCDFs-TEQ 3.1 2.0 7.4 0.0093  0.0057 0.022
Total non-ortho PCBs-TEQ 0.86 0.65 3.3 0.0025 0.0020 0.0078
Total mono-ortho PCBs-TEQ 0.076  0.0065 0.52 0.00023 0.000035 0.0012
Total dioxin-like PCBs-TEQ 0.94 0.66 3.9 0.0028  0.0020  0.0090
Total-TEQ 4.0 2.6 11 0.012  0.0077 0.026
ND
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94 PCBs ND
pg/g lipid pg/g lipid

2,26-TrCB(CB19) 10 150 ND 2400 22,3455 HxCB(CB141) 10 50 ND 280
2,2'5-TrCB(CB18) 10 830 ND 2600  2,2'34,4'5-HxCB(CB137) 10 180 ND 1100
2,4,5-TrCB(CB29) 10 120 ND 950  2,2'3,3'4,5-HXCB(CBL30) 10 190 ND 1600
2,4,4-TrCB(CB28) 10 1200 220 2900 23345 6-HXCB(CBL64) 10 1100 110 8800
2,3,4"-TrCB(CB33) 10 990 ND 2300 22344 5-HxCB(CB138) 10 2700 160 23000
2,3,4-TrCB(CB22) 10 530 ND 1400  2,3,3\4,4'6-HXCB(CB158) 10 42 ND 400
3,4,4TrCB(CB37) 10 220 ND 1600  2.2'3.34,4-HXCB(CB128) 10 61 ND 400
2,2',6,6"TeCB(CB54) 10 8.2 ND 130 2,3,4,4'5,5-HXCB(CB167) 10 130 ND 1300
2,25,5"TeCB(CB52) 10 1600 580 4000  2,3,34,4'5-HXCB(CB156) 10 420 ND 2700
2,24,5"TeCB(CB49) 10 470 120 1700  2,3,3,4,4,5-HXCB(CB157) 10 110 ND 700
2,2'4,4'TeCB(CB47) 10 380 ND 1500  2.2'34'5,6,6-HpCB(CB188) 10 53 ND 32
2,2',3,5'TeCB(CB44) 10 700 170 1600  2,2,3,3'5,6,6-HpCB(CB179) 10 3 ND 280
2,3\4'6-TeCB(CB71) 10 340 95 1200 2,2,33'5,56-HpCB(CB178) 10 280 ND 2800
2,3,4'5-TeCB(CB63) 10 44 ND 230 2,2,3,4,4'5,6-HpCB(CB182) 10 1200 100 15000
2,4,4'5-TeCB(CB74) 10 1000 250 3000 2,2'34,4'5,6-HpCB(CB183) 10 300 ND 3200
2,3\4'5-TeCB(CB70) 10 530 85 1600  2,2,344'56-HpCB(CB181) 10 56 ND 66
2,3\4'5-TeCB(CB76) 10 ND - —  22334'5,6-HpCB(CBL77) 10 270 ND 3400
2,3,4,4"TeCB(CB66) 10 510 75 1600  2,2,3,3,4,4'6-HpCB(CB171) 10 100 ND 1000
2,3,34/2,3,4,4"TeCBs(CB56/60) 10 310 49 1100  2,2,3,3,4,5,5-HpCB(CB172) 10 170 ND 1800
2,2'4,6,6-PeCB(CB104) 10 9.2 ND 170 2,2'3.4,4'5,5-HpCB(CB180) 10 2200 140 21000
2,2'3,5',6-PeCB(CBIS) 10 900 206 3400 23344'5,6-HpCB(CB191) 10 16 ND 180
2,2'3,5,5-PeCB(CBI2) 10 190 5 500  2,2,3,3'4,4'5-HpCB(CB170) 10 790 ND 7700
2,2'4,5,5-PeCB(CB101) 10 840 190 2000  2,334,455-HpCB(CB189) 10 29 ND 450
2,2'4,4'5-PeCB(CB9Y) 10 970 120 5400 2,2,33'5,56,6-0cCB(CB202 10 100 ND 1100
2,34,4',6-PeCB(CB119) 10 21 ND 140 2,2'3,3'4,5'6,6-0cCB(CB201 10 12 ND 260
2,3,4',5,6-PeCB(CB117) 10 140 ND 620  2,2,3,3'4,556-0cCB(CB200 10 8.4 ND 140
2,2'3,4,5-PeCB(CB8T) 10 190 ND 620  2,23,34,55'6-/2,2'3,3'4,56,6"

2,2',34,4'PeCB(CBS5) 10 120 ND 320  OcCB(CBL98/199) 10 310 ND 3500
2,3,34',6-PeCB(CB110) 10 200 ND 720 22344'556-0cCB(CB203) 10 150 ND 2300
2,3,3 4',5-PeCB(CB107) 10 100 ND 470 22334,4'5,6-OcCB(CB195) 10 61 ND 550
2'3,4,4',5-PeCB(CB123) 10 16 ND 150  2,2,3,3'4,4'5,5-0cCB(CB194) 10 400 ND 2500
2,3'4,4'5-PeCB(CB118) 10 1400 120 9500  2,334,4'5,5'6-0cCB(CB205) 10 24 ND 390
2,3,4,4"5-PeCB(CBL14) 10 o1 ND 700 2,2'33'4,5,5'6,6-NoCB(CB208) 10 24 ND 640
2,3,3'4,4-PeCB(CB105) 10 290 ND 1800 2233 4.4'5,6,6-NoCB(CB207) 10 10 ND 270
2,2,3,5,5',6-HXCB(CB151) 10 10 ND 130 2,2'3,3'4,4'5,5',6-NoCB(CB206) 10 280 ND 2000
2,2,3,3'5,6-HXCB(CB135) 10 76 ND 400 2,2,33,4,4'55'6,6-DeCB(CB209) 10 69 ND 410
2,2,3,4'5,6-HXCB(CB147) 10 30 ND 340  Total TrCBs 4000 730 9500
2,23,4,4',6-HXCB(CB139) 10 160 ND 720 Total TeCBs 5000 2200 16000
2,2',3,3'5,6-HXCB(CB134) 10 19 ND 200  Total PeCBs 5500 1100 23000
2,3,35,5',6-HXCB(CBL165) 10 ND - —  Total HxCBs 10000 820 92000
2,2',3,4'5,5HXCB(CB146) 10 800 60 8200 Total HpCBs 5400 43 57000
2,23,34,6-HXCB(CB132) 10 8.4 ND 330  Total OcCBs 1100 40 10000
2,2,4,4'5,5-HxCB(CB153) 10 4400 320 43000  Total NoCBs 310 15 2300
2,3,4,4'5,5-HxCB(CB168) 10 ND - —  Total PCBs (ng/g) 33 6.6 200
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Mono (2-ethyl-

Mono (4-methyl-7-carboxyheptyl) phthalate(cx-MiNP) 20
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J Expo Sci Environ
Epidemiol 2017; Repro Toxicol 2017; Sci
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0.11ng/mL cx-MiNPO0.12ng/mL 2,57-64
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ISR

60 pL
M 90 uL
, 10 min
940 pL
3,500 rpm, 5min
100mM (pH9.1) 1000 pL
100mM (pH 6.5) 3000 pL
B- 10 pL
37 ,90min
10 500 pL
OasisMAX 96well plate

0.05% 90 1mL,

1.5mL

1mL

1mL

1mL
0.2 40 1mL
0.2% 90 1.5mL

500 pL

500 pL

ESI-negative
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m/z

1. LC/IMSIMS
LC ACQUITY UPLCH-Class Waters
MS QTRAPG6500 AB SCIEX
BEH Phenyl  2.1x50 mm,1.7 um  \Waters
AtlantisT3  2.1x50 mm,3um Waters
A 0.02% 5mM
B

(B) 2%(0min-0.5min)—7.5%(2.0-5.0min)— 15%(6.5min-11min)—40%(11.5min-

15min) —80%(15.1min-18min) —2%(18.1min-24min)
60pL
40
ESI-Negative
MnBP MiBP 220.98>76.89 . 220.98>177.02
MBzP 254.89 > 182.96 , 254.89>76.93
MEHP 276.99 > 133.91 , 276.99 > 126.96
MEHHP 292.95 > 145.08 . 292.95>120.95
MECPP 306.81 > 158.95 , 306.81>112.99
cx-MiNP  320.88 > 173.01 . 320.88>120.88

MnBP-ds 224.98 > 80.95
MiBP-ds 224.98 > 80.95
MBzP-d; 258.96 > 187.01
MEHP-d; 280.99 > 138.03
MEHHP-13C4 296.97 > 144.97
MECPP-3C, 310.92 > 158.94
cx-MiNP-d;  324.73 > 173.02
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2. IDL
MnBP MiBP MBzP MEHP MEHHP MECPP cx-MiNP
mL 0.5 0.5 05 05 05 0.5 0.5
3 3 3 3 3 3 3
mL 1 1 1 1 1 1 1
ng/mL 0.5 0.2 0.05 0.05 0.02 0.02 0.02
ne 60 60 60 60 60 60 60
1 (ng/mL) 0511 0224 0.0483 0.0499 0.0214 0.0205 0.0189
2 (ng/mL) 0512 0221 0.0488 0.0504 0.0244 0.0202 0.0194
3 (ng/mL) 0.488 0.207 0.0484 0.0500 0.0216 0.0207 0.0202
4 (ng/mL) 0496 0.183 0.0498 0.0501 0.0224 0.0223 0.0192
5 (ng/mL) 0471 0218 0.0506 0.0466 0.0234 0.0195 0.0192
6 (ng/mL) 0511 0.200 0.0453 0.0452 0.0212 0.0197 0.0180
7 (ng/mL) 0516 0201 0.0500 0.0495 0.0226 0.0200 0.0186
(ng/mL) 0.501 0.208 0.049 0.049 0.022 0.020 0.019
(ng/mL) 0.0167 0.0146 0.0017 0.0021 0.0012 0.0009 0.0007
IDL  ng/mL 0.065 0.057 0.0070 0.0090 0.0046 0.0036 0.0028
IDL ng/mL 0.39 0.34 0.042 0.054 0.028 0.022 0.017
CV % 3.3 7.0 3.6 4.2 52 4.5 3.6
IDL = tpn100sxsx2
S t(n-1,005) n-1
a =0.05 t
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3. MDL MQL
MnBP MiBP MBzP MEHP  MEHHP MECPP cx-MiNP
mL 0.5 0.5 05 05 0.5 0.5 0.5
3 3 3 3 3 3 3
mL 1 1 1 1 1 1 1
ne 60 60 60 60 60 60 60
1 (ng/mL) 5.58 2.38 1.08 0.899 1.08 0.666 0.398
2 (ng/mL) 501 237 108 083 110 0645 0443
3 (ng/mL) 5.60 2.35 1.09 0.890 0.953 0.685 0.399
4  (ng/mL) 5.97 2.06 0.953 0.709 1.07 0.663 0.420
5 (ng/mL) 5.74 2.24 1.08 0.725 1.06 0.723 0.409
6 (ng/mL) 570 226 104 080 111 068  0.406
7 (ng/mL) 5.74 221 1.05 0.735 1.13 0.645 0.479
(ng/mL) 5.75 2.27 1.05 0.803 1.07 0.674 0.422
(ng/mL) 0.146 0.112 0.0479 0.0797 0.0568 0.0277 0.0294
MDL  ng/mL 0.57 0.44 0.19 0.31 0.23 011 0.12
MQL ng/mL 15 12 0.50 0.80 0.57 0.28 0.30
CV % 25 5.0 4.6 9.9 53 4.1 7.0
% 66 63 55 63 51 53 44
MDL = 008X s X2
MQL = sx10
t(n-1,0.05) n-1
a =0.05
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4. BL

MnBP MiBP MBzP MEHP MEHHP MECPP cx-MiNP

mL 05 05 05 05 05 05 05

3 3 3 3 3 3 3

mL 1 1 1 1

ul 60 60 60 60 60 60 60
o <057 <044 <019 <031 <023 <011  <0.12
(ng/ml.) (000) (0.00) (0000 (0.11) (0.00) (0.00)  (0.00)
(ng/mL) <057 <044 <019 <031 <023 <011 <012
(000) (0000 (000) (0.21) (0.00) (0.00)  (0.00)
o <057 <044 <019 <031 <023 <011  <0.12
(ng/ml.) (000) (0.00) (0.00) (0.16) (0.00) (0.00)  (0.00)
(ng/mL) <057 <044 <019 <031 <023 <011 <012
(000) (0000 (000) (0.17) (0.00) (0.00)  (0.00)
o <057 <044 <019 <031 <023 <011 <012
(ng/ml.) (000) (0.00) (0000 (0.17) (0.00) (0.00)  (0.00)
(g/mL) <057 <044 <019 <031 <023 <011 <012
(000) (0000 (000) (0.15) (0.00) (0.00)  (0.00)
o <057 <044 <019 <031 <023 <011 <012
(ng/ml.) (000) (0.00) (0.00) (0.8) (0.00) (0.00)  (0.00)
(ng/mL) <057 <044 <019 <031 <023 <011 <012
9 (000) (0000 (000) (0.17) (0.00) (0.00)  (0.00)
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MnBP MiBP MBzP MEHP MEHHP MECPP cx-MiNP

mL 05 05 05 05 05 05 05

3 3 3 3 3 3 3

mL 1 1 1 1 1 1 1

(ng) 6 6 6 6 6 6 6
ng/mL 12 12 12 12 12 12 12

ul 60 60 60 60 60 60 60
(ng/mL) 0.72 0.00 0.00 0.80 0.31 0.67 0.09

1 (ng/mL) 115 13.7 13.1 12.5 11.7 12.0 11.1
2 (ng/mL) 12.4 13.2 12.4 11.3 11.3 13.1 12.1
3 (ng/mL) 13.0 12.9 13.2 12.7 114 12.2 11.9
4 (ng/mL) 12.9 13.0 12.8 12.3 12.5 113 1214
5 (ng/mL) 12.4 13.6 13.6 11.7 11.9 122 1323
6 (ng/mL) 12.3 13.0 12.7 12.0 10.3 12.9 132
7 (ng/mL) 12.4 13.2 12.8 12.0 114 133 145
(ng/mL) 12.4 13.2 12.9 12.1 115 12.4 12.6
(ng/mL) 0490 0308 0384 0483 0656 0741  1.143

oV % 4.0 23 3.0 40 5.7 6.0 9.1
% 97 110 108 94 93 98 104

% 71 72 63 66 68 55 60
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6.

No. MnBP MiBP MBzP MEHP MEHHP MECPP cx-MiNP
001 37 6.4 <0.19 8.0 <0.23 0.38 <0.12
002 30 71 <0.19 7.8 <0.23 0.20 <0.12
003 18 39 <0.19 0.75 <0.23 0.18 <0.12
004 33 10 <0.19 8.6 <0.23 0.35 <0.12
005 12 52 <0.19 6.4 <0.23 0.21 <0.12
006 27 8.6 <0.19 <0.31 <0.23 0.28 <0.12
007 27 6.2 <0.19 0.32 <0.23 0.19 <0.12
008 25 85 0.74 1.8 0.54 31 <0.12
009 27 6.4 <0.19 <0.31 <0.23 <0.11 <0.12
010 38 11 <0.19 0.42 <0.23 0.28 <0.12
011 14 52 <0.19 <0.31 <0.23 0.12 <0.12
012 28 12 <0.19 0.58 <0.23 0.38 <0.12
013 18 7.2 <0.19 <0.31 <0.23 0.15 <0.12
014 4.8 1.7 <0.19 <0.31 <0.23 0.16 <0.12
015 6.7 33 <0.19 0.34 <0.23 0.46 <0.12
016 8.3 3.8 <0.19 <0.31 <0.23 0.15 <0.12
017 7.4 2.6 <0.19 <0.31 <0.23 0.27 <0.12
018 7.4 3.6 <0.19 0.52 <0.23 0.47 <0.12
019 11 4.6 <0.19 0.39 <0.23 0.35 <0.12
020 19 5.6 <0.19 18 <0.23 0.15 <0.12
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(ng/mL)  (ng/mlL) (%)

MnBP 30 31 3.3
MiBP 7.1 7.6 6.8
MBzP <0.19 <0.19 -
MEHP 7.8 8.0 2.5
MEHHP <0.23 <0.23 -
MECPP 0.20 0.19 51
cX-MiNP <0.12 <0.12 -




A BPA DNA
An epigenome-wide study of cord blood DNA methylations
in relation to prenatal bisphenol A exposure

Background: Exposure to bisphenol A (BPA) in utero is associated with adverse health outcome
of the offspring. Differential DNA methylation at specific CpG sites may link BPA exposure to
health impacts.

Objective: To investigate cord blood DNA methylation changes associated with prenatal
exposure to BPA.

Methods: We assessed DNA methylation in cord blood samples from 277 mother-child pairs
from the Sapporo cohort of the Hokkaido Study using the Illumina HumanMethylation 450
BeadChip.

Results: We observed that alarge portion of BPA-associated differentially methylated CpGs with
p-value <0.0001 was hypomethylated among all newborns (91%) and female infants (98%), as
opposed to hypermethylation (88%) among males. We found 27 and 16 CpGs with afalse
discovery rate (FDR) <0.05 in the analyses for males and femal es, respectively. Genes annotated
to FDR-corrected CpGs clustered into an interconnected genetic network among males, while
they rarely exhibited any interactions in females. In contrast, none of the enrichment for gene
ontology (GO) terms with FDR <0.05 was observed for genes annotated to the male-specific
CpGs with p <0.0001, whereas the femal e-specific genes were significantly enriched for GO
terms related to cell adhesion.

Conclusion: Our epigenome-wide analysis of cord blood DNA methylations implies potential
sex-specific epigenome responses to BPA exposure.

Bisphenol A (BPA) is a chemical widely
used in consumer products, including plastics,
dental sealants, food containers, and thermal
receipts (Vandenberg e al. 2007).
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Biomonitoring studies reported BPA was
detectable in the dust, air particles, and water
(Asimakopoulos et al. 2012). Humans are
exposed to this compound through their diet,
inhalation of house dust, and skin contact
(Vandenberg et al. 2012). As aresult, BPA is
widely found different populations
including children and pregnant women
(Covaci et al. 2015; Yamamoto et al. 2016).
BPA isaknown endocrine-disrupting chemical
(EDC). Dueto its widespread human exposure
and endocrine-disrupting effects,
developmental BPA exposure could have
adverse  effects on  human  hedth.
Epidemiological studies have shown that
prenatal BPA exposures are associated with
various heath outcomes including atering
birth size (Chou et al. 2011; Philippat et al.
2012), disruption of hormone balance
(Minatoya et al. 2017a; Romano et al. 2015),
obesity (Harley et al. 2013; Vafeiadi et al.
2016), immune function impairment (Gascon
et al. 2015; Spanier et al. 2014), and
neurobehavioral problems (Braun et al. 2017a;
Braun et al. 2017b; Minatoya et al. 2017b;
Minatoya et al. 2018; Miodovnik et al. 2011,
Pereraet al. 2012; Roen et al. 2015), and most
of these effects were sex-specific.

The actua mechanisms accounting for
long-term effects of early-life exposure to BPA
remain unclear. One hypothesisisthat prenatal
exposure to BPA might lead to health
outcomes in the offspring through epigenetic
aterations in utero because epigenetics is an
intrinsic biological mechanism that can be
affected by extrinsic environmental factorsin
humans.

DNA methylation is among the most

in
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studied mechanisms of epigenetic regulation
(Mileva et al. 2014). It occurs by the addition
of a methyl group to a cytosine mostly at
cytosine-guanine dinucleotide (CpG) loci and
actslike agene expression switch (Hackett and
Surani 2013). Evidence from experimental
studies suggests that DNA methylation
changes in the offspring can occur in response
to developmental BPA exposure (Alonso-
Magdaena et al. 2016; Ideta-Otsuka et al.
2017; Milevaet al. 2014; Singh and Li 2012a).
Previous human cohort studies showed that
prenatal BPA exposure associated with DNA
methylation profiles of fetal liver genes (Faulk
et al. 2016; Nahar et al. 2014; Nahar et al.
2015) and metabolism-related genes of the
offspring (Goodrich et al. 2016; Montrose et al.
2018). Furthermore, it has been shown that
BPA-induced epigenetic effects are usualy
sex-specific (McCabe et al. 2017; Montrose et
al. 2018).

Genome-wide  methylation  analysis
adlows a hypothesis-free assessment of
epigenetic dterations in relation to the
environmental factors (Christensen and Marsit
2011); however, only one cohort study from
Germany showed an association between
maternal urinary BPA levels (low levels with
<7.6 ng/mg creatinine; n=102 and high levels
with >159 ng/mg creatinine; n=101) and
genome-wide DNA methylation in cord blood
samplesregardless of infant’s sex (Junge et al.
2018). We aimed to examine cord blood DNA
methylation changes in association with BPA
exposure by an epigenome-wide association
study (EWAYS) in aJapanese cohort. In addition,
analyses were aso performed to determine
sex-specific differences in BPA exposure-



associated methylation profiles.

450K DNA methylation analysis. We assessed
DNA methylation in cord blood samples from
277 mother-child pairs from the Sapporo
cohort of the Hokkaido Study using the
[llumina HumanMethylation 450 BeadChip.
After quality control (Aryee et al. 2014),
functional normalization (Fortin et al. 2014)
was applied to the raw data, and normalized
beta (B) vaues, ranging from 0-1 for 0% to
100% methylated, were obtained. We applied
the ComBat method to adjust methylation data
for sample plate to reduce a potential bias due
to batch effects (Leek et al. 2012). Combat-
transformed M-vaues (logit-transformed p-
values) were back-transformed to S-valuesthat
were used for subsequent data anal yses.
Exposure assessment. BPA levels were
measured in cord blood by using isotope
dilution liquid chromatography-tandem mass
spectrometry  (ID-LC/MS/IMS) a IDEA
Consultants, Inc. (Shizuoka, Japan) as
described previously (Yamamoto et al. 2016).
The LOQ of BPA was 0.04 ng/mL.

Data analysis. For the 87 samples below the
LOQ (0.04 ng/mL), we assigned ava ue of half
the detection limit (0.02 ng/mL). Cord blood
cell proportion was estimated by the method
implemented in the R/Bioconductor package
minfi (Bakulski et al. 2016). Using limma
packagein R, robust linear regression analyses
(Fox and Weisberg 2011) were applied to
determine the associations of p-value at each
CpG site with BPA naturd log (In)-
transformed concentrations, adjusted for
maternal  age, educational levels, pre-
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pregnancy BMI, smoking during pregnancy,
gestational age, infant sex, and cord blood cell
estimates for CD4" T cells, CD8" T cdlls,
granulocytes, monocytes, B cell and nucleated
red blood cells. For multiple comparisons, p-
values were adjusted by the false discovery
rate (FDR) to obtain g-values. We further
stratified the anaysis by infant sex and
compared CpGs with uncorrected p-value
<0.0001 to confirm the sex-specific effect on
DNA methylation changes as we had too few
FDR-significant findings. Statistical analyses
were performed using minfi, sva, and limma
packagesin R ver. 3.3.2 and Bioconductor ver.
3.3.

To further analyze underlying genetic
networks of BPA-associated CpGs, we
imported and analyzed genes related to DMPs
surviving an FDR <0.05 using GeneMANIA
(Warde-Farley et al. 2010)
(https://genemania.org/) bioinformatics
software with default parameters. We aso
assessed the differentially methylated CpGs
with  p-vaue <0.0001 for functional
enrichment with GO terms and KEGG
pathways (Kanehisa et al. 2002) via the
gometh function in the missMethyl package in
R/Bioconductor (Phipson et al. 2016).
Replication study. Eleven mother-infant pairs
from a Taiwanese cohort had both BPA levels
in maternal urine samples and p-values at
450K CpGs from cord blood DNA. Details of
the study population have been published
elsewhere (Huang et al. 2017). Linear
regression analyses adjusted for child sex were
applied to determine the associations of the S-
value with In-transformed BPA levels. Due to
the very small sample size (n=11), we did not



stratify the analysis by sex.

Written informed consents were obtained
from all participants. The institutional Ethical
Board for human gene and genome studies at
the Hokkaido University Graduate School of
Medicine and the Hokkaido University Center
for Environmental and Hedth Science
approved the study protocol. The study
protocol of Taiwan cohort was approved by the
Institutional Review Board of Cathay Generd
Hospital (CGH) in Taipei, Taiwan. All
experiments were performed in accordance
with relevant guidelines and regulations.

Study characteristics. Materna and infant
characteristics and their relationship to BPA
concentrations in cord blood are described in
Table 1. BPA was detected in 68.6 % of cord
blood samples. The median of cord blood BPA
was 0.050 ng/mL (Interquartile range (IQR): <
the limit of quantification (LOQ) — 0.075). The
average + standard deviation (s.d.) age of the
mothers was 30.0 £ 4.9 years. Of the 277
newborns, 123 (44.4%) were male. None of the
characteristics shown in Table 1 were
significantly associated with BPA levels.

The median level of BPA, materna
characteristics, and gestational age were not

significantly different between the infant sexes.

The percentage of subjects with BPA values
below the LOQ among the females (32.5%)
was dlightly higher than that among the males
(30.1%).

Epigenome-wide association study. Volcano
plots of EWAS analysesfor al newborns, male
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infants, and female infants showed a different
imbalance positive versus negative
methylation changes (Figure 1A), suggesting
sex-specific globa methylation shifts. We
compared CpGs with uncorrected p-value <
0.0001 (45 CpGsin al newborns, 269 CpGsin
male infants, and 291 CpGs in female infants)
and observed a large portion of these were
hypomethylated among al newborns (91%)
and femae infants (98%) (Figure 1B). In
contrast, of the 269 CpGs among male infants,
236 CpGs (88%) became hypermethylated
(Figure 1B).

Next, we studied differentially methylated
probes (DMPs) with epigenome-wide
significant methylation changes;, a fase
discovery rate (FDR) g-value <0.05. Figure 2
shows Manhattan plots of genome-wide
analyses of the association between cord blood
DNA methylation and BPA exposure. The
male- and female-specific DMPs are listed in
Tables 2 and 3, respectively. In the male-only
anaysis, BPA levels in cord blood were
associated with hypermethylation of 22 DMPs
and hypomethylation of 6 DMPs. Among the
female infants, BPA levels were associated
with hypomethylation of 16 DMPs. There
were no CpGswith FDR <0.05in al newborns
(Figure 2A); however, the directions of
methylation changes at DMPs observed in all
infants were consistent with those observed in
the sex-stratified analyses (see Tables 2 and 3).

We explored whether FDR-significant
DMPs identified in the Sapporo cohort also
showed the same direction of methylation
change in a Taiwan cohort (the right columns
in Tables 2 and 3). Of the DM Ps, onemale- and
two female-specific DM Ps were not available

in



for the analysis. Ten of the fourteen female-
specific DMPs showed the same direction of
methylation changes (hypomethylation) in
both cohorts, whereas the direction of
methylation changes in the male-specific
DMPs was not reproducible (9 of 27 male-
specific DMPs).

Network analysis of DMPs. Genes annotated
to DM Ps (28 mal e-specific and sixteen female-
specific genes) were analyzed by network
anaysis using GeneMANIA (Warde-Farley et
al. 2010) (https://genemania.org/) that is based
on known genetic and physical interactions,
shared pathways and protein domains as well
as protein co-expression data Two mae-
specific genes (LOC401242 and LOC441455)
were not available for GeneMANIA analysis;
therefore, only 26 of the 28 male-specific
genes were included in this anaysis. The
analyses showed that all male-specific genes,
except one (C6orf52), formed a compact
cluster showing co-expression, genetic
interaction, and colocalization (see Figure 3).
Conversely, among the 16 female-specific
genes, only six genes showed three disperse
clusters of co-expression (Figure 4). The rest
of the genes showed no interaction with others.
Gene ontology analysis. We also investigated
the underlying biology that may be affected by
BPA-associated variations in a sex-specific
manner. As we had too few FDR-significant
findings to perform an enrichment analysis on
only those hit (28 DMPs in maes and 16
DMPsinfemales), wetested for gene ontology
(GO) terms and Kyoto Encyclopedia Genes
and Genomes (KEGG) pathways (Kanehisa et
al. 2002) enrichment among the CpGs
associated with BPA levels with p <0.0001.
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Four GO terms among the femal e infants were
significant at an FDR <0.05 as shown in Table
4. None of the GO termsamong the maleswere
significant at the FDR threshold. In contrast,
the gene set for both sexes were enriched with
genes from numerous KEGG pathways. The
top ten enriched pathways ranked by the
lowest p-value, excluding the pathways for
diseases, are shown in Table 5. Among males,
six of ten pathways are involved in signd
transduction — MAPK signaling pathway,
AMPK signaling pathway, Rapl signaling
pathway, Signaling pathways regulating
pluripotency of stem cells, mTOR signaling
pathway, and Phospholipase D signaling
pathway. Among the ten pathways enriched
among the femae, three pathways were
associated with the endocrine system -
estrogen signaling pathway, relaxin signaling
pathway, parathyroid hormone synthesis,
secretion and action.

Even though BPA levelsin this study were
relatively lower (Minatoya et al. 2017b) than
those in the previous studies on cord blood
BPA levels (Aris 2014; Chou et al. 2011,
Kosarac et al. 2012), we found substantial sex
differences in methylation changes associated
with BPA exposure. Among males, BPA
exposure was more frequently associated with
hypermethylation than with hypomethylation,
whereas it was associated predominantly with
hypomethylation among female infants. Genes
annotated to these CpGs aso showed sex
differences in the genetic network and
functional enrichment analyses. Our results
suggest that even at low levels, BPA exposure



may impact DNA methylation status at birth in
a sex-specific manner.

Methylation changes derived from
exposures to BPA showed notable sex-specific
differences — the inversed direction of effects
on methylation changes might be responsible
for the lack of significant changes among all
newborns. The observed preference of BPA-
induced hypomethylation in females, as
opposed to hypermethylation among males, is
consistent with the findings from studies on
blood-based methylation alterations that
showed BPA-induced hypomethylation in
women (Hanna et al. 2012) and in young girls
(Kim et al. 2013).

While ten of the 14 femae-specific DMPs
(71%) had the same direction of methylation
changes (hypomethylation) in both Sapporo
and Taiwanese cohorts, only nine of the 27
male-specific DMPs showed the same
direction of methylation changes in both
cohorts (Tables 2 and 3). Effects of BPA on
DNA methylation in the male infants has not
been clarified (Martin et al. 2018). Further
studieswould berequired to evaluate its effects
among the males.

In addition to the opposed direction of effect
between sexes, the network analyses of genes
annotated to FDR-corrected DM Ps showed the
sex-difference (Figures 3 and 4). The male-
specific genes clustered into a complex
interconnected network, whereas the female-
specific genes were isolated. In contrast, with
regard to the gene pathways, the female-
specific CpGs with p-value <0.0001 included
genes that were significantly enriched for GO
terms related to cell adhesion (FDR <0.05) —

homophilic cell adhesion via plasma
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membrane adhesion molecules, cell-cell
adhesion via plasma membrane adhesion
molecules, cell-cell adhesion, and calcium ion
binding (Table 4). On the other hand, genes
annotated to the male-specific probes were not
enriched in any GO terms with an FDR
threshold. With respect to KEGG pathways, it
should be noted that enrichment in the MAPK
signaling pathway and the estrogen signaling
pathway were observed among the genes
annotated to male- and femal e-specific probes,
respectively. According to Singh and Li (Singh
and Li 2012b), mitogen-activated protein
(MAPK) and estrogen receptor (ESR) were
included in most frequently curated BPA-
interacting genes/proteins.

In conclusion, this epigenome-wide study
suggested that even relatively low levels of
exposure to BPA impact DNA methylation
status at birth in a sex-specific manner. There
may be a potential susceptibility difference in
relation to BPA exposure between males and
females. Further studies are needed to confirm
our findings and to investigate their relevance
to sex-specific adverse health outcomes.
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Tablel. Maternal and infant characteristics and their relationship with cord blood BPA levels (ng/mL).

N (%) Median (25th, 75th)
or Mean = SD or correlation (p)

BPA Concentration in cord blood (ng/ml)
0.056 + 0.03 0.05 (0.020, 0.075)

Maternal Charactristic

Maternal Age (year)? 30.0+4.9 p=-0.031 0.613
Prenatal-BMI (kg/m%)?  20.9+2.9 p=-0.031 0.605
Parity® 0] 145 (52.3) 0.054 (0.020, 0.076) 0.407
1 132 (47.7) 0.047 (0.020, 0.074)
Educational level (year)b
12 123 (44.4) 0.050 (0.020, 0.076) 0.990
>12 154 (55.6) 0.052 (0.020, 0.070)
Annual household income (million yen)®
<3 51 (18.5) 0.055 (0.020, 0.072) 0.829
3-5 144 (52.4) 0.053 (0.020, 0.076)
5-7 59 (21.5) 0.048 (0.020, 0.068)
>7 21 (7.6) 0.044 (0.020, 0.085)
Smoking during pregnancyb
No 234 (84.5) 0.051 (0.020, 0.075) 0.941
Yes 43 (15.5) 0.056 (0.020, 0.072)
Alcohol consumption during pregnancf
No 183 (66.1) 0.052 (0.020, 0.075) 0.831
Yes 94 (33.9) 0.047 (0.020, 0.075)
Caffeine intake during pregnancy (mg/day)?
148.7 =+ 121.9 p=-0.012 0.843

Infant Characteristic

Geatation age (week)? 39.8x1.0 p=-0.003 0.964

Sex” Male 123 (44.4) 0.056 (0.020, 0.075) 0.429
Female 154 (55.6) 0.047 (0.020, 0.073)

Birth weight (g)? 3131.3 = 333.5 p= 0.060 0.324

aSpearman's correlation test (p), "Mann-Whitney U-test, °Kruskal-Wallis test
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Figure 1. (A) Volcano plots of the logio(p-values) versus the magnitude of effect (Coef) for the genome-wide analysis of the association between
BPA exposure and DNA methylation in cord blood among all newborns, male infants, and female infants. Horizontal lines represent a p-value
<0.0001. (B) The percentage of decreased- and increased-CpGs with p <0.0001 found in the analyses for al, male, and female infants.
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Figure 2. Manhattan plots of p-value associations between BPA exposure and DNA methylation across chromosomes in analyses for (A) al
newborns, (B) maleinfants, and (C) female infants.

Horizontal lines represent the significance threshold of FDR q <0.05.
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Table 2. 28 CpGs with DNA methylation levelsin cord blood associated with BPA concentrations with FDR g < 0.05 in analysis for male infants

Relation  Relation Sapporo Taiwan® Replicated
CpG CHR Gene . Male infants® All newborns® All newborns for
to gens toisland . .
Coef® p-Value Coef! p-Value Coef® p-Value the direction

cg25275331 1 ZMPSTE24 1stExon island -0.013 7.91E-07 -0.003 0.100 0.015 0.239
€g21115004 1 SLC35D1 TSS1500 shore 0.015 2.15E-06 0.002 0.241 0.011 0.614 v
cg02920421 1 KPNAG6 TSS1500 shore 0.010 2.70E-06 0.004 0.034 0.002 0.584 v
cg04627863 2 HJURP IGR open sea 0.018 1.01E-06 0.009 0.001 0.001 0.930 v
cg08527179 2 TMSB10 TSS1500 island 0.012 1.98E-06 0.004 0.005 -0.022 0.713
€g23605991 4 PDE6B TSS1500 shore 0.021 1.19E-07 0.005 0.085 0.003 0.644 v
cg01119278 6 DDO Body island 0.060 5.83E-07 0.017 0.094 -0.009 0.567
cg00050375 6 ABCC10 Body open sea 0.009 1.78E-06 0.002 0.189 -0.003 0.253
cg20620326 6 LOC401242 IGR open sea 0.020 2.20E-06 0.003 0.487 -0.006 0.603
cg02330394 6 Cé6orf52 TSS1500 island -0.003 3.19E-06 -0.001 0.050 0.006 0.703
€g22674202 7 GPR141 IGR open sea 0.017 5.97E-07 0.005 0.079 -0.007 0.124
cgl7833862 7 CLIP2 Body island 0.007 1.85E-06 0.003 0.032 -0.001 0.684
cg00507727 7 ICAL TSS200 island -0.002 2.65E-06 -0.001 0.002 0.017 0.362
€gl14253670 8 NEFL IGR shelf 0.028 2.63E-06 0.010 0.008 -0.005 0.217
cgl3481969 9 LOC441455 IGR island -0.003 1.94E-06 -0.002 6.28E-05 0.038 0.542
cg03470671 11 PRDM11 1stExon open sea 0.012 1.71E-06 0.004 0.021 -0.004 0.168
cg07637188 11 MADD Body open sea 0.011 2.19E-06 0.004 0.014 -0.000 0.872
cg03687707 11 COX8A IGR shelf 0.004 2.68E-06 0.002 0.022 -0.002 0.072
€g21372595 12 ATF7IP IGR shore -0.012 8.53E-07 -0.005 0.013 0.000 0.898
€g20981000 13 MTMR6 IGR open sea 0.030 3.44E-08 0.004 0.313 0.001 0.949 v
cg20796298 15 IGDCC4 Body shore 0.021 3.97E-07 0.006 0.069 -0.000 0.997
cg00120998 16 CENPT TSS200 island -0.005 9.42E-07 -0.002 0.023 0.020 0.406
cg07130392 16 SPG7 Body island 0.005 1.20E-06 0.001 0.187 0.000 0.658 v
€g23798387 17 KIAA0100 TSS1500 shore 0.036 1.99E-06 0.008 0.203 0.014 0.595 v
cg06126721 17 SLC43A2 3'UTR island 0.038 3.01E-06 0.007 0.234 -0.009 0.394
€gl7922329 19 FXYD5 5'UTR island 0.007 1.77E-06 0.002 0.077 0.043 0.148 v
€g13636640 20 DNMT3B TSS1500 shore 0.030 1.38E-06 0.011 0.010 NA NA
€g19353578 22 PDGFB Body shelf 0.016 2.23E-06 0.003 0.141 0.002 0.769 v
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Abbreviations: Chr: chromosome, IGR: intergenic region, TSS: transcription start site, TSS200: 200 bases from TSS, TSS1500: 1500 bases from
TSS, body: gene body: UTR: untranslated region, NA: not available.

& Linear regression analyses adjusted for child sex were applied to determine the associations of DNA methylation levels with In-transformed
BPA levelsin Taiwan cohort.

bAdjusted for maternal age, maternal educational levels, maternal pre-pregnancy BMI, maternal smoking during pregnancy, gestational age, and
cord blood cell estimates

“Adjusted for maternal age, maternal educational levels, materna pre-pregnancy BMI, maternal smoking during pregnancy, gestational age,
infant sex, and cord blood cell estimates.

dPartial regression coefficient indicates absolute DNA methylation change per In-unit increase in BPA concentration.
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Table 3. 16 CpGs with DNA methylation levelsin cord blood associated with BPA concentrations with FDR g <0.05 among female infants.

. . Sapporo Taiwan® Replicated
Relation Relation
CpG Chr Gene . Female infants® All newborns® All newborns for
to gens toisland . :
Coef® p-Value Coef p-Value Coef® p-Value the direction

cg12061021 1 RWDD3 TSS200 shore -0.006 6.55E-07 -0.004 0.000 -0.006 0.784 v
cg21461470 1 HIST2H2AA4 TSS1500 shore -0.010 1.01E-06 -0.006 0.001 0.005 0.864
€g22927302 3 SEMA3B TSS1500 opensea -0.015 4.00E-09 -0.005 0.014 NA
€g23603782 4 GALNTL6 Body opensea -0.010 1.81E-07 -0.006 0.000 -0.001 0.636 v
€g27629673 5 ADCY2 Body opensea -0.013 1.27E-07 -0.005 0.029 -0.000 0.925 v
€g22465281 5 NLN TSS1500 shore -0.014 1.36E-06 -0.005 0.036 NA
cgl9734222 7 PRSS58 IGR opensea -0.030 1.25E-06 -0.011 0.030 0.003 0.710
cgl11820931 10 DDX21 Body shore -0.013 1.23E-06 -0.009 1.00E-05 -0.006 0.348 v
cg08710564 11 ST5 5'UTR opensea -0.007 1.45E-06 -0.005 1.24E-06 -0.001 0.366 v
€cgl7339927 12 FBRSL1 IGR shore -0.014 1.63E-06 -0.007 0.006 -0.005 0.245 v
cgl15193473 13 BIVM 5'UTR island -0.006 4.53E-07 -0.003 0.000 0.030 0.388
€g27624753 16 CRAMP1L Body shelf -0.007 1.10E-06 -0.005 6.65E-05 -0.005 0.092 v
€g27638035 18 BRUNOL4 Body opensea -0.011 2.68E-07 -0.004 0.049 -0.003 0.333 v
cg03636183 19 F2RL3 Body shore -0.016 2.81E-07 -0.005 0.067 -0.005 0.375 v
cg07964219 21 COL18A1 Body shore -0.009 3.90E-07 -0.005 0.008 0.000 0.983
€cgl5477600 22 SDF2L1 TSS1500 island -0.002 1.57E-06 -0.001 0.004 -0.009 0.726 v

Abbreviations: Chr: chromosome, IGR: intergenic region, TSS: transcription start site, TSS200: 200 bases from TSS, TSS1500: 1500 bases from
TSS, body: gene body, UTR: untranslated region, NA: not available.
& Linear regression analyses adjusted for child sex were applied to determine the associations of DNA methylation levels with In-transformed
BPA levelsin Taiwan cohort.
bAdjusted for maternal age, maternal educational levels, maternal pre-pregnancy BMI, maternal smoking during pregnancy, gestational age, and
cord blood cell estimates
“Adjusted for maternal age, maternal educational levels, maternal pre-pregnancy BMI, maternal smoking during pregnancy, gestational age,
infant sex, and cord blood cell estimates.
dPartial regression coefficient indicates absolute DNA methylation change per In-unit increase in BPA concentration.

- 100 -



Co-expression
------- Genetic interaction

Co-localization

M_{aoo

HIURP

__,,—’O % y ‘-_ \ n‘:‘
LA . CHMPIA
’ DNMT3 \ y, :
B N\ S » =

KIAA0100
ZMPSTE24 i)

C6orf52

Figure 3. Gene network analysis using GeneMANIA. Dark circles represent genes associated with the 26 DMPs found to be related to BPA
exposure in the male-only analysis. Light circles represent additional genes predicted by GeneM ANIA based on genetic and physical
interactions.
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Figure 4. Gene network analysis using GeneMANIA. Dark circles represent genes associated with the 16 DMPs found to be related to BPA
exposureinthefemae-only analysis. Light circles represent additional genes predicted by GeneM ANIA based on genetic and physical interactions.
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Table 4. Significantly enriched GO terms (FDR <0.05) for the CpGs with p-value <0.0001 from the female-only analysis.

GO term Ontology N DE p-Value FDR

homophilic cell adhesion via plasma
membrane adhesion molecules

BP 149 22 4.57E-12 9.46E-08

cell-cell adhesion via plasma-
membrane adhesion molecules

cell-cell adhesion BP 845 38 1.92E-07 0.001
calcium ion binding MF 652 30 2.17E-06 0.011

BP 210 22 5.28E-10 5.46E-06

N: number of genes represented by a GO term, DE: number of genes from the GO term that were included in the CpGs with p <0.0001, FDR:
FDR-adjusted p-value for enrichment, BP: biological process, MF: molecular function
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Table 5. Top 10 enriched KEGG pathways ranked by the lowest p-value associated with genes annotated to the CpGs with p<0.0001 from the
male- and female-only analyses.

KEGG pathway description N DE P.DE FDR
Male only analysis
Phagosome 142 5 3.85E-05 0.002
MAPK signaling pathway 283 7 6.28E-05 0.002
AMPK signaling pathway 117 5 7.51E-05 0.002
Focal adhesion 191 6 8.16E-05 0.002
Rap1l signaling pathway 203 6 8.60E-05 0.002
Signaling pathways regulating pluripotency of stem cells 135 5 1.35E-04 0.003
mMTOR signaling pathway 147 5 1.59E-04 0.003
Cellular senescence 153 5 1.72E-04 0.003
Phospholipase D signaling pathway 142 5 2.07E-04 0.003
Natural killer cell mediated cytotoxicity 105 4 2.29E-04 0.003
Female only analysis
CAMP signaling pathway 192 8 9.13E-07 1.5E-04
Estrogen signaling pathway 136 7 9.36E-07 1.5E-04
Relaxin signaling pathway 125 6 1.19E-05 0.001
Th17 cell differentiation 102 5 3.43E-05 0.001
Whnt signaling pathway 140 6 3.54E-05 0.001
Cell cycle 1212 5 7.76E-05 0.002
Platelet activation 122 5 9.80E-05 0.002
B cell receptor signaling pathway 68 4 1.20E-04 0.003
Parathyroid hormone synthesis, secretion and action 105 5 1.21E-04 0.003
Cytokine-cytokine receptor interaction 265 5 2.64E-04 0.004

N: total genesin the KEGG pathway, DE: the number of genes within the CpGs with p <0.0001, FDR: FDR-adjusted p-value for enrichment
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Diisononyl phthalate DiNP

Diisononyl phthalate DiNP

4-
DiNP DiNP
4- DiNP
4-
1,786 232
M ono-carboxy-isononyl phthalate (cx-MiNP ) Mono-isononyl phthalate (MiNP
) Mono-hydroxy-isononyl phthalate OH-MiNP
4-
single total
cx-MiNP MDL
single  0.39% total 22% single
MDL total MDL
total-MiNP  0.59 ng/mL total-OH-MINP 1.7 ng/mL total-cx-MiNP 1.2 ng/mL
total-OH-MiNP total-cx-MiNP 92% 97%
DINP 4-
DIiNP
LC-MS/MS DiNP
total (MQL)

total-MiNP total-OH-MiNP

DINP

DiNP

PVC
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DiNP

DINP

(1]
DiNP

MiNP
MiNP

OH-MiNP

(1

(2-4] 4-
DiNP

DiNP

DiNP

DiNP

1,786
232
cX-MiNP  MiNP

w-1
cx-MiNP

OH-MINP

LC-MSMS Product ion

Scan OH-MiNP
Precursor ion m/z 307 product ion
spectrum A Product ion scan

Mono(4-methyl-7-hydroxyoctyl) phthalate
4-
OH-MiNP
Mono-(4-methyl-7- hydroxyoctyl)
phthalate 100 pg/mL in MTBE CIL

m/iz 121 77

OH-MiNP
m/z 307>121 Q1 307>77
Q2

Mono
(4-methyl-7-hydroxyoctyl) phthalate

OH-MINP
2 cx-MiNP  MiINP

total
Q1 Q2
Q1 /Q2rv QL/Q2 sample
single
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ID Qll Q2_sample Qll QZ_RM

Ql/QZ_RMX 13
Q]JQZ_RMX 0.7
2 3 6
MDL MQL
total-cx-MiNP
MDL 65% MQL 89%
1,786 total-MiNP
232 total-OH-MiNP total-cx-MiNP
DiNP MDL 9.6% 51%
cx-MiNP 76% MQL 50% 51 78%
MiNP OH-MINP total-cx-MiNP
MQL
1
single-
total-cx-MiNP total-MiNP
MDL total-OH-MiNP
0.39% 22% MQL 50%
single total-OH-MiNP 170
MDL
total MDL
total-MiNP 059 ng/mL total-MiNP
total-OH-MiNP 1.7 ng/mL total-OH-MiNP
total-cx-MINP 1.2 ng/mL
total-OH-MIiNP total-cx-MiNP
92% 97%
DIiNP 4- DiNP
single
DINP
Frederiksen (5] total
cx-MiNP
0.67 ng/mL  43.3%
MiNP DINP
OH-MiNP cx-MiNP
1.01 ng/mL 6.31 ng/mL 8.85 ng/mL
2 5
35% 95% 92%
D.
total DIiNP
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1,786

232
cx-MiNP MiNP
OH-MiNP 3.
total 4,
(MQL)
total-MiNP
total-OH-MiNP
DiNP
DiNP
E
1.
2.
F
1.

DINP 2015 9

2. ECPI (1997). European Council for
Plasticizsers and Intermediates (ECPI),
Information letter of D. Cadogan to the
Ministére de 1'Environnement and to
the Institute National de Recherche et
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de Sécurité, on the differences between
the various DINPs, Brussels, 22 sept.
1997.

Hellwig J. et al., Differential prenatal
toxicity of one straight-chain and five
branched-chain primary acohols in
rats., Food Chem Toxicol. 1997 May ;
35 (5) : 489-500.

Koch HM. et al., Determination of
secondary, oxidised
di-iso-nonylphthal ate (DINP)
metabolites  in human urine
representative for the exposure to
commercial DINP plasticizers, J
Chromatogr B. Volume 847, Issue 2, 1
March 2007, Pages 114-125
Frederiksen H. et a., Correations
Between Phthalate Metabolites in
Urine, Serum, and Semina Plasma
from Young Danish Men Determined
by I sotope Dilution Liquid
Chromatography  Tandem Mass
Spectrometry, J. Anal. Toxicol. 2010,
Vol. 34, 400-410
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i DINP ng/mL

Detection Percentiles
Sample Analyte MDL? @—mm Meand Minimum Maximum
N (%) 25th Median 75th 95th
Serum  single-cx-MiNPY 7 (0.39) <0.12 <0.12 0.46
0.12
(n=1,786)  total-cx-MiNPD 384 (22) <0.12 (0.12) <0.12 0.27 7.1
single-MiNP 0 (0) <0.54 <0.54
0.54
total-MiNP 93 (40) 0.59 <0.54 0.70 1.4 5.8
Urine  singleOH-MiNP 42 (18) <0.21(0.16) <0.21 0.51 13
0.21
(n=232)  total-OH-MiNP 213 (92) 17 <0.21 0.48 1.2 2.1 48 16
single-cx-MiNP 14 (6.0) <0.12 <0.12 0.12 0.36
0.12
total-cx-MiNP 225 (97) 1.2 <0.12 0.39 0.78 1.4 35 13
1) single- 4- DiNP total- DiNP

2) Method Detection Limit
3) MDL MDL
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2 total

(n=1,786) (n=232)
total-cx-MiNP total-MiNP total-OH-MiNP total-cx-MiNP
MDL (ng/mL) 0.12 0.54 0.21 0.12
MQL (ng/mL) 0.30 14 0.52 0.29
Q1/Q2_rm (CL) 16.2 155 7.96 17.6
Q1/Q2 rw x 0.7 (LCL) 11.3 1.09 5.57 12.3
Q1/Q2 rv x 1.3 (UCL) 21.0 2.02 10.3 22.9
384 93 213 225
MDL Q1/Q2_sample b 384 83 49 156
2 249 8 25 119
(%) 2 65 9.6 51 76
81 14 213 151
Q1/Q2_sample 81 14 49 151
MQL
72 7 25 118
(%) 89 50 51 78
1) QL Q2
2) QU/Q2 sanple LCL UCL
3) / QU/Q2_sanple x 100
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DEHP DNA

Association between cord blood DNA methylations by fetal exposure of phthalates and ponderal index at

birth in epigenome-wide study

Exposure to phthalate in utero is associated with adverse health outcome of the offspring.
Differential DNA methylation at specific CpG sites may link phthalate exposure to health
impacts. We examined the association of prenatal Di-2-ethylhexyl phthalate (DEHP) exposure
with genome-wide DNA methylation changes in cord blood in 203 mother-child pairs in the
Hokkaido Study on Environment and Children’s Health, using the Illumina HumanMethylation
450 BeadChip. We found that the primary metabolite of DEHP: mono (2-ethylhexyl) phthalate
(MEHP) levels in maternal blood were predominantly associated with hypermethylation in cord
blood DNA. The genes annotated to hypermethylated CpGs associated with maternal MEHP
levels were enriched for pathways related to metabolism, endocrine system, and signal
transduction. Among them, hypermethylated CpGs involved in metabolism were inversely
associated with offspring’s ponderal index (PI). Further, mediation analysis suggested that
multiple hypermethylation changes may jointly mediate the association between prenatal DEHP
exposure and offspring’s PI. Although additional studies are needed to determine the functional

consequences of these changes, our findings imply differential DNA methylation may link

A et al. 2015). Phthalates have potential for

endocrine-disrupting chemicals (EDCs) and have
been found to be associated with multiple adverse

effects on human health. In particular, exposure in

)

utero has been linked to adverse birth outcomes

Phthalates are widely used plasticizers (Koch et al.
2013) for consumer products including toys, food
packages, personal care products, and other
household items, leading to widespread exposure
to these chemicals through diet, inhalation, and

dermal adsorption (Ait Bamai et al. 2015; Jensen

such as decreased birth size (Minatoya et al. 2017;
Song et al. 2018; Whyatt et al. 2009), preterm
birth (Ferguson et al. 2017; Huang et al. 2014),
pregnancy loss (Gao et al. 2017), and reduced
anogenital distance of infants (Swan et al. 2015).

Prenatal exposure can also affect childhood health
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outcomes such as behavioral problems (Engel et al.
2009; Engel et al. 2010; Minatoya et al. 2018b;
Tellez-Rojo et al. 2013), obesity (Buckley et al.
2016; Kim and Park 2014), and allergic disease
(Ait Bamai et al. 2018; Jaakkola and Knight 2008;
Whyatt et al.

phthalates may contribute to fetal origins of

2014). Early-life exposure to

disease; however, actual mechanisms accounting
for long-term effects remain unclear.

As phthalates are rapidly metabolized and excreted,
epigenetic modification, such as DNA methylation,
may be a potential mechanism by which phthalate
exposure in utero exerts the long-term effects.
Accumulating evidence suggests that epigenetic
EDC
exposure with susceptibility to diseases later in life
(Barouki et al. 2018; Ho et al. 2017; McLachlan
2016; Tapia-Orozco et al. 2017). Animal studies
have demonstrated the association between

alternations may link developmental

developmental phthalate exposure and DNA
methylation
(Abdel-Maksoud et al. 2015; Manikkam et al.

2013; Martinez-Arguelles and Papadopoulos 2015;

changes in  the offspring

Rajesh and Balasubramanian 2015; Sekaran and
Jagadeesan 2015; Wu et al. 2010). Serval human
cohort studies showed that prenatal phthalate
exposure was associated with DNA methylation in
selected candidate genes using placenta (LaRocca
et al. 2014; Zhao et al. 2015; Zhao et al. 2016) or
cord blood samples (Huang et al. 2018; Huen et al.
2016; Montrose et al. 2018; Tindula et al. 2018).
Recently, a few epigenome-wide association
studies (EWASs) that can allow a hypothesis-free
assessment of epigenetic alterations in relation to
the environmental factors (Christensen and Marsit
2011) were published. One study

phthalate exposure altered placental methylome

reported

and identified epidermal growth factor receptor

(EGFR) as a critical candidate gene mediating the
effects of phthalates on early placental function
(Grindler 2018).
methylation regions in cord blood associated with
identified

et al. Several differential

prenatal phthalate exposure were
(Solomon et al. 2017). Genes with those regions
were involved in inflammatory response, cancer,
endocrine function, and male fertility. Another
study also examined the association of
genome-wide DNA methylation in cord blood
with prenatal exposure to the most common
Di-2-ethylhexyl phthalate (DEHP)

and suggested that DNA methylation in genes

phthalates,

involved in the androgen response,
spermatogenesis, and cancer-related pathway may
be affected by prenatal phthalate exposure (Chen
et al. 2018). Although existing evidence supports
the role of prenatal phthalate exposure in
modifying DNA methylation, little is known about
potential effects of the exposure-associated
methylation on fetal development and later in life.
Using epigenome-wide approach, we aimed to
DEHP

exposure and DNA methylation changes in cord

explore association between prenatal

blood collected from the participants of the
Hokkaido study. Furthermore, we studied whether
the DNA methylation at identified loci mediated
the effect of DEHP exposure in utero on ponderal

index at birth as an indicator of fetal growth.

B.

Study population.

Participants were enrolled in the Sapporo cohort
of the Hokkaido Study on Environment and
Children’s Health (Kishi et al. 2011; Kishi et al.
2013; Kishi et al. 2017). Briefly, we recruited
pregnant women at 23-35 weeks of gestation
between 2002 and 2005 from the Toho Hospital
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(Sapporo, Japan). After the second trimester

during their pregnancy, the participants
completed the self-administered questionnaire
containing baseline information including family
income, educational level, parity history, and
pregnancy health information including smoking
status, alcohol consumption, and caffeine intake.
Information on  pregnancy  complications,
gestational age, infant sex, and birth size was

obtained from medical records.

Measurement of the primary metabolite of DEHP.
Maternal blood samples were obtained at the time
of their hospital examination and stored at 80
prior to analysis. Levels of mono (2-ethylhexyl)
phthalate (MEHP) were measured in maternal
blood by gas chromatography mass spectrometry
(GC-MS) at Nagoya university as described
previously (Araki et al. 2014; Araki et al. 2017; Jia
et al. 2015). The detection of limit (LOD) was
0.28 ng/mL.

450K DNA methylation analysis.

Umbilical cord blood samples were taken
immediately after birth, and then stored at 80

After DNA extraction using a Maxwell® 16 DNA
Purification Kit (Promega, Madison, WI, USA),
cord blood DNA methylation at 485,577 CpGs
was quantified using the Infinium
HumanMethylation 450 BeadChip (lllumina Inc.,
San Diego, CA, USA) by G&G Science Co., Ltd.
the 450K

methylation analysis are described elsewhere

(Fukushima, Japan). Details for
(Miura et al. 2018). Samples were run across five
plate batches and were assigned randomized
location across plates. After quality control (Aryee
et al. 2014), functional normalization (Fortin et al.

2014) was applied to the raw data, and normalized

beta ([3) values, ranging from 0-1 for 0% to 100%
methylated, were obtained for the 292 cord blood
samples. Probes with a detection p-value >0.05 in
more than 25% of samples, single nucleotide
(SNP)-affected
cross-reactive probes identified by Chen et al.
(Chen 2013),

chromosomes were removed. As a result, 426,413

polymorphism probes,

et al. and probes on sex
CpG probes were included in the working set. We
applied the ComBat method on M-values
(logit-transformed3-values) to adjust methylation
data for the sample plate to reduce a potential bias
due to batch effects (Leek et al. 2012). The
M-values were back-transformed to [3-values that

were used for subsequent data analyses.

Data analysis.
Among the 514 participants of the Sapporo Cohort
Study, 203 mother-infant pairs had both exposure
and DNA methylation data. Cord blood cell
proportion was

estimated by the method

implemented in the R/Bioconductor package
minfi (Bakulski et al. 2016). Using limma package
in R, robust linear regression analysis (Fox and
Weisberg 2011) and empirical Bayesian method
(Smyth 2004) were applied to determine the
associations of [3-value at each CpG site with
MEHP

concentrations,

natural log (In)-transformed

adjusted for maternal age,
educational levels, pre-pregnancy body mass index
(BMI), blood
sampling periods, gestational age, infant sex, and
cord blood cell estimates for CD4" T cells, CD8"

T cells, granulocytes, monocytes, B cell and

smoking during pregnancy,

nucleated red blood cells. Adjustment covariates
were selected from factors previously reported to
be associated with exposure or cord blood DNA

methylation. For multiple comparisons, p-values
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were adjusted by a false discovery rate (FDR) to

obtain  g-values. Because of too few

FDR-significant findings, we evaluated the
differentially methylated CpGs (DMCpGs) with
uncorrected p-value <2.5E-04. We also assessed
hypermethylated DMCpGs (hyper-DMCpGs) for
functional enrichment with KEGG pathways
(Kanehisa et al. 2002) via the gometh function in
the missMethyl

(Phipson et al. 2016). Statistical analyses were

package in R/Bioconductor
performed using minfi, sva, and limma packages in
R ver. 3.3.2 and Bioconductor ver. 3.3.

The Spearman’s correlation test, Mann-Whitney
U-test, and Kruskal-Wallis test were applied to
determine whether maternal and offspring
characteristics were associated with MEHP levels.

We examined associations between methylation
levels at hyper-DMCpGs and ponderal index (PI)
at birth by a multivariate regression model
adjusted by maternal age, educational levels, parity,
pre-pregnancy BMI, smoking during pregnancy,
gestational age, and infant sex, using JMP Pro 14
(SAS Institute Inc., Cary, NC, USA). Pl was
calculated as follows; Pl (kg/m® = birth weight
(kg) / (birth length (m))3. Then, we tested the
CpGs for mediation in the association between
MEHP levels in maternal blood and Pl using
PROSESS (Hayes 2013), a macro implemented in
SPSS (IBM, Armonk, NY, USA). In addition to
the same possible cofounders as named above,
blood sampling periods were included as covariate

in the mediator and outcome regression models.

Ethics.

Written informed consents were obtained from all
participants. The institutional Ethical Board for
human gene and genome studies at the Hokkaido

University Graduate School of Medicine and the

Hokkaido University Center for Environmental
and Health Science approved the study protocol.
All experiments were performed in accordance

with relevant guidelines and regulations.

C.

Study characteristics

The characteristics of the participants with the
corresponding median MEHP concentrations in
cord blood are described in Table 1. The median
of MEHP 10.3 ng/mL
(Interquartile range (IQR): 5.8 — 15.3 ng/mL)
with 100% of detection rate. The average =+

concentration was

standard deviation (s.d.) age of the mothers was
29.8 =+ 4.9 years. Maternal blood sampling periods
were significantly associated with MEHP levels.
Of the 203 newborns, 94 (46.3%) were male. The
mean gestational age was 39.9 weeks, birth weight
was 3137.5 g, and birth length was 48.5 cm. The
MEHP level was negatively correlated to Pl (p=
-0.133, p=0.059).

Epigenome-wide association study of DEHP
exposure in utero

In adjusted robust linear regression models, there
were 2 CpGs with epigenome-wide significant
methylation changes (FDR g-value < 0.05): one
located in 200 bases from transcription start site
(TSS200) of PARP12 (cg26409978), and another
mapped to SDKI (cg00564857) as shown in
Figure 1A. DEHP exposure was more frequently
associated with hypermethylation than with
hypomethylation as seen in volcano plots (Figure
1B). For of 271 DMCpGs with
uncorrected p-value <2.5E-04, 253 CpGs (93.4%)
were hypermethylated (Figure 1B). We examined

instance,

the location of the hyper-DMCpGs with p-value
<2.5E-04 in gene features and CpG islands. As
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shown in Figure 2, there were statistically
significant differences associated with DEHP
exposure compared with the expected proportions
(for gene features, X2 P-value = 0.004; for CpG
islands, X? P-value = 0.01). Decrease in island
and increase in the intergenic region (IGR) were
particularly observed.

Next, we considered our results in relation to a
published study of association between prenatal
phthalate cord blood DNA
methylation using lllumina HumanMethlation450
Beads chips (Solomon et al. 2017). In the study,

identified

exposure and

the authors seven differentially
(DMRs) associated with

MEHP levels in maternal urine at 26 weeks

methylated regions
gestation by using two differential approaches. We
examined the direction of methylation changes in
the DMRs identified by Solomon et al. in our data
set (Table 2), in which we averaged methylation
levels of each CpG site because the CpGs included
in each region showed the same direction of
methylation changes. Although no CpG reached
statistical significance in our cohort, six of the
seven DMRs showed the same direction as those
identified by Solomon et al. (Table 2), of which
five DMRs mapped to MUC4, C5o0rf63, CNPY1,
SVIL-AS1, and FIBIN were hypermethylated,
suggesting that prenatal DEHP exposure would

predominantly induce hypermethylation.

Gene Ontology (GO) analysis

To investigate the underlying biology that may be
affected by DEHP-associated hypermethylation
changes, we tested for Kyoto Encyclopedia Genes
and Genomes (KEGG) pathways (Kanehisa et al.
2002) enrichment among the 253 hyper-DMCpGs
with p <2.5E-04. We observed twelve enriched
pathways with FDR <0.05. GO analyses of the

data obtained using 450K chip are known to be
biased for cancer-related genes (Harper et al.
2013); therefore, the enriched pathways excluded
cancer and human disease pathways are listed in
Table 3. The most significant pathway was
“metabolic pathway” with FDR = 2.4E-08. We
also observed three pathways involved in
endocrine system: GnRH signaling pathway,
Renin secretion, and Cortisol synthesis and
secretion, and two pathways involved in signal
transduction: mitogen-activated protein kinase
(MAPK) signaling pathway and Notch signaling

pathway.

The methylation for mediation in the association
between prenatal DEHP exposure and offspring’s
Pl at birth

First, we performed multiple regression analyses
to examine the association between Pl and
methylation levels at sixteen hyper-DMCpGs on
the genes involved in metabolic pathways (as
shown in Table 3). Of those, methylation levels at
twelve hyper-DMCpGs were inversely related to
PI (Figure 3). In particular, methylation levels at
€g27433759: PIK3CG, cgl10548708: ACAA1, and
€g07002201: FUT9 were associated with Pl with
p-value <0.1. Then, we considered averaged
methylation levels at the three CpGs and observed
mediate effect with Sobel test p-value <0.05
(Table 4), which explained 30.4 % of the effect of
MEHP levels on PI.

D.
We examined the effect of prenatal DEHP
exposure on DNA methylation in cord blood and
found that MEHP

predominantly associated with hypermethylation.

maternal levels were

The genes annotated to hyper-DMCpGs were
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enriched for pathways related to metabolism,

endocrine system, and signal transduction.
Further, mediation analysis suggested that a part
of hypermethylation may mediate the association
between prenatal DEHP exposure and offspring’s
ponderal index.

As we described previously (Araki et al. 2014), the
levels of MEHP in this cohort (median = 10.3
ng/mL) were higher than those in pregnant
women at 18 weeks (median = 1.18 ng/ml).
Additionally, in most cases, the levels of phthalate
metabolites were considerably higher in urine
samples (Frederriksen et al. 2010). We found two
DMCpGs with FDR < 0.05: ¢g26409978 located
in TSS200 of PARPI1Z2 (poly(ADP-Ribose)
polymerase family member 12; previous name:
zinc finger CCCH-type domain containing 1
(ZC3H1)) and cg00564857 mapped to SDK1
(Sidekick Cell Adhesion Molecule 1). Both CpGs
showed hypermethylation. We also observed the
preference of hypermethylation associated with
MEHP levels with p-value <2.5E-04. In the
previous study using the 450K platform, Salomon
et al. (Solomon et al. 2017) reported the seven
DMRs associated with MEHP levels in maternal
urine at 26 weeks gestation (n=332, median: 3.63
pg/g-creatinine). Our study differs in sample size,
matrices, collecting timing, and analysis methods;
nonetheless, when we evaluated the direction of
DMRs,

were

those
DMRs
(Table 2).
Phthalate-induced hypermethylation was also
study that

demonstrated a positive association between

methylation  changes in

hypermethylation in the five
replicated in our data set
consistent with a  previous
prenatal levels of high molecular weight phthalate
and cord blood methylation region of MEG3
(Tindula et al. 2018). It is plausible that maternal

MEHP would predominantly induce offspring’s
hypermethylation. However, others on cord blood
methylation  alterations  reported  prenatal
phthalate-induced hypomethylation. One study
demonstrated an inverse association between
prenatal concentrations of monoethyl phthalate, a
metabolite of diethyl phthalate (DEP), with cord
blood methylation of Alu repeats, and a similar but
weaker association with L/NE-1I methylation
2016).

mono-n-butyl phthalate (MBP) and monobenzyl

(Huen et al. Maternal  urinary
phthalate (MBzP) were negatively associated with
Alu methylation (Huang et al. 2018). Another
showed  that phthalate

concentrations were negatively associated with

study maternal
methylation on L/NE-1 and metabolism-related
genes; IGF2 and PPARA (Montrose et al. 2018).
The differences in metabolite type, the measuring
time, and level of phthalates may account for the
disparities.
We also observed an enrichment of
hyper-DMCpGs in the IGR, with decrease within
CpG island (Figure 2). Disease associated- and
induced-DMCpGs, such as

obesity or exercise intervention, have been shown

environmentally

to be enriched within the IGR or open seas
(Grundberg et al. 2013; Huang et al. 2015; Ronn
et al. 2013; Zhu et al. 2018), suggesting that DNA
methylation may also be dynamically regulated
outside CpG islands. The enrichment of DMCpGs
with in the IGR may affect functional process of
regulatory elements, such as enhancers or
insulators, located within the IGR. Recent study
showed that the methylation levels at CpGs in the
IGR were anticorrelated with nearest gene
expression (Zhu et al. 2018).

showed that DEHP-associated

hypermethylation was associated with metabolic

GO analysis
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pathway, endocrine system, and MAPK signaling
pathway. This is consistent with previous work.
For instance, epidemiological studies showed that
phthalate exposure in utero has been associated
with fetal metabolic outcomes, such as birth size
(Minatoya et al. 2017; Watkins et al. 2016; Whyatt
et al. 2009) and adipokine levels, markers of
function, in cord blood
(Ashley-Martin et al. 2014; Minatoya et al. 2017;

Minatoya et al. 2018a). Prenatal exposure has also

metabolic

been linked to steroid hormone levels in infants
(Araki et al. 2014; Araki et al. 2017; Lin et al.
2011). Recently, an experimental study showed
that MEHP has an impact on MAPK pathways as
well as an effect on peroxisome proliferator—
activated receptor y (PPARY) transcriptional
activity, which together promote disturbances in
lipid metabolism and in human villous
cytotrophoblast differentiation (Shoaito et al.
2019).

Given the DEHP-induced

in metabolic pathway, we

accumulation of
hypermethylations
hypothesized that those methylation changes
would disrupt fetal growth. We examined the
association between methylation levels at sixteen
hyper-DMCpGs in metabolic pathways and PI at
birth, an indicator for fetal growth, and found that
methylation levels at twelve CpGs were negatively

associated with PI (Figure 3). Among them, three

CpGs; ¢g27433759: PIK3CG, ¢gl10548708:
ACAA1, and c¢g07002201: FUTY9, approached
significance (p-value <0.1). PIK3CG

(Phosphatidylinositol-4,5-bisphosphate 3-kinase)
encodes a class | catalytic subunit of PI3K
(Phosphoinositide 3-kinase) that phosphorylates
inositol lipid and
affecting insulin-like growth factor (IGF1)-Akt

signaling (Matheny et al. 2017) and development

is related to the pathway

erythropoietin (EPO)-induced Jak-STAT pathway
(Cokic et al. 2012). ACAAl1 (Acetyl-CoA
Acyltransferase 1) encodes an enzyme operative in
the beta-oxidation system of the peroxisomes and
is involved in fatty acid metabolism (Islam et al.
2019). FUT9 (Fucosyltransferase 9) belongs to
the glycosyltransferase family and is related to
glycosphingolipid biosynthesis (Ogasawara et al.
2011). Although each CpG did not show
significant mediation in the association between
prenatal DEHP exposure and offspring’s PI, the
averaged methylation levels at the three CpGs
represented significant mediate effect (Sobel test
p-value <0.05) and explained 30.4 % of the effect
of MEHP levels on Pl (Table 4). This suggests
that multiple hyper-DMCpGs may jointly
contribute to effects of DEHP exposure in utero
on fetal development. We assumed that there
would be more DM-CpGs related to PI as not all
genes hit KEGG pathways. Among thirty-eight
hyper-DMCpGs with FDR < 0.25 (Supplementary
Table S3), seven CpGs; cg05836256 (LMFLI:
Lipase Maturation Factor 1), cg21491711 (DBNI:
Drebrin 1), ¢g01142096 (ERICHI1. Glutamate
Rich 1), ¢g12651645 (PCSKE:
Convertase Subtilisin/Kexin Type 6 ), cg04849589
(CSNK1G3: Casein 1 Gamma 3),
€g01560642 (TTC34: Tetratricopeptide Repeat
Domain 34), cg02735381 (ALPKI: Alpha Kinase
1) were related to Pl with p-value <0.05, and two
CpGs; €g26684601 (JPHS3:
€g22493212 (MIR4277: MicroRNA4277), were
with p-value <0.1 (Supplementary Figure S1).

Proprotein

Kinase

Junctophilin  3),

Notably, these genes are linked to metabolism, cell
growth and development. LMF1 is related to
lipoprotein metabolism (Hosseini et al. 2012).
DBN1 encodes

protein thought to play a role in the process of

a cytoplasmic actin-binding

-129 -



neuronal growth (Shirao and Sekino 2017). DMR
at ERICHI1 was identified in multiple sclerosis
patients by 450K platform (Maltby et al. 2017).
There is a link between PCSK6 and obesity (Du et
al. 2016; Levenson et al. 2017). CSNK1G3 is
involved the Hedgehog (Hh) signaling pathway
that has numerous roles in the control of cell
proliferation, tissue patterning, stem cell
maintenance and development. TTC34 contains
tetratricopeptide repeat domain which can
regulate diverse biological processes, such as
organelle targeting, protein import, and vesicle
fusion (Zeytuni and Zarivach 2012). microRNAs
are involved in post-transcriptional regulation in
gene expression in multicellular organisms by
affecting both the stability and translation of
MRNAs. JPH3 provides a structural foundation for
functional cross-talk between cell surface and
intracellular ion channels. Although not significant
mediate effect, each CpG explained 12.5 % -
23.2 % of the effect of MEHP levels on PI.

The following limitations of this study should be
considered. We measured MEHP levels only once
from second to third trimester. There have been
MEHP

measurement as a representation of the long-term

concerns about using a single
prenatal exposure due to the short half-life of
MEHP. In addition, among several metabolites of
DEHP, only MEHP levels were measured. MEHP
is the primary metabolite of DEHP. Other
secondary metabolites, such as
mono(2-ethyl-5-hydroxyhexyl)  phthalate and
mono(2-ethyl-5-carboxyl) phthalate which have
been detected in maternal serum (Hart et al.
2014), also be considered in future studies.
Second, we used blood samples for exposure
assessment as urine samples were not available in

this study. The majority of the recent studies

assessed phthalate levels in urine samples as urine
samples can avoid the influence of external
contamination. In this assay, all samples were
handled carefully to avoid ex vivo hydrolysis of
DEHP and external contamination. We measured
background levels of MEHP and confirm that the
influences of external contamination were null.
Third, DNA methylation was measured using
unfractionated cord blood. DEHP is known to
affect multiple tissues. Whether the associations
observed in this study may reflect associations
between prenatal DEHP exposure and the
methylation at target tissues is unknown. Lastly,
we included participants for whom cord blood
samples were available, thus limiting the scope
only to mothers who delivered vaginally. It is thus
possible that relatively healthier children were
included in our analysis, and we may have
underestimated the effects of DEHP exposure.
these limitation,  this
identified

Despite potential

epigenome-wide study
hypermethylation changes associated to prenatal
DEHP DEHP-associated

hypermethylations may jointly contribute to

exposure. The

effects of prenatal exposure on fetal development.
Further studies are needed to confirm our findings
infant

and to investigate their relevance to

Iong-term outcomes.
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Table 1. Characteristics of study population and their relationships with maternal serum
MEHP concentrations (n=203)

MEHP (ng/ml)
Mean + SD p
N (%) Median  25th  75th P
Maternal characteristics
Maternal Age (year)? 29.8+£4.9 p=10.038 0.594
Prenatal-BM| (kg/m?)? 21.243.0 p=0.049 0.485
Parity® 0 110 (54.2) 10.00 565  15.20 0.644
1 93 (45.8) 10.37 6.00 15.65
Educational level (year)®
12 93 (45.8) 10.37 592  14.66 0.831
>12 112 (54.2) 9.92 565 1542
Annual household income (million yen)©
<3 39 (19.4) 11.53 6.03  16.60 0.379
3-5 103 (51.2) 8.65 557 14.92
5-7 43 (21.4) 11.41 6.90 16.80
>7 16 (8.0) 9.83 542 1348
Smoking during pregnancy®
No 167 (82.3) 10.41 592 1555 0.424
Yes 36 (17.7) 7.80 523 1411
Alcohol consumption during pregnancy®
No 132 (65.5) 10.37 596  15.72 0.638
Yes 70 (34.5) 10.22 540  15.09
Caffeine intake during pregnancy (mg/day)?
143.0 £ 125.8 p=0.064 0.374
Blood sampling period (weeks)®
<32 77 (37.9) 11.41 6.64  15.28 0.009
32-35 48 (23.6) 12.40 6.64  17.32
35 78 (38.4) 7.08 500 13.80
Infant characteristics
Gestational age (week)? 39.9+1.0 p=0.000 0.998
Sex® Mae 94 (46.3) 9.86 6.32 14.42 0.673
Female 109 (53.7) 10.41 563 16.31
Birth weight (g)? 3137.5+333.3 p=-0.066 0.352
Birth length (cm)? 485=+1.5 p=0.057 0.416
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Ponderal Index (kg/m?)? 274+22 p=-0.133

0.059

aSpearman's correlation test (p), "Mann-Whitney U-test, °K ruskal-Wallis test
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Figure 1. Manhattan (A) and Volcano (B) plots of the genome-wide associations of
DNA methylation with prenatal exposure to DEHP.

Adjusted for maternal age, educational levels, pre-pregnancy BMI, smoking during

pregnancy, blood sampling periods, gestationa age, infant sex, and cord blood cell
estimates.

Horizontal solid lines represent the significance threshold of an FDR < 0.05.
Horizontal dotted lines represent the threshold of a p-value < 2.5E-04.
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Figure 2. Location of the differentially hypermethylated CpGs (hyper-DM CpGs) with p
<2.5E-04 (253 CpGs) compared to al CpGs on the methylation array.

X2 test: (A) p=0.004, (B) p=0.01
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Table 2. Direction of cord blood DNA methylation changes associated with maternal MEHP levels at differentially methylated regions
identified by Solomon et al. (2018) in the present study.

Sapporo cohort Salomon et a. 2017
Gene Chr Start End Number of  Average Min . Max .
Direction® Direction®
Probes Coef?2  p-vaue bFCH

MUC4 3 195489306 195490169 8 0.018 0.223 + 0.297

C5orf63/FLJ44606 5 126408756 126409553 13 0.017 0.002 + 0.250
VTRNA2-1 5 135414858 135416613 16 —0.007 0.320 - —0.895 -
RNF39 6 30038254 30039801 37 0.005 0.367 + —0.833 -
CNPY1 7 155283233 155284759 10 0.004 0.082 + 0.171 +
SVIL-ASL 10 29698152 29698685 8 0.002 0.119 + 0.390 +
FIBIN 11 27015519 27016671 8 0.003 0.166 + 0.231 +

@Average partial regression coefficient at CpG sitesin the region.

PMinimum p-value within the region.

“Direction of methylation change: +; increased, —; decreased.

9Fold change in DNA methylation Mvalue per logio unit increase in phthal ate metabolite concentration.
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Table 3. Significantly enriched pathways (FDR <0.05) for the gene targets of 253 differentialy hypermethylated CpGs
(hyper-DMCpGs) associated with MEHP levels (p <2.5E-04).

KEGG Orthology KEGG Pathway Genes* p-Vaue
ENOL1; ATP6V1G1; ADSL; PLA2G12A; AMDHD1; EPRS,
Metabolism Metabolic pathways PIK3CG; AGPAT1; HSD3B7; ADI1; PLCD1; DSE; EXT2; 7.3E-11

INPP5A; FUTY; ACAAL
MAP2K6; EFNA3; CACNAILD; DAXX; FGF9; DUSP4;

, , MAPK signaling pathway 3.0E-07
Signal transduction PPM1A; DUSP10; CACNALC; MAP3K3
Notch signaling pathway = NUMBL; NCOR2; RFNG; CTBP1; NOTCH1 6.4E-07
GnRH signaling pathway = MAP2K6; CACNA1D; ITPR2; CACNA1C; MAP3K3 1.3E-04
Cortisol synthesis and
, CACNALD; ITPR2; CACNALC 1.2E-03
secretion
i Vascular smooth muscle
Circulatory system _ CACNAILD; PLA2G12A; CALD1; ITPR2; CACNALC 4.0E-04
contraction
Nervous system Dopaminergic synapse CACNA1D; TH; ITPR2; CACNA1C 7.4E-04

* Genes annotated the hyper-DM CpGs with p <2.5E-04.
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ENO1:cg06972019
ATP6V1G1:cg14653849
ADSL :¢g21365903
PLA2G12A:cg00268793
AMDHD1:¢cg12979793
EPRS:cg10503037
PIK3CG:cg27433759
AGPAT1:cg09043226
HSD3B7:cg07359991
ADI1:cg18751203
PLCD1:cg03819243
DSE:cg20152126
EXT2:¢g24612772
INPP5A:cg16829244
ACAA1:cg10548708

FUT9:c9g07002201
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b (linear regression coefficient)

Figure 3. Linear regression coefficients (B) of ponderal index at birth in relation to
methylation levels at CpGs positively associated with MEHP with p-value <2.5E-04, mapped
to the genes involved in metabolic pathways. Error bars indicate 95% confidential interva
(CI). Adjusted for maternal age, educational levels, parity, pre-pregnancy BMI, smoking
during pregnancy, gestational age, infant sex.

TP <0.1, *P <0.05
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Table 4. Mediation analysis examining the association between prenatal exposure to DEHP
and ponderal index at birth through differential methylation at CpGs by PROCESS (Hyaes,
2013)

Ba
Total effect of maternal MEHP (95% ClI)
on ponderal index at birth -0.56
(-1.02, -0.11)*
Direct effect Indirect effect -
Methylation at CpG Mediation %
Y P BP Be Sobel  (Indirect/Total)
(95% ClI) (BcaCl) p-value
2048 0.08
PIK3CG:cg27433759 0.16 14.3
“ (-0.95, -0.02)* (-0.23, -0.00)
-0.49 0.08
ACAAL:cg10548708 0.24 14.3
« (-0.96, -0.01)* (-0.23,0.03)
051 0.05
FUT9:cg07002201 0.27 8.9
“ (-0.97, -0.05)* (-0.27,0.01)
1039 017
A 3CpGe 0.04* 304
verage sLp (-0.87, 0.08) (-0.37, -0.05)

aCoeffieicnt represents total effect estimate for DEHP exposure in the model: ponderal index
= MEHP levels + covariates

PCoeffieicnt represents direct effect estimate for DEHP exposure in the model: ponderal index
= MEHP levels + DNA methylation levels at CpGs + covariates

“Coeffieicnt represents indirect effect estimate for MEHP on ponderal index through
differential methylation at CpG, equals (total effect) — (direct effect).

dAverage of methylation levels at three CpGs; cg27433759, cg10548708, and cg07002201
Covariates; maternal age, parity, educational levels, pre-pregnancy BMI, smoking during
pregnancy, blood sampling periods, gestational age, and infant sex

Bca Cl, bias-corrected and accelerated Cl

*p<0.05
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PCBs 85
PCBs
85
PCBs
2002 2012
85
PCBs
85
20
PCBs 43
324
32
39
45
1
PCBs 30
0.1% w/w

PCBs

ASE-350 Thermo
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6g ASE-350
/ 1:3, viv
1)
non-ortho
PCBs PCBs non-ortho PCBs
2
1.5 mL
GC/IMS
HRGC/HRMS
100 pL
1 uL HRGC/HRMS

Agilent 6890/JEOL JM S-800D

200 pL 100 pL
LVI-S200 HRGC/HRMS
Agilent 7890 Waters  AutoSpec
Premier
SIM
29
PCBs 70 3 10
PCBs
6
2
PCBs
lipid weight basis
whole

blood weight basis
po/g 2,3,7,8-TCDD

TEQ
2,3,7,8-TCDD WHO-TEF
2005
12 TEQ
ID
85
0.26% 0.17 0.35
3)4)
1 29
85
Total TEQ
5.5 pg/g lipid 2.9 28pg/qglipid
Total TEQ 0.014 pg/g
whole 0.0085 0.046 pg/g whole
2009
2011 29
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32.0 49 Total PCBs

mono-ortho PCB 81 ng/g lipid 30 390
21 ng/g lipid
98 pg/g whole 25 460 po/g
whole
85 Total PCB
PCB
1 85
Total dioxin Total PCBs
PCBs R? 0.913 85
4
5) 4
2 PCBs
1 84
29 26
32
mono-ortho PCB 21 4 85
Total TEQ
5.3 pg/g lipid 2.8 27pgg 4
lipid 6.5 pg/g lipid
3.1 18pg/glipid
D. #&am
49 %
- PCBs
10 pg/g lipid 3.2
23 pg/g lipid 2008
3)
PCBs
PCBs 81 85
2
85 Total PCBs
N 49 ng/g lipid 14 190 PCBs
ng/g lipid
120 pg/g whole 41 440
pg/g whole PCBs
E
1999 2004 6
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pg/g lipid pg/g whole
2,3,7,8-TCDD 1 0.53 ND 14 0.003  0.0015 ND  0.0034
1,2,3,7,8-PeCDD 1 0.75 ND 75 0.003  0.0021 ND 0.013
1,2,3,4,7,8-HxCDD 2 11 ND 4.0 0.006  0.0032 ND 0.012
1,2,3,6,7,8-HxCDD 2 5.1 ND 21 0.006  0.0130 ND 0.058
1,2,3,7,8,9-HxCDD 2 1.2 ND 4.9 0.006  0.0034 ND 0.014
1,2,3,4,6,7,8-HpCDD 2 11 25 49 0.006 0.027  0.0077 0.083
OCDD 4 309 130 869 0.01 0.78 0.394 1.8
2,3,7,8-TCDF 1 1.7 ND 53 0.003  0.0045 ND 0.011
1,2,3,7,8-PeCDF 1 1.7 ND 5.7 0.003  0.0043 ND 0.010
2,3,4,7,8-PeCDF 1 2.8 ND 12 0.003  0.0071 ND 0.020
1,2,3,4,7,8-HXCDF 2 2.0 ND 7.0 0.005  0.0051 ND 0.012
1,2,3,6,7,8-HXCDF 2 14 ND 6.7 0.005  0.0034 ND 0.011
2,3,4,6,7,8-HXCDF 2 1.0 ND 21 0.005 ND — —
1,2,3,7,8,9-HxCDF 2 ND — — 0.005 ND — —
1,2,3,4,6,7,8-HpCDF 2 1.7 ND 6.2 0.005  0.0041 ND 0.016
1,2,3,4,7,8,9-HpCDF 2 ND — — 0.005 ND — —
OODF 4 21 ND 48 | 001 00051  ND 0012
3,4,4'5-TCB CB81 10 5.0 — 5.0 0.03 ND — —
3,3',4,4'-TCB CB77 10 15 ND 48 0.03 0.037 ND 0.083
3,3',4,4'5-PenCB CB126 10 12 ND 74 0.03 0.030 ND 0.13
334455HCB CBl6O | 10 64 ND_____ 34 ] 003 0017 _ _ ND____ 0058
2'3,4,4'5-PeCB CB123 10 45 ND 220 0.03 0.12 ND 0.46
2,3'4,4'5-PeCB CB118 10 2800 601 12000 0.03 7.1 1.7 24
2,3,4,4'5-PeCB CB114 10 160 ND 950 0.03 0.40 ND 16
2,3,3',4,4-PeCB CB105 10 640 162 2300 0.03 16 0.46 5.7
2,3'4,4'55-HxCB CB167 10 310 ND 1400 0.03 0.79 ND 3.2
2,3,3'4,4' 5-HxCB CB156 10 730 161 2900 0.03 1.9 0.34 7.8
2,3,3',4,4'5-HxCB CB157 10 210 ND 1000 0.03 0.53 ND 2.3
2334455-HpCB CB18Y 0 56 ____ND 380 003 015 ND 10
Total PCDDs 330 140 960 0.83 0.43 19
Total PCDFs 16 10 48 0.041 0.025 0.084
Total PCDD/PCDFs 340 150 1000 0.87 0.46 2.0
Total non-ortho PCBs 39 20 160 0.099 0.060 0.28
Total mono-ortho PCBs 5000 1100 21000 13 3.3 41
Total dioxin-like PCBs 5000 1200 21000 6.4 0.060 41
Totaldioins 5400 1400 22000 ] 73 063 42
Total PCDDs-TEQ 2.2 14 13 0.0061  0.0042 0.020
Total PCDFs-TEQ 1.6 0.64 6.1 0.0041  0.0017 0.010
Total PCDDs/PCDFs-TEQ 3.9 2.2 19 0.010  0.0063 0.031
Total non-ortho PCBs-TEQ 1.44 0.65 8.5 0.0036  0.0020 0.014
Total mono-ortho PCBs-TEQ 0.15 0.034 0.62 0.00038 0.000098  0.0012
Total dioxin-like PCBs-TEQ 1.6 0.69 9.1 0.0039  0.0021 0.015
Total-TEQ 5.5 2.9 28 0.014  0.0085 0.046
ND
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85 PCBs ND
pg/g lipid pg/g lipid

2,2,6-TrCB(CB19) 10 74 ND 1100 2.2,3,455 HxCB(CB141) 10 80 ND 260
2,2'5-TrCB(CB18) 10 730 ND 1700 223,44 5-HxCB(CB137) 10 310 ND 1200
2,4,5-TrCB(CB29) 10 45 ND 360 2,23,34,5-HxCB(CB130) 10 320 ND 1700
2,4,4"TrCB(CB28) 10 1200 ND 2500 2,3345'6-HXCB(CB164) 10 2200 387 7800
2,3 4TrCB(CB33) 10 780 ND 2100  2.2'34,4'5-HxCB(CB138) 10 5200 1178 19000
2,3,4"TrCB(CB22) 10 410 ND 1300  2,3,34,4'6-HXCB(CB158) 10 100 ND 400
3,4,4"TrCB(CB37) 10 210 ND 1500 2.2'3,3'4,4"-HXCB(CB128) 10 120 ND 640
2,2'6,6"TeCB(CB54) 10 15 ND 840  2.34,4'55-HXCB(CB167) 10 310 ND 1400
2,2'5,5TeCB(CB52) 10 1000 66 4400 23,344 5-HXCB(CB156) 10 730 161 2900
2,2'4,5-TeCB(CB49) 10 250 ND 910  23,3'4,4'5-HxCB(CB157) 10 210 ND 1000
2,2'4,4-TeCB(CB47) 10 300 ND 2100  2,2'345,6,6-HpCB(CB188) 10 55 ND 48
2,23,5TeCB(CB44) 10 410 ND 1500  2,2'335,6,6-HpCB(CB179) 10 36 ND 220
2,3'4'6-TeCB(CB71) 10 240 ND 1000 22’3355 6-HpCB(CB178) 10 450 ND 1900
2,3,45-TeCB(CB63) 10 4 ND 250  2,23,4.4'5,6-HpCB(CB182) 10 2200 466 9200
2,4,45-TeCB(CB74) 10 1700 353 7600 223445 6-HpCB(CB183) 10 550 ND 2400
2,3'4' 5-TeCB(CB70) 10 400 103 1200  2,2,3,4,4'56-HpCB(CB18L) 10 5.7 ND 57
2,345 TeCB(CB76) 10 6.2 ND 58 223345,6-HpCB(CB77) 10 470 ND 1700
2,3'4,4-TeCB(CB66) 10 740 205 2700 2,2'33,4,4'6-HpCB(CB171) 10 160 ND 730
2,3,3\4-12,3,4,4"TeCBS(CB56/60) 10 410 121 1100  22,3,3'4,55-HpCB(CB172) 10 260 ND 1000
2,2'4,6,6-PeCB(CB104) 10 6.6 ND 68 2234455 -HpCB(CB180) 10 4100 713 22000
2,2'3,5',6-PeCB(CBOS) 10 750 251 3000 23,3445 6-HpCB(CB191) 10 44 ND 270
2,2'35,5-PeCB(CBO2) 10 210 ND 860  2,23,3'4,4'5-HpCB(CBL70) 10 1400 241 6300
2,2'4,5,5-PeCB(CB101) 10 680 142 2600 2334455 -HpCB(CB189) 10 56 ND 380
2,2'4,4',5-PeCB(CB99) 10 1700 434 7500 2,2'3,3'5,56,6-OcCB(CB202 10 170 ND 1200
2,344 6-PeCB(CB119) 10 17 ND 87  2,2'3,34,5,6,6-0cCB(CB201 10 30 ND 190
2,3,4',5,6-PeCB(CB117) 10 180 ND 910 2233 4,5,5,6-0cCB(CB200 10 6.4 ND 57
2.2'3.4.5-PeCB(CBSY) 10 210 39 880 22'33'455'6-/2,2,3,34,566

2,2'3,4,4-PeCB(CB85) 10 120 ND 440 OCCB(CBL98/199) 10 560 ND 4700
2,33 4',6-PeCB(CB110) 10 260 16 970  2.2'3,4,4'5,5,6-0cCB(CB203) 10 330 ND 3900
2,33 4',5-PeCB(CB107) 10 150 ND 830 2233 4,456-0cCB(CB195) 10 83 ND 600
23,44 5-PeCB(CB123) 10 45 ND 220 22'334,455-0cCB(CBL94) 10 430 ND 3500
2,3\4,4',5-PeCB(CB118) 10 2800 601 12000  2,3,3'4.4'5,56-0cCB(CB205) 10 8.6 ND 93
2,3,4,45-PeCB(CB114) 10 160 ND 950  2.2334,5,5,6,6-NoCB(CB208) 10 53 ND 1100
2,3,3'4,4PeCB(CB105) 10 640 162 2300  22,3,34,4'5,6,6-NoCB(CB207) 10 11 ND 310
2,2'35,5,6-HxCB(CB151) 10 270 ND 950  2,2'3,3'4,4'5,5'6-NoCB(CB206) 10 150 ND 2200
2,2'3,35,6-HxCB(CB135) 10 100 ND 440 2,2'3,3.4,4'5,5'6,6DeCB(CB209) 10 160 ND 1600
2,2'3.4',5,6-HXCB(CB147) 10 46 ND 500  Total TrCBs 3300 3 7900
2,2'3,4,4"6-HxCB(CB139) 10 160 ND 790  Total TeCBs 5500 1640 22000
2,2'3,35,6-HxCB(CB134) 10 8.5 ND 93 Total PeCBs 8000 2200 34000
2,3,35,5',6-HxCB(CB165) 10 5.2 ND 23 Total HXCBs 21000 4900 86000
2,2'3.4'5,5-HxCB(CB146) 10 1600 318 6000 Total HPCBs 9700 1800 42000
2,2'3,34,6-HxCB(CB132) 10 74 ND 300  Total OcCBs 1600 350 14000
2,2'4,4'5,5-HxCB(CB153) 10 9000 1971 41000 Total NoCBs 220 15 3400
2,34,4'5,5-HxCB(CB168) 10 6.0 ND 54 Total PCBs (ng/g) 49 14 190

- 150 -



pg/qg lipid)

Total PCB

250000

200000

150000

100000

50000

-151 -

[
y = 8.0348x + 6165.8
R?=0.913
o
[
° ”.. ‘
® “ )
() 1 ’ .q:‘
.
0‘
0 5000 10000 15000 20000
Total dioxin pa/g lipid)
1 Total dioxin Total PCB

25000



PCB POPs
PCB
PCB
DNA
/ (DOHaD) DNA
DNA 45 450K
CpG ;
292 132 45% 160 55% DMP
FDR g < 0.05 CpG
cg01228410 SLC9A3, FDR= 0.041 DMP
p<2.50E-04 317CpG 262CpG
DNA logFC PCB
2017) BPA
( DNA
) (Miura et al. 2019;
Miura et al. 2018) DNA
DDT
, PCB IGF2/H19, LINE1
DNA
CpG DNA

(Kobayashi, Azumi,
et al. 2017; Kobayashi, Sata, et al.
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DNA

POPs
PCB
DNA
PCB

PCB

PCB

DNA

/ (DOHaD)

(Bianco-Miotto et al.

2017; Gluckman and Hanson 2004)

DNA

DNA
45 450K
CpG

514

GS-MS
DNA
, DNA
45  CpG
Infinium
HumanMethylation450 BeadChip

DNA CpG
differentially methylated position;
DMP
robust linear regression (Fox
and Weisberg 2011) (Smyth
2004)
DNA 45 CpG

(logl10) ,

(Bakulski et al.
2016)
FDR g < 0.05
CpG
DMP p<2.50E-04
CpG DNA
differentially methylated
region; DMR bumphunter
CpG

Gene Ontology GO
KEGG



77.5% 22.5%

logFC
logFC 0
75%th
1CpG  logrC 0.4
DNA
DNA
DNA
DMR
KEGG

Viral protein interaction
with cytokine and cytokine receptor
Amino sugar
and nucleotide sugar metabolism

292
+ SD 30+ 4.9 151 AhR
51.7% 131 AhR
44 9% 500 205
70.7 46  15.8% DNA
132 45% 160
55%
14.03 (10.10-18.24) DNA
pg/g TEQ 25%th-75%th DMP
DMP FDR g < 0.05 €g01228410 g=0.041
SLC9A3
CpG €g01228410 SLC9A3, SLC9A3
FDR=0.041 (Dorfman et
DMP p<2.50E-04 al. 2011) KEGG
317CpG 262CpG
CpG
283CpG  89.3% CpG
34(10.7%) 203CpG
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IgE
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1. DNA logFC
Hypo Hyper
methylation | methylation p
Male 34 (10.7) 283 (89.3) 0.0001
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3. DNA KEGG (p <0.05)
path No Description N DE | P.DE FDR
male
path:hsa04061 | Viral protein interaction with cytokine and cytokine receptor | 100 | 4.5 | 0.009589074 1
path:hsa01210 | 2-Oxocarboxylic acid metabolism 18 2 | 0.019418557 1
path:hsa04360 | Axon guidance 181 8 | 0.028704492 1
path:hsa04977 | Vitamin digestion and absorption 24 2 | 0.037293153 1
path:hsa04064 | NF-kappa B signaling pathway 104 4 | 0.042468097 1
path:hsa00020 | Citrate cycle (TCA cycle) 30 2 | 0.045518804 1
female
path:hsa00520 | Amino sugar and nucleotide sugar metabolism 48 3 | 0.014026532 1
path:hsa04270 | Vascular smooth muscle contraction 132 5 | 0.030635842 1

DMP

p <2.50E-04

CpG
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1. DNA

(hg38) CpG 450K CpG No.
AHRR chr5:373,213-373,332 5 cg05575921
CYP1A1 chr15:74,726,610-74,726,828 17 €g05549655/cg00213123/¢cg23727072
MYO1G chr7:44,963,075-44,963,360 20 €g12803068/cg04180046
GFI1 chrl:92,481,065-92,481,301 21 cg12876356/cg18146737
ESR1 chr6:151,808,879-151,809,120 11 €g04063345/cg15626350

2. ADHD
OR (95%Cl)
H FE B A 1.01 (0.97,1.06)
H E R 0.51 (0.34,0.76)**
HEFUR 0.39 (0.25, 0.60) **
B IRA)EAEE 1.13 (0.64,1.98)
F_ A 1.05 (0.71, 1.53)
NGSZEER 0.02 (0.01, 0.04)**
AF=Y ZEHEME 1.04 (0.68, 1.58)
AF =Y HEFEE 2.51(1.32,4.75)**
**p <0.01
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