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ABSTRACT
Objectives: Patients with anorexia nervosa (AN) are ideally suited to identify differentially methy-
lated genes in response to starvation.
Methods: We examined high-throughput DNA methylation derived from whole blood of
47 females with AN, 47 lean females without AN and 100 population-based females to compare
AN with both controls. To account for different cell type compositions, we applied two reference-
free methods (FastLMM-EWASher, RefFreeEWAS) and searched for consensus CpG sites identified
by both methods. We used a validation sample of five monozygotic AN-discordant twin pairs.
Results: Fifty-one consensus sites were identified in AN vs. lean and 81 in AN vs. population-
based comparisons. These sites have not been reported in AN methylation analyses, but for the
latter comparison 54/81 sites showed directionally consistent differential methylation effects in
the AN-discordant twins. For a single nucleotide polymorphism rs923768 in CSGALNACT1 a nearby
site was nominally associated with AN. At the gene level, we confirmed hypermethylated sites at
TNXB. We found support for a locus at NR1H3 in the AN vs. lean control comparison, but the
methylation direction was opposite to the one previously reported.
Conclusions: We confirm genes like TNXB previously described to comprise differentially methy-
lated sites, and highlight further sites that might be specifically involved in AN starvation
processes.
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Introduction

Anorexia nervosa (AN) is a pernicious condition charac-
terized by restriction of energy intake and extremely
low body weight. Epigenetic alterations are assumed
to play a key role in moderating or mediating the
impact of environmental/lifestyle exposures on gene
function and can also be influenced by genetic varia-
tions (Haggarty 2015). Starvation is a key clinical fea-
ture of patients with AN and a strong environmental

exposure can be expected to trigger epigenetic altera-
tions (Heijmans et al. 2008). DNA methylation is one
frequently investigated epigenetic mechanism, which is
known to change over time (Fraga et al. 2005) and can
also be influenced by the metabolome (Keating & El-
Osta 2015). Previous investigations of DNA methylation
in AN mainly focused either on the (promoter) methy-
lation of specific candidate genes (Campbell et al.
2011; Pjetri et al. 2012) or on markers for a
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global methylation pattern (Saffrey et al. 2014).
Recently, Booij et al. (2015) described a high-through-
put DNA methylation analysis (450K Illumina bead
arrays from lymphocytes) in 29 female patients with
acute AN and 15 normal-weight female controls and
reported 14 hypermethylated AN CpG sites at 11 genes
(PRDM16, HDAC4, TNXB, FTSJD2, PXDNL, DLGAP2,
FAM83A, NR1H3, DDX10, ARHGAP1, PIWIL1). Note that
such high-throughput DNA methylation analyses rely
on the pre-selected content of methylation sites (for
details on technical properties of the 450K array: e.g.,
Dedeurwaerder et al. 2011).

Here, we analyse high-throughput DNA methylation
data derived from whole blood for differences
between AN patients and two control groups: lean
(body mass index [BMI] �15th age- and sex-specific
percentile) and population-based female controls. We
included two control groups as they highlight different
aspects of potential differential DNA methylation: the
comparison of AN patients vs. lean females without AN
will allow for assessing starvation as a key clinical fea-
ture of AN, while the comparison of AN patients vs.
population-based female controls (without any weight
restrictions) will allow for more broadly analysing the
general aspects of AN. Lastly we compared methyla-
tion pattern in both control groups; these should not
be different at the sites specific for AN.

To correct for known cell type distribution effects
under starvation (Fukudo et al. 1993; Saito et al. 1999;
Castro et al. 2004; Sabel et al. 2013; B€uhren et al.
2014), we applied two recently proposed reference-
free methods (Houseman et al. 2014; Zou et al. 2014)
and investigated their overlapping results. We aimed
to identify patterns of differential DNA methylation
contrasting AN patients and controls. We discuss our
findings on the background of a systematic literature
search and data of the most recent and largest gen-
ome-wide association meta-analysis (GWAMA; Boraska

et al. 2014) on 2,907 AN cases and 14,860 controls con-
ducted by the Genetic Consortium for Anorexia
Nervosa (GCAN) as part of the Wellcome Trust Case
Control Consortium 3 (WTCCC3) to identify previously
reported findings or potential overlapping epigenetic
and genetic alterations associated with acute AN.

Materials and methods

Study subjects

We analysed 47 females with AN, 47 lean females (BMI
�15th age- and sex-specific percentile) without AN,
and 100 population-based females (POP; Table I).
Females with AN prior to weight restoration were
recruited and diagnosed (DSM-IV criteria fulfilled) at
the Departments of Child and Adolescent Psychiatry of
the Philipps-University of Marburg and of the
University of Duisburg-Essen. All AN patients were
interviewed with either the Composite International
Diagnostic Interview (CIDI) or the Diagnostic Interview
for Genetic Studies and the Eating Disorder Family
History Interview (for details see Hinney et al. 1997).
Lean females (BMI �15th percentile) without AN were
recruited among the students of the Philipps-University
of Marburg. They were reimbursed for their voluntary
participation, had to have no somatic disorders and
had to consume �10 cigarettes per day. Furthermore,
the lean females were screened as follows: (1) life-time
occurrence of AN and bulimia nervosa by the eating
disorder section of the CIDI, (2) the German version of
the Three-Factor Eating Questionnaire to ensure that
only non-restrained eaters defined as individuals who
scored five or less on the cognitive restraint factor
were included, and (3) for their weight history by a
semi-structured interview. For details we again refer to
Hinney et al. (1997). Lean females that either fulfilled
(1) or (2) or who reported that they had a higher

Table 1. Participant characteristics of the high-throughput DNA methylation analysis and the validation datasets.
Replication data (n¼ 5 MZ pairs)

AN cases (n¼ 47) LEAN controls (n¼ 47) POP controls (n¼ 100) AN co-twin Healthy co-twin

Sex (females); n (%) 47 (100) 47 (100) 100 (100) 5 pairs (100)
AN type; n (%):

Restricting 36 (76.6) 4 (80)
Binge-eating/purging 8 (17.0) 1 (20)
Missing 3 (6.4) 0 (0)

Age (years); median (Q1, Q3) 16 (14, 17) 22 (21, 23) 60 (54, 69) 22 (22, 23)
Restricting type AN 15 (14, 17) 22 (22, 22)
Binge-eating/purging type AN 16 (15, 17) 28 (–)

BMI (kg/m2); median (Q1, Q3) 13.7 (12.0, 14.6) 17.3 (16.9, 17.7) 26.6 (24.3, 32.1) 22.0 (21.5, 23.3) 20.7 (20.2, 24.5)
Restricting AN type 13.7 (13.0, 14.5) 21.8 (20.7, 22.3)
Binge-eating/purging AN type 12.7 (12.1, 14.0) 29.8a (–)

All twin individuals in the analysis have a life-time minimum BMI of <18.5 (all except one individual are currently weight restored but are still experiencing
other significant AN symptoms).
AN, anorexia nervosa; POP, population-based females; BMI, body mass index; MZ, monozygotic.
aThis individual has life-time AN diagnosis (minimum BMI of 18.2); is currently weight restored but still experiences binge-purge symptoms.



weight than same-aged individuals at ages 10, 15 and/
or 18 were excluded. The 100 POP were a random
sample from a dataset of 925 females of the popula-
tion-based Cooperative Health Research in the Region
of Augsburg (KORA) Survey F4 (Dick et al. 2014).
Details on this part of the KORA cohort with a focus
on high-throughput methylation profiling are provided
in Dick et al. (2014). Control group participants were
not specifically assessed for eating disorders. In the fol-
lowing sections, the group of females with AN is
abbreviated by AN, the group of lean females without
AN by LEAN and the population-based female controls
selected from the KORA survey by POP. All studies
were approved by the relevant institutional ethics com-
mittees, and all women provided written informed
consent; the study was conducted in accordance to
the Declaration of Helsinki.

High-throughput methylation data generation and
pre-processing

High-throughput methylation profiling of whole blood
of all samples was performed using Illumina
HumanMethylation450 bead arrays at the German
Center for Diabetes Research, Neuherberg (for details
see Dick et al. 2014). The raw data were transformed
into beta values using Illumina’s Genome Studio
methylation module according to the manufacturer’s
recommendation. We ran the pipeline of Touleimat
and Tost (2012) for quality control (correction for batch
effects, deletion of non-high-confidence probes), probe
filtering (removing probes containing or extending on
single nucleotide polymorphisms (SNPs) with minor
allele frequencies of at least 5% in the Caucasian popu-
lation to reduce the influence of genetic variations on
methylation level variation), signal correction (colour-
bias adjustment, background level correction based
on negative control probes) and subset-based quantile
normalisation (InfI/InfII shift correction, between-
sample normalisation).

Cell type composition and high-throughput
methylation association analyses

Methylation differences were investigated for two
between-group comparisons: (1) AN vs. LEAN and (2)
AN vs. POP. First, we used the high-throughput methy-
lation data to estimate the individual cell type compo-
sitions applying the algorithm by Houseman et al.
(2012) and the reference dataset provided by Reinius
et al. (2012). Secondly and based on these results, the
cell type admixture had to be taken into account for
the high-throughput methylation association analyses.

We applied two recently proposed reference-free
methods to address the cell type admixture bias
(FastLMM-EWASher, Zou et al. 2014; RefFreeEWAS,
Houseman et al. 2014). We followed the recommenda-
tions by the authors of FastLMM-EWASher (Zou et al.
2014) and considered only those CpG sites with an
average beta value across all samples between 0.1 and
0.9. We required that the genomic control factor k had
to be below 1.2 and a maximum of 10 principal com-
ponents were allowed to be fitted. We decided to
adjust for no further covariates even though the POP
were for example considerably older than both the AN
patients and the lean females. This decision was based
on the observation that an inclusion of ‘‘age’’ would
lead to an almost complete separation of the case–
control groups resulting in unstable estimates. For
both methods we applied an exploratory two-sided
significance level a of 0.01 to detect CpG sites that are
potentially differentially methylated between two
groups. We then compared the results of FastLMM-
EWASher and RefFreeEWAS for the two between-group
comparisons at each CpG site. We call CpG sites identi-
fied by both reference-free methods ‘‘consensus CpG
sites’’ and focused on them for robustness reasons.
Supplementary Figure S1 (available online) is a flow-
chart of our procedure. As sensitivity analyses, these
consensus CpG sites were assessed for quantitative
age and BMI effects, potential menstruation effects
and effects related to smoking (Supplementary Tables
S8–S11 available online). Conversely, we screened the
literature on these and related phenotypes and their
overlap to our consensus CpG sites (Supplementary
Table S12 available online). As another sensitivity ana-
lysis, we also performed a third between-group com-
parison (LEAN vs. POP) using the same approach as for
the other two primary comparisons.

Comparison to the literature and to the AN
GWAMA

We performed a systematic literature search and
assessed the most recent and largest GWAMA for AN
(Boraska et al. 2014).

We searched PubMed and the ISI Web of
Knowledge at 2015/05/18 for articles dealing with AN
or weight-loss intervention in relation to DNA methyla-
tion. The search term was ‘‘((anorexia nervosa) OR
(weight-loss intervention) OR (underweight) OR (eating
disorder)) AND (DNA methylation)’’. Articles were
excluded if they: (1) exclusively dealt with animal mod-
els or (2) dealt with methylation globally (i.e., no genes
were specified). Articles, which were automatically
identified by the databases, were manually re-checked
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for fulfilling the search criteria. Review articles were
screened for further original research articles. From the
included articles we extracted all candidate genes for
which some evidence for DNA methylation was
reported by the authors and reported the results for
the corresponding CpG sites in our two between-group
comparisons.

Finally, we compared the results of our consensus
CpG sites with the genomic variation reported in the
GCAN/WTCCC3 GWAMA by Boraska et al. (2014). More
precisely, we worked with the effects of SNP associa-
tions expressed as estimated odds ratio, the corre-
sponding nominal P value under a log-additive genetic
model and the SNP-wise heterogeneity statistic (I2 in
%) from the GCAN/WTCCC3 GWAMA. To map these
statistics to our high-throughput methylation associ-
ation analyses, we normalised both datasets to the
same genetic map (NCBI36, hg18) and reported the
results for the best SNP (the SNP with the smallest
P value within a maximal distance of 1 Mb to the con-
sensus CpG site).

Validation in monozygotic twins

We used monozygotic (MZ) twin pairs discordant for
AN as a validation set. These twin pairs were selected
from two longitudinal population-based Finnish twin
cohorts, FinnTwin12 and FinnTwin16, each consisting
of five consecutive birth cohorts of Finnish twins

(Kaprio 2013). Among 5,417 families we were able to
identify 36 MZ twin pairs discordant for AN (cases ful-
filling the DSM5 criteria for AN). However, only five
pairs were AN-discordant at the time of blood draw for
the methylation analysis (Table 1). Within-pair DNA
methylation differences were computed for the con-
sensus CpG sites using paired moderated t tests imple-
mented in the R package limma.

Results

Cell type composition and high-throughput
methylation association analyses

Figure 1 displays the cell type compositions by com-
parison group as derived from the DNA methylation
data (for details see also Reinius et al. 2012). AN and
LEAN females showed group differences in the global
distribution of granulocytes (Gran; median frequency:
77 vs. 63%) and specifically in CD4þ T cells (7 vs. 14%),
CD14þ monocytes (2 vs. 4%) and CD56þ NK cells (8 vs.
13%). AN and POP groups differed globally in periph-
eral blood mononuclear cell (PBMC; 0 vs. 6%) and spe-
cifically CD4þ T cell (7 vs. 2%) distributions (Figure 1;
detailed results in Table S1).

Next, we addressed the cell type admixture effects
using two reference-free methods for the high-
throughput methylation association analyses. The QQ-
plots indicated a residual inflation of small P values for
RefFreeEWAS (Figure S2; Manhattan plots in Figure S3

Figure 1. Boxplots of the estimated cell type distributions (between-group comparisons with P values �0.01 are indicated by aster-
isk; for details see Table S1).
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available online). Consequently, we identified 26,769
differentially methylated CpG sites for AN vs. LEAN
according to RefFreeEWAS (P� 0.01) but only 1,059
CpG sites for FastLMM-EWASher (P� 0.01). For AN vs.
POP, these numbers were 11,395 and 2,607, respect-
ively. Fifty-one differentially methylated CpG sites were
identified as consensus CpG sites by both reference-
free methods for AN vs. LEAN, and 81 consensus CpG
sites for AN vs. POP (Tables 2 and 3). In both cases,
the number of consensus CpG sites significantly
exceeded that expected by chance (P< 0.001). There
were no consensus CpG sites that were identified in
both group comparisons (Tables S2 and S3, available
online, contrast the consensus CpG sites from the first
in the second comparison and vice versa). Moreover,
the consensus CpG sites were not previously reported
in the literature on age, BMI, menstruation or smoking
effects (Supplementary Table S12 available online) and
our sensitivity analyses also did not strongly support
such associations (except for cg25361850 (ZNF577) all
P� 0.05 after table-wise multiple testing adjustment
(for 132 consensus CpG sites); Supplementary Tables
S8–S11 available online). Furthermore, only one con-
sensus CpG site from AN vs. POP (cg13826718 on
chromosome 13 at 36919368 without an annotated
gene; both P� 0.01) and none from AN vs. LEAN
showed a consensus association signal for LEAN vs.
POP (Supplementary Tables S13 and S14,
Supplementary Figures S5 and S6 available online).

Comparison to the literature and to the AN
GWAMA

In the systematic literature review, we identified 66
articles of which 24 met our inclusion criteria (see
Figure S4, Tables S4 and S5 available online); 24
articles reported on 66 (DNA methylation) candidate
genes that are summarized in Table S5 (available
online). For HDAC4, NR1H3, PRDM16, TNXB, WT1 and
ZNF783 we found CpG sites with suggestive evidence
for a group comparison association (at P� 0.01) irre-
spective of the analysis method (bold genes in Table
S5 available online). Interestingly, four of the six genes
(HDAC4, NR1H3, PRDM16, TNXB) were derived from the
study of Booij et al. (2015), which had a similar case–
control study design also pertaining to patients with
AN and controls. When comparing the unadjusted
directions of effects, we observed that the TNXB CpG
sites were hypermethylated in our AN patients com-
pared to both control groups, which was similar to the
results reported by Booij et al. (2015).

The comparison of our consensus CpG sites
with the GCAN GWAMA by Boraska et al. (2014)

(Tables 2 and 3) revealed one SNP (rs923768) in the
chondroitin sulphate N-acetylgalactosaminyltransferase
1 gene (CSGALNACT1) with suggestive evidence for an
association with AN susceptibility (P¼ 1.31� 10�6). The
corresponding CpG site was differentially methylated
between the AN and POP samples. Apart from this sig-
nal, we detected no association signal meeting the
threshold of suggestive evidence for an association
(P� 1� 10�5).

Validation in MZ twins

A total of 54/81 consensus CpG sites from the com-
parison of AN vs. POP showed mean methylation dif-
ferences of the same direction in the AN-discordant
MZ twin sample. This indicates greater than expected
overlap in the direction of methylation differences
between both of the samples (AN vs. POP, and AN-dis-
cordant MZ twin pairs; exact binomial test: Psign-test ¼
1.69� 10�3). Of the 51 consensus CpG sites from the
comparison AN vs. LEAN, 26 showed a consistent dir-
ection of methylation differences in the discordant MZ
twin sample (exact binomial test: Psign-test ¼ 1.0). At
the individual CpG site level, none of the tested CpG
sites were differentially methylated within the twin
pairs (P> 0.01, Supplement Tables S6 and S7).

Discussion

Epigenetic marks can be altered by both genetic and
environmental factors. For example, altered epigenetic
profiles associated with BMI variability have already
been described (e.g., Dick et al. 2014). We hypothe-
sized that the epigenomic pattern in weight regulation
can optimally be analysed by comparing starved
individuals and lean or population-based controls. As
starvation is a key feature of AN, we analysed high-
throughput DNA methylation data derived from whole
blood for differences between female AN patients prior
to weight restoration and lean or population-based
female controls. Initially, we estimated that the cell
type distributions derived from DNA methylation data
differed between the groups. However, there was also
a large overlap of the group distributions and no clear
group separation in accordance with data reported
previously, which did not rely on DNA methylation
(Fukudo et al. 1993; Saito et al. 1999; Castro et al.
2004; Sabel et al. 2013; B€uhren et al. 2014). To address
the resulting cell type admixture bias in our high-
throughput DNA methylation analyses, we applied two
recently published reference-free methods and focused
on the CpG sites detected by both methods. There
were 51 differentially methylated consensus CpG sites

http://dx.doi.org/10.1080/15622975.2016.1190033
http://dx.doi.org/10.1080/15622975.2016.1190033
http://dx.doi.org/10.1080/15622975.2016.1190033
http://dx.doi.org/10.1080/15622975.2016.1190033
http://dx.doi.org/10.1080/15622975.2016.1190033
http://dx.doi.org/10.1080/15622975.2016.1190033
http://dx.doi.org/10.1080/15622975.2016.1190033


Ta
bl

e
2.

AN
vs

.L
EA

N
:c

on
se

ns
us

Cp
G

si
te

s
(P
�

0.
01

)
an

d
th

e
co

rr
es

po
nd

in
g

be
st

G
W

AM
A-

SN
Ps

(m
in

im
al

P
va

lu
e)

w
ith

in
a

m
ax

im
um

di
st

an
ce

of
1

M
b

fr
om

th
e

Cp
G

si
te

.
D

N
A

m
et

hy
la

tio
n

an
al

ys
es

G
W

AM
A

Cp
G

si
te

G
en

ea
Ch

ro
m

os
om

e
Po

si
tio

n
Fa

st
LM

M
EW

AS
he

r
P

va
lu

e
Re

fF
re

eE
W

AS
P

va
lu

e
U

na
dj

.m
ea

n
di

ffe
re

nc
e

Be
st

SN
P

Po
si

tio
n

O
R

(e
ffe

ct
al

le
le

)
P

va
lu

e
I2

(%
)

cg
13

47
15

21
TN

FR
SF

1B
1

12
16

75
17

0.
01

0
0.

00
2

�
0.

02
9

rs
11

57
77

73
11

43
91

08
0.

91
(T

)
0.

00
3

0.
0

cg
20

14
69

09
LR

RC
8D

1
90

06
21

99
0.

00
1

0.
00

7
�

0.
00

4
rs

22
96

88
3

89
29

07
83

0.
89

(G
)

0.
00

3
0.

0
cg

03
58

53
29

1
10

20
36

10
7

0.
00

7
0.

00
1

�
0.

02
8

rs
12

02
21

73
10

28
74

23
8

0.
62

(C
)

0.
00

2
0.

0
cg

19
37

74
21

IS
G

20
L2

;C
1o

rf6
6

1
15

49
63

66
5

0.
00

8
0.

00
8

0.
02

6
rs

75
51

21
8

15
46

31
34

4
1.

09
(G

)
0.

00
8

45
.4

cg
27

49
67

93
SO

CS
5

2
46

77
99

37
0.

00
2

0.
00

8
�

0.
00

8
rs

11
89

95
26

47
08

55
76

0.
89

(T
)

0.
00

1
43

.5
cg

11
57

73
55

AF
F3

2
10

00
88

90
6

0.
00

2
0.

00
4

�
3.

38
�

10
�

4
rs

17
02

30
84

99
75

01
95

0.
70

(G
)

1.
60
�

10
�

4
0.

0
cg

15
47

48
59

KL
F7

2
20

77
38

54
9

0.
00

3
0.

00
7

0.
00

2
rs

13
38

53
52

20
78

10
75

0
1.

11
(C

)
0.

00
2

0.
0

cg
16

17
18

58
3

58
44

77
74

0.
01

0
0.

00
6

0.
00

2
rs

98
10

19
2

58
56

23
67

1.
19

(T
)

0.
00

8
27

.8
cg

08
47

52
66

TH
O

C7
3

63
82

00
97

0.
00

3
0.

00
1

�
0.

00
7

rs
14

03
70

0
63

39
02

35
0.

91
(A

)
0.

00
5

0.
0

cg
15

27
89

57
AC

TL
6A

3
18

07
62

75
0

0.
00

5
6.

04
�

10
�

5
0.

01
1

rs
50

19
58

0
18

01
44

30
0

1.
11

(A
)

4.
99
�

10
�

4
0.

0
cg

25
10

56
52

D
AB

2
5

39
44

87
95

0.
00

6
0.

00
9

�
0.

04
0

rs
29

62
49

7
39

61
85

91
0.

90
(A

)
0.

00
1

0.
0

cg
18

89
17

62
PC

D
H

G
A4

;P
CD

H
G

A2
;

PC
D

H
G

A5
;P

CD
H

G
B2

;
PC

D
H

G
A1

;P
CD

H
G

B1
;

PC
D

H
G

A3
;P

CD
H

G
A5

5
14

07
26

23
3

0.
00

9
0.

00
8

0.
03

0
rs

99
87

94
14

05
46

89
3

1.
10

(G
)

0.
01

4
0.

0

cg
05

60
08

64
C1

Q
TN

F2
5

15
97

30
49

2
0.

00
5

0.
00

3
0.

00
4

rs
24

31
57

9
15

94
86

55
5

1.
12

(A
)

3.
94
�

10
�

4
0.

0
cg

26
31

65
99

AT
P6

V0
E1

5
17

23
88

66
1

0.
00

7
0.

00
1

0.
00

6
rs

13
47

15
5

17
19

01
95

3
1.

17
(T

)
0.

00
3

8.
8

cg
09

56
97

60
RN

F1
30

5
17

94
08

00
7

0.
00

9
0.

00
1

�
0.

01
2

rs
47

01
13

6
17

89
58

15
6

1.
14

(A
)

2.
34
�

10
�

4
56

.6
cg

24
06

80
53

C6
or

f4
1;

G
US

BL
1

6
27

03
25

29
0.

00
2

0.
00

8
0.

00
8

rs
11

56
45

7
27

40
85

59
1.

12
(G

)
0.

00
5

0.
0

cg
25

85
11

76
6

29
71

21
85

2.
20
�

10
�

4
0.

01
0

�
0.

01
3

rs
13

45
22

8
29

54
03

69
0.

87
(G

)
0.

00
1

0.
0

cg
27

04
29

83
6

44
17

11
25

0.
00

6
0.

00
2

0.
00

4
rs

10
94

81
52

44
73

02
76

1.
11

(A
)

0.
00

2
26

.5
cg

10
81

62
83

G
PR

11
6

6
46

97
91

32
0.

00
6

4.
83
�

10
�

4
�

0.
00

9
rs

42
36

09
5

47
47

66
46

1.
14

(G
)

0.
00

2
22

.3
cg

05
04

12
65

PR
EP

6
10

59
14

65
1

0.
00

2
0.

00
6

0.
00

3
rs

94
86

09
7

10
59

96
51

8
1.

15
(C

)
0.

00
1

0.
0

cg
02

91
31

94
PH

AC
TR

2
6

14
39

70
20

7
0.

00
4

0.
00

1
0.

00
6

rs
69

20
03

4
14

38
96

03
6

1.
14

(A
)

0.
00

5
0.

0
cg

09
77

04
10

6
15

58
44

81
0

0.
00

5
0.

00
8

�
0.

00
5

rs
10

49
93

03
15

56
56

93
1

0.
88

(A
)

0.
00

3
0.

0
cg

06
88

54
68

6
15

80
49

08
9

0.
00

3
1.

15
�

10
�

5
�

0.
00

6
rs

93
84

48
8

15
70

51
07

3
0.

91
(G

)
0.

00
3

29
.1

cg
00

56
49

96
6

16
43

10
86

0
0.

00
8

0.
00

5
�

0.
01

1
rs

69
22

72
5

16
34

76
18

8
1.

15
(G

)
0.

00
1

20
.2

cg
19

05
32

23
AT

XN
7L

1
7

10
51

46
30

6
0.

00
2

6.
44
�

10
�

5
0.

00
1

rs
27

04
96

1
10

57
55

15
5

0.
91

(T
)

0.
00

4
0.

0
cg

27
50

62
80

7
15

52
81

25
0

0.
00

2
0.

00
6

0.
00

4
rs

12
53

49
38

15
54

58
30

9
1.

18
(T

)
0.

00
3

22
.6

cg
21

59
78

11
8

12
37

56
37

8
0.

01
0

3.
45
�

10
�

4
�

0.
08

4
rs

70
08

47
4

12
42

36
44

8
1.

11
(T

)
0.

00
4

0.
0

cg
05

62
38

15
10

11
45

92
82

2
0.

00
2

0.
00

3
�

0.
01

1
rs

17
12

98
37

11
42

73
10

6
1.

18
(T

)
0.

00
7

0.
0

cg
21

50
75

28
IG

SF
22

11
18

70
38

91
0.

00
5

0.
00

4
�

0.
00

8
rs

64
83

58
1

19
16

57
11

0.
85

(C
)

0.
00

2
38

.5
cg

15
66

87
67

CH
RM

4
11

46
36

35
95

0.
00

1
0.

01
0

�
0.

01
4

rs
40

73
51

3
46

02
78

29
0.

92
(G

)
0.

01
5

0.
0

cg
09

54
82

75
N

R1
H

3
11

47
23

95
75

0.
00

4
0.

00
7

�
0.

00
2

rs
12

28
67

78
46

27
84

03
1.

09
(C

)
0.

02
3

46
.2

cg
09

49
41

88
SC

G
B1

A1
11

61
94

31
05

0.
00

6
0.

00
5

�
0.

01
7

rs
11

23
14

09
62

74
14

44
1.

08
(C

)
0.

01
6

30
.2

cg
01

15
15

84
EH

D
1

11
64

38
41

04
0.

00
8

0.
00

4
�

0.
00

8
rs

55
59

03
65

22
34

87
0.

88
(A

)
0.

01
4

2.
7

cg
11

06
74

07
11

11
31

05
06

2
0.

00
1

0.
00

1
�

0.
02

4
rs

94
81

77
11

27
09

36
7

0.
40

(A
)

0.
00

3
0.

0
cg

25
84

96
42

13
11

16
75

45
9

0.
00

6
0.

00
2

�
0.

02
3

rs
79

84
37

1
11

07
56

66
7

0.
89

(G
)

4.
76
�

10
�

4
30

.4
cg

24
45

31
23

15
33

16
14

40
0.

00
2

0.
00

4
0.

02
0

rs
15

10
38

3
34

04
59

02
0.

90
(C

)
0.

00
1

5.
2

cg
27

11
93

29
AD

AM
TS

7
15

76
84

24
89

0.
00

5
1.

04
�

10
�

5
0.

01
3

rs
16

97
12

52
77

77
47

80
1.

22
(C

)
0.

00
1

0.
0

cg
16

10
05

30
SH

3G
L3

15
81

93
78

68
0.

00
8

2.
22
�

10
�

4
0.

00
6

rs
71

82
48

2
82

04
83

55
0.

93
(A

)
0.

01
4

0.
0

cg
21

94
98

30
SL

C4
3A

2
17

14
56

79
1

0.
00

1
0.

00
2

�
0.

01
1

rs
80

65
87

8
18

98
82

9
0.

89
(T

)
0.

00
1

0.
0

cg
12

69
88

34
LL

GL
1

17
18

06
94

60
0.

00
8

0.
00

5
�

0.
01

2
rs

46
46

40
8

17
35

19
36

0.
90

(T
)

0.
00

3
20

.0
cg

06
51

91
83

U
BE

2O
17

71
89

86
68

0.
01

0
7.

28
�

10
�

5
�

0.
00

1
rs

12
45

04
32

72
20

45
03

1.
19

(A
)

3.
74
�

10
�

4
6.

9
cg

05
81

20
08

SN
O

RD
1B

;S
N

O
RD

1A
17

72
06

82
16

5.
00
�

10
�

4
5.

96
�

10
�

5
0.

03
8

rs
12

45
04

32
72

20
45

03
1.

19
(A

)
3.

74
�

10
�

4
6.

9
cg

21
20

48
60

SE
PT

9
17

72
95

81
60

0.
00

4
0.

00
1

0.
03

3
rs

12
45

04
32

72
20

45
03

1.
19

(A
)

3.
74
�

10
�

4
6.

9
cg

03
54

04
94

PI
P5

K1
C

19
35

89
77

8
0.

00
5

0.
00

3
0.

00
6

rs
45

94
31

60
48

3
0.

92
(T

)
0.

00
8

0.
0

cg
13

72
76

18
IN

SR
19

70
96

31
7

0.
00

1
4.

56
�

10
�

4
�

0.
00

2
rs

10
40

92
09

60
96

56
4

1.
11

(G
)

0.
00

1
0.

3

(c
on

tin
ue

d)



for the comparison of females with AN vs. lean con-
trols and 81 consensus CpG sites for the contrast of
AN patients vs. population-based controls. None of the
consensus CpG sites were detected as differentially
methylated in both group comparisons and none of
the individual consensus CpG sites could be validated
in the AN-discordant MZ twin pairs. However, we
observed that 54 (out of 81) consensus CpG sites asso-
ciated with AN in the AN vs. POP comparison showed
the same direction of association with AN in the valid-
ation sample.

Interestingly, moving from CpG sites to genes, we
confirmed one previously described AN candidate
gene locus. Similar to Booij et al. (2015), we detected
that multiple CpG sites at the TNXB gene were hyper-
methylated in our AN patients compared to both our
control groups. The TNXB (Tenascin XB gene) encodes
an extracellular matrix glycoprotein with anti-adhesive
effects (Bristow et al. 1993). Absence of the protein in
humans has been associated with the Ehlers-Danlos
syndrome, a connective tissue disorder (Chen et al.
2009). Localization of the gene on chromosome 6 is
within the major histocompatibility complex class III
region (Weissensteiner & Lanchbury 1997). In a study
based on a small sample size, gene expression levels
of TNXB have been proposed as a potential diagnostic
tumour marker to discriminate malignant mesotheli-
oma from metastatic carcinoma in effusions (Yuan
et al. 2009). There are hints for association of SNPs in
the TNXB region with age-related macular degener-
ation; however, the result was not genome-wide sig-
nificant (Cipriani et al 2012). It was recently shown that
mutations in TNXB can cause hereditary primary vesi-
coureteral reflux, which is the most common congeni-
tal kidney and urinary tract anomaly (Gbadegesin et al.
2013). However, an effect on body weight regulation,
starvation or AN has not yet been described.

Another interesting finding pertains to a differen-
tially methylated CpG site that was recently described
for AN (Booij et al. 2015). The methylation site is
located at the NR1H3 (Nuclear Receptor Subfamily 1,
Group H, Member 3 gene) gene locus. Booij et al.
(2015) detected two CpG sites at the chromosomal
locus; one of which is identical to the CpG site identi-
fied here (cg09548275). However, the direction of the
effect (hyper- vs. hypomethylation) is opposite to the
previous study. NR1H3 is a key regulator of macro-
phage function and controls transcriptional programs
involved in lipid homeostasis and inflammation (R�eb�e
et al. 2012). For CD14þ cells (cellular marker for macro-
phages) our estimated cell type distributions (Figure 1)
revealed a nominal difference between AN patients
and lean controls (nominal P< 0.01), but not for AN vs.Ta
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population-based controls. However, as we corrected
for cell type distribution, the association signal is likely
not due to cell type distribution effects. The NR1H3
protein is highly expressed in visceral organs (liver, kid-
ney and intestine) (Zhao & Dahlman-Wright 2010;
Basse et al. 2015). Studies in knock-out mice suggest
an important role in the regulation of cholesterol
homeostasis (Rippmann et al. 2009). Hence, this gene
might well be relevant for starvation. Further epigen-
etic and functional analyses are warranted.

The comparison of the methylation patterns to the
GCAN/WTCCC3 GWAMA (Boraska et al. 2014)
yielded one SNP within 1 MB of a CpG site (rs923768)
with suggestive evidence for an association
(P¼ 1.31� 10�6). The SNP is located in an intron of
the CSGALNACT1 gene. In our methylation analysis, dif-
ferentially methylated CpG sites were detected for the
comparison AN vs. POP. Studies in knock-out mice
revealed a role of the gene product in cartilage for-
mation. Thus, CSGALNACT1 is relevant for: (1) normal
cartilage development (Sakai et al. 2007; Watanabe
et al. 2010), (2) normal endochondral ossification, an
essential process during foetal development by which
bone tissue is formed, and (3) aggrecan metabolism
(Sato et al. 2011). As reduced bone strength is
reported in former AN patients (e.g., Mueller et al.
2015), our result might implicate an epigenetic pro-
cess induced by the semi-starvation that leads to a
reduced bone mass.

Two studies in humans also depicted interesting
findings with respect to CSGALNACT1: (1) a mutation
screen in human CSGALNACT1 in 114 patients with
neuropathies (Guillain-Barr�e syndrome, chronic inflam-
matory demyelinating polyneuropathy, hereditary
motor and sensory neuropathy and unknown aeti-
ology) and 196 controls with other neurological dis-
eases identified two novel non-synonymous mutations,
not leading to N-acetylgalactosamineT-II activities in
two patients with neuropathies (His234Arg; Met509Arg)
(Saigoh et al. 2011). (2) Furthermore, a suggestive
effect was reported for rs7816924 (P¼ 2.11� 10�7), an
intronic variant of CSGALNACT1, in a GWAS of major
depressive disorder (Hunter et al. 2013). This finding is
interesting as depression is a frequent comorbidity in
AN (Abbate-Daga et al. 2015).

Strengths of our study include: (1) We performed a
high-throughput methylation association analysis and
did not focus on single candidate genes. (2) We com-
bined our high-throughput methylation analysis with
the results of a systematic literature search and the
results of a AN GWAMA on genomic variation at our
consensus CpG sites. (3) We assessed the largest
GWAMA for AN susceptibility assuming that either

marker genotypes might influence epigenetic factors
(Schalkwyk et al. 2010; Yuen & Robinson 2011) or that
DNA methylation might modify genetic effects result-
ing in heterogeneity when analysing the genetic
effects in different populations (Abdolmaleky et al.
2004). (4) We followed up-to-date guidance to
preprocess the raw data and accounted for cell type
composition effects using two recently proposed refer-
ence-free methods. (5) The ignorance of the well-
known cell type composition effects (Fukudo et al.
1993; Saito et al. 1999; Castro et al. 2004; Sabel et al.
2013; B€uhren et al. 2014) resulting from semi-starvation
is not an option as presented by our analysis using
CpG sites to map cell type differences between groups.
In contrast, our analyses underline the importance of
an additional modelling level of the cell type differen-
ces (presumably of general importance for high-
throughput DNA methylation analyses).

However, limitations should also be noted: (1) We
did not address particular sub-phenotypes or more
quantitative endophenotype comparisons, as we had
insufficient statistical power for these analyses. (2)
Unfortunately, there was only a small overlap of con-
sensus CpG sites detected by both analysis methods,
which nevertheless clearly exceeded the overlap
expected by chance. This missing overlap might either
be due to our datasets (e.g., residual confounding,
sample size) or due to differences between the meth-
ods (e.g., considered CpG sites, cell type effect model-
ling) as underlined by the inflation of small P values
for RefFreeEWAS. (3) We used a fairly liberal nominal
significance level of 0.01 to screen for potentially dif-
ferentially methylated CpG sites. Acknowledging that
more stringent cut-offs would also lead to more false-
negative findings, we focused on consensus CpG sites
detected by both reference-free methods, to reduce
false-positive findings. (4) The POP were considerably
older than both the AN patients and the lean females.
As a consequence, some of the potentially differentially
methylated CpG sites between AN and POP might be
confounded by age. We cannot refute this argument
even though investigation results indicated that the
majority of DNA methylation marks seem to be rela-
tively stable after birth (Bocklandt et al. 2011; Gordon
et al. 2012; Johansson et al. 2013) and even though
both our sensitivity analyses and cross-checks of the
literature did not reveal any major age-related CpG
sites among the consensus sites. (5) Similarly, we can-
not refute that other effects such as BMI effects, or
effects of hormone levels (Lomniczi et al. 2015;
Osborne et al. 2016) or smoking might have in part
confounded findings. Again we refer to the literature
and to our sensitivity analyses to attenuate such



arguments. (6) Clearly and probably the most limiting
factors are our relatively small sample sizes for the
high-throughput DNA methylation analyses and the
choice of whole blood for the analyses. Furthermore,
the sample size of the validation sample was again
very small and very likely underpowered to make any
firm conclusions. However, epigenetic studies on dis-
ease-discordant MZ twin pairs (completely matched for
genetics, age, sex, cohort effects, maternal influences
and common environment) are more powerful in
detecting disease-associated epigenetic differences
than unrelated cases and controls with different life-
histories.

In sum, we confirmed hypermethylated CpG sites
for AN near a gene with potential impact for AN,
namely TNXB. Further studies should focus on this spe-
cific genetic region. In addition, we identified some
evidence for differently methylated CpG sites with
potential relevance to starvation.
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