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A multi-dimensional characterization of
anxiety in monozygotic twin pairs reveals
susceptibility loci in humans
Reid S. Alisch 1,2, Carol Van Hulle3, Pankaj Chopra4, Anita Bhattacharyya3, Su-Chun Zhang2,3,5,6,
Richard J. Davidson1,2,3,7,8, Ned H. Kalin1,2 and H. Hill Goldsmith3,7

Abstract
The etiology of individual differences in human anxiousness is complex and includes contributions from genetic,
epigenetic (i.e., DNA methylation) and environmental factors. Past genomic approaches have been limited in their
ability to detect human anxiety-related differences in these factors. To overcome these limitations, we employed both
a multi-dimensional characterization method, to select monozygotic twin pairs discordant for anxiety, and whole
genome DNA methylation sequencing. This approach revealed 230 anxiety-related differentially methylated loci that
were annotated to 183 genes, including several known stress-related genes such as NAV1, IGF2, GNAS, and CRTC1. As
an initial validation of these findings, we tested the significance of an overlap of these data with anxiety-related
differentially methylated loci that we previously reported from a key neural circuit of anxiety (i.e., the central nucleus of
the amygdala) in young monkeys and found a significant overlap (P-value < 0.05) of anxiety-related differentially
methylated genes, including GNAS, SYN3, and JAG2. Finally, sequence motif predictions of all the human differentially
methylated regions indicated an enrichment of five transcription factor binding motifs, suggesting that DNA
methylation may regulate gene expression by mediating transcription factor binding of these transcripts. Together,
these data demonstrate environmentally sensitive factors that may underlie the development of human anxiety.

Introduction
Anxiety is frequently characterized by a negative affec-

tive response that is associated with the anticipation of
encountering a potential threat1. Trait-like anxiety in
humans and non-human primates is associated with
stable individual differences in hypothalamic–pituitary–
adrenal (HPA) axis activation and amygdala function2,3.
HPA activation results in the release of cortisol, and
increased cortisol concentrations in children and adoles-
cents can be linked to inhibited behaviors and anxiety that

often persist throughout life4,5. Additionally, a loss of the
‘natural’ circadian decline in afternoon/evening cortisol
levels has been correlated with shyness and later altera-
tions in behavior, including internalizing problems6,7,
suggesting that late-in-the day cortisol levels in children
and adolescents may be an index of early life and current
stress exposure as well as altered behaviors. High after-
noon cortisol levels in childhood are also negatively cor-
related with amygdala–prefrontal cortex connectivity in
adolescents and adults, indicating that a disruption
in amygdala function is related to trait-like anxiety8–12. In
fact, anxiety prone individuals show greater amygdala
activation during emotion processing tasks, further sup-
porting a central role of the amygdala in processing of
fearful stimuli13–15. Moreover, lesions in the central
nucleus of the amygdala of non-human primates results in
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decreased adrenocorticortropic hormone (ACTH) con-
centrations before and after stressful conditions16. Finally,
higher and prolonged amygdala metabolism following a
stressful challenge results in increased anxiety-like beha-
viors (e.g., freezing) in young rhesus monkeys17, suggest-
ing that the timing of amygdala activation and
deactivation, in both humans and rhesus monkeys, is
associated with trait-like anxiety.
Genetic data suggest that common anxiety disorders

like generalized and social anxiety disorders are ~20–40%
heritable and that environmental factors—potentially
including epigenetic modifications—likely account for
much of the remaining variability18. Studies using adult
post-mortem brain tissue support a role for DNA
methylation (i.e., 5-methylcytosine (5mC)) in the devel-
opment of anxiety, bipolar disorder, schizophrenia, and
major depressive disorder19–24. Our recent study in young
monkeys, as well as studies in humans, identified differ-
entially methylated genes that are implicated as risk fac-
tors for anxiety and depressive disorders25,26. Thus, these
studies support the hypothesis that DNA methylation may
have an important role in the risk to develop trait-like
anxiety. However, these studies have relied heavily on the
ability to access brain tissue. Focusing studies on anxiety-
related DNA methylation profiles in blood has the
potential to provide tools that could be clinically utilized
to improve diagnostic and treatment strategies.
Twin studies showed that afternoon cortisol levels and

amygdala volume are strongly influenced by environ-
mental (i.e., non-genetic) factors27–29. In addition, a sub-
stantial portion of the individual variability in anxiety level
is due to variations in non-genetic factors30. The mono-
zygotic (MZ) twin difference design1 is an ideal way to
probe non-shared environmentally or experientially based
relationships among HPA activity and amygdala function.
We recently used this design, with a small sample of MZ
twins enriched for anxious behaviors, to show that co-
twins with higher afternoon cortisol measured at age 8
years experienced protracted amygdala activation (i.e.,
poorer recovery from negative images) during an fMRI
task at age 15, which suggested that non-shared envir-
onmental factors that influence cortisol levels also are
related to (or set the stage for) later amygdala (dys)func-
tion9. Therefore, we anticipated finding an environmen-
tally mediated relationship between cortisol levels and
anxiety symptoms in a large birth-based sample of MZ

twin pairs. Under the assumption that the MZ co-twin
with higher childhood afternoon basal cortisol levels and
protracted amygdala response would have more adoles-
cent anxiety symptoms than their co-twin with lower
cortisol and amygdala activation, we selected three MZ
twin pairs from Burghy and colleagues that were maxi-
mally discordant on these phenotypes9. In these indivi-
duals, whole genome DNA methylation levels were
profiled to identify anxiety-related DNA methylation in
human blood.

Materials and methods
Sample
Between 1997 and 2002, families identified from Wis-

consin state birth records31 were invited to participate in a
research panel, with 74% agreeing. At age 7 years (mean
age= 7.1 years, s.d.= 0.6) twins were screened via tele-
phone interview with the primary caregiver (>95%
mothers) with the goal of mildly enriching the sample for
risk for behavior problems (see Supplementary Figure 1).
Children who scored at least 1.5 s.d. above and below the
mean on at least one of eight parent-reported symptom
scales of the Health and Behavior Questionnaire7 were
preferentially selected (along with their co-twins regardless
of standing). This mild selection was intended to introduce
more variance in symptoms than an entirely unselected
sample would show. Shortly after screening, selected par-
ticipants (N= 702 total pairs, 299 MZ pairs) took part in a
multi-informant, multi-method assessment at age 8 years
(mean age= 7.5 years, SD= 0.7). Participants were invited
to enroll in two follow-up studies at age 13 (mean age=
13.1 years, s.d.= 1.3, N= 503 total pairs, 184 MZ pairs)
and age 15 (mean age= 14.4 years, s.d.= 1.5, N= 581 total
pairs, 214 MZ pairs). Informed consent (and parental
permission in childhood) was obtained for all assessments,
and participants received monetary compensation. Uni-
versity of Wisconsin–Madison Institutional Review Boards
approved all procedures. All methods were carried out in
accordance with the approved guidelines.
A subset of MZ twins were also selected for a neuroi-

maging study if one or both twins experienced chronic
anxiety (i.e., met diagnostic criteria for at least one
internalizing disorder at two assessment occasions based
on either parent or youth report); 13.5% of participants
met criteria. Pairs were considered discordant if one twin
experienced chronic anxiety and the co-twin did not meet
criteria for any anxiety disorder at any assessment occa-
sion (5%); pairs were concordant if both co-twins
experienced chronic anxiety (6%). The majority of twin
pairs were neither concordant nor discordant. Twenty-
four pairs participated in the neuroimaging study (mean
age= 15.8 years, s.d.= 1.6).
Characteristics based on demographics collected at age

8 years are shown in Supplementary Table 1 for the

[1] MZ co-twins are identical for DNA sequence variants with the exception of
rare somatic mutations. MZ twins reared together also share many non-
genetic factors (e.g. age, parenting and so on); thus, reliable MZ twin differences
are attributed to unique or non-shared environmental factors. In this context,
“environmental” simply means “non-genetic” and “unique” means “not shared
with the co-twin.”
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sample as a whole and the three twin pairs selected for
DNA methylation profiling. The sample is largely non-
Hispanic, white (93%) and middle class31. On average the
mother’s education corresponded to some technical or
college experience. Median family income falls in the
$50,000–$60,000 range.

Behavioral measures
Trained interviewers administered the Diagnostic

Interview Schedule for Children (DISC)32 and Diagnostic
Predictive Scales33 to parents and adolescent offspring.
Parents completed the Health and Behavior Ques-
tionnaire7 (HBQ) at all waves of data collection. Offspring
completed the HBQ during both adolescent assessments.
We constructed a general anxiety composite consisting of
standardized DISC generalized anxiety disorder symptom
counts averaged with standardized HBQ over anxiousness
scores, and we constructed a social anxiety composite in
the same manner. Parent (age 8 years) and offspring (ages
13 and 15 years) scores were kept separate.
Clinicians administered the Schedule for Affective Dis-

orders and Schizophrenia for School-Age Children (K-
SADS34) to both parents and adolescent offspring during
the imaging visit. The K-SADS provides past and current
diagnoses and past and current subclinical symptoms.

Biological measures
At age 8 years, basal cortisol was assayed from saliva

samples collected by parents 30 min after waking, in the
late afternoon (between 1500 hours and 1700 hours), and
30min prior to bedtime on three consecutive days. Cor-
tisol was assessed in duplicate with a salivary enzyme
immunoassay kit (Salimetrics, State College, PA, USA).
Repeat assays were performed on any samples not meet-
ing quality control requirements. Families were assayed
across one or two batches. Log-transformed afternoon
cortisol values were regressed on time since waking before
averaging over the three collection days.

fMRI task
At a mean age 15 years, structural and functional ima-

ges were collected on a 3 T MRI scanner (Discovery
MR750, General Electric Medical Systems, Milwaukee,
WI, USA) with an 8-channel RF head coil array. T1-
weighted structural images (1 mm3 voxels) were acquired
axially with an isotropic 3D Bravo sequence (TE= 3.18
ms, TR= 8.13 ms, TI= 450ms, flip angle= 12°). T2*-
weighted gradient-echo echo-planar pulse sequence ima-
ges were collected during with TE= 25ms, TR= 2000ms
and flip angle= 60°. For full data reduction and proces-
sing, see Burgy et al. 20169.
Participants completed a passive picture-viewing task to

index emotional reactivity and recovery (Supplementary
Figure 2)35. The task consisted of 60 positive, negative,

and neutral IAPS images (180 trials) divided over 5 blocks.
A white fixation cross was displayed in the center of a
black screen (1 s), followed by a picture (4 s). Participants
were instructed to indicate the valence of each image via
button press. Following picture offset, a second fixation
screen was presented. Two thirds of trials included a
neutral face condition (male face presented for 500 ms at
3 s post-picture offset). After the offset of face images, the
fixation cross was represented with an inter-trial interval
that varied from 5.5 to 17.6 s (M= 8.89 s), providing
sufficient variation to estimate the evoked BOLD response
function. The remaining trials had no face presentation.
The presentation of the faces allowed a behavioral mea-
sure of post-image recovery. Faces following negative
images were rated as less likable than faces following
neutral images or novel faces9.

Image processing and analysis
To examine reactivity and recovery effects, no face and

neutral face trials were separated into two 6 s epochs
beginning at IAPS image onset, with the first epoch
representing the initial response to the image (reactivity),
and the second representing the neural recovery to the
image and response to the face presentation, where
applicable and as we previously reported9. Thus, the
recovery epoch in image+ face trials are considered
recovery as modified by a neutral stimulus presentation.
Neural activity was quantified as the percent signal change
(PSC) from baseline in each epoch. To unconfound
recovery from reactivity, initial PSC in the reactivity epoch
was regressed onto PSC estimates of modulated recovery.
Face trials were calculated with a double-subtraction of
face and no face trials: (Negative IAPS image with Face—
Neutral IAPS image with Face)—(Negative IAPS image
without Face—Neutral IAPS image without Face). These
contrasts were warped to MNI space, smoothed (FWHM
= 6mm), and intrapair contrasts were calculated. Both
voxelwise and amygdala seed data were examined (seeds
were 4 mm spheres described above in rs-FC for both
right and left amygdala).

Library preparation and high-throughput sequencing of
genomic DNA
Whole blood was collected from each participant in a

BD vacutainer CPT cell preparation tube with sodium
heparin (cat # 362753). The peripheral blood mono-
nuclear cells were isolated and genomic DNA was
extracted using Promega wizard genomic DNA purifica-
tion kit (cat #A1120), following the manufacturer’s
protocol.
Genome-wide methylation data were generated by

WuXi NextCode for each sample using whole-genome
sequencing technologies from Illumina (HiSeq X). Briefly,
genomic DNA (200 ng) was randomly fragmented, end-
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repaired, and ligated to NEBNext Methylated Adapter for
Illumina following the manufacturer’s protocol (Illumina).
Adapter-ligated DNA fragments, ranging from 200 to 400
base pairs (bp), were purified by Sample Purification
Beads (Illumina) and then treated with sodium bisulfite
(ZymoResearch EZ DNA methylation gold kit), which
converts unmethylated cytosines to uracil and leaves
methylated cytosines unchanged. Libraries of converted
DNA fragments were then amplified using KAPA HiFi
Hot Start Uracil+ Ready Mix (KAPA Biosystems
KM2801), Index Primer for Illumina and Universal PCR
Primer for Illumina (NEB E7336A), and amplicons were
purified by Sample Purification Beads (Illumina) and
sequenced on a Next-Generation sequencer (Illumina
HiSeq X). This approach yielded 650–800 million 150 bp-
reads for each library. Image processing and sequence
extraction used the standard Illumina Pipeline.

DNA methylation detection
Quality control, mapping, and extraction of methyla-

tion information from the whole genome sequence data
were done using bowtie236 and bismark (version
0.17.0)37–39. The average number of raw reads for each
sample (N= 6) was 404 million reads giving an average
genomic coverage of 20.23× (median genomic coverage
19.53×). The sequence reads were filtered for low
quality and adaptor sequences were removed. The
cleaned reads were then mapped to the human reference
genome (hg38) and an average of 283.3 million uniquely
mapped reads were obtained for each sample, giving an
average coverage of 14.16× (median coverage 13.86×).
Sequence reads from both DNA strands (forward and
reverse) were combined to determine the DNA methy-
lation level at all CpG dinucleotides (~25.3 million).
Differentially methylated regions (DMRs) were identi-
fied using the DSS-single analysis method40,41, which
was selected because it incorporates the read depth into
the DMR analysis and relies on smoothing so that
neighborhood CpGs can be viewed as pseudo-replicates
and dispersion can be estimated across an entire geno-
mic window. All default settings were used in the DSS
package (including a smoothing span of 500 bp). Nota-
bly, sex chromosomes were excluded from DMR ana-
lysis because the samples included both male and female
pairs. DMRs were identified using DSS, and limiting
DMRs to those having a minimum of 5 CpG dinucleo-
tides and a difference in mean methylation of 10%
between the two groups.

Gene ontologies
Gene Ontology (GO) analysis was conducted in R using

the ‘topGO’ package. This package calculates the P-values
for over-representation of a set of genes to specific Gene
Ontology terms. It uses a hypergeometric test to calculate

the P-values, given a set of genes and a gene universe (i.e.,
the super set from which the smaller gene set is drawn).

Sequence motif discovery
To identify sequence motif enrichments, the center

coordinate was first identified for each DMR, then
extended ±500 bp around this center coordinate.
Sequences were next obtained for these coordinates using
the human genome (hg38) and placed in the Dis-
criminative Regular Expression Motif Elicitation
(DREME) tool to identify enriched short, ungapped motifs
from these sequences relative to random sequences used
as a background42. Finally, enriched motifs were placed in
SpaMo to predict transcription factors that may putatively
bind to these discovered motifs43.

Results
Familial comparisons for behavioral and biological
measures
To characterize non-shared environmental influences

on measures of human anxiety, including generalized
anxiety disorder (GAD), social phobia, HPA activity
(cortisol concentration), and amygdala function, we
computed intraclass correlations (ICCs)) to quantify the
degree of within-pair similarity between MZ cotwins over
a seven-year period44. For MZ twins, a low ICC indicates
that the trait has low heritability and large non-shared
environmental influences. The ICCs for GAD and social
phobia dropped substantially from a high of .56 at age 8
(P-value< .001; N= 299 pairs) to a low of .40 at age 15 (P-
value< 0.001; N= 214 pairs; Supplementary Table 2).
This reduction in twin pair similarity is consistent with an
age-related increase in non-shared environmental influ-
ences that has been observed for social and biological
phenotypes45.
Despite finding that afternoon cortisol concentrations at

age 8 showed high intrapair similarity (ICC= .73, P-value
< 0.001; N= 299 pairs), we previously showed that
afternoon basal cortisol is strongly influenced by shared
environment, and the remaining variance in this early
cortisol measure can be attributed to non-shared envir-
onmental influences28.
Finally, while initial amygdala activation (first 6 s of

IAPS presentation) at age 15 was moderately familial
(ICC= 0.44, P-value= 0.05; N= 24 pairs), our measure of
interest, amygdala recovery, showed low and statistically
non-significant twin pair similarity (ICC=−0.19, P-value
= 0.75; N= 24 pairs). These data suggest that the time
course for recovery (i.e., reduced amygdala BOLD signal)
is particularly sensitive to a non-shared environment
(Supplementary Table 2). Together, the analyses of these
three variables (anxiety symptoms, late afternoon basal
cortisol, and amygdala BOLD recovery) indicate that both
behavioral indicators and biological measures related to
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anxiety are influenced by non-shared environmental
factors.

Predictions of intrapair MRI and anxiety differences by
intrapair cortisol differences
We next employed the MZ twin difference design to

determine if intrapair differences in cortisol predict
intrapair differences in anxious behaviors in the full MZ
twin sample. For this analysis, we regressed intrapair
differences in two anxiety measures (GAD and social
phobia) at ages 13 and 15 years on intrapair differences in
afternoon cortisol at age eight. The cortisol differences
predicted co-twin differences in general anxiety at age 13
years (β= 0.18, P-value= .03; DF= 125; R2= .03; N=
127 pairs) and social phobia at age 15 years (β= 0.16, P-
value= .05; DF= 149; R2= .02; N= 151 pairs). Together
with our previous findings, that showed a positive rela-
tionship between intrapair differences in childhood
afternoon cortisol levels and intrapair differences in pro-
tracted amygdala activation in adolescence9, these data
suggest that the MZ difference design could be used to
select uniquely discordant twins based on significant dif-
ferences in these measures, which might provide an
opportunity to examine possible environmentally sensi-
tive molecular changes (i.e., epigenetic changes) related to
twin discordance in biological systems related to anxiety.
Using this approach, we selected three twin pairs that

were the most discordant along two axes—cortisol levels
at age eight and amygdala-modulated recovery at age
15—for whole-genome analysis of DNA methylation.
These time points were chosen because all three selected
pairs were clearly discordant for HPA activity at age 8
years (Fig. 1b), but they did not become discordant for
behavioral measures of anxiety until age 15 years
(Figs. 1c–f). Interviews with a trained clinician during the
neuroimaging visit (see Materials and Methods) con-
firmed that the more anxious twin had a current clinical
diagnosis of a generalized anxiety or social phobia and the
less anxious co-twin did not have a current clinical
anxiety diagnosis. It should be noted that in all three pairs
the less anxious co-twin had either a past disorder or past
or current sub-threshold symptoms. Whole blood sam-
ples were obtained from the three twin pairs (2 female)
2–5 years after neuroimaging, as young adults (mean age
= 20 years±1.2 years; Supplementary Table 1; Fig. 1).

Detection of anxiety-related DNA methylation in human
blood
To identify susceptibility loci related to anxiety and its

biological correlates, genomic DNA isolated from blood
cells of each individual was treated with sodium bisulfite
and whole-genome sequenced on a next-generation
sequencer (see Materials and Methods). This approach
generated an average of ~404 million raw sequence reads

for each sample and, after filtering for quality, an average
of 283.3 million sequence reads uniquely mapped to the
human reference genome (hg38), giving an average
genomic coverage of >14× (Supplementary Table 3).
These methylation data were then restricted to only CpG
dinucleotides that had high-quality data in all six samples
(N= 23,444,312 CpG dinucleotides) and this final dataset
revealed a bimodal distribution of DNA methylation in
human blood cells, with the majority (>60%) of CpGs
being more than 60% methylated (Supplementary
Figure 3).
To examine whether blood harbors differential DNA

methylation that is related to individual differences in
anxiety, the methylation data were subjected to a differ-
ential methylation analysis that employed a statistical
algorithm that incorporates sequence data read depth and
does not need data from biological replicates (Materials
and Methods). This analytical approach, which limited
positive results to differentially methylated regions
(DMRs) that have a minimum of 5 adjacent CpG dinu-
cleotides and a minimum mean intrapair methylation
difference of 10% across the three twin pairs, revealed a
total of 230 anxiety-related differentially methylated loci.
Anxiety-related increases in methylation were classified as
hyper-DMRs and anxiety-related decreases in methylation
were classified as hypo-DMRs. A total of 176 hyper- and
54 hypo-DMRs were identified and these loci were dis-
tributed across all the autosomes (Supplementary Fig-
ure 4; Dataset 1), suggesting a genome-wide increase in
DNA methylation is associated with anxiety, a finding that
is consistent with previous studies25.
Annotation of the anxiety-related DMRs to genes

revealed 183 genes, many of which were known stress-
related genes such as NAV1, IGF2, GNAS, and CRTC1
(Fig. 2; Dataset 1). These data suggest that differential
methylation in blood may reveal susceptibility loci in
human anxiety. We next examined the gene ontologies
(GOs) of these 183 anxiety-related genes and found sev-
eral biologically relevant ontological terms that were
among the differentially methylated genes, including
regulation of dendrite development and neuron differ-
entiation (Dataset 2). Many of the anxiety-related genes
that contributed to these ontological terms have been
previously implicated in psychiatric-related disorders,
such as CUX2, SYN3, and JAG246,47. Together, these
findings suggest that differential methylation levels in the
blood are associated with relevant neurodevelopmental
pathways that may contribute to the anxious phenotype.
As an initial validation of these findings, we tested for

significance in an overlap with anxiety-related differen-
tially methylated loci that we previously reported in the
central nucleus of the amygdala of young monkeys26 and
found a significant overlap (P-value< 0.05) of anxiety-
related differentially methylated genes, including GNAS,
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SYN3, and JAG2 (Table 1). Notably, three of these genes
contained differential methylation of the exact same CpG
dinucleotides in the human and monkey genomes (GNAS,
PLEC, and DOK3). Together, these data suggest a com-
monality in the molecular underpinnings of anxiety in
monkeys and humans, providing validation of our multi-
species approach and promising candidate genes.
Finally, we investigated whether the human anxiety-

related DMRs contained enrichments of known

transcription factor (TF) binding sequences, using the
Discriminative Regular Expression Motif Elicitation
(DREME) suite software package (Materials and Meth-
ods)42. This analysis yielded five TF binding sequences
that were significantly enriched within the DMR
sequences (Fig. 3). These TF binding sequences pre-
ferentially bind to several transcription factors, many of
which have biologically relevant links, including the
development of the central nervous system (TCF3) and

Fig. 1 Intrapair differences in childhood afternoon cortisol, amygdala function and behavior. a The correlations between the intrapair
differences in childhood cortisol (x axis) and amygdala-modulated recovery (y axis) are shown. Note: Twin pairs selected for whole genome
epigenetic analysis are circled in black. b–f The distribution of the twin differences for the full sample is shown for HPA activity (cortisol level; b; N =
299) and anxious behaviors (c–f; N = 184 to 215). The selected pairs are indicated by color showing their relative twin difference compared to the full
sample (pair A = green; B = red; C = green)
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general development (RORA and SMAD2:3:4; Fig. 3; see
Discussion)48–50. Together, these data support previous
reports51–53 of differential methylation modulating tran-
scription factor binding, which here may alter gene
expression related to the development of anxiety.

Discussion
Many twin studies have investigated the extent to which

anxiety is influenced by latent environmental factors17.
Epigenetic modifications are one mechanism by which
experiential factors influence anxious behaviors. Our goal
was not to examine a representative sample, but to
maximize MZ intrapair differences to determine the
potential for epigenetic modifications in human blood
related to human anxiety. We identified 230 loci with
anxiety-related DNA methylation differences in blood of
MZ twins that were selected based on discordance in
cortisol and MRI measures related to anxiety. The power

of whole genome sequence data was critical to detection,
as mean methylation levels are strongly correlated across
the genome and statistical power was increased by ‘bor-
rowing’ strength across adjacent measurements54.
Although using relevant tissue is important for the

biological interpretation of epigenome-wide association
studies, obtaining such samples can be challenging for
human studies of brain-related disorders. The significant
overlap with the previously reported anxious
temperament-associated differentially methylated loci
from a key component of the neural circuit underlying
primate anxiety provides a corroboration of the genes
found here and suggests candidate genes, including
GNAS, SYN3, and JAG2, for future mechanistic studies in
the nonhuman primate model.
A cautionary note is that comparison of these genes to

those from a meta-analysis of genome-wide association
studies for anxiety disorders did not find an overlap of
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genes55. We might have expected some overlap under the
hypothesis that sequence variants in the same genes could
have similar biological effects to changes in DNA
methylation. Nonetheless, several genes that we detected
with DMRs have well-known links to neurodevelopmental
disorders. For example, the stimulatory G-protein alpha
subunit (GNAS) is located in a complex imprinted locus
whose gene products are involved in early postnatal
adaptations and neuroendocrine functions56. Maternal
stress during pregnancy is linked with differential
methylation on GNAS and insulin-like growth factor 2
(IGF2) gene57, which also was found here with an anxiety-
related DMR. Synapsin 3 (SYN3) is a member of a gene
family that encodes neuronal phosphoproteins that
associate with the cytoplasmic surface of synaptic

vesicles47. SYN3 has a role in synaptogenesis and the
modulation of neurotransmitter release, leading to its link
to several neuropsychiatric conditions, including bipolar
disorder, autism, schizophrenia and epilepsy58,59. We
previously reported anxiety-related differential methyla-
tion of JAG1 and JAG2 in the central nucleus of the
amygdala of young monkeys;26 here we find anxiety-

Table 1 Common anxiety-related differentially
methylated genes between human and rhesus monkey

Gene

Symbol

Sig.* Chr CpG#/

Window size

Gene name

GNAS** 599.4 20 55/478 G-protein alpha subunit

TRAPPC9 228.3 8 30/437 Trafficking protein particle

complex 9

NFIC 190.4 19 29/461 Nuclear factor 1 C-type

MPL 128.9 1 19/178 Myeloproliferative Leukemia

JAG2 109.0 14 18/338 Jagged-2

GRB10 101.7 7 15/102 Growth factor receptor-

bound protein 10

TET3 87.9 2 15/233 Tet Methylcytosine

Dioxygenase 3

RGS12 87.7 4 12/100 Regulator of G-protein

signaling 12

MAGI1 87.0 3 12/214 Membrane-associated

guanylate kinase

PLEC** 76.3 8 13/102 Plectin

ZNF579 48.7 19 8/160 Zinc Finger Protein 579

KLF6 38.6 10 7/111 Krueppel-like factor 6

ZNF385A 36.6 12 9/331 Zinc Finger Protein 385 A

RYR1 29.6 19 5/105 Ryanodine receptor 1

ZBTB7A 23.8 19 5/68 Zinc finger and BTB domain-

containing protein 7 A

SYN3 −32.5 22 7/121 Synapsin-3

MAP2K4 −64.5 17 9/67 Dual specificity mitogen-

activated protein kinase 4

DOK3** −78.5 5 14/188 Docking protein 3

*Significance determined by DSS-single analysis method39,40

**Genes containing differential methylation of the same CpG dinucleotides in
human and monkey

RFX4
ISX 
MSX3 
GBX2 
PAX4 
POU6F1/2 
ZBTB3
RFX4 
GATA6 
VENTX 
ISX 
EMX4 
FOSL2
ZFX 
TBX15 
TBX1 
RHOXF1 
SMAD2::3::4 
RORA
NR2F1/2 
ESRRA 
NR4A2 
ESRRG 
SPZ1 

PAX5
MEF2C 
FOXP1 
ZFP105 
TCF3 

Fig. 3 Characterization of a potential role(s) of DMRs in gene
expression. Identification of DMR-associated transcription factor
sequence motifs that were predicted by the DREME suite (E-value <
10e−3). The putative transcription binding factors were predicted
using SpaMo directly from the DREME suite and are shown next to
each sequence motifs
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related differential methylation of JAG2 in humans. These
genes are biologically relevant candidate genes con-
tributing to anxiety because they are NOTCH receptor
genes that play a critical role in brain development, adult
synaptic plasticity, and memory formation. Finally, these
findings also revealed potentially novel genes contributing
to anxiety (e.g., PLEC and DOK3) and 87 DMRs that were
not associated with any genes, suggesting that they may
reside in non-coding regions of the genome and warrant a
deeper investigation.
Several transcription factors that recognize significantly

enriched sequence motifs within the DMRs have known
roles in neurogenesis and neurological activities. Tran-
scription factor 3 (TCF3) is a neurodevelopmental tran-
scription factor that directly enhances the expression of
HES1, which regulates the development of the central
nervous system through NOTCH signaling50. The
Retinoid-Related Orphan Receptor-Alpha (RORA) is a key
regulator of embryonic development, cellular differentia-
tion, immunity, and circadian rhythm60–62. RORA is
linked with an increased risk for several neuropsychiatric
conditions, including autism spectrum, bipolar disorder,
schizophrenia, depression, and fear-related psycho-
pathology48,63,64. Finally, the dysregulation of SMAD
genes reportedly affect oligodendrogenesis49, axon devel-
opment and regeneration, growth and maintenance of
midbrain dopaminergic neurons65. Alterations in SMAD-
related molecular cascades are reported for various psy-
chiatric conditions66–70.
In addition, several of the genes that encode the tran-

scription factors, such as TCF3 and a member of the
Kruppel-like factor (KLF) family (KLF-6), contain DMRs,
suggesting that DNA methylation may also disrupt the
expression of transcription factors. The involvement of
DNA methylation in the regulation of KLF family mem-
bers is important because they are required for late phase
neuronal maturation in the developing dentate gyrus
during adult hippocampal neurogenesis71. Murine studies
find associations with Klf-9 and anxiety, and human stu-
dies link Klf-11 with chronic stress and depressive dis-
orders71,72. While these data support previous
reports51–53,73–76 of differential methylation associated
with transcription factor binding sites, it is notable that
here, and in these reports, the majority of transcription
factor binding sites do not contain CpG dinucleotides
directly in the transcription factor binding motif. Recent
data suggest that TF complexes may contain DNA
methyltransferases, implying that some TFs may function
to bring DNA methyltransferases to genomic regions of
interest77. Clearly, further functional studies are needed to
definitively determine the role of differential methylation
within transcription factor binding sites related to anxiety.
Although the twin pairs were clearly discordant for

HPA activity at age 8 years, they did not become

discordant for behavioral measures of anxiety until mid-
adolescence. In fact, the selected co-twins, and the sample
in general, are remarkably similar on anxiety measures at
age 13 years, and start to diverge only 2 years later. This
finding may not be surprising given the increased pre-
valence for anxious behaviors that coincide with the onset
of puberty78. Nonetheless, sensitivity to daily stressors, as
embodied by environmentally mediated variability in
basal cortisol levels, may be an early, subtle indicator of
vulnerability to later anxiety symptoms. Although the
twin pairs were not selected on measures of anxiety, all
three were discordant in the same direction such that the
co-twin with higher cortisol and longer amygdala recovery
was also the more anxious co-twin. At the individual level,
HPA function at age 8 years was not related to anxiety
longitudinally or concurrently in the full sample. The
association between HPA function and anxious behavior
was only revealed after controlling for unknown genetic
and environmental confounds shared by twins reared
together. Finally, it is notable that the selected twins
reported fluctuations in the level of anxiety between the
imaging and blood draw visits. While there are a number
of reasons that a diagnosis could change between visits,
including reluctance to disclose symptoms, effective
treatment of prior symptoms, and spontaneous remedia-
tion, the changes in DNA methylation that are linked to
adolescent anxiety status appears to be stable and may be
useful for long-term diagnostics and treatment strategies.
It should be noted that the original anxiety-related

changes in DNA methylation were found in young
monkeys (<2 years) that had never received anxiety-
related medications, which are commonly administered to
humans with anxiety disorders. Together, these study
design parameters improve the chances that the identified
anxiety-related changes in DNA methylation have etio-
logical relevance rather than being a consequence of
treatment. Because none of the twin pairs were on any
medications (aside from hormonal birth control; N= 1;
Supplementary Table 1) and we found a significant
overlap of anxiety-related changes in human blood, these
data support that the changes found in humans may have
etiological relevance.
An important strength of this study was the longitudinal

multi-source data—cortisol levels at age eight and anxiety
and amygdala BOLD signal measures at age 15 years—
that were used for twin pair phenotyping and selection.
Coupled with the power of whole genome sequencing,
each step of this approach was critical for the detection of
anxiety-related DNA methylation differences in human
blood. Together, these findings underscore the value of
using multiple and longitudinal biological and behavioral
markers to identify novel peripheral molecular differences
linked to experience-dependent anxiety in a monozygotic
twin sample.
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Data access
We have submitted the data generated from the monkey

methylation data for this study to the Gene Expression
Omnibus (GEO), which can be found under the Gene
Series: TBD.
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