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Aim: The objective of this study was to identify potential epigenetic mediating pathways linking early
life social disadvantage (ELSD) to adulthood BMI. Methods: Sex-specific epigenome-wide two-stage me-
diation analyses were conducted in blood and adipose tissue, and mediation estimates were obtained
using cross-product mediation analysis. Pathway analyses were conducted using GREAT software (Be-
jerano Lab, CA, USA). Results: Candidate mediation CpG sites were identified in adipose tissue, but
not blood, and were sex-specific. Significant mediation sites in females included CpG loci in genes:
PKHG1, BCAR3, ADAM5P, PIEZO1, FGFRL1, FASN and DPP9, among others. Pathway analyses revealed evi-
dence of enrichment for processes associated with TFG-β signaling and immunologic signatures. In males,
significant mediation loci included sites in MAP3K5 and RPTOR, which have previously been associated
with adipogenesis, inflammation and insulin resistance. Conclusion: Our findings provide supportive evi-
dence for the mediating role of epigenetic mechanisms in the effect of early life social disadvantage on
adulthood BMI.
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Epigenetic pathways, such as altered DNA methylation (DNAm), have been hypothesized as plausible mecha-
nisms by which early life exposures and adult disease may be linked [1–4]. Evidence for the association between
childhood social environments and epigenetic programming within genes related to stress reactivity and inflam-
mation continues to grow [5–9]. Furthermore, as evidence for the ability of early life social environments to effect
change on epigenetic pathways has increased, so too has the evidence for dysregulation of epigenetic processes in
adiposity [10–14], suggesting a possible connection between social adversity and obesity vis-à-vis epigenetic mediators.

Few studies have directly interrogated the mediating role of epigenetic mechanisms in the impact of early life social
disadvantage (ELSD) on adulthood adiposity. A previous mediation study identified sex-specific methylation loci in
biologically plausible genes that were strong mediation candidates for the effect of childhood socioeconomic status
(SES) on adulthood BMI in adipose tissue [15]. However, childhood SES does not explicitly include psychosocial or
environmental measures of social disadvantage. Indeed, social adversity in the form of adverse childhood experiences
has been shown to associate with adiposity independently of SES [16–22]. To this end, we conducted mediation
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analyses in biologically relevant adipose tissue to formally assess potential alterations in DNAm that might lie on
the pathway between ELSD and adulthood adiposity. Given accumulating evidence of differential methylation
patterns [15–17] as well as differential effects of socioeconomic factors on adiposity between males and females [15,18],
mediation analyses were stratified by sex. As both psychosocial and environmental exposures have also been shown
to associate with adiposity, we reasoned that an inclusive measure extending beyond only socioeconomic status
would provide a more accurate and holistic measure of early life experiences. Thus, ELSD was conceived as a
composite index of not only socioeconomic but also specific environmental and psychosocial measures of adversity.
The objective of this study was to identify epigenetic-mediating mechanisms through which ELSD could influence
adulthood BMI, utilizing a prospective study with directly assessed ELSD during childhood, as well as BMI and
epigenetic methylation patterns in blood and adipose tissue during middle adulthood.

Materials & methods
Study sample
Study participants were recruited from the Longitudinal Effects on Aging Perinatal (LEAP) Project, a nested
substudy of the New England Family Study (NEFS). The NEFS is a large prospectively assessed cohort of 17,921
offspring of pregnant women in the Collaborative Perinatal Project who were born in Providence, Rhode Island
and Boston, MA (USA) between 1959 and 1966. The LEAP substudy enrolled and assessed 400 Providence-born
participants who were not deceased, not incarcerated, had assessments taken at age 7 years, and were located
within 100 miles of a clinical assessment site during 2010–2011. Of these, 316 had adequate adipose tissue biopsy
performed, 68 refused adipose tissue biopsies and 16 had inadequate biopsy specimens. A final, representative
sample of 143 of these 316 participants was selected for blood and adipose tissue methylation analyses. The study
protocol was approved by the institutional review boards at Brown University and Memorial Hospital of Rhode
Island.

Collection of covariates & tissue samples

Bodyweight and height were obtained by trained personnel using a calibrated stadiometer and weighing scale, and
then converted into BMI as weight per height squared (kg/m2). ELSD was assessed prospectively at age 7 using
a composite summary score by summing across ten component measures of social disadvantage (Gilman et al.,
Submitted). For each component measure, a score of 0 (low adversity), 0.5 (medium adversity) or 1 (high
adversity) was assigned. The components comprising the summary score were: parental income (>150% poverty
threshold, 100–150% poverty threshold, <poverty threshold); parental occupation (nonmanual, manual, welfare
only); household crowding (<1 person/room, 1–1.5 persons/room, ≥1.5 persons/room); family structure (two
parents at home, single parent, divorced or separated); changes in parent’s marital status (0, 1, 2+); number of
moves since birth (0–1, 2, 3+); parental employment history (employed, not employed in the past year, 1+ years
unemployed); changes in primary caregiver (no, yes); death of a sibling (no, yes); and age 7 change in economic
situation since birth (same or better, worse). All possible component category options above were presented from
low to high adversity. Changes in primary caregiver, death of a sibling and change in economic situation since birth
are binary covariates and thus were classified as either low or high. A maximum score of ten was possible. Other
covariates of interest included age at time of clinical assessment, race (white or nonwhite), sex, prenatal maternal
smoking (cigarettes/day) and BMI at age 7.

Tissue sample collection & methylation profiling

Subcutaneous adipose tissue samples were aspirated from the upper outer quadrant of the buttock via 16-gauge
needle. Whole blood samples were centrifuged to obtain buffy coat. DNA extraction from the adipose tissue
samples and the buffy coat was performed according to manufacturer protocol using the Qiagen DNeasy Blood &
Tissue Kit (Qiagen, CA, USA) and the Zymo Genomic DNA Clean & Concentrator Kit (Zymo Research, CA,
USA). DNA sodium bisulfite conversion was conducted according to manufacturer protocol using the EZ-96 DNA
Methylation-Direct and EZ DNA Methylation-Direct kits (Zymo Research). Blood and adipose tissue samples
were distributed randomly across plates prior to analysis using the Infinium HumanMethylation450 BeadChip
array (Illumina, CA, USA) at the UCSF Institute for Human Genetics, Genomics Core Facility (CA, USA),
following standard Illumina protocols. Preprocessing of the methylation data was conducted as described in Huang
et al. (2016) [19]. Briefly, background and dye-bias corrections were applied using the ‘methylumi’ package in R,
normalization was performed using the β-Mixture Quantile Dilation approach and adjustments for batch effects
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were made using linear mixed models [20]. After quality control and probe filtering, 285,163 CpG sites were
included in the analyses.

Statistical analyses

Epigenome-wide two-stage mediation analyses
We conducted sex-specific two-stage epigenome-wide association scans (EWAS) for significance testing of putative
CpG candidates by which methylation might mediate the effect of ELSD on adult BMI [21]. In the first stage,
we conducted EWAS analyses to detect association between CpG methylation and adult BMI using the following
model:

E Y X S M S Mi X
T

i S i M i SM i i( ) = + + +b b b b (Equation 1)

where Y, S, M and X are adult BMI, ELSD, methylation M-value and the confounding covariates (including age,
race, BMI at age 7, maternal smoking), for subject i respectively. Only those loci demonstrating sufficient evidence
of association with BMI under a likelihood ratio test comparing [1] against a reduced model excluding all CpG
effects and interaction terms were considered putative mediators. To screen the first-stage results, we applied a
p-value threshold to identify significant CpG loci at p < 0.005.

For the second stage, we conducted EWAS analyses to detect the association between CpG methylation and
ELSD among the CpG-BMI loci that met our first-stage criteria using the following model:

E M X Si X
T

i S i( ) = +a a (Equation 2)

where M, X and S are defined as in [1]. Only those candidate CpG loci, which met the first-stage p-value threshold,
and also demonstrated association with ELSD in the second stage, again at p < 0.005, were reported.

The above two-stage mediation analyses were conducted for DNAm in blood and adipose tissue separately. To
adjust for potential confounding arising from cellular heterogeneity in blood tissue, cell mixture deconvolution
(CMD) was performed using the method developed by Houseman et al. [22], and admixture estimates were
included as adjustment covariates in the blood EWAS. CMD was not conducted in adipose tissue due to the lack
of reference libraries for adipose tissue-specific differentially methylated regions and an insufficient sample size for
a reference-free CMD approach.

Joint mediation analysis
The two-stage joint testing approach has been shown to be more powerful in identifying mediation effects via
hypothesis testing [21], but it fails to provide estimates for the mediated effect of ELSD on adulthood BMI. We
therefore implemented cross-product-based mediation analyses to quantify and test the direct effect (DE) and the
indirect effect (IE) for the set of CpG loci that survived both levels of the two-stage approach [23–26]. Under the
framework of causal inference, using potential outcomes and counterfactuals, the point estimates of the indirect
(i.e., the mediation effect) and direct effects can be expressed by a combination of regression parameters of the above

two models: IE S S SM S SM S= +( ) -( )b a b a 0 1 0 and DE X S S SS SM X
T

S= + +( )( ) -( )b b a a 0 1 0 , where S0 and S1

represent two different counterfactual realizations of ELSD. The corresponding variance and CIs were obtained
via a bootstrap procedure. p-values were also calculated using the joint significance test (JST) as the maximum
of the two stage p-values for each site [27]. For loci with DE and IE estimates in the same direction, proportion
of mediation was calculated as IE/(IE + DE) to characterize the proportion of the total effect of ELSD on BMI
mediated by methylation per site.

Pathway analysis
To investigate the enrichment of signals within genes belonging to common biological pathways, processes or gene
sets, a broad base of genes inclusive of those with weaker signals is needed. In order to conduct pathway analyses,
all CpG sites surviving a relaxed p-value threshold of p < 0.01 in the both stages of the two-stage mediation
analyses were included for males and females. Because methylation data are comprised of specific sites, not all of
which map to genes, a pathway approach which focuses on regulatory regions, rather than specific gene constructs,
was implemented using the Genomic Regions Enrichment of Annotations Tool (GREAT) version 3.0 software
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Table 1. Clinical and demographic characteristics of the Longitudinal Effects on Aging Perinatal sample.
Characteristics Total (n = 143) Males (n = 69) Females (n = 74)

Age in years:

– Mean (SD) 46.9 (1.7) 47.1 (1.6) 46.8 (1.8)

Race % (no.):

– White 66.4 (95) 63.8 (44) 68.9 (51)

– Non white 33.6 (48) 36.2 (25) 31.1 (23)

Age 7 BMI:

– Mean (SD) 16.3 (2.5) 16.5 (2.8) 16.1 (2.1)

Maternal cigarettes/day:

– Median (IQR) 5 (0–20) 4.5 (0–20) 6 (0–20)

– Range 0–50 0–40 0–50

ELSD:

– Median (IQR) 2.5 (1.5–4.0) 2.5 (1.375–4.0) 2.5 (1.5–4.0)

– Range 0–8 0–8 0–6.5

Adult BMI:

– Mean (SD) 31.5 (7.4) 31.7 (5.8) 31.3 (8.7)

– Range 19.4–65.5 21.2–46.1 19.4–65.5

BMI: Body mass index; ELSD: Early life social disadvantage (age 7); IQR: Interquartile range; SD: Standard deviation.

(Bejerano Lab, CA, USA) using default parameters [28]. Input regions for each CpG site were specified as ±2 bp on
either side of the genomic location of the CpG. Enrichment terms significant at p < 0.005 by both the binomial
and hypergeometric enrichment tests and with binomial fold enrichment greater than two were obtained, and those
with false discovery rate Q < 0.1 were reported. As before, males and females were analyzed separately.

Results
Clinical & demographic characteristics of the sample
The mean age at assessment in the final analytic sample (n = 143) was 46.9 years, and study subjects were mostly
white (66.4%) and female (51.8%). Distributions of the different characteristics across both males and females
were consistent with distributions in the full LEAP sample (n = 400). The clinical and demographic features of the
sample are summarized in Table 1.

ELSD-BMI candidate-mediating loci are sex & tissue specific
In the two-stage EWAS analyses, adipose tissue methylation at 32,100 and 5757 out of 285,163 CpG sites were
identified as associated with BMI after surviving the first-stage p-value threshold in males and females, respectively.
Of the surviving first-stage CpG loci, 28 sites in males and 131 sites in females were identified as jointly significant
with ELSD on BMI at p < 0.005 (Supplementary Tables 1 & 2) in the second stage. Mediating methylation loci
were unique in females and males; no candidate-mediating sites common to both sexes were present. Cross-product-
based mediation analyses revealed 22 candidate CpG sites in males and 100 in females with evidence of mediating
the effect of ELSD on adulthood BMI (p-value for indirect effect [pindirect] < 0.05) (Tables 2, 3 & Supplementary
Table 3), providing additional support for the intermediary role played by these loci. In the two-stage analysis of
peripheral blood leukocytes, 1882 and 895 loci survived the first stage in males and females, respectively. No loci
survived second-stage thresholding in males. Three loci survived in females but none were identified as significant
mediators in cross-product-based analyses (Supplementary Table 3). Thus, no candidate-mediating loci were further
investigated in peripheral blood leukocytes.

The CpG sites with the strongest evidence for mediation in female adipose tissue (i.e., those with the most
significant cross-product-based indirect effects) were: cg04145890 (pindirect < 0.001, p-value for joint significance
test [pJST] = 1.62 × 10-4) in FGFRL1, cg26750548 (pindirect < 0.001, pJST = 0.001) LDB3, and cg1195015
(pindirect < 0.001, pJST = 0.002) in FASN. Several genes included multiple top hits. The multihit genes in-
cluded: ADAM5P with cg11199639 (pindirect = 0.014, pJST = 0.002), cg19659741 (pindirect = 0.02, pJST = 0.003),
cg07387286 (pindirect = 0.066, pJST = 0.004); BCAR3 with cg17274827 (pindirect = 0.002, pJST = 0.003) and
cg15925478 (pindirect = 0.05, pJST = 0.002); PHKG1 with cg26422861 (pindirect = 0.01, pJST = 0.002) and
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cg08370546 (pindirect = 0.042, pJST = 0.002); PIEZO1 with cg16641055 (pindirect = 0.002, pJST = 0.003) and
cg27630153 (pindirect = 0.018, pJST = 0.003); and TMEM88 with cg17977470 (pindirect = 0.002, pJST = 0.004) and
cg18410680 (pindirect = 0.022, pJST = 0.005).

In males, notable CpG sites with the strongest evidence for mediation in adipose tissue were: cg08996506
(pindirect < 0.001, pJST = 6.44E-04) in ABCC1; cg23644736 (pindirect < 0.001, pJST = 0.003) in USP24; cg15230985
(pindirect = 0.002, pJST = 0.004) in RPTOR; and cg25277723 (pindirect = 0.004, pJST = 0.001) in MAP3K5.

ELSD, methylation, BMI & associated biological processes in adipose tissue
After relaxing the p-value thresholds in the two-stage analyses, a total of 109 and 397 CpG sites were selected
for pathway analysis in male and female adipose tissue, respectively. GREAT analyses in males yielded only two
nonspecific cancer-related enrichment terms (Supplementary Table 5). In females, the top pathway analysis results
identified 32 enrichment terms (Table 4). These terms largely fell into categories associated with immunologic
signatures of gene regulation in various leukocytes including macrophages, dendritic and T cells. Notable identified
pathways with high fold-enrichment scores included MAPK and bone morphogenetic protein receptor signaling
pathways.

Discussion
This study identified a number of novel CpG loci with statistical evidence of mediating the association between
ELSD and adult adiposity as measured by BMI. These loci were tissue and sex specific; significant CpG sites were
identified only in fat tissue and were unique between males and females. It is unclear why such a greater number
of CpG loci were associated with BMI in stage one of our mediation analyses among males (77,245 CpGs) versus
females (8868 CpGs). However, this may be in part due to sex specificity of epigenetic pathways contributing to
adiposity: male adiposity might be influenced by a larger, more varied range of epigenetic pathways than female
adiposity, which might be influenced by more specific mechanisms such as those affected by ELSD.

Notably, one of our top mediating sites in females was cg04145890, a CpG site mapping to FGFRL1 which
was also recently implicated in a Finnish monozygotic twin study of the association between methylation and
BMI in adipose tissue [11], though at a different site. Interestingly, a large number of mediating loci identified
in female fat tissue analyses localized to genes known to have associations with adipogenesis in obesity, insulin
sensitivity and diabetes. For example, DPP9 inhibition was shown to impair adipocyte differentiation by inhibiting
PPARγ induction [29]. Increased expression of FASN has been linked to higher visceral fat accumulation and insulin
resistance in humans [30], and obesogenic feeding in mice has been show to upregulate FASN expression and to
associate with specific methylation signatures [31]. Among the multihit genes, ADAM5P belongs to the disintegrin
and metalloproteinase family of genes, which are regulators of cellular adhesion, migration and signaling. ADAMs
have been implicated in a number of human diseases, and play a role in both normal and pathogenic inflammatory
responses (Figure 1) [32,33]. However, the specific literature for ADAM5P in adipogenic or inflammatory processes
is limited. With respect to the other multisite genes: BCAR3 has been implicated in genome wide association
(GWA) loci interactions for diabetes [34] and is involved in the TGF-β signaling pathway, which plays a key role
in both insulin resistance and adipogenesis [35,36]; and PHKG1, which is involved in the encoding of a catalytic
subunit of phosphorylase kinase thus contributing to the cascade activation of glycogen breakdown, and in which
mutations can cause a rare form of glycogen storage disease [37].

Top mediating sites in males did not include multihit genes; however, the analyses revealed several biologically
plausible genes associated with inflammation and insulin resistance. In particular, these included RPTOR, which
when disrupted in macrophages was shown to reduce inflammation and insulin resistance in mice experiments [38,39].

In the methylation profile of PHKG1 (Figure 1), robust associations between ELSD and DNAm (blue line),
and DNAm and BMI (green line), and significant indirect effect (red line) were observed in the CpG sites located
within 200–1500 bp of the transcription start site, the 5′UTR or the first exon. In total, 7 of 14 methylation sites
in PHKG1 demonstrated significant mediation at p < 0.05. In MAP3K5 (Figure 2), 2 of 21 methylation sites were
significant for a mediation effect, and at each of these sites, a correspondingly robust signal was observed in the
ELSD-DNAm and DNAm-BMI effects. Similar analyses for the other genes revealed: 3 of 25 sites in FGFRL1, 2
of 9 sites in ADAM5P, 2 of 14 sites in BCAR3, 1 of 16 sites in DPP9, 1 of 6 sites in MAPK14, and 2 of 286 sites
in RPTOR.

The top sites presented in this study also included several loci which were consistent with sites identified in
previous work exploring sex-specific adipose tissue epigenetic mediation between childhood SES and adulthood

future science group www.futuremedicine.com 713



Research Article Chu, Loucks, Kelsey et al.

Ta
b

le
4.

Fe
m

al
e

ad
ip

o
se

ti
ss

u
e

G
en

o
m

ic
R

eg
io

n
s

En
ri

ch
m

en
t

o
f

A
n

n
o

ta
ti

o
n

s
To

o
lp

at
h

w
ay

an
al

ys
is

re
su

lt
s.

G
R

EA
T

v3
.0

.0
(h

g
19

)
A

R
:B

as
al

+
ex

te
n

si
o

n
:5

K
b

u
p

st
re

am
,1

K
b

d
o

w
n

st
re

am
,1

M
b

m
ax

im
u

m
ex

te
n

si
o

n
,c

u
ra

te
d

re
g

u
la

to
ry

d
o

m
ai

n
s

in
cl

u
d

ed

En
ri

ch
m

en
t

Te
rm

s
B

in
o

m
ia

lt
es

t
H

yp
er

g
eo

m
et

ri
c

te
st

p
-v

al
u

e
FD

R
Q

FE
O

b
s.

R
.h

it
s

R
SC

p
-v

al
u

e
FD

R
Q

FE
O

b
s.

G
h

it
s

To
t.

g
en

es
G

SC

G
O

M
F

R
N

A
p

o
ly

m
er

as
e

II
tr

an
sc

ri
p

ti
o

n
fa

ct
o

r
b

in
d

in
g

3.
25

E-
04

0.
09

2
2.

86
5

15
0.

03
8

1.
36

E-
06

0.
00

2
4.

72
1

14
88

0.
02

3

M
Si

g
PW

M
ap

ki
n

as
e

in
ac

ti
va

ti
o

n
o

f
SM

R
T

co
re

p
re

ss
o

r
1.

16
E-

04
0.

03
1

8.
13

3
6

0.
01

5
3.

49
E-

04
0.

07
7

10
.7

90
4

11
0.

00
7

M
Si

g
PW

G
en

es
in

vo
lv

ed
in

ac
ti

va
te

d
TA

K
1

m
ed

ia
te

s
p

38
M

A
PK

ac
ti

va
ti

o
n

1.
46

E-
04

0.
02

8
7.

78
9

6
0.

01
5

1.
29

E-
05

0.
01

7
10

.4
73

6
17

0.
01

0

M
Si

g
PW

B
M

P
re

ce
p

to
r

si
g

n
al

in
g

6.
95

E-
04

0.
05

7
3.

51
9

10
0.

02
5

6.
81

E-
05

0.
02

2
5.

65
2

8
42

0.
01

3

M
Si

g
PW

G
en

es
in

vo
lv

ed
in

Y
A

P1
-

an
d

W
W

TR
1

(T
A

Z)
-s

ti
m

u
la

te
d

g
en

e
ex

p
re

ss
io

n
8.

15
E-

04
0.

06
0

4.
74

5
7

0.
01

8
1.

14
E-

04
0.

03
0

7.
41

8
6

24
0.

01
0

M
Si

g
PW

G
en

es
in

vo
lv

ed
in

n
u

cl
eo

ti
d

e-
b

in
d

in
g

d
o

m
ai

n
,l

eu
ci

n
e

ri
ch

re
p

ea
t

co
n

ta
in

in
g

re
ce

p
to

r
(N

LR
)

si
g

n
al

in
g

p
at

h
w

ay
s

1.
18

E-
03

0.
07

8
4.

44
8

7
0.

01
8

1.
91

E-
05

0.
01

3
5.

80
6

9
46

0.
01

5

M
Si

g
Pb

G
en

es
u

p
re

g
u

la
te

d
in

D
O

11
.1

0
ce

lls
(h

yb
ri

d
o

m
a)

b
y

ex
p

re
ss

io
n

o
f

tr
an

sc
ri

p
ti

o
n

al
ly

ac
ti

va
ti

n
g

fo
rm

o
f

H
D

A
C

7
[G

en
eI

D
=

51
56

4]
an

d
d

o
w

n
re

g
u

la
te

d
b

y
it

s
tr

an
sc

ri
p

ti
o

n
al

ly
re

p
re

ss
in

g
fo

rm

1.
47

E-
08

0.
00

0
4.

02
6

24
0.

06
0

2.
22

E-
05

0.
01

1
2.

98
3

19
18

9
0.

03
1

M
Si

g
Pb

G
en

es
u

p
re

g
u

la
te

d
in

lu
m

in
al

-l
ik

e
b

re
as

t
ca

n
ce

r
ce

ll
lin

es
co

m
p

ar
ed

w
it

h
th

e
m

es
en

ch
ym

al
-l

ik
e

o
n

es
3.

21
E-

06
0.

00
5

2.
44

3
33

0.
08

3
3.

85
E-

05
0.

01
4

2.
19

5
31

41
9

0.
05

1

M
Si

g
Pb

G
en

es
d

o
w

n
re

g
u

la
te

d
in

p
o

ly
so

m
al

an
d

to
ta

lR
N

A
sa

m
p

le
s

fr
o

m
SW

48
0

ce
lls

(p
ri

m
ar

y
co

lo
re

ct
al

ca
rc

in
o

m
a)

co
m

p
ar

ed
w

it
h

th
e

SW
62

0
ce

lls
(l

ym
p

h
n

o
d

e
m

et
as

ta
si

s
fr

o
m

th
e

sa
m

e
in

d
iv

id
u

al
)

5.
60

E-
06

0.
00

6
3.

38
9

19
0.

04
8

3.
32

E-
06

0.
00

6
3.

70
9

17
13

6
0.

02
8

M
Si

g
Pb

U
p

re
g

u
la

te
d

g
en

es
in

B
-c

el
lc

h
ro

n
ic

ly
m

p
h

o
cy

ti
c

le
u

ke
m

ia
p

at
ie

n
ts

ex
p

re
ss

in
g

h
ig

h
le

ve
ls

o
f

ZA
P7

0
an

d
C

D
38

[G
en

eI
D

=
75

35
;9

52
],

w
h

ic
h

ar
e

as
so

ci
at

ed
w

it
h

p
o

o
r

su
rv

iv
al

6.
74

E-
06

0.
00

6
2.

63
8

27
0.

06
8

9.
31

E-
05

0.
02

6
2.

47
3

22
26

4
0.

03
6

M
Si

g
Pb

Tr
an

sc
ri

p
ts

d
ep

le
te

d
fr

o
m

p
se

u
d

o
p

o
d

ia
o

f
N

IH
/
3T

3
ce

lls
(fi

b
ro

b
la

st
)

in
re

sp
o

n
se

to
h

ap
to

ta
ct

ic
m

ig
ra

to
ry

st
im

u
lu

s
b

y
fi

b
ro

n
ec

ti
n

,F
N

1
[G

en
eI

D
=

23
35

]

9.
47

E-
06

0.
00

6
2.

06
3

42
0.

10
6

9.
11

E-
04

0.
09

3
1.

71
4

38
65

8
0.

06
3

M
Si

g
Pb

Ex
tr

ac
el

lu
la

r
m

at
ri

x
(E

C
M

)
re

la
te

d
g

en
es

u
p

re
g

u
la

te
d

ea
rl

y
(w

it
h

in
30

m
in

)
in

d
er

m
al

fi
b

ro
b

la
st

s
af

te
r

ad
d

it
io

n
o

f
TG

FB
1

[G
en

eI
D

=
70

40
]

1.
69

E-
05

0.
00

7
4.

60
6

12
0.

03
0

2.
18

E-
04

0.
04

3
4.

30
7

9
62

0.
01

5

M
Si

g
Pb

G
en

es
d

o
w

n
re

g
u

la
te

d
in

liv
er

tu
m

o
r

co
m

p
ar

ed
w

it
h

th
e

n
o

rm
al

ad
ja

ce
n

t
ti

ss
u

e
1.

80
E-

05
0.

00
6

2.
74

2
23

0.
05

8
6.

57
E-

04
0.

08
2

2.
24

8
20

26
4

0.
03

3

M
Si

g
Pb

G
en

es
u

p
re

g
u

la
te

d
in

T9
8

ce
lls

(g
lio

m
a)

48
h

af
te

r
tr

ea
tm

en
t

w
it

h
IF

N
-�

5.
51

E-
05

0.
01

5
3.

79
5

13
0.

03
3

6.
78

E-
04

0.
08

1
3.

70
9

9
72

0.
01

5

M
Si

g
Pb

G
en

es
th

at
co

o
p

er
at

e
w

it
h

M
Y

C
an

d
TB

X
2

[G
en

eI
D

=
46

09
;6

90
9]

to
tr

an
sf

o
rm

M
EF

ce
lls

(m
o

u
se

em
b

ry
o

n
ic

fi
b

ro
b

la
st

s)
1.

34
E-

04
0.

02
8

15
.9

12
4

0.
01

0
5.

09
E-

04
0.

07
5

9.
89

1
4

12
0.

00
7

M
Si

g
Pb

G
en

es
d

o
w

n
re

g
u

la
te

d
in

fr
es

h
ly

is
o

la
te

d
C

D
31

-
[G

en
eI

D
=

51
75

]
(s

tr
o

m
al

st
em

ce
lls

fr
o

m
ad

ip
o

se
ti

ss
u

e)
ve

rs
u

s
th

e
C

D
31

+
(n

o
n

st
em

)
co

u
n

te
rp

ar
ts

1.
54

E-
04

0.
02

9
2.

32
1

24
0.

06
0

3.
68

E-
05

0.
01

5
2.

78
6

20
21

3
0.

03
3

M
Si

g
Pb

C
lu

st
er

P7
o

f
g

en
es

w
it

h
si

m
ila

r
ex

p
re

ss
io

n
p

ro
fi

le
s

in
p

er
ip

h
er

al
T

ly
m

p
h

o
cy

te
s

af
te

r
FO

X
P3

[G
en

eI
D

=
50

94
3]

lo
ss

o
f

fu
n

ct
io

n
2.

32
E-

04
0.

03
4

3.
10

2
14

0.
03

5
1.

29
E-

04
0.

02
9

3.
84

0
11

85
0.

01
8

M
Si

g
Pb

C
lu

st
er

2:
EC

M
-r

el
at

ed
g

en
es

u
p

re
g

u
la

te
d

in
d

er
m

al
fi

b
ro

b
la

st
s

w
it

h
in

30
m

in
af

te
r

TG
FB

1
[G

en
eI

D
=

70
40

]
ad

d
it

io
n

;r
ea

ch
ed

a
p

la
te

au
af

te
r

th
at

2.
54

E-
04

0.
03

0
5.

78
9

7
0.

01
8

2.
86

E-
04

0.
05

1
6.

35
8

6
28

0.
01

0

FD
R

Q
:F

al
se

di
sc

ov
er

y
ra

te
Q

st
at

is
tic

;F
E:

Fo
ld

en
ric

hm
en

t;
G

:G
en

es
;G

O
M

F:
G

en
e

on
to

lo
gy

m
ol

ec
ul

ar
fu

nc
tio

n;
G

SC
:G

en
e

se
t

co
ve

ra
ge

;M
Si

gI
S:

M
Si

gD
B

im
m

un
ol

og
ic

si
gn

at
ur

e;
M

Si
gO

S:
M

Si
gD

B
on

co
ge

ni
c

si
gn

at
ur

e;
M

Si
gP

B:
M

Si
gD

B
pe

rt
ur

ba
tio

n;
M

Si
gP

W
:M

Si
gD

B
pa

th
w

ay
;O

bs
.:

O
bs

er
ve

d;
R:

Re
gi

on
;R

SC
:R

eg
io

n
se

t
co

ve
ra

ge
;T

ot
.:

To
ta

l.

714 Epigenomics (2018) 10(6) future science group



Sex-specific epigenetic mediators between early life social disadvantage & adulthood BMI Research Article

Ta
b

le
4.

Fe
m

al
e

ad
ip

o
se

ti
ss

u
e

G
en

o
m

ic
R

eg
io

n
s

En
ri

ch
m

en
t

o
f

A
n

n
o

ta
ti

o
n

s
To

o
lp

at
h

w
ay

an
al

ys
is

re
su

lt
s

(c
o

n
t.

).
G

R
EA

T
v3

.0
.0

(h
g

19
)

A
R

:B
as

al
+

ex
te

n
si

o
n

:5
K

b
u

p
st

re
am

,1
K

b
d

o
w

n
st

re
am

,1
M

b
m

ax
im

u
m

ex
te

n
si

o
n

,c
u

ra
te

d
re

g
u

la
to

ry
d

o
m

ai
n

s
in

cl
u

d
ed

En
ri

ch
m

en
t

Te
rm

s
B

in
o

m
ia

lt
es

t
H

yp
er

g
eo

m
et

ri
c

te
st

p
-v

al
u

e
FD

R
Q

FE
O

b
s.

R
.h

it
s

R
SC

p
-v

al
u

e
FD

R
Q

FE
O

b
s.

G
h

it
s

To
t.

g
en

es
G

SC

M
Si

g
Pb

D
o

w
n

re
g

u
la

te
d

g
en

es
in

b
o

th
re

ct
al

an
d

co
lo

n
ca

rc
in

o
m

a
co

m
p

ar
ed

w
it

h
n

o
rm

al
m

u
co

sa
sa

m
p

le
s

5.
87

E-
04

0.
05

5
2.

96
3

13
0.

03
3

3.
83

E-
04

0.
06

1
3.

40
0

11
96

0.
01

8

M
Si

g
O

S
G

en
es

u
p

re
g

u
la

te
d

in
a

p
an

el
o

f
ep

it
h

el
ia

lc
el

ll
in

es
b

y
TG

FB
1

[G
en

e
ID

=
70

40
]

6.
19

E-
06

0.
00

1
2.

65
0

27
0.

06
8

1.
43

E-
08

0.
00

0
3.

87
0

24
18

4
0.

03
9

M
Si

g
IS

G
en

es
u

p
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
d

en
d

ri
ti

c
ce

lls
st

im
u

la
te

d
w

it
h

R
84

8
at

2
h

vs
D

C
s

st
im

u
la

te
d

w
it

h
R

84
8

fo
r

8
h

4.
83

E-
07

0.
00

1
3.

68
8

21
0.

05
3

1.
80

E-
04

0.
04

9
2.

72
7

17
18

5
0.

02
8

M
Si

g
IS

G
en

es
u

p
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
m

o
n

o
cy

te
s

cu
lt

u
re

d
fo

r
0

d
ay

s
vs

th
o

se
cu

lt
u

re
d

fo
r

1
d

ay
1.

28
E-

06
0.

00
1

3.
23

4
23

0.
05

8
3.

78
E-

04
0.

05
6

2.
56

1
17

19
7

0.
02

8

M
Si

g
IS

G
en

es
u

p
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
m

ac
ro

p
h

ag
es

ex
p

o
se

d
to

5
w

o
rm

s/
w

el
l

B
ru

g
ia

m
al

ay
iv

s
m

ac
ro

p
h

ag
es

ex
p

o
se

d
to

M
yc

o
b

ac
te

ri
u

m
tu

b
er

cu
lo

si
s

6.
40

E-
06

0.
00

3
3.

01
9

22
0.

05
5

1.
11

E-
04

0.
05

3
2.

73
9

18
19

5
0.

03
0

M
Si

g
IS

G
en

es
d

o
w

n
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
m

ac
ro

p
h

ag
es

tr
ea

te
d

w
it

h
IL

25
[G

en
eI

D
=

64
80

6]
ve

rs
u

s
n

eu
tr

o
p

h
ils

tr
ea

te
d

w
it

h
IL

25
[G

en
eI

D
=

64
80

6]
6.

95
E-

06
0.

00
3

2.
83

3
24

0.
06

0
8.

86
E-

07
0.

00
2

3.
31

4
22

19
7

0.
03

6

M
Si

g
IS

G
en

es
d

o
w

n
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
d

en
d

ri
ti

c
ce

lls
st

im
u

la
te

d
w

it
h

Pa
m

3C
sk

4
(T

LR
1/

2
ag

o
n

is
t)

at
12

h
vs

d
en

d
ri

ti
c

ce
lls

st
im

u
la

te
d

w
it

h
G

ar
d

iq
u

im
o

d
(T

LR
7

ag
o

n
is

t)
at

12
h

7.
50

E-
06

0.
00

2
2.

98
8

22
0.

05
5

2.
59

E-
06

0.
00

2
3.

21
2

21
19

4
0.

03
5

M
Si

g
IS

G
en

es
u

p
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
m

ac
ro

p
h

ag
es

ex
p

o
se

d
to

To
xo

p
la

sm
a

g
o

n
d

ii
vs

m
ac

ro
p

h
ag

es
ex

p
o

se
d

to
M

.t
u

b
er

cu
lo

si
s

2.
10

E-
05

0.
00

4
2.

97
1

20
0.

05
0

5.
98

E-
04

0.
07

6
2.

46
1

17
20

5
0.

02
8

M
Si

g
IS

G
en

es
d

o
w

n
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
d

en
d

ri
ti

c
ce

lls
ex

p
o

se
d

to
T.

g
o

n
d

ii
vs

m
ac

ro
p

h
ag

es
ex

p
o

se
d

to
T.

g
o

n
d

ii
4.

52
E-

05
0.

00
8

2.
64

9
22

0.
05

5
1.

11
E-

04
0.

05
3

2.
73

9
18

19
5

0.
03

0

M
Si

g
IS

G
en

es
u

p
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
ty

p
e

2
m

ye
lo

id
(T

2M
)

ce
lls

tr
ea

te
d

w
it

h
IL

25
[G

en
eI

D
=

64
80

6]
vs

n
eu

tr
o

p
h

ils
tr

ea
te

d
w

it
h

IL
25

[G
en

eI
D

=
64

80
6]

9.
63

E-
05

0.
01

4
2.

65
6

20
0.

05
0

3.
36

E-
04

0.
05

8
2.

58
7

17
19

5
0.

02
8

M
Si

g
IS

G
en

es
u

p
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
d

en
d

ri
ti

c
ce

lls
st

im
u

la
te

d
w

it
h

p
o

ly
(I

:C
)

(T
LR

3
ag

o
n

is
t)

at
24

h
vs

d
en

d
ri

ti
c

ce
lls

st
im

u
la

te
d

w
it

h
Pa

m
3C

sk
4

(T
LR

1/
2

ag
o

n
is

t)
at

24
h

9.
96

E-
05

0.
01

4
2.

64
9

20
0.

05
0

1.
11

E-
04

0.
05

3
2.

73
9

18
19

5
0.

03
0

M
Si

g
IS

G
en

es
u

p
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
u

n
tr

ea
te

d
C

D
4

[G
en

eI
D

=
92

0]
T

ce
lls

at
0

h
vs

th
e

u
n

tr
ea

te
d

ce
lls

at
4

h
1.

22
E-

04
0.

01
5

2.
69

0
19

0.
04

8
3.

32
E-

04
0.

06
3

2.
68

2
16

17
7

0.
02

6

M
Si

g
IS

G
en

es
u

p
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
p

er
ip

h
er

al
b

lo
o

d
m

o
n

o
n

u
cl

ea
r

ce
lls

fr
o

m
h

ea
lt

h
y

d
o

n
o

rs
vs

p
er

ip
h

er
al

b
lo

o
d

m
o

n
o

n
u

cl
ea

r
ce

lls
fr

o
m

in
fa

n
ts

w
it

h
ac

u
te

R
SV

in
fe

ct
io

n

1.
66

E-
04

0.
01

9
2.

81
1

17
0.

04
3

3.
77

E-
04

0.
06

0
2.

65
2

16
17

9
0.

02
6

M
Si

g
IS

G
en

es
u

p
re

g
u

la
te

d
in

co
m

p
ar

is
o

n
o

f
d

en
d

ri
ti

c
ce

lls
st

im
u

la
te

d
w

it
h

lip
o

p
o

ly
sa

cc
h

ar
id

e
(L

PS
)

(T
LR

4
ag

o
n

is
t)

at
16

h
vs

d
en

d
ri

ti
c

ce
lls

st
im

u
la

te
d

w
it

h
Pa

m
3C

sk
4

(T
LR

1/
2

ag
o

n
is

t)
at

16
h

3.
00

E-
04

0.
02

7
2.

66
8

17
0.

04
3

3.
16

E-
04

0.
06

7
2.

60
0

17
19

4
0.

02
8

FD
R

Q
:F

al
se

di
sc

ov
er

y
ra

te
Q

st
at

is
tic

;F
E:

Fo
ld

en
ric

hm
en

t;
G

:G
en

es
;G

O
M

F:
G

en
e

on
to

lo
gy

m
ol

ec
ul

ar
fu

nc
tio

n;
G

SC
:G

en
e

se
t

co
ve

ra
ge

;M
Si

gI
S:

M
Si

gD
B

im
m

un
ol

og
ic

si
gn

at
ur

e;
M

Si
gO

S:
M

Si
gD

B
on

co
ge

ni
c

si
gn

at
ur

e;
M

Si
gP

B:
M

Si
gD

B
pe

rt
ur

ba
tio

n;
M

Si
gP

W
:M

Si
gD

B
pa

th
w

ay
;O

bs
.:

O
bs

er
ve

d;
R:

Re
gi

on
;R

SC
:R

eg
io

n
se

t
co

ve
ra

ge
;T

ot
.:

To
ta

l.

future science group www.futuremedicine.com 715



Research Article Chu, Loucks, Kelsey et al.

56.150 56.152 56.154 56.156 56.158 56.160

Genomic location (Mb)

M
et

h
yl

at
io

n
 (

%
)

M
et

h
yl

at
io

n
 (

%
)

–L
og

10
P

6 1

PHKG1

SEI-CpG
CpG-BMI
Mediation effect
Direct effect

High ELSD
Low ELSD

High BMI
Low BMI

-20

20

60

100

20

0

60

100

0

1

2

3

4

5

Figure 1. Mediation analysis of methylation profiles across PHKG1 CpG sites in female adipose tissue.
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adiposity in the same cohort [40]. Specifically, among our top findings, 1 CpG site in men and 11 CpG sites in
women were also observed in the top hits from the childhood SES analyses (Tables 2 & 3). As our measure of
ELSD was inclusive of measures of childhood SES, while encompassing additional measures of environmental and
psychosocial adversity (e.g., changes in parent’s marital status, death of a sibling), overlapping findings were not
unexpected. Indeed, the fact that some methylation sites were common to different, but related, early life constructs
lend further credibility to the results presented here. Sensitivity analyses adjusting for childhood socioeconomic
index in the association between ELSD, DNAm and BMI, can be viewed in Supplementary Table 6.

MAPK signaling in adipose tissue
Unique MAPK-related signals were discovered in both male and female adipose mediation analyses, and MAPKs
were also involved in significant enrichment terms in the female pathway analyses. Specifically, MAP3K5 and
MAPK14 were identified as potential sites of ELSD-BMI mediation in males and females, respectively. In a recent
study, MAP3K5 mRNA and protein expression was shown to be upregulated in adipose tissue by transcription
factor E2F1 vis-à-vis JNK-mediated sensitization to activation at the MAP3K5 promoter [41].MAPK14 modulates
glucose metabolism and limits autophagy in nutrient-deprived conditions [42]. Genetic variants in MAPK14 were
recently associated with diabetic foot ulcers [43], and a low-frequency variant in MAPK14 was also found to associate
with myeloperoxidase, a biomarker for cardiovascular events [44]. More generally, MAPK signaling pathways and
their constituents have been found to associate with a number of stress-induced obesogenic processes in adipose
tissue including: regulation of adipose tissue inflammation and insulin resistance [45], and adipogenesis [46].

Biological pathways from ELSD to obesity

A number of plausible pathways linking early life social environments and DNAm can be found in existing
literature, including the classic findings of Weaver et al. [47] on the effect of early life maternal care on the epigenetic
profiles of rat pups, and the reversibility of these differences through cross fostering to effect a stable change lasting
into adulthood. This study and several that followed successfully established the notion of persistent epigenetic
modifications induced by social programming [2,3,48,49]. In human studies, the more specific mechanisms by which
the early life social environment might impact epigenetic patterns span hypotheses that posit the role of nutrition [50],
modified stress responses [1,5–9,51] and altered immune system function [52,53]. Meanwhile, the connection between
adiposity and altered methylation profiles has been extensively explored in blood tissue [54–59], and more recently
several studies have also been conducted in the more biologically relevant adipose tissue [11,13,19,60]. The common
thread connecting all of these studies is the likely role of epigenetic mechanisms as a mediator between early life
social environments and health outcomes later in life.

Our findings in adipose tissue were sex specific. This is consistent with previous studies suggesting that epigenetic
mechanisms and patterns differ by sex [13,15,61], including a recent study which identified within-pair differential
DNAm patterns comparing monozygotic male and female pairs, suggesting differential sensitivity to methylation
by sex [17]. The effects of socioeconomic gradients also have been shown to have stronger associations with adiposity
in females than males [18]. We identified CpG loci in males and females that mapped to genes associated with
adipogenesis, inflammation, diabetes and insulin resistance. That both male and female candidate mediation loci
implicated adipogenesis, inflammatory and insulin signaling pathways, either via a gene hit or through pathway
enrichment, is compelling – a rich body of literature has consistently connected ELSD, maladaptive stress responses
and proneness to inflammation [53,62–70], all of which have well-established associations with adiposity. More
specifically, the prevailing ‘toxic stress’ hypothesis suggests stress induced by a social environment can become ‘toxic’
by negatively modifying the epigenetic landscape in ways that increase disease risk and persist across time [71]. For
example, social stressors in early life have been found to induce changes in the functioning of the hypothalamic–
pituitary–adrenal axis, thereby reducing glucocorticoid and increasing proinflammatory signaling [9,53,72]. Such
stress-related hormonal changes in the action of the hypothalamic–pituitary–adrenal axis could potentially modify
epigenetic regulation of adipose tissue in a systemic manner, facilitating adipose dysregulation and contributing to
obesity and cardiovascular risk. Indeed, very small changes in hormonal levels can have profound effects, and we
cannot rule out either very small alterations that are not yet detectable with our current instruments or regulatory
changes in CpGs associated with regulatory action that are not interrogated on the platform employed.
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Strengths & limitations

This study sought to identify epigenetic mediators of ELSD on adult adiposity by using a rich source of existing data
and biosamples from clinically relevant tissue sites: adipose tissue. Most existing studies of epigenetic alterations
associated with ELSD and adiposity have been conducted in blood tissue, which has been shown to serve as
precarious surrogate for adipose tissue [19]. Nonetheless, our findings must be interpreted with some caution as
we were not able to adjust for potential cell admixture in the adipose tissue due to inadequate statistical power.
Although methods for reference-free cell type adjustment exist [22], they require a large number of degrees of freedom
that could not be accommodated with our sample size. Thus, it remains unclear whether the mediating CpG sites
reported in this analysis were identified due to differential methylation patterns, or due to potential differences in
adipose tissue composition between subjects with higher versus lower levels of ELSD. However, it is worth noting
that there is an increasing body of literature that argues for assessing epigenetic effects in tissues that are relevant
to the disease of interest. Adipose tissue is complex, and also includes blood in its composition. We reasoned that
the blood cells in adipose tissue may exhibit completely different characteristics and concentrations in fat than in
blood, and these features might themselves be important indicators of disease-associated processes.

The exposure-outcome data were obtained from a prospective, observational study, where methylation and BMI
were measured simultaneously, leading to some limitations with respect to causal interpretations of our findings.
Specifically, causal mediation analyses depend on certain assumptions regarding confounding: no unmeasured
confounding between ELSD and methylation, methylation and BMI, and ELSD and BMI, and finally, no ELSD-
induced confounder of the methylation and BMI relationship. Biologically, we are unable to distinguish with
certainty the causal directionality of the BMI and methylation alterations with our current data. However, loss
of methylation may arise either actively, via Tet enzyme-mediated action or through suppression of the DNA
methyltransferase. The addition of methylation is likely DNA methyltransferase mediated, although the precise
inducer of this action remains unknown. Since these biochemical dynamics take longer to evolve than the body
weight changes, the assumption that BMI is affected by the DNAm may be more plausible than the reverse. Future
exploration of these individual mechanisms is feasible and should be quite informative.

Although we followed conventional p-value thresholds, the selection of such cutoffs is generally arbitrary with
limited theoretical justification in literature. Our two-stage p-value thresholds, however, were within range of similar
studies [73–80]. The application of mediation analyses in a high-dimensional setting also increases the difficulty of
multiple correction adjustment, which necessitates downstream review of the identified candidate sites for biological
plausibility through, for example, support by prior literature or enrichment analysis.

Strengths of our analyses, beyond using appropriate tissue samples, include the prospective collection of ELSD
measures during critical developmental periods in early childhood. We also used a composite measure of ELSD
that encompassed parental socioeconomic indicators as well as childhood social environments and events, which
directly captured multiple dimensions of the early life social experience. Additionally, the analytic methods included
an efficient two-stage joint significance test for screening mediation effect in a genome-wide setting, an explicit
estimation for the effect size of the mediation, and pathway analyses via GREAT. Standard approaches to pathway
analysis are largely derived from gene expression data and are predicated on measuring the transcripts of biologically
well-defined gene constructs. However, the analysis of methylation data, which typically amounts to specific sites,
is likely better served by functional annotation analyses that focus on regulatory regions. By using GREAT, we were
able to accommodate all candidate CpG sites regardless of whether they explicitly mapped to a gene, rather than
discarding any nonmapped sites as in standard network analysis.

Conclusion
In summary, these results shed some light on potential epigenetic-mediating sites in adipose tissue which is likely
the more relevant tissue for adiposity, and not peripheral blood leukocytes. Many of our mediation and pathway
analyses results were consistent with findings in prior literature that have implicated inflammation and dysregulation
of adipocytes in adipose tissue in obesogenic processes. Findings support the hypothesis that epigenetic pathways
may play mediating roles in the associations of ELSD with adulthood adiposity.
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Summary points

• Early life social disadvantage with respect to socioeconomic position, structural social environments and
psychosocial measures of adversity, was shown to associate with methylation patterns and increased risk for
adulthood adiposity through unique biological mechanisms for men versus women.

• The effects of early life social disadvantage on adulthood adiposity were specific to adipose tissue; no mediation
candidates were identified in peripheral blood.

• The majority of the mediating loci identified in female adipose tissue mapped to genes known to have
associations with adipogenesis, diabetes, insulin sensitivity, PPARγ and TGF-β signaling pathways. Notable genes
of interest included FGFRL1, ADAM5P, BCAR3, DPP9 and PIEZO1.

• Functional gene groupings were less apparent in candidate mediation CpG sites in males than in females, but
several loci in males mapped to genes associated with inflammation and signaling pathways: RPTOR and MAP3K5.

• Pathway analyses of mediation loci in female adipose tissue revealed compelling evidence of enrichment for
immunologic signatures, and a number of MAPK-associated pathways.

• These findings are consistent with those in prior literature which have linked patterns of increased inflammation
and adipocyte dysregulation in adipose tissue, and thereby also alterations in resident leukocyte populations,
with increasing adiposity.
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