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Locus-specific DNA methylation in the placenta is associated with levels of
pro-inflammatory proteins in cord blood and they are both independently affected

by maternal smoking during pregnancy
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ABSTRACT

We investigated the impact of maternal smoking during pregnancy on placental DNA methylation and
how this may mediate the association between maternal smoking and pro-inflammatory proteins in cord
blood. The study population consisted of 27 individuals exposed to maternal smoking throughout
pregnancy, 32 individuals exposed during a proportion of the pregnancy, and 61 unexposed individuals.
Methylation of 11 regions within 6 genes in placenta tissue was assessed by pyrosequencing. Levels of 7
pro-inflammatory proteins in cord blood were assessed by electrochemiluminescence. Differential
methylation was observed in the CYPTAT promoter and AHRR gene body regions between women who
smoked throughout pregnancy and non-smokers on the fetal-side of the placenta and in the GFIT
promoter between women who quit smoking while pregnant and non-smokers on the maternal-side of
the placenta. Maternal smoking resulted in elevated levels of IL-8 protein in cord blood, which was not
mediated by DNA methylation of our candidate regions at either the maternal or the fetal side of the
placenta. Placental DNA methylation was associated with levels of inflammatory proteins in cord blood.
Our observations suggest that maternal smoking during pregnancy affects both placental DNA
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methylation and the neonate’s immune response.

Introduction

Several studies have reported adverse health outcomes in chil-
dren exposed to maternal smoking during pregnancy, including
low birth weight, early respiratory illnesses, childhood and
adult obesity, impaired behavioral development, anxiety and
depression, cancer, and impaired reproductive health.'” These
impacts on childhood health may be mediated by epigenetic
programming. A major epigenetic mark influencing gene
expression is DNA methylation. DNA methylation contributes
to the regulation of some key biologic processes important dur-
ing early life development, such as imprinting, X-chromosome
inactivation, cellular differentiation, and pluripotency.'®*?
Maternal smoking during pregnancy has been reported to
impact differential DNA methylation in cord blood and these
changes can be maintained into childhood."**" A recently pub-
lished meta-analysis performed in the PACE consortium
reported that CpG loci methylation in cord blood associated
with maternal smoking remained associated with maternal
smoking in older children, demonstrating the persistence of
findings at birth into later childhood.”!

To date, few studies have investigated the influence of
maternal smoking on placental DNA methylation.**** The pla-
centa plays an important role in fetal tissue growth, vasculariza-
tion, and hormone production. Additionally, it facilitates the

supply of nutrients from mother to child and filters harmful
substances to prevent embryo exposure.”® Maternal smoking
during pregnancy can induce abnormal development of the
placenta, by influencing the placental vasculature, causing
DNA damage and impairing DNA repair.”’ >’ Some of these
smoking-induced changes may be mediated by DNA methyla-
tion, which may in turn play a role in the adverse health out-
comes observed in neonates exposed to maternal smoking.

To investigate this hypothesis, we analyzed the impact of
maternal smoking during pregnancy on human placental DNA
methylation in genes that were previously identified to exhibit
differential methylation in cord blood, maternal blood or pla-
centa tissue.">'® Placenta tissue from both the maternal and
the fetal side of the placenta was included to explore whether
the impact of maternal smoking on placental DNA methylation
may be modified by placenta physiology. Subsequently, specific
pro-inflammatory and cardiovascular injury proteins, which
were previously reported to be elevated in newborns who had
inflammatory lesions of the placenta,”® were analyzed in the
plasma of cord blood to investigate the impact of maternal
smoking during pregnancy on the presence of these inflamma-
tion-related proteins in neonates and the possible relation
between these inflammation-related proteins and placental
DNA methylation of our target genes.
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Results

Locus-specific differential DNA methylation in placentas
exposed to maternal smoking during pregnancy compared
with unexposed placentas

We analyzed the DNA methylation status of 11 regions within
6 genes, previously reported to be associated with maternal
smoking in cord blood, maternal blood, or placenta. These can-
didate genes included CYPIAI, AHRR, GALNT2, GFII,
RUNX3, and TSLP and among 1 to 10 CpG loci were analyzed
per region. The median methylation levels of the assayed loci in
the promoters of GALNT2, GFI1, RUNX3, and TSLP was low,
ranging from 0.80 to 8.23%. In contrast, the median methyla-
tion levels in the promoters of CYPIAI and AHRR were much
higher, ranging from 16.71 to 62.52%. Gene body methylation
varied greatly between and within each gene (Supplementary

Table 1). The correlation in methylation levels between the
placenta tissues isolated from the maternal and fetal side of
the placenta varied greatly between regions and even within the
same region. The methylation levels of 49 out of the 51 CpG
loci included in our analyses were significantly correlated
between the maternal and the fetal side of the placenta
(P < 0.05)(Supplementary Table 1).

Among placenta samples extracted from the fetal side, we did
not detect any significant differences in methylation between the
mothers that quit smoking during pregnancy and mother that
never smoked. However, fetal side DNA methylation was signifi-
cantly lower among placentas exposed to maternal smoking
throughout pregnancy compared with the unexposed placentas
for all 3 CpG loci analyzed in the AHRR gene body and at one
CpG locus in the CYPIAI promoter (Fig. 1, P < 0.05). These
changes in DNA methylation were relatively small; methylation
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Figure 1. DNA methylation levels of the placentas from non-smoking mothers compared with the placentas from smoking mothers. Differential methylation observed in
the placentas exposed to maternal smoking is shown relative to the unexposed placentas. The model was adjusted for maternal age, BMI category, and infant gender.
The placentas of mothers who quit smoking while pregnant are indicated by the red color, the placentas exposed to maternal smoking during the entire duration of the
pregnancy are indicated by the blue color. On the fetal side, significant decrease in methylation was observed in the mothers that smoked throughout pregnancy at 3
CpG loci in the AHRR gene body and one CpG locus in the CYPTAT promoter. On the maternal side of the placenta, one CpG locus in the GFIT promoter was significantly
reduced in placentas of mothers who smoked and quit (P < 0.05). None of the other genes and loci included in this study reached statistical significant differences
between our exposure groups for either the maternal or the fetal side of the placenta (Supplementary Figure 1)
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Table 1. Estimated association between unexposed placentas and placentas exposed to maternal smoking during pregnancy. Significantly lower levels of methylation
were observed in the placentas from mothers who smoked throughout pregnancy compared with non-smoking mothers in all 3 CpG loci located in the AHRR gene body
and in 1 CpG loci located in the CYP1AT promoter on the fetal side of the placenta (P < 0.05). On the maternal side of the placenta were significantly lower levels of meth-
ylation observed in placentas from mothers who quit smoking while pregnant compared with mothers who did not smoke (P < 0.05), after adjusting for maternal age,

BMI category, and infant gender.

Difference in DNA methylation (%) relative to non-smoking mothers

(95% confidence interval)

Fetal side of the placenta Maternal side of the placenta

Quit smoking Smoked throughout Quit smoking Smoked throughout

Gene CpGID Position while pregnant pregnancy while pregnant pregnancy
CYP1AT promoter 1 Chr15:74.726.798 0.92 (—2.58,4.42) —1.29 (—5.11,2.53) 0.97 (—2.36,4.29) 0.72 (—2.91,4.35)
2 Chr15:74.726.803 0.74 (=2.30,3.77) —1.51(—4.82,1.80) 0.72 (—2.14,3.57) 0.26 (—2.86,3.37)
3 Chr15:74.726.845 1.12 (—0.92,3.16) —0.81 (—3.03,1.41) 0.80 (—1.57,3.17) 0.85 (—1.73,3.44)
4 Chr15:74.726.848 —0.62 (—3.58,2.33) —0.96 (—4.19,2.26) 0.71 (—2.33,3.76) 1.97 (—1.35,5.29)
5 Chr15:74.726.856 1.52 (—1.71,4.74) —2.63 (—6.15,0.89) 0.12 (—3.51,3.74) 0.22 (—3.74,4.18)
6 Chr15:74.726.863 —0.53 (—3.32, 2.25) —4.70"" (—7.74,—1.67) 1.09 (—2.13,4.32) —1.74 (—5.26,1.77)
AHRR body 1 Chr5:373.464 —0.59 (—3.14, 1.96) —3.88" (—6.66,—1.09) —0.64 (—4.15,2.87) —3.14 (—6.97,0.68)
2 Chr5:373.484 —1.11 (—4.00, 1.78) —3.42" (—6.57,—0.27) —1.49 (—5.00,2.03) —1.68 (—5.51,2.16)
3 Chr5:373.509 —0.54 (—4.05, 2.96) —4.18" (—8.00,—0.35) —0.83 (—4.88,3.21) —2.86 (—7.28,1.55)
AHRR promoter 1 Chr5:322.640 0.73 (—2.55,4.02) 0.83 (—2.75,4.41) —0.71 (—4.18,2.75) 0.21 (—3.57,4.00)
2 Chr5:322.646 0.39(—3.23,4.02) 0.59 (—3.37,4.55) —0.51(—3.32,2.29) —0.33 (—3.40,2.73)
3 Chr5:322.658 —1.43 (—5.46,2.60) —1.75 (—6.15,2.64) 0.03 (—3.76,3.82) 1.92 (—2.21,6.05)
4 Chr5:322.660 —2.38 (—5.36,0.60) —1.81 (—5.06,1.44) —0.63 (—3.62,2.37) 0.90 (—2.37,4.17)
5 Chr5:322.662 —1.68 (—4.41,1.06) —0.88 (—3.86,2.10) 0.44 (—2.40,3.28) 0.24 (—2.86,3.34)
GALNT2 body 1 Chr1:230.279.439 0.01 (—1.47,1.48) —0.76 (—2.37,0.84) 0.36 (—1.08,1.80) 0.50 (—1.07,2.07)
2 Chr1:230.279.466 —2.22 (—6.29,1.84) —2.60 (—7.04,1.84) —1.51 (=5.76,2.73) —2.23 (—6.86,2.41)
3 Chr1:230.279.479 —0.38 (—1.73,0.98) —0.45 (—1.93,1.03) —0.73 (—2.39,0.93) —1.59(—3.41,0.22)
GALNT2 promoter 1 Chr1:230.067.284 —0.24 (—0.93,0.44) —0.06 (—0.82,0.71) —0.16 (—0.92,0.61) 0.09 (—0.75,0.92)
2 Chr1:230.067.287 —0.41 (—1.41,0.59) —0.02 (—1.14,1.10) —0.12 (—0.69,0.44) 0.26 (—0.35,0.88)
3 Chr1:230.067.291 —0.48 (—1.87,0.91) 0.01 (—1.54,1.56) —0.23 (—1.38,0.92) —0.01(—1.27,1.24)
4 Chr1:230.067.295 —1.03 (—2.46,0.40) 0.08 (—1.52,1.67) 0.29 (—1.01,1.60) 1.01 (—0.41,2.43)
5 Chr1:230.067.298 —0.41 (—1.40,0.59) 0.31(—0.79,1.42) 0.22 (—0.52,0.97) 0.14 (—0.67,0.95)
GFI1 body 1 Chr1:92480.576 —0.38 (—2.96,2.20) 0.03 (—2.80,2.87) —0.10 (—5.07,4.86) —1.01 (—6.36,4.34)
2 Chr1:92480.590 —0.04 (—1.71,1.63) 0.14 (—1.70,1.98) —0.51 (—4.57,3.55) —1.83 (—6.20,2.55)
3 Chr1:92480.631 0.74 (—4.09,5.57) —0.03 (—5.35,5.28) 2.33(—2.93,7.58) 1.30 (—4.37,6.96)
4 Chr1:92480.634 0.53 (—4.29,5.35) 0.38 (—4.92,5.69) 0.97 (—4.47,6.41) 1.32 (—4.54,7.19)
GFIT promoter 1 Chr1:92.474.769 0.45 (—0.17,1.06) 0.22 (—0.45,0.89) —0.76 (—1.54,0.02) 0.58 (—0.24,1.40)
2 Chr1:92.474.776 0.39 (—0.20,0.99) 0.25 (—0.41,0.90) —0.77" (—1.48,—0.06) 0.19 (—0.56, 0.93)
3 Chr1:92.474.782 0.11 (—0.21,0.44) 0.00 (—0.36,0.36) —0.38 (—0.86,0.10) 0.25 (—0.25,0.75)
4 Chr1:92.474.785 0.07 (—0.23,0.37) 0.03 (—0.30,0.35) —0.16 (—0.51,0.19) 0.17 (—0.20,0.54)
5 Chr1:92.474.789 0.08 (—0.10,0.27) 0.05 (—0.15,0.25) —0.18 (—0.40,0.04) 0.05 (—0.18,0.28)
6 Chr1:92.474.793 0.07 (—0.27,041) 0.05 (—0.32,0.42) —0.23 (—0.60,0.13) —0.08 (—0.46,0.31)
7 Chr1:92.474.795 0.17 (0.00,0.35) —0.07 (—0.26,0.12) —0.12 (—0.34,0.10) 0.12 (—0.11,0.35)
8 Chr1:92.474.800 0.02 (—0.35,0.38) —0.19 (—0.58,0.21) —0.09 (—0.54,0.37) 0.33 (—0.15,0.80)
9 Chr1:92.474.802 0.12 (—0.08,0.33) —0.06 (—0.28,0.17) 0.02 (—0.24,0.29) 0.08 (—0.20,0.35)
10 Chr1:92.474.805 0.10 (—0.18,0.38) —0.01 (—0.32,0.30) —0.30(—0.72,0.12) 0.00 (—0.44,0.44)
RUNX3 body 1 Chr1:25.342.715 —0.43 (—2.71,1.85) —1.05 (—3.53,1.44) —0.33(—2.39,1.73) —0.25 (—2.50,2.00)
RUNX3 promoter 1 Chr1:24.935.146 0.16 (—1.69,2.01) —0.27 (—=2.30,1.75) 0.98 (—0.86,2.82) —0.76 (—2.77,1.24)
2 Chr1:24.935.151 0.04 (—1.87,1.95) 0.66 (—1.43,2.74) 0.20 (—1.55,1.94) 0.07 (—1.84,1.97)
3 Chr1:24.935.154 0.45 (—2.02,2.91) —0.33(—3.02,237) —0.04 (—2.09,2.00) —0.90 (—3.14,1.33)
4 Chr1:24.935.156 0.61(—1.86,3.07) —0.32 (—3.01,2.37) 1.12 (—0.81,3.05) 0.13(—1.98,2.24)
5 Chr1:24.935.159 —0.02 (—2.15,2.11) —0.51(—2.83,1.82) 0.91 (—1.07,2.89) 0.10 (—2.07,2.26)
6 Chr1:24.935.165 —0.01 (—2.73,2.70) 0.92 (—2.05,3.88) 0.63 (—2.22,3.48) —0.78 (—3.89,2.33)
7 Chr1:24.935.173 —0.16 (—2.59,2.27) 0.92 (—1.74,3.57) 0.04 (—2.56,2.64) —0.63 (—3.46,2.20)
TSLP body 1 Chr5:111.071.845 —0.06 (—1.75,1.63) —0.10 (—1.94,1.75) 0.26 (—3.15,3.67) 1.30 (—2.43,5.02)
TSLP promoter 1 Chr5:111.073.649 —0.43 (—1.18,0.32) 0.04 (—0.78,0.86) —0.52 (—1.24,0.19) 0.23 (—0.55,1.01)
2 Chr5:111.073.652 —0.31 (—0.87,0.25) 0.17 (—0.44,0.78) —0.41(—1.03,0.21) 0.09 (—0.59,0.77)
3 Chr5:111.073.658 —0.45 (—1.24,0.34) —0.26 (—1.13,0.60) —0.61(—1.45,0.23) 0.27 (—0.65,1.19)
4 Chr5:111.073.660 —0.21 (—0.65,0.23) 0.11 (—0.37,0.60) —0.37 (—0.88,0.13) 0.09 (—0.46,0.64)
5 Chr5:111.073.664 —0.30 (—0.95,0.36) 0.10 (—0.61,0.81) —0.51(—1.20,0.18) 0.16 (—0.59,0.92)
6 Chr5:111.073.670 —0.09 (—0.76,0.58) —0.01 (—0.75,0.72) —0.55(—1.27,0.18) 0.02 (—0.77,0.81)

*P < 0.05,

**P < 0.001, multiple regression analysis

was 4.70% lower [95% confidence interval (CI): —7.74%,
—1.64%] at the CpG locus in the CYPIAI promoter among
exposed placentas (Table 1). The shift in methylation was similar
in the AHRR gene body; the decrease in methylation ranged
from 4.18% (95% CI: —8.00%, —0.35%) to 3.86% (95% CI:
—6.66%, —1.09%; Table 1), after adjusting for maternal age,
BMI, and infant gender.

Conversely, there were no significant differences in DNA
methylation between placentas exposed to maternal smoking
throughout pregnancy and those that were not exposed among
samples obtained from the maternal side of the placenta. How-
ever, there was a very small, but statistically significant, reduc-
tion in DNA methylation at one locus in the GFII promoter in
the placentas of mothers who quit smoking while pregnant,
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Figure 2. Correlations between several pro-inflammatory proteins levels. The lower triangle contains pair-wise pro-inflammatory protein scatterplots. The upper triangle
shows the Pearson correlation coefficient between the pro-inflammatory proteins. Significant positive correlations were observed between the proteins levels of ICAM1,

SAA and CRP and between the protein levels of IL-8 with IL-6 (P < 0.001).

compared with unexposed placentas (95% CI: —1.48, —0.06;
Table 1), after adjusting for maternal age, BMI, and infant
gender.

These disparities in the association between maternal smok-
ing and placental DNA methylation by sampling side suggest
tissue side-specific impacts within the placenta.

Locus-specific placental DNA methylation and
inflammation-related protein levels in cord blood

Levels of 7 pro-inflammatory-related proteins—4 pro-inflam-
matory cytokines, the interleukins IL-6, IL-8, and IL1p,
and tumor necrosis factor o (TNFa)—and 3 acute-phase
proteins—intercellular adhesion molecule 1 (ICAM-1), serum
amyloid A (SAA), and C-reactive protein (CRP)—were assayed
in cord blood. All 7 proteins are major acute phase reactants
and play an important role in the early response to infection.
They were previously reported to be elevated in newborns with
inflammatory lesions of the placenta.

Moderate to strong pairwise correlations were detected
between several of these proteins (P < 0.001; Fig. 2). Significant
positive correlations were observed between the proteins levels
of ICAMI, SAA, and CRP, with correlations ranging from
0.420 to 0.476. The strongest correlation was between the pro-
tein levels of IL-8 with IL-6 (R = 0.752).

We investigated the interaction between these pro-inflam-
matory-related proteins in cord blood and the DNA methyla-
tion levels in placenta of the CpG loci analyzed in this study.
Each of the pro-inflammatory proteins assessed was signifi-
cantly associated with placental DNA methylation levels of at
least one of the CpG loci examined. The interactions between
placental DNA methylation and cord blood protein levels
largely varied by placenta side; only ICAM1 was consistent in
the interaction with DNA methylation status of a single CpG
locus on both sides of the placenta. A 5% increase in fetal side
DNA methylation at this locus in the GFII body was accom-
panied by a small increase in log(pg/mL) ICAM1 [0.03 (95%
CI: 0.00, 0.006)] and a similar increase in ICAM1 was detected
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Figure 3. Maternal smoking during pregnancy and IL-8 protein levels (pg/mL) in cord blood plasma. Differential levels of cord blood inflammatory proteins observed in
neonates exposed to maternal smoking during pregnancy is shown relative to the neonates unexposed to maternal smoking during pregnancy. The model was adjusted
for maternal age, BMI category, and infant gender. The cord blood samples of neonates with mothers who quit smoking while pregnant are indicated by the red color,
the cord blood samples of neonates exposed to maternal smoking during the entire duration of the pregnancy are indicated by the blue color. Cord blood plasma IL-8
was 0.52 log(pg/mL) higher in neonates whose mother smoked during the entire duration of the pregnancy compared with neonates of mothers who did not smoke.

with an 5% increase in maternal side DNA methylation at this
locus [0.02 (95% CI: 0.00, 0.05); Supplementary Table 2]. All
other significant interactions between locus-specific DNA
methylation and pro-inflammatory protein levels were
restricted to one side of the placenta. For example, on the
maternal-side of the placenta, an increase in DNA methylation
of CpG loci in the GFII promoter were accompanied by an
increase of CRP, SAA, and IL-6 levels, while on the fetal side
of the placenta, an increase of DNA methylation in other
CpG loci in the GFII promoter region were accompanied by
reduced levels of the CRP and IL-18 proteins (P < 0.05).
Additional significant interactions between DNA methylation
and pro-inflammatory proteins are included in Supplementary
Table 2.

Generally, these results suggest that levels of inflammation-
related proteins in cord blood are associated with locus- and
placenta-side-specific differential DNA methylation.

IL-8 protein levels (pg/mL) in cord blood were associated
with maternal smoking

Maternal smoking during pregnancy was significantly associated
with IL-8 protein levels in cord blood plasma (P < 0.05, Fig. 3).
Among neonates whose mothers smoked throughout preg-
nancy, cord blood IL-8 was 0.52 log(pg/mL) higher (95% CI:
0.02, 1.01) compared with neonates whose mothers did not
smoke (Fig. 3) after adjusting for maternal age, BMI category,
and infant gender. None of the other pro-inflammatory proteins
included in this study were significantly affected after exposure
to maternal smoking during pregnancy (Fig. 3). Additionally,
there were no significant differences in cord blood pro-inflam-
matory protein levels between neonates of mothers that smoked
and quit during pregnancy and mothers that never smoked.
Mediation analysis was used to estimate a possible natural
indirect effect of maternal smoking on IL-8 protein levels
through DNA methylation of the candidate loci. Methylation
of the CpG loci interacting with IL-8 protein levels (2 CpG
loci located in the GFII gene body and 1 CpG locus located in
the GLANT2 gene body; Supplementary Table 2) did not sig-
nificantly mediate the impact of maternal smoking (Supple-
mentary Table 3). Accordingly, the natural direct effect of
smoking throughout pregnancy on cord blood IL-8 levels
compared with neonates of mothers that did not smoke was

very similar to the estimated effect of maternal smoking on
this inflammatory protein (Supplementary Table 3). This asso-
ciation was also not mediated by methylation at any of the
other assayed CpG loci within either the maternal side or fetal
side of the placenta samples.

These results suggest that maternal smoking during preg-
nancy affects IL-8 protein levels in the neonates largely inde-
pendently of placental DNA methylation of the CpG loci
analyzed in this study.

Discussion

This project was designed to investigate the influence of mater-
nal smoking during pregnancy on placental DNA methylation
of selected target genes and the interaction between those
methylation patterns and inflammation-related proteins levels
in cord blood. The genes included in this study were previously
reported to be differentially methylated after smoking exposure
in cord blood, adult peripheral blood lymphocytes (PBL), or
placenta. In some cases, the effects of maternal smoking on
peripheral blood methylation in the offspring persisted to age 7
and 17, respectively.''>* These target genes are suspected to
play an important role in cell growth, immune response, and
metabolic processes. Our study revealed that very few of the
loci previously associated with maternal smoking during preg-
nancy in cord blood or maternal PBL were also affected in the
placenta.

The placenta is a heterogeneous tissue comprising several
cell types, each with potentially different patterns of DNA
methylation and distinct morphologies, and cell composition is
also different between the maternal and the fetal side of the
placenta. Maternal smoking during pregnancy may influence
placental DNA methylation either by directly influencing
the methylation levels of certain cytosines of specific cell types
or by modifying the distribution of cell types within the
placenta, possibly by impacting pluripotent cell fate early in
placental development. Our current study does not allow us to
determine the pathway by which maternal smoking alters
placental DNA methylation but, either way, a significant
change in DNA methylation suggests that maternal smoking
modifies placental function. However, differences in placental
DNA methylation associated with exposure to maternal smok-
ing were relatively small and smoking-induced alterations in
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placental DNA methylation were observed to be specific to the
placenta sampling location.

Maternal smoking only significantly decreased DNA meth-
ylation at one CpG locus in the GFII promoter on the maternal
side of the placenta; on the fetal side, methylation was lower at
one CpG locus in the CYPIAI promoter, as well as 3 CpG loci
in the AHRR gene body. Suter et al. reported differential DNA
methylation in the placenta of the CYPIAI gene, similar to our
observations, and they reported that this differential methyla-
tion was accompanied by an increase in placenta CYPIAI
expression.””> Novakovic et al. analyzed placental AHRR meth-
ylation but, in contrast to us, they did not observe differential
methylation after exposure to maternal smoking.”* This differ-
ence may be due to the small number of placentas included in
their study or by the way they collected the placenta tissue. Our
results suggest that maternal smoking during pregnancy affects
primarily the fetal side of placenta, so analyses of another part
of the placenta or from a full thickness biopsy will likely result
in different observations. Differential methylation between
exposed and unexposed placentas was previously reported for
RUNX3,’® an observation that could not be reproduced in our
study even though our primers were designed to analyze the
same CpG locus. Compared to mothers who did not smoke,
differential DNA methylation was only observed in the
placentas exposed to maternal smoking throughout pregnancy
for the affected CpG loci in the CYPIAI and AHRR genes,
while the CpG locus in the GFII promoter was differentially
methylated in the placentas of mothers who quit smoking while
pregnant. Other studies have reported that the degree of AHRR
and GFII gene methylation in adult PBL is strongly associated
with degree of smoking, serum cotinine levels, and years of
smoking.’"”” We did not measure the serum cotinine levels, so
we were unable to investigate whether the degree of placental
DNA methylation was associated with degree of smoking.
However, this might explain why differential DNA methylation
for the affected loci in the AHRR and CYPIA1 genes were only
observed in the placentas exposed to maternal smoking
throughout the entire pregnancy and not in the placentas of
mothers who quit smoking during pregnancy. It also suggests
that smoking induced alterations in placental DNA methyla-
tion reflect maternal smoking during pregnancy rather than a
long-term smoking history.

The gene with multiple fetal side placental CpG loci associ-
ated with maternal smoking, AHRR, was previously reported
to mediate toxic effects to environmental contaminants,
including cigarette smoke, and can initiate the transcription of
many genes, including the cytochrome P450 enzymes.”®*® The
cytochrome P450 enzymes have been reported to play a role
in the mediation of metabolic pathways for nicotine metabo-
lism*® and some members of the cytochrome P450 superfam-
ily are encoded by CYPIAI. As a result, the observed
differential methylation of both AHRR and CYPIAI in the
placenta might affect the placenta’s ability to protect the fetus
from nicotine exposure. Future studies may address whether
this impaired nicotine filter may mediate an elevated suscepti-
bility to nicotine dependence in the child. Most of the genes
included in this study were reported to be differentially meth-
ylated in cord blood between neonates exposed to maternal
smoking during pregnancy and unexposed neonates. Our

analyses revealed similarities in differential DNA methylation
in placenta and cord blood for AHRR and GFII. Reduced lev-
els of methylation were observed in those exposed to maternal
smoking during pregnancy in both cord blood and placenta.
For the AHRR gene, studies in both cord blood and placenta
reported that these altered methylation patterns were most
profound in those exposed to maternal smoking throughout
pregnancy.”” CYPIAI methylation levels in cord blood were
reported to increase after exposure to maternal smoking,>
while our analyses revealed reduced levels of placenta DNA
methylation. Nevertheless, our results suggest that, in most
cases, differential DNA methylation after exposure to maternal
smoking, as observed in cord blood, is not accompanied by
differential DNA methylation in the placenta. This raises the
question of how cord blood DNA methylation can be affected
without perturbations in the placental epigenome, especially
because one of the main functions of the placenta is to act as
a filter to prevent harmful substances to enter the fetus. One
potential explanation may be the potential of certain cells to
cross the placental barrier without affecting the placental
methylome. Several studies have reported that cells from both
the mother and the fetus can cross the placenta during preg-
nancy and can enter the blood stream or certain tissues.*'
Immunoglobulin A and G (IgA and IgG) diffusion or active
transport of maternal IgA to the child was observed during
pregnancy through currently not fully appreciated mecha-
nisms.*> These phenomena might contribute to the observed
differential methylation in cord blood after maternal smoking
exposure, without necessarily interfering with the placentas
methylome.

To further investigate potential effects of maternal smoking
during pregnancy on the neonates’ health and immune
systems, we determined the levels of a subset of inflamma-
tion-related proteins in cord blood. Both pro-inflammatory
proteins as well as vascular injury proteins were included.
Only one of the proteins, IL-8, revealed elevated protein levels
in cord blood after exposure to maternal smoking throughout
pregnancy. IL-8 is an important mediator of the immune reac-
tion in the innate immune system response. It has been
reported to increase after exposure to oxidative stress and
plays a role in the bronchus allergic inflammation.***** None
of the other inflammation-related proteins analyzed in cord
blood were observed to be affected by maternal smoking dur-
ing pregnancy in our study, even though a negative associa-
tion was previously reported between cord blood IL-6 protein
levels and maternal smoking.*® Furthermore, our study
observed a significant association of IL-8 protein levels with
placental DNA methylation of CpG loci located in the
GLANT?2 and GFII promoters. However, further analyses sug-
gested that the impact of maternal smoking during pregnancy
on IL-8 protein levels in the neonates is not mediated by pla-
cental DNA methylation of any of the genes included in our
study. Our study only included a small number of CpG loci,
spanning 6 genes, and it is possible that other genes in the
placental epigenome can mediate IL-8 protein levels in neo-
nates. For example, placental methylation of the IL-8 gene
might influence cord blood IL-8 protein levels. Especially since
IL-8 belongs to the class of pro-inflammatory chemokines that
is produced by placental cells, among other cells. IL-8 is often



produced after an infectious process originated in the uterus
and placental inflammation has been reported to influence IL-
8 protein levels in cord blood, such that newborns with
inflammatory lesions of the placenta were much more likely
than their peers to have elevated blood concentrations of IL-
8%. In line with these observations, it is well possible that pla-
cental DNA methylation of other genes in the epigenome may
affect IL-8 protein levels. However, further research is
required to investigate this in greater detail.

Further analyses of possible interactions between placental
DNA methylation and pro-inflammatory protein levels in
cord blood suggest that locus-specific placental DNA methyla-
tion is associated with the levels of specific inflammation-
related proteins in cord blood, independently of the effect of
maternal smoking. We included 7 proteins that were previ-
ously reported to be elevated in newborns with inflammatory
lesions of the placenta® and we observed several interactions
between placental DNA methylation and inflammation-related
proteins in cord blood. This was primarily dependent on
placental side; only ICAMI protein levels were positively
interacting with placental DNA methylation levels of one CpG
locus in the GFII body on both sides of the placenta. Interest-
ingly, the only pro-inflammatory protein not interacting with
differential methylation of any of the CpG loci in the GFII
gene on either side of the placenta was TNFq, all other pro-
teins were found to be related to the DNA methylation levels
of at least one CpG locus in either the body or the promoter
region of GFII. On the maternal side, SAA protein levels were
even accompanying an increase in DNA methylation of 3
CpG loci in the GFI1 promoter and increased levels of IL-8
and IL-1p protein levels were observed with increasing levels
of DNA methylation of 2 CpG loci in the GFII gene body.
GFI1 is thought to play a role as regulator of cell fate choice
in innate as well as adaptive immune systems, and GFII
knockout studies suggest that GFII can limit the inflammatory
immune response.””**** The effect of GFII methylation on
the inflammatory immune response is further supported
by the observation that differential GFII methylation in the
placenta was accompanied by differential levels of several
pro-inflammatory proteins in cord blood.

All pro-inflammatory proteins included in this study inter-
acted with differential DNA methylation in at least one CpG
locus. This suggests that locus-specific placental DNA methyla-
tion may affect the levels of pro-inflammatory proteins in cord
blood and it may provide a pathway in which placental DNA
methylation affects the immune response of the child. How-
ever, another potential explanation for this relation may be that
both DNA methylation levels in the placenta and the inflam-
matory protein levels in cord blood are bystander effects caused
by an inflammatory response in the placenta. Levels of pro-
inflammatory proteins in the placenta were not measured in
this study and therefore this possibility cannot be excluded.

In conclusion, differential DNA methylation of CpG loci
located in the genes AHRR, CYPIAI and GFII was observed
after exposure to maternal smoking during pregnancy,
although this was dependent on placental side. AHRR and
CYPIAI are important mediators in the nicotine metabolism
pathway, while GFII facilitates inflammatory immune
response. Maternal smoking also resulted in elevated levels of
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IL-8. These observations suggest that maternal smoking during
pregnancy affects both placental DNA methylation and the
neonate’s early immune response. In addition, several interac-
tions between pro-inflammatory proteins in cord blood and
placental DNA methylation were observed, suggesting an
association between placental DNA methylation and levels of
pro-inflammatory proteins in cord blood.

Material and methods
Study population

Placenta tissue and participant information were collected as
part of the Harvard Epigenetic Birth Cohort (HEBC). Details of
the study protocol have been described previously.”® This study
included 120 mother-child dyads, of which 59 mothers smoked
during pregnancy. Twenty-seven of these mothers smoked dur-
ing the entire duration of the pregnancy, while 32 mothers quit
smoking while pregnant. The other 61 mothers did not smoke
during pregnancy. Dyads of smoking and non-smoking moth-
ers were matched based on infant sex, ethnicity, parity, alcohol
consumption during pregnancy (ever/never), and maternal age.
Smoking behavior was self-reported by the mother.

The use of illicit drugs during pregnancy was an exclusion
criterion. The study was restricted to singleton births.

Cord blood plasma was available for a subset of individuals.
A total of 107 cord blood samples were included: 54 unexposed
to maternal smoking during pregnancy, 25 exposed during the
entire duration of the pregnancy, and 28 samples came from
neonates whose mothers quit smoking while pregnant. A com-
plete list of participant details can be found in Table 2.

This study was approved by the Institutional Review Board
of the Brigham and Women’s Hospital in Boston, MA, USA.

Placenta sample preparation

A 2 cm incision was made in the amnion to access the pla-
centa tissue. Placenta tissue was then collected from the
area near to the umbilical cord, from both the fetal and
maternal side of the placenta. Placenta tissue was snap-
frozen and stored in liquid nitrogen until further use. Geno-
mic DNA was extracted from fresh frozen placenta tissue
using the DNA Easy Blood and Tissue Kit (Qiagen, Cat.
No. 69504), according to manufacturer’s recommendation.
Subsequently, genomic DNA was treated with bisulphite
salt using the EZ DNA Methylation Gold kit (Zymo
Research, Cat. No. D5007), according to manufacturer’s
recommendation.

DNA methylation analysis

DNA was amplified in 20 ul PCR reactions, containing 10 ul of
Hot StarTaq Master Mix Kit (Qiagen, Cat. No. 203446), 150 ng
of each primer and ~20 ng modified DNA. PCR was per-
formed with one cycle of 95°C for 15 min, 40 cycles of 95°C for
30 sec, 57-63°C for 30 sec and 72°C for 30 sec, followed by one
cycle of 72°C for 10 min. For each set of primers one of the pri-
mers included a 5'-biotin label to allow subsequent analysis by



882 (&) S.D.VANOTTERDUKET AL.

Table 2. (A) Characteristics of mother-child dyads selected for the placental DNA methylation study. (B) Characteristics of mother-child dyads selected for the pro-inflam-

matory protein study.

Maternal smoking during pregnancy

None Quit while pregnant Throughout pregnancy
Number of placentas 61 32 27
Maternal Age at Birth (years) 28 (18-44) 28 (18-39) 27 (18-43)

Pre-pregnancy BMI (kg/m?) 23,6 (17.2-39.5)

Alcohol Consumption During Pregnancy

Never 49 (80.3%)

Ever 12 (19.7%)
Ethnicity

White Non-Hispanic 25 (40.98%)

Hispanic/Latino 17 (27.87%)

Asian/Pacific Islander 3 (4.92%)

Black/African American 16 (26.23%)
Other
Parity

Nulliparous 22 (36.07%)

1 25 (40.98%)

2 8 (13.11%)

3 6 (9.84%)

4
Infant Sex

Female 37 (60.7%)

Male 24 (39.3%)
Gestational Age (weeks) 39.1 (35.4-41.4)
Birth weight (kg) 3.52 (2.38-4.59)
Number of cord blood samples 54

Maternal Age at Birth (years)
Pre-pregnancy BMI (kg/m?)
Alcohol During Pregnancy

27.5 (18-44)
23.3(17.2-39.5)

Never 44 (81.5%)
Ever 10 (18.5%)
Ethnicity
White Non-Hispanic 25 (46.30%)
Hispanic/Latino 13 (24.07%)
Asian/Pacific Islander 3 (5.56%)
Black/African American 13 (24.07%)
Other
Parity
Nulliparous 19 (35.19%)
1 22 (40.74%)
2 7 (12.96%)
3 6(11.11%)
4
Infant Sex
Female 34 (63.0%)
Male 20 (37.0%)
Gestational Age (weeks) 39.0 (35.4-41.4)
Birth weight (kg) 3.49 (2.38-4.59)

24.7 (18.2-44.9) 27.3(18.5-42.1)

25 (78.1%) 22 (81.5%)

7 (21.9%) 5(18.5%)
11 (34.38%) 12 (44.44%)
10 (31.25%) 7 (25.93%)
2(6.25%)
9 (28.12%) 6 (22.22%)
2(7.41%)
10 (31.25%) 9(33.33%)
11 (34.38%) 9(33.33%)
9 (28.12%) 5(18.52%)
1(3.12%) 4(14.81%)
1(3.12%)
20 (62.5%) 7 (63.0%)
2 (37.5%) 0 (37.0%)
39 7 (35.0-43.4) 38 8 (35.7-41.6)
3.46 (2.24-4.25) 3.29 (2.32-4.14)
28 25
28.0 (18-39) 27.0 (18-43)
24.4 (18.2-44.9) 25.7 (18.5-40.6)
22 (78.6%) 22 (88.0%)
6 (21.4%) 3(12.0%)
11 (39.29%) 11 (44.00%)
7 (25.00%) 7 (28.00%)
2(7.14%)
8 (28.57%) 5 (20.00%)
2 (8.00%)
8(28.57%) 9 (36.00%)
10 (35.71%) 8 (32.00%)
8 (28.57%) 5 (20.00%)
1(3.57%) 3 (12.00%)
1(3.57%)
18 (64.3%) 16 (64.0%)
10 (35.7%) 9 (36.0%)
39.7 (35.0-43.4) 38.6 (35.7-41.6)
3.46 (2.24-4.25) 3.29 (2.32-4.14)

Numbers represent mean value (range) or n (%)

pyrosequencing. An overview of primer sequences can be
found in Table 3.

Pyrosequencing was performed on a PyroMark Q24 MD
pyrosequencer (Qiagen, Cat. No. 9001514) according to
manufacturer’s recommendations. The primers were
designed using the primer design program ‘PSQ assay’
(Biotage), using gene sequences that were obtained from the
GenBank entry on NCBI. The first set of primers were
designed to cover CpG loci that were reported previously
by methylation arrays to exhibit differential methylation
between those exposed to maternal smoking during preg-
nancy vs. controls in either cord blood, maternal blood or
placenta.””'®*® These CpG loci were located in the gene
body for the genes AHRR, GFII, GLANT2, RUNX3, and
TSLPI. A second set of primers included CpG islands near
the transcriptional start site in the same set of genes, plus

CYPIAI. All of these genes were reported to play a role in
cell growth, immune response, and/or metabolic processes.
More detailed information about the primer sequence posi-
tions can be found in Table 3.

Assay validation was performed on samples of known meth-
ylation status, using the EpiTect Control DNA and Control
DNA Set (Qiagen, Cat. No. 59568). All pyrosequencing analy-
ses were performed in duplicate.

Biomarker analysis

Plasma aliquots of cord blood were collected at birth by gradi-
ent centrifugation and stored in liquid nitrogen or at —80°C
until further implication. Protein biomarker levels in cord
blood plasma were quantified using Meso Scale Discovery
electrochemiluminescence (ECL) multiplex immunoassays,



Table 3. Primer information.
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Gene Primer sequence CpG Coverage Location CpG loci
CYPIAT F: 5'- Biotin-GGTTTTTGTTTGAGAGGAGAGGTAGTT-3 6 Chr15: 74,726,798 -
promoter R: 5'- ACAACTTTTTTTTTCCTAAAAACCCTAT-3 Chr15:74,726,863
S: 5’- ACCCTATAACAAAAAAATTC-3
AHRR F: 5'- GGATATAGGGGTTGTTTAGGTTATAGA-3 3 Chr5: 373,464 -
body R: 5'- Biotin-AAAAAACCCTACCAAAACCACTCC -3’ Chr5: 373,509
S:5- GTTTTGGTTTTGTTTTGTATT -3’
AHRR Qiagen assay Hs_PDCD6_03_PM 5 Chr5: 322,640 -
promoter Chr5: 322,662
GALNT2 F: 5'- GTGGGTAGTAATTTGTGTTTGGATAG -3’ 3 Chr1: 230,279,439 -
body R: 5’- Biotin-TATAATCACCAAACTCCACCCAATAA -3 Chr1: 230,279,479
S:5'- GGTTTTTTYGTAGTAGTGGAAG-3'
GALNT2 F: 5'-Biotin- GGTRGAGTTGGGAGAATG-3’ 5 Chr1:230,067,284-
promoter R:5’- AACRCTCCACTCACCTTCCTACC-3' Chr1:230,067,298
S: 5'- CAAAAAAACRAAACAAAACAACATC-3
GFI1 F: 5'- Biotin- TGGGGTTAGAGAGAAGGT -3’ 4 Chr1:92,480,576-
body R: 5'- ACCACCRCTAACCCTAACCTAAAACTCTA -3’ Chr1:92,480,634
S:5’- ACTATACACCCRCCTACTACTAAA -3
GFI1 F: 5'- GGTAGGGRGGAGTTAGTTTAGTAG-3’ 10 Chr1:92,474,769-
promoter R: 5-Biotin- CCCAATCCRAAAAATTTACTCATTTCCC-3' Chr1:92,474,805
S: 5'-GAGTTTRGRGTAGGGAGGG-3’
RUNX3 F: 5'- Biotin- GATGGGTTTTGGGAATTAGAGTTTAAG-3' 1 Chr1:25,342,715
body R: 5'- ACTAACATAACCCCRAAATAATACATCCTA-3
S:5'- AAAAAAAAATCAATTCCAACT-3
RUNX3 F: 5'- AGTTTRGGGAGTAGTGGGGATG-3' 7 Chr1:24,935,146 -
promoter R: 5'- Biotin-ACAACCCCRTTAAAAATCATTCCTACA-3/ Chr1:24,935,173
S: 5’- GAGTAGTGGGGATGG-3'
TSLP F: 5'- AAGGGTTTTTTGTGGATTGGTAA -3’ 1 Chr 5:111,071,845
body R: 5-Biotin- CAATTCCACCCCAATTTCACACT -3’
S: 5'- TTTAAGGTAGGTTTTATAGATTTT -3’
TSLP F: 5'- GGAGGAAAGGTAAATTGGGAATTG-3 6 Chr 5:111,073,649-
promoter R: 5-Biotin- CTCRCTCCTCCCAAATCTCCAAAA-3’ Chr 5:111,073,670

S: 5'- GGAARGTTGTTAGGGGTATTATT-3/

according to manufacturer’s recommendation (MSD, Cat. No.
K15228N-2 and K15229N-2). ECL multiplex assays were opti-
mized to allow detection of each biomarker within the linearity
concentration range. This resulted in a 1:500 dilution for the
proteins of the vascular injury panel, while no dilution was
used for the proteins in the pro-inflammatory panel.

Seven inflammation-related proteins were included in this
study, the pro-inflammatory markers IL-18, IL-6, IL-8, and
TNFe; and the vascular injury markers SAA, CRP, and ICAMI.
All samples were measured in duplicate. Measurements below
the standard curve were excluded from subsequent analysis.

Statistical analysis

For each candidate region, multivariable linear models were
used to investigate the association between continuous locus-
specific placental methylation and self-reported maternal
smoking category (non-smoker, smoked and quit during preg-
nancy, smoked throughout pregnancy), stratifying by placenta
side. Using dummy variables, samples from mothers who
smoked throughout pregnancy and those that smoked and quit
were compared with non-smokers. Additionally, we modeled
log transformed cord blood inflammatory biomarkers as a
function of maternal smoking. Independently, the association
between each log transformed biomarker and locus-specific
methylation was modeled. Influential pro-inflammatory pro-
tein outliers were removed from these associations; associations
with SAA were restricted to samples with log(pg/mL)<7.5,
associations with ICAM1 were restricted to samples with log

(pg/mL)>4.5, associations with CRP were restricted to samples
with log(pg/mL)<6, and associations with TNFa were
restricted to samples with log(pg/mL)>0.

All models were adjusted for maternal age, BMI category
(< 185, 18.5-24.9, 25-29.9, >30 kg/mz), and infant gender.
Wald tests were used to determine the significance of each asso-
ciation, using an a-level of 0.05. Finally, we performed mediation
analyses to estimate the natural indirect effect of maternal smok-
ing behavior on inflammatory biomarker levels through locus-
specific DNA methylation changes. Models were adjusted by the
covariates listed above, and robust standard errors were esti-
mated to calculate significance and 95% confidence intervals
(CIs). All analyses were conducted using R version 3.2.2 software
and visualized using the ggplot2 package.
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