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HPA axis genes implicated in glucocorticoid regulation play an important role in regulating the physiological im-
pact of social and environmental stress, and have become a focal point for investigating the role of glucocorticoid
regulation in the etiology of disease.We conducted a systematic review to critically assess the full range of clinical
associations that have been reported in relation to DNAmethylation of CRH, CRH-R1/2, CRH-BP, AVP, POMC, ACTH,
ACTH-R, NR3C1, FKBP5, and HSD11β1/2 genes in adults. A total of 32 studies were identified. There is prospective
evidence for an association between HSD11β2 methylation and hypertension, and functional evidence of an as-
sociation between NR3C1methylation and both small cell lung cancer (SCLC) and breast cancer. Strong associa-
tions have been reported between FKBP5 and NR3C1 methylation and PTSD, and biologically-plausible
associations have been reported between FKBP5 methylation and Alzheimer's Disease. Mixed associations be-
tween NR3C1methylation andmental health outcomes have been reported according to different social and en-
vironmental exposures, and according to varying gene regions investigated. We conclude by highlighting key
challenges and future research directions thatwill need to be addressed in order to develop both clinicallymean-
ingful prognostic biomarkers and an evidence base that can inform public policy practice.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Genes implicated in glucocorticoid regulation play an important role
in regulating the physiological impact of social and environmental
stress, and have become a focal point for investigating the role of stress
in the etiology of disease (Moisiadis and Matthews, 2014). As such, a
growing number of studies have identified DNA methylation of genes
within the hypothalamic-pituitary-adrenal (HPA) axis as an important
mechanism throughwhich exposure to stressful physical and social en-
vironments may alter glucocorticoid regulation (Palma-Gudiel et al.,
2015; Daskalakis and Yehuda, 2014; Zannas et al., 2016; Needham
nomics, Vulnerable Populations,
Staniford St., Suite 901, Boston,
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et al., 2015). What remains unclear, however, is the extent to which
such epigenetic regulationmight be associatedwith risk of various clin-
ical diseases. In this systematic review, we outline the full range of clin-
ical associations that have been reported in relation to DNAmethylation
of HPA axis genes in order to better understand the underlying biologi-
cal and epigenetic pathways of stress-related disease, and to explore
new avenues for diagnosis and treatment.

The HPA axis involves several biochemical feedback pathways be-
tween the hypothalamus, anterior pituitary gland, and adrenal glands
(Fig. 1). It is the major neuroendocrine system that controls stress reac-
tivity and regulates stress hormone (i.e., glucocorticoid) levels within
the body. However, as the HPA axis also regulates many fundamental
bodily processes such as the immune system, mood and cognition, and
the metabolic system (Smith and Vale, 2006), disruption or dysregula-
tion of this system can often increase risk of disease. The pathways and
feedback mechanisms of the HPA axis involve interactions between a
number of hormones, proteins, and receptors. First, acute stress triggers
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Overview of the hypothalamus-pituitary-adrenal (HPA) axis. Activation of the HPA
axis leads to the production of corticotrophin-releasing hormone (CRH) and arginine
vasopressin (AVP) in the hypothalamus. CRH is transported via the hypophyseal portal
system of blood vessels to the anterior pituitary gland, which causes the pituitary gland
to secrete adrenocorticotropic hormone (ACTH) into the bloodstream. ACTH then
stimulates the production of glucocorticoids (e.g., cortisol) by the adrenal cortex. Glucocor-
ticoids (GCs) produced by theadrenal cortex bind to glucocorticoid receptors in the anterior
pituitary, hypothalamus, and the hippocampus to regulate production of CRH and ACTH,
creating a negative feedback loop that stabilizes circulating levels of stress hormoneswithin
an appropriate physiological range.
Adapted from: Schloesser et al. (2012).
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the release of corticotropin releasing hormone (CRH) and arginine vaso-
pressin (AVP) from the hypothalamus, with circulating levels of CRH
largely being regulated by CRH binding proteins (CRH-BP) (Westphal
and Seasholtz, 2006). CRH is transported via the hypophyseal portal sys-
tem of blood vessels to the anterior pituitary gland, where it binds to
CRH-R1 and CRH-R2 receptors (Papadopoulou et al., 2005). This causes
the pituitary gland to secrete adrenocorticotropic hormone (ACTH;
whose precursor is POMC) into the bloodstream, which in turn binds
to ACTH-R receptors in the adrenal gland and stimulates the production
of glucocorticoids (e.g., cortisol) by the adrenal cortex (Khorram et al.,
2011). When high concentrations of glucocorticoids are achieved in the
bloodstream (i.e., during stressful experiences), glucocorticoids bind to
glucocorticoid receptors (GR) in the hippocampus, hypothalamus, and
anterior pituitary gland in order to suppress further release of CRH and
ACTH in a negative feedback loop that stabilizes glucocorticoid levels
within an appropriate physiological range (Tasker and Herman, 2011).
Cortisol levels are further regulated by the HSD11β2 enzyme, which de-
grades cortisol to cortisone, whereas HSD11β1 catalyzes the conversion
of the inactive cortisone to active cortisol (Tomlinson et al., 2004).

The glucocorticoid receptor (GR) resides in the cell cytoplasm.When
bound to glucocorticoids, the GR translocates to the nucleus in a complex
of co-chaperones that regulates the synthesis of a number of immune, in-
flammatory, and metabolic proteins through two genomic mechanisms
of action (Fig. 2). First, the GR complex may act as a transcription factor
that activates the transcription of immune- and metabolic-related
genes by binding directly to glucocorticoid response elements (GREs)
in nuclear DNA through a process called transactivation. Second, the GR
complexmay also repress the transcription of genes that code for immu-
nosuppressive and pro-inflammatory proteins such as cytokines and
prostaglandins through a process call transrepression, wherein the GR
complex interacts with other transcription factors such as AP-1 and
NF-κB to reduce their transcriptional activity without contacting the
DNA itself (Ratman et al., 2013; Strehl and Buttgereit, 2013). Binding of
the FKBP5 protein to this GR complex lowers the complex's affinity for
cortisol andmakes nuclear translocation of the GR complex less efficient
(Wochnik et al., 2005), while also promoting nuclear translocation of the
non-active GRβ splice variant (isoform), and thus decreasing overall GR
signaling (Zhang et al., 2008). In this way, overexpression of FKBP5 pro-
teins can lead to glucocorticoid resistance and decreased glucocorticoid
sensitivity (Binder, 2009). Expression of FKBP5mRNA is induced by glu-
cocorticoids, however, leading to an ultra-short negative feedback loop
wherein greater circulating levels of glucocorticoids induce greater
FKBP5 protein expression, thus regulating GR signaling within an appro-
priate range (Vermeer et al., 2003).

Glucocorticoids also exert non-genomic actions that can occur rapid-
lywithin a period of severalminutes. This is thought to occur through the
activation of signal transduction pathways, or through the interactions of
glucocorticoids with cellular membranes (Strehl and Buttgereit, 2013;
Kadmiel and Cidlowski, 2013). Through these genomic and non-
genomicmechanisms of action, glucocorticoids exert a number of differ-
ent effects in almost every tissue of the human body. Furthermore,
through the above-mentioned interactions and pathways, the HPA axis
and glucocorticoids interact with and regulate a number of fundamental
physiological systems, including the nervous, cardiovascular, immune,
musculoskeletal, visual, reproductive, and integumentary systems, and
also play a role in regulating glucose and liver metabolism, mood and
cognition, metabolic processes, and maintaining circadian rhythm
(Smith and Vale, 2006; Kadmiel and Cidlowski, 2013; Kalsbeek et al.,
2012). Not surprisingly, then, theHPA axis has received increasing atten-
tion over the past decade due to its critical role in regulating stress and its
ability to influence a variety of health outcomes (Moisiadis and
Matthews, 2014; Kalsbeek et al., 2012; Turecki, 2014; Eades et al.,
2014; Cameron, 2006; Conradt et al., 2013; Edelman et al., 2012; Lee
et al., 2014; Wan et al., 2014).

Studies aimed at exploring epigenetic regulation of the genes that
code for the hormones, proteins, and receptors within the HPA axis
may further our understanding of the pathways through which gluco-
corticoid dysregulationmight increase risk for a number of diseases. Al-
though several studies and reviews have examined the impact of
adverse childhood experiences, socioeconomic adversity, and other en-
vironmental stressors on epigenetic regulation (most commonly DNA
methylation) of individual HPA axis genes, such as NR3C1, AVP, or
FKBP5 (Palma-Gudiel et al., 2015; Daskalakis and Yehuda, 2014; Zannas
et al., 2016; Needhamet al., 2015), no comprehensive review exists that
has examined the epigenetic regulation of all HPA axis genes within the
entire glucocorticoid regulatory pathway. More importantly, no extant
reviews systematically discuss the full range of clinical associations
found in relation to epigenetic regulation of these genes. While one re-
cent review has outlined the role of glucocorticoid sensitivity in various
diseases (Quax et al., 2013), there also exists no comprehensive review
that enumerates the full range of epigenetic pathways thatmight lead to
glucocorticoid dysregulation, and ultimately, disease.

Image of Fig. 1


Fig. 2. Genomic actions of glucocorticoids (GCs). When bound to GCs, the glucocorticoid receptor (GR) complex translocates to the cell nucleus andmodifies the synthesis of a number of
immune, inflammatory, and metabolic proteins. This is done through directly binding to glucocorticoid response elements (GREs) in the DNA of genes that code for these proteins
(transactivation), and through influencing the activity of transcription factors without contacting the DNA itself (transrepression). Transactivation leads to up-regulated synthesis of
immune- and metabolic-related proteins, while transrepression leads to down-regulated synthesis of immunosuppressive and pro-inflammatory proteins.
Source: BioMed Central (van der Goes et al., 2014).
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Fig. 3. Flow diagram of study selection.
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The purpose of this systematic review, therefore, is to critically ex-
amine the extant literature on DNA methylation of CRH, CRH-R1/2,
CRH-BP, AVP, POMC, ACTH, ACTH-R, NR3C1, FKBP5, and HSD11β1/2 in re-
lation to clinical outcomes in adults. In doing so, our aim is to also high-
light current challenges in the field that will need to be addressed in
order to develop clinically meaningful prognostic biomarkers, and to
outline future research directions needed to create an evidence base
that can inform public policy practice.

2. Methods

This systematic review was conducted according to Cochrane
PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines (Liberati et al., 2009), and the software used to
store information was RevMan 5.3.

2.1. Search Strategy and Selection Criteria

Three databases were used to retrieve studies for this review:
PubMed, MEDLINE, and Google Scholar. Our searches were not limited
by year of publication because the field of epigenetics is relatively new
(the earliest study found was published in 2006).

We searched PubMed for (“methylation”[MeSH Terms] OR
“methylation”[All Fields]) in conjunction with the following key search
terms: “CRH” (26 results), “CRHR1” (11 results), “CRHR2” (3 results),
(“ACTH” OR “adrenocorticotropic”) (68 results), (“ACTHR” OR “MC2”)
(2 results), (“GR” OR “hGR” OR “GCR” OR “NR3C1”) (295 results),
(“HSD11B1” OR “11β-hydroxysteroid dehydrogenase-1” OR “11-Beta-
HSD1” OR “HSD11”) (5 results), (“HSD11B2” OR “11β-hydroxysteroid
dehydrogenase-2” OR “11-Beta-HSD2” OR “HSD11”) (25 results),
(“Pro-opiomelanocortin” or “POMC”) (100 results), (“tacrolimus bind-
ing protein 5”[Supplementary Concept] OR “FKBP5” OR “FK506 binding
protein 5” OR “Tacrolimus Binding Proteins/genetics”[Mesh]) (50 re-
sults), (“CRHBP” OR “CRH-BP” OR “CRH binding protein”) (4 results),
and (AVP OR Vasopressin) (59 results). In total, 648 articles were
found on PubMed. No additional studies were found in our Google
Scholar of MEDLINE searches. Bibliographic references of retrieved arti-
cles were scanned by the authors to identify any final articles to include,
although no additional articles were found using this method.

The first and second authors screened the titles and the abstracts of
all identified citations and selected potentially eligible studies. Full text
articles were then included based on the following inclusion criteria:
(1) evidence of quantitatively measured DNA methylation of any of
the following: CRH, CRH-R1/2, CRH-BP, AVP, POMC, ACTH, ACTH-R,
NR3C1, FKBP5, or HSD11β1/2; (2) recorded evidence of a quantifiable
clinical association (e.g., diabetes, hypertension, depression) investigat-
ed in direct relation to DNA methylation levels in the above genes;
(3) the study was reported in English; and (4) the study included
adult human subjects (18 years or older) or used human-derived cell
lines. A flow chart of this process is presented in Fig. 3.

We excluded studies reported in languages other than English, those
using non-human subjects, qualitative studies, duplicates, editorials, case
reports, and commentaries. Studies on the mineralocorticoid receptor
gene (NR3C2) and both norepinephrine- and epinephrine-related
geneswere excluded because the focus of our review is on glucocorticoid
regulation rather than mineralocorticoid regulation. We have also ex-
cluded studies on atrial natriuretic peptide (ANP) in this study, as al-
though it is implicated in HPA activity, it is not directly involved in
glucocorticoid regulation (Jessop, 1999). Finally, hormone secreting

Image of Fig. 2
Image of Fig. 3
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tumors and paraneoplastic syndromes that naturally dysregulate meth-
ylation status in a well-established manner (i.e., pituitary adenomas
that secrete ACTH [Ceccato et al., 2015], thymic carcinoids [Mizoguchi
et al., 2007], and Cushing syndrome [Newell-Price, 2003])were excluded
because of their ectopic tumor loci, which produce ACTH hormones out-
side of the HPA axis.

2.2. A Note on the Unique Structure of NR3C1

We did not seek in this review to give a detailed discussion of the
methodological differences between studies, given that an insightful ex-
amination of this matter can be found in other reviews (Palma-Gudiel
et al., 2015; Daskalakis and Yehuda, 2014). We also did not seek to
give a detailed characterization of the structural classifications of all
genes under study in this paper, since these have been dealt with in ex-
cellent detail elsewhere (Daskalakis and Yehuda, 2014; Zannas et al.,
2016; Alikhani-Koopaei et al., 2004). However, given that NR3C1 has a
rather unique structure in relation to other HPA axis genes included in
our review, it is worth providing more detailed information here in
order to: (1) contextualize the unique gene region nomenclature used
for NR3C1 throughout the research presented in this review; and
(2) demonstrate how the unique structure ofNR3C1 gives it a transcrip-
tional complexity that may cause epigenetic regulation within different
promoter regions to engender different responses to glucocorticoids in a
tissue-specific manner.

NR3C1 contains 8 coding exons (exons 2–9) and a non-coding 5′ re-
gion consisting of 9 non-coding alternative first exons (1A–1J, excluding
G) (Figs. 4–5). Each of these alternative first exons has its own promot-
er, which is immediately upstream from the exon itself, and the entire
proximal promoter (highlighted in red in Figs. 4–5, encompassing
exons 1D, 1J, 1E, 1B, 1F, 1C, and 1H) is located within a 3 kb CpG island.
This non-coding 5′ region of NR3C1 is largely thought to be responsible
for transcriptional regulation of GR protein levels (Turner et al., 2010).
Fig. 4.Mean and CpG site-specific methylation results reported for exon 1F and its promoter in
hypomethylation or hypermethylation, respectively. ↓ or ↑ arrows denote a correlation between
levels, respectively. “Null” denotes no methylation found, or no difference found in methylatio
CpG site numbers represent NGFI-A transcription factor binding sites according to McGowan e
Epigenetic research on NR3C1 to date has tended to focus exclusively
on the CpG island within the proximal promoter region, with some no-
table exceptions (Shields et al., 2016). Although the GR protein is ubiq-
uitously expressed throughout all tissues in humans, the different non-
coding first exons within the 5′ region of NR3C1 are differentially
expressed through alternative gene splicing within various tissues in
the body (Fig. 6) (Turner and Muller, 2005; Presul et al., 2007; Cao-Lei
et al., 2011). This suggests that these alternative first exons play a role
in regulating tissue- and organ-specific responses to glucocorticoids, al-
though the exact role of these first exons remains unknown (Turner
et al., 2014).

3. Results

Thirty-two articles were identified as meeting our review inclusion
and exclusion criteria. Full details of all studies retrieved in our review
are given in Tables 1–5; however, we have limited our more detailed
discussions in these sections to the high-quality and promising extant
research that emerged fromour review. Given the exceptional complex-
ity of the HPA axis and its far-reaching interactions with a number of
physiological systems, the plausiblemechanisms and pathways through
which epigenetic regulation of the HPA axis might contribute to disease
are understandably varied. We will therefore also provide a critical dis-
cussion of the pathways implicated in the results reported across stud-
ies, where evidence exists, in order to contextualize the results reported
for the many divergent conditions included in this review.

Potential associations between epigenetic regulation of HPA axis
genes and clinical outcomes still remain relatively unmapped, as only
DNAmethylation ofNR3C1,HSD11β2, and FKBP5 has been studied in di-
rect relation to risk for any human disease, with themajority of research
focusing on epigenetic regulation of NR3C1. Furthermore, the majority
of studies vary in terms of gene region(s) or CpG loci selected for DNA
methylation analysis (Table 1), although exon 1F or the 1F promoter
NR3C1. First exon variants in red represent the proximal promoter region.▼ or▲ denote
observedmethylation at a specific CpG site and decreased or increasedNR3C1 expression

n between healthy controls and those with the disease under investigation. Boxes around
t al. (2009). CpG numbering taken from Palma-Gudiel et al. (2015). Figure is not to scale.

Image of Fig. 4


Fig. 5. Significantmethylation results reported across the entireNR3C1 proximal promoter. Methylation results reported only for clinical outcomes that have been significantly associated
with methylation status in at least one study. Diseases for which there have only been non-significant findings or for which the authors concluded that NR3C1was not a likely biomarker
are not included. First exon variants in red represent the proximal promoter region.▼ or▲ denote hypomethylation or hypermethylation, respectively. ↓ or ↑ arrows denote a correlation
between observed methylation and decreased or increased NR3C1 expression levels, respectively. Methylation shown here represents either mean or CpG site-specific methylation,
depending on the study method used, and arrows shown here are not meant to indicate methylation at specific CpG loci. Figure is not to scale.
*Mean methylation levels only reported across all 4 first exon promoters, and not within each promoter.
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have been investigated most frequently among NR3C1 methylation
studies (17/24; Table 1, Figs. 4–5). No studies relevant to our inclusion
criteria examined the relationship between DNA methylation of POMC,
ACTH, ACTH-R, AVP, CRH, CRH-R1/2, or CRH-BP genes in relation to any
clinical outcomes. Notably, three studieswere retrieved on POMCmeth-
ylation in relation to alcohol craving (Muschler et al., 2010), weight re-
gain (Crujeiras et al., 2013), and malnutrition (Ehrlich et al., 2010), but
these studies were excluded from the current review because they
Fig. 6.Human tissue-specific geneexpression of non-codingfirst exonswithin theNR3C1proxim
light blue gradients represent strong to weak expression, respectively. Note: exon 1J was discov
measure exons 1E and 1H.
focused on intermediate outcomes instead of clinically-defined diseased
states.

3.1. Cardiovascular Diseases

Three studies identified in our systematic review examined the asso-
ciations betweenDNAmethylation of eitherHSD11β2 orNR3C1 and car-
diovascular diseases (Table 2).
al promoter, as reported by Turner andMuller (2005) and Presul et al. (2007). Dark blue to
ered by Presul et al., and thus was not measured in Turner andMuller. Presul et al. did not

Image of Fig. 5
Image of Fig. 6


Table 1
Genomic regions investigated in reviewed studies.

Authors Gene Genomic region tested Nucleotide position Exposure/Outcome

Friso et al. (2008) HSD11β2 Promoter and exon 1 (2 CpG islands analyzed) Promoter: −633 to −97a

Exon 1: −77 to +460a
Glucocorticoid treatment/hypertension

Pizzolo et al.
(2015)

HSD11β2 Promoter (2 regions analyzed) −692 to −595, and
−419 to −177

AME/hypertension

Zhao et al. (2015) NR3C1 Exon 1F promoter (22 CpG sites analyzed) −3480 to −3352 Combat-related PTSD/subclinical atherosclerosis

Nesset et al.
(2014)

NR3C1 6 regions in the proximal promoter:

• 1J promoter
• 1B promoter, including exons 1J-E
• Exon 1B and the 1F promoter
• 1C promoter
• Portion of exon 1C
• Exon 1H and portion of its promoter

1J: −4287 to −4027
1J-E: −4046 to −3764
1B: −3549 to −3339
1C: −2868 to −2665
1C–H: -2294 to −1997
1H: −2017 to −1796

None/breast cancer

Lien et al. (2006) NR3C1 Exon 1C −2677 to −2371 None/breast cancer
Kay et al. (2011) NR3C1 • 1D promoter (26 CpG sites analyzed)

• 1E promoter (16 CpG sites analyzed)
• 1C promoter (67 CpG sites analyzed)
• Exon 1C (2 CpG sites analyzed)

(not reported) None/small cell lung cancer

Ahlquist et al.
(2008)

NR3C1 Promoter (not reported) None/colorectal cancer

Lind et al. (2006) NR3C1 Proximal promoter −477 to −25 None/colon cancer
Wu et al. (2007) NR3C1 Promoter (not reported) None/ovarian cancer
Kang et al. (2008) NR3C1 Exon 2 +168 to +242 None/gastric cancer
Hiraki et al. (2011) NR3C1 Promoter (not reported) None/gastric cancer
Sanchez-Vega and
Gandhi (2009)

NR3C1 1B and 1C promoters (not reported) None/multiple myeloma

Ronco et al. (2010) HSD11β2 Promoter (2 CpG islands analyzed) (not reported) Cadmium exposure/choriocarcinoma
Smyth et al. (2014) FKBP5 Epigenome-wide (485,577 unique sites) b3 top-ranked CpGs in FKBP5:

5’UTR CpG island south
shore: chr6:35,657,202
5’UTR CpG island north
shore:
chr6:35,654,363
Enhancer: chr6:35,570,224
(CpG island:
chr6:35,655,607–35,656,856)

None/chronic kidney disease

Vangeel et al.
(2015)

NR3C1 Exon 1F and 1F promoter (47 CpG sites analyzed) −3471 to −3101 Childhood trauma/chronic fatigue syndrome

Chen et al. (2015) NR3C1 Exon 1D, 1E, 1F, and 1H promoters (not reported) None/SLE
Klengel et al.
(2013)

FKBP5 • CpG island near the TSS (190 CpG sites analyzed)
• Promoter (6 CpG sites analyzed)
• Intron 2 (4 CpG sites analyzed)
• Intron 5 (9 CpG sites analyzed)
• Intron 7 (6 CpG sites analyzed)

cCpG island near TSS:
chr6:35,763,522–35,764,770
Promoter:
chr6:35,798,260–35,798,490
Intron 2:
chr6:35,715,732–35,716,027
Intron 5:
chr6:35,686,677–35,687,097
Intron 5:
chr6:35,677,658–35,677,924
Intron 7:
chr6:35,666,288–35,666,763

Childhood physical and sexual abuse/PTSD

Labonte et al.
(2014)

NR3C1 • 1B promoter, including exons 1 J and 1E (29 CpG sites
analyzed)

• 1C promoter (54 CpG sites analyzed)

1B: 479 bp
1C: 364 bp
(exact positions not
reported)

None/PTSD

Yehuda et al.
(2013)

NR3C1

FKBP5

1F promoter and exon 1F (39 CpG sites analyzed)

Proximal promoter (38 CpG sites analyzed)

−3521 to −3156

−266 to +54

PE/PTSD

Yehuda et al.
(2015a)

NR3C1 1F promoter and exon 1F (39 CpG sites analyzed) −3521 to −3156 DEX treatment/PTSD

Vukojevic et al.
(2014)

NR3C1 1F promoter and exon 1F (8 CpG sites analyzed) −3236 to −3030 Rwandan genocide/PTSD

Blair et al. (2013) FKBP5 • Promoter (6 CpG sites analyzed)
• Intron 2 (4 CpG sites analyzed)
• Intron 7 (6 CpG sites analyzed)

cPromoter:
chr6:35,798,260–35,798,490
Intron 2:
chr6:35,715,732–35,716,027
Intron 7:
chr6:35,666,288–35,666,763

None/Alzheimer's disease
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Table 1 (continued)

Authors Gene Genomic region tested Nucleotide position Exposure/Outcome

Moser et al. (2007) NR3C1 Small piece of 1F promoter and exon 1F 104 bp around the
NGFI-A binding site (9 CpG sites analyzed)

−3281 to −3177 None/Parkinson's disease, presenile and senile
dementia-Alzheimer's type, dementia

Na et al. (2014) NR3C1 1F promoter and exon 1F (5 CpG sites analyzed) −3279 to −3039 None/MDD
Melas et al. (2013) NR3C1 1F promoter and exon 1F (47 CpG sites analyzed) −3480 to −3126 Early parental death/depression
Veenendaal et al.
(2012)

NR3C1 1C promoter and partial exon 1C −3035 to −2704 Prenatal exposure to famine/depression,
diabetes, cardiovascular disease

Alt et al. (2010) NR3C1 3 regions in the proximal promoter:

• Exon 1 J, partial 1 J promoter, and promoter 1E (13 CpG
sites analyzed)

• 1B promoter and partial exon 1B (20 CpG sites analyzed)
• 1F promoter (9 CpG sites analyzed)

294 bp
(exact position not reported)

None/MDD

Höhne et al.
(2015)

FKBP5 Intron 7 (7 CpG sites analyzed) chr6:35,666,288–35,666,763c Childhood averse events, lifetime history of
depression/MD

Fries et al. (2015) FKBP5 Area surrounding glucocorticoid response elements found
in 3 regions:

• Promoter
• Intron 2
• Intron 7

cPromoter:
chr6:35,798,260–35,798,490
Intron 2:
chr6:35,715,732–35,716,027
Intron 7:
chr6:35,666,288–35,666,763

None/bipolar disorder

Dammann et al.
(2011)

NR3C1 Exon 1B (not reported) None/borderline personality disorder (BPD)

Perroud et al.
(2011a)

NR3C1 1F promoter and exon 1F
(first 8 CpG sites of exon 1F analyzed)

(not reported) Childhood maltreatment/BPD, MDD

Steiger et al.
(2013)

NR3C1 • 1B promoter (includes exons 1J and 1E)
• 1F promoter
• 1C promoter
• 1H promoter

1B: −4119 to −3668
1F: −3563 to −3166
1C: −3035 to −2692
1H: −2320 to −1781

None/BN, BPD, Suicidality

Note: NR3C1 base pair numbering reflects position relative to ATG start codon in exon 2. HSD11β2 and FKBP5 base pair numbering is relative to the transcription start site in exon 1.
a Exact base pair locations not given directly in article, but CpG island positions are given in Alikhani-Koopaei et al. (2004).
b Reference genome: GRCh37/hg19.
c Reference genome: NCBI36/hg18.
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3.1.1. Hypertension
In a sample of 32 Italian patients who were treated with gluco-

corticoids, those who developed clinically-diagnosed hypertension
had greater HSD11β2 promoter methylation, and a higher urinary
tetrahydrocortisol/tetrahydrocortisone (THF/THE) ratio, both of
which indicate lower HSD11β2 protein activity (Friso et al., 2008).
This prospective study may highlight a potential new mechanism in
the pathogenesis of glucocorticoid-induced hypertension, and may fur-
thermore indicateHSD11β2 promotermethylation as a potentially useful
biomarker to characterize hypertensive patients. Excess levels of cortisol
can effect regulation of sodiumabsorption in the kidneys, alongside aldo-
sterone, and thus can have a direct impact on salt-induced hypertension
(Hunter et al., 2014). Hypermethylation of theHSD11β2 promoter, how-
ever, disrupts its ability to carry out cortisol to cortisone conversion
through decreasing HSD11β2 protein expression, which leads to greater
levels of cortisol relative to cortisone (i.e., a higher tetrahydrocortisol
[THF] to tetrahydrocortisone [THE] ratio) and promotes hypertension
(Ferrari et al., 2001; Udali et al., 2013).

Indeed, related research has shown that changes in HSD11β2 pro-
tein activity significantly affects blood pressure levels in healthy adults
(Ferrari et al., 2001), and that HSD11β2 protein activity is decreased
in the presence of greater HSD11β2 promoter methylation in human
cells (Alikhani-Koopaei et al., 2004). Future prospective research in
healthy adults is needed, however, to more precisely characterize the
significance of this relationship in the development of hypertension.
Furthermore, it will be important for future research to investigate
whether early life or current stress play a role in the epigenetic regula-
tion of HSD11β2 in relation to hypertension.
3.1.2. Subclinical Atherosclerosis
Among 84 American veteran monozygotic twin pairs (168 partic-

ipants in total), intra-pair increases in flow-mediated dilation (FMD;
determined using bi-mode ultrasound), a marker of subclinical ath-
erosclerosis, was associated with both mean NR3C1 1F promoter
hypermethylation and site-specific methylation at 12 out of 22 CpG
sites investigated (Zhao et al., 2015). Even after adjustment for
post-traumatic stress disorder (PTSD) symptoms, a 1% increase in
the intra-pair difference in mean DNA methylation was associated
on average with a 2.83% increase in the intra-pair difference in
FMD. Another study included in our review, however, found no asso-
ciation between NR3C1 1C promoter methylation and a range of
other factors associated with coronary heart disease, including
blood pressure, as well as glucose and insulin levels (Veenendaal
et al., 2012). Future research on subclinical atherosclerosis and
other risk factors for cardiovascular disease may do well to investi-
gate the 1F promoter, specifically, in NR3C1.

3.2. Cancer

Identifying epigenetic modifications associated with cancer is a rap-
idly expanding field of study. Our review shows that DNA methylation
of NR3C1 has been associated with a variety of cancer outcomes (Table
3), although there is a lack of in vivo studies that could confirm the pre-
liminary conclusions reported by studies using in vitro cell lines. Fur-
thermore, corroboration between observed tumor tissue methylation
and methylation levels in peripheral blood, which would be needed to
implement non-invasive testing, has not yet been established. These re-
sults could then be more appropriately used towards the identification
of biomarkers and the development of interventions. Among the studies
reviewed, there is currently only strong evidence that NR3C1 methyla-
tion might be implicated in breast cancer (Nesset et al., 2014) and
small cell lung cancer (SCLC) (Kay et al., 2011). Evidence from these
studies indicates that promoter methylation of NR3C1 may contribute
to tumorigenesis through decreasing NR3C1 expression, leading to
downstream inhibition of the tumor suppressing and anti-proliferative
capabilities of the GR for these cancers.

3.2.1. Breast Cancer
One study usingmatched normal and tumor breast tissue from59Ca-

nadian breast cancer patients examinedmethylation in a genomic region



Table 2
Associations between HSD11β2/NR3C1 methylation and cardiovascular diseases.

Authors Study design Gene Method Tissue type Exposure/Outcome Sample Results

Friso
et al.
(2008)

Pro-spective HSD11β2 Methylation-specific
PCR

Peripheral
blood
(PBMC)

Glucocorticoid
treatment/hypertension

N = 57 Italian subjects. 32
glucocorticoid-treated patients
normotensive at baseline (mean
age: 54.56 years; 4 men). 25
essential hypertensive patients
(EH) (mean age: 51.92 years; 14
men)

Glucocorticoid-treated patients
who developed hypertension had:

• Greater HSD11β2 promoter
methylation

• Higher urinary THFs/THE ratio,
which indicates lower HSD11β2
protein activity

Pizzolo
et al.
(2015)

Cross-sectional HSD11β2 Pyrosequencing Peripheral
blood
(PBMC)

AME/hypertension N = 12 members of the same
Italian family. 2 proband brothers
(7 and 13 years old) with apparent
mineralocorticoid excess (AME;
A221G missense mutation) and 10
relatives (age range: 46–71 years),
6 of whom had the A221G
mutation

Among the 6 family members
heterozygous for 221AG:

• a higher methylation index was
documented in the 4 hyperten-
sive subjects compared to the 2
normotensive subjects

• Statistical analysis was not per-
mitted due to the small sample
size

Zhao
et al.
(2015)

Cross-sectional NR3C1 Pyrosequencing Peripheral
blood
(leukocytes)

Combat-related
PTSD/Subclinical
atherosclerosis

N = 168 US veterans (84
monozygotic [MZ] twin pairs)
(mean age: 55.1 years). The
majority of twins were Caucasian
(94%) and free of history of
cardiovascular disease at
enrollment

• Except for LDL, there was no sig-
nificant association between
NR3C1 1F promoter methylation
and standard coronary risk fac-
tors (e.g., triglycerides, blood
pressure)

• Intra-pair difference in methyla-
tion was significantly and posi-
tively associated with intra-pair
difference in flow-mediated di-
lation (FMD; determined using
bi-mode ultrasound) at 50%
(12/22) of studied CpG sites, and
with mean DNA methylation
across all studied CpG sites in
the 1F promoter

• On average, 1% increase in the
intra-pair difference in mean
DNA methylation was associated
with 2.83% increase in the
intra-pair difference in FMD

• Methylation variation at each
individual CpG site only con-
ferred a small risk to disease, but
the authors identified three
methylation blocks (−3365 to
−3371, −3418 to −3445, and
−3456 to −3470 bp from ATG)
that were significantly associat-
ed with FMD in their sample

• FMD-related methylation
changes may therefore be sys-
tematically organized, rather
than randomly distributed
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spanning almost the entire proximal promoter of NR3C1 (Nesset et al.,
2014). The authors found that while non-tumor tissues were uniformly
unmethylated, 15% (8/59) of breast cancer tumor tissuesweremethylat-
ed. Specifically, one region containing exons 1J–E and their promoters, as
well as a second region containing exon 1B and the 1F promoter, both
showedmethylation in the highest number of tumors (7/59 and 5/59, re-
spectively). There was also a statistically significant 4.6-fold decrease in
NR3C1 expression in tumorsmethylated at exon 1B and the 1F promoter,
compared with tumors unmethylated at this region. A previous study,
however, found NR3C1 exon 1C to be uniformly unmethylated in breast
tissue samples taken from 118 GR-immunonegative breast cancer carci-
noma subjects from Taiwan (Lien et al., 2006), although this study only
investigated a small gene region (exon 1C), which is not as heavily
expressed in breast tissue, and did not study any of the regions shown
to be methylated in the more recent paper.

DNA methylation of exon 1B within the proximal promoter of
NR3C1 therefore seems to be a promising early candidate for a
possible breast cancer biomarker. This is all the more biologically
plausible because Nesset et al. (2014) experimentally determined
that exon 1B is the predominant NR3C1 first exon variant expressed
in human breast tissue. Importantly, high levels of NR3C1 protein
(GR) expression and high concentrations of cortisol in breast tissue
have been shown to have an anti-proliferative effect in cancerous
breast tissue (Vilasco et al., 2011). Accordingly, Nesset et al. demon-
strated that in all patients except one (58/59) from their study, all
breast cancer tumors showed lower NR3C1 expression compared
with normal tissue, with an average decrease in expression of
13.81-fold. This decrease in NR3C1 expression was also observed in
the study by Lien et al. (2006) included in this review. Combined,
these findings suggest that decreased NR3C1 expression appears to
be a common and important factor in breast cancer tumor develop-
ment. Furthermore, the results reported by Nesset et al. indicate
that promoter methylation of NR3C1 might be one significant mech-
anism that leads to decreases in gene and GR protein expression,



Table 3
Associations between NR3C1/HSD11β2 methylation and cancers.

Authors Study design Gene Method Tissue type Exposure/Outcome Sample Results

Nesset et al.
(2014)

Case-control;
in vitro cell
lines

NR3C1 Methylation-specific
PCR

Breast tissue None/breast
cancer

N = 59 breast cancer patients
from Ontario, Canada

Cases: tumor tissue samples.

Controls:matched normal breast
clinical tissue

• Exon 1B is the predominant
NR3C1 first exon expressed in
normal and cancerous breast
tissue

• 8 (15%) breast cancer tumors
showed elevated methylation.
The 1B promoter was methyl-
ated in 7/8 of these.

• No methylation was observed
in normal breast tissue

• No difference in NR3C1 ex-
pression between tumors
methylated and
unmethylated at the NR3C1
proximal promoter as an ag-
gregate

• However, tumors methylated
at the 1B promoter showed a
4.6-fold decrease in NR3C1
expression compared with tu-
mors unmethylated at this
region

Lien et al.
(2006)

Cross-sectional NR3C1 Methylation-specific
PCR

Breast tissue None/breast
cancer

N = 118 GR-immunonegative
carcinoma specimens (106 IDCs,
8 ILCs, 1 mucinous carcinoma, 3
DCIS) taken from human breast
samples in Taipei City, Taiwan

• NR3C1was strongly expressed
in metaplastic carcinomas
(94.4%), but was not
expressed in the majority of
non-metaplastic carcinomas
(98.2%)

• NR3C1 exon 1C was uniformly
unmethylated in non-
metaplastic carcinomas

Kay et al.
(2011)

Case-control
(cell line and
tissue);
prospective

NR3C1 Bisulfate sequencing SCLC cell lines Small cell lung
cancer (SCLC)

Cases: 14 Small Cell Lung Cancer
(SCLC) cell lines: Cor L24, Cor
L27, Cor L31, Cor L32, Cor L42,
Cor L47, Cor L51, Cor L88, Cor
L99, Cor L103), DMS 79, DMS
153, HC12, and H 148

Cell line controls: human lung
epithelial carcinoma cells A549,
human embryonic kidney cells
HEK-293, human cervical
carcinoma cells HeLa, and
human osteosarcoma cells U20S
(European Collection of Cell
Cultures, Wiltshire, UK). Non--
small cell lung cancer (NSCLC)
lines NCI-H358 and -H727
(European Collection of Cell
Cultures, Wiltshire, UK) and
NCI-H23, -H441, -H1299
(American Type Culture
Collection, USA)

Peripheral blood controls: human
peripheral blood mononuclear
cells (PBMC) from health donors

• There was a significant differ-
ence in methylation levels be-
tween SCLC cases and controls
at several CpG sites in the 1C
promoter (CpG 69
individually, CpG 68 and 69 in
combination) as well as a sig-
nificant difference in methyl-
ation levels across the whole
1C promoter region
(CpGs1-69) and for all 1C
CpGs excluding 68 and 69

• There was a significant asso-
ciation between number of
methylated CpGs and NR3C1
protein expression within the
panel of 14 SCLC cell lines

• After 72 h of treatment with
5′Azadeoxycytidine, NR3C1
mRNA levels increased dra-
matically in SCLC cells while
there was no change in ex-
pression in HEK and A549
control cells, and a decrease in
NR3C1 in U2OS control cells

• While 3/4 SCLC cell lines
showed augmented NR3C1
expression after 5′
Azadeoxycytidine treatment,
only 1/4 NSCLC cell lines
showed increased NR3C1
expression

Ahlquist et al.
(2008)

Case-control 11 genes,
including
NR3C1

Quantitative
methylation-specific
PCR

Colorectal
cancer (CRC)
and normal
colon mucosa
tissue

None/colorectal
cancer

Cases: 63 adenomas from 52
Norwegian individuals (median
age: 67), and 52 carcinomas
from 51 patients in 7 hospitals
in Oslo, Norway (median age:
70 years)

Controls: 21 normal colon
mucosa samples (N1) from 20

• NR3C1 showed an increasing
methylation frequency from
adenomas to carcinomas

• NR3C1 methylation was sig-
nificantly higher among mi-
crosatellite instable (MSI)
than among microsatellite
stable (MSS) carcinomas
(P = 0.001)

(continued on next page)
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Table 3 (continued)

Authors Study design Gene Method Tissue type Exposure/Outcome Sample Results

deceased, cancer-free
individuals (median age:
52.5 years), and 18 normal
colon mucosa samples (N2)
from 18 CRC patients in 7
hospitals in Oslo, Norway (me-
dian age: 70.5 years)

• Vimentin, ADAMTS1, and MAL
are likely to be more suitable
biomarkers for early detection
because they are
unmethylated in normal mu-
cosa from healthy individuals
and frequently methylated in
carcinomas

Lind et al.
(2006)

Cross-sectional
(cell lines);
case-control
(tissue)

Multiple
genes,
including
NR3C1

Methylation-specific
PCR, bisulfate
sequencing

Cell lines, CRC
tissue, and
normal colon
mucosa tissue

Colon cancer Cell lines: 20 colon cancer cell
lines were included: 9 from
microsatellite instable (MSI)
tumors (Co115, HCT15, HCT116,
LoVo, LS174T, RKO, SW48, TC7,
and TC71); 11 from
microsatellite stable (MSS)
tumors (ALA, Colo320, EB, FRI,
HT29, IS1, IS2, IS3, LS1034,
SW480, and V9P). 10 cell lines
from prostate tissue (N = 3),
testicular germ cell tumors
(N = 3), and ovary tissues
(n = 4) were included, as well
as a clinical series of prostate
(N = 20) and kidney (N = 20)
carcinomas from the University
Hospital of Porto, and a series of
testicular germ cell tumors
(N = 42) from patients
admitted to the Norwegian
Radium Hospital, Oslo

Tissue sample cases: DNA from
patients in Norwegian hospitals:
53 colorectal carcinomas (25
MSS and 28 MSI) from 52
patients (mean age 68 years),
63 adenomas (61 MSS and 2
MSI) from 52 patients (mean
age 67 years)

Tissue sample controls: Normal
mucosa samples from 22
colorectal cancer patients
(mean age 64 years) taken from
distant sites from the primary
carcinoma, and 22 normal
colorectal mucosa samples from
cancer-free individuals (mean
age 54 years, including 8
individuals ≥ 60 years)

Cell line results:

• The promoters of ADAMTS1,
CRABP1, and NR3C1 were
hypermethylated in 17/20
(85%), 18/20 (90%), and 7/20
(35%) colon cancer cell lines,
respectively.

• Promoter hypermethylation
of NR3C1 was also significant-
ly associated with reduced
gene expression in cancer cell
lines.

• NR3C1 was unmethylated in
subsets of cancer cell lines
from prostate, testis, and kid-
ney tissues (N = 82).

Tissue results:

• The primary carcinomas rep-
resented in the nine pairs of
matched normal and cancer
tissue were methylated in 4/7
(57%) for NR3C1, whereas the
corresponding normal muco-
sa samples were
unmethylated

• The methylation frequency of
NR3C1 was also significantly
higher in MSI carcinomas
(12/28; 43%) than in MSS car-
cinomas (1/23; 4%)

• NR3C1 methylation was
higher among tumors from
females (11/27; 41%) than in
those from males (2/24; 8%),
and 77% (10/13) of NR3C1
methylated tumors were lo-
cated in the right side of the
colon

Wu et al.
(2007)

Cross-sectional
(cell line and
tissue)

13 genes,
including
NR3C1

Methylation-specific
PCR, bisulfate
sequencing

Ovarian cancer
cell lines and
ovarian tumor
tissue

Ovarian cancer Cell lines: 4 ovarian carcinoma
cell lines, ES-2, OV-90, OVCAR-3,
and SKOV-3 (American Type
Culture Collection, Manassas,
USA)

Tissue sample: primary ovarian
carcinomas from women
(n = 52; mean age: 58 years)
displaying a similar distribution
regarding FIGO stage and
histology. Taken from a tissue
bank in Oslo, Norway. Included
19 serous, 5 mucous, 5 clear cell,
17 endometrioid, and 6 of mixed
histotype tumors. 2 benign and
2 borderline ovarian tumors
were also included

NR3C1 promoter was
unmethylated in ovarian
carcinoma tissues and in all cell
lines

Kang et al.
(2008)

Case-control
(cell line and
tissue)

17 genes,
including
NR3C1

Quantitative
methylation-specific
PCR (MethyLight)

Gastric cancer
cell lines and
normal gastric
mucosa tissue

Gastric cancer Cell line cases: 8 gastric cancer
(GC) cell lines treated with
5-aza-deoxycytidine and or
Trichostatin A

• NR3C1 was methylated in GC
at a level three times higher
than GCN, although this dif-
ference was not significant

• No significant difference in
methylation level in NR3C1
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Table 3 (continued)

Authors Study design Gene Method Tissue type Exposure/Outcome Sample Results

Tissue sample controls: gastric
carcinoma-associated
non-neoplastic mucosae tissues
(GCN) from 33 gastric
carcinoma patients in Seoul,
Korea (median age: 63 years;
male to female ratio 4:1).
Normal mucosa tissue from 27
chronic gastritis (CG) patients in
Seoul, Korea (median age:
53 years; male to female ratio
19:10). 13 samples were
H·Pylori (HP)-negative and 14
samples were HP-positive

was found between HR-
positive and HR-negative CG
patients

• An inverse relationship be-
tween NR3C1methylation and
GC cell line RNA expression
was established (greater ex-
pression seen due to low,
non-significant methylation)

Hiraki et al.
(2011)

Case-control
(cell line and
tissue)

Multiple
genes,
including
NR3C1

Quantitative
methylation-specific
PCR (MethyLight)

Gastric cancer
cell lines and
normal gastric
mucosa tissue

Gastric cancer Cell lines: 8 gastric cancer cell
lines, HSC45, HSC57, KATO III,
MKN1, MKN7, MKN28, MKN45,
and MKN74

Tissue samples: 20 pairs of
adjacent normal gastric mucosa
and primary gastric cancer
samples. Peritoneal fluid (PF)
from 107 patients who
underwent surgery in Saga,
Japan (median age: 66·5 years;
37 female, 70 male; intestinal
type gastric cancer: 46; diffuse
type gastric cancer: 61)

• Six genes (BNIP3, CHFR,
CYP1B1, MINT25, RASSF2, and
SFRP2) showed significantly
higher methylation in prima-
ry cancer tissues than the ad-
jacent normal gastric mucosa,
but methylation of NR3C1
showed no significant differ-
ence in methylation levels be-
tween the two

• NR3C1 methylation was thus
deemed not to be
cancer-specific

Sanchez-Vega
and Gandhi
(2009)

Cross-sectional
(cell line only)

NR3C1 5-aza-deoxycytidine
(decitabine)
treatment

Myeloma cell
lines

Multiple Myeloma Myeloma cell line (MM.1) taken
from peripheral blood cells of a
US patient in the leukemic
phase of multiple myeloma
(MM) being treated with
glucocorticoids (GCs). 1
GC-sensitive cell line, MM.1S,
and two GC-resistant cell lines,
MM.1RE (early phenotype) and
MM.1RL (late phenotype)

• Treating MM.1 cell lines with
the demethylating agent 5-
-aza-deoxycytidine
(decitabine) did not change
the levels of expression of full
length NR3C1 mRNA, thus
ruling out the possibility of
promoter methylation as a
mechanism for decline in
NR3C1 mRNA expression in
MM.1RL

• Other epigenetic observa-
tions: histone H3 was
trimethylated on Lys4 (3
mK4) in exons 1C, 2, and 3
throughout intron B of NR3C1
RNA in MM.1S, but not in
MM.1RL

Ronco et al.
(2010)

Case-control
(cell line only)

HSD11β2 Bisulfate sequencing Choriocarcinoma
cell lines

Chorio-carcinoma Cases: human choriocarcinoma
cells, JEG-3 (HTB-36), from The
American Type Culture Collec-
tion (ATTC, Manassas, VA) ex-
posed to a low dose of cadmium
(Cd2+)

Controls: JEG-3 cells not exposed
to Cd2+

• Acute exposure (24 h) to a low
dose of Cd2+ (1 μM) induced
decreased cortisol production
in JEG-3 cells, and was associ-
ated with increased HSD11β2
expression and activity

• 1 μM of Cd2+ induced a re-
duced methylation index of
about 50% in the HSD11β2
promoter, concordant with a
decreased expression of the
gene, although this change did
not reach significance
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thus disrupting the anti-proliferative capabilities of the GR and con-
tributing to breast cancer tumorigenesis.

Nesset et al. also note that the levels of methylation that they found
in NR3C1 (15%) were comparable to promoter methylation levels re-
ported for another known breast cancer tumor suppressor gene,
BRCA1 (9–41%) (Birgisdottir et al., 2006; Parrella et al., 2004; Li et al.,
2006; Baylin et al., 2001), indicating that future investigation might be
warranted into whether NR3C1 itself may act as a tumor suppressor
gene for breast cancer. Themajority ofmethylated breast cancer tumors
in the sample fromNesset et al. were also ER+/PR+/Her2-, and thus fu-
ture research will be needed to investigate the role that these subtypes
might play in the interaction between breast cancer tumorigenesis and
NR3C1 methylation. As a final note, since only 15% of breast cancer tu-
mors shower hypermethylation of NR3C1, while decreased NR3C1 ex-
pression was observed in almost all breast cancer tumors, future
research should also aim to further identify other mechanisms through
which NR3C1 and GR expression are downregulated in breast cancer
tumors.

3.2.2. Small Cell Lung Cancer
Kay et al. (2011) conducted an analysis of 14 SCLC cell lines in com-

parison with a variety of other cancer control cell lines, including non-



338 M.A. Argentieri et al. / EBioMedicine 18 (2017) 327–350
small cell lung cancer (NSCLC) cells and peripheral mononuclear blood
cells taken from healthy donors. They found that there was a significant
difference inmethylation levels between SCLC cases and controls at sev-
eral CpG sites in the 1C promoter, as well as a significant difference in
methylation levels across the whole 1C promoter region. They also ob-
served a significant association between the number of methylated
CpGs and GR expression within the panel of 14 SCLC cell lines. As the
only cell line study in our review to employ prospective methods, Kay
et al. were able to provide causal support of this association by demon-
strating that after treatment with a demethylating agent (decitabine),
NR3C1 mRNA and GR protein levels increased dramatically in SCLC
DMS79 cells, but not in controls or NSCLC cells. The authors therefore
suggest that DNA methylation plays a role in regulating NR3C1 expres-
sion in human SCLC cells, but not NSCLC cells, and predict that this in-
crease in expression would restore glucocorticoid sensitivity to these
cells. Decitabine has been actively employed, along with its sister drug
azacitidine, in the treatment of other cancers that rapidly divide such
as acute myeloid leukemia (AML) and myelodysplastic syndromes
(MDS) (Tseng et al., 2015; Falini et al., 2015). As such, further studies
are needed to confirm the benefits of decitabine to regulate NR3C1 ex-
pression in SCLC cancers in vivo.

Importantly, Kay et al. also showed that this increase inNR3C1 andGR
expression after decitabine treatment led to several further changes in
the SCLC cell lines, including increased cortisol sensitivity, and increases
in cleaved caspase-3 activity and decreases in BCL-2 gene expression,
both of which indicate cell apoptosis. Indeed, after 5 days of decitabine
treatment, the SCLC cell lines underwent cell death. Combined, these
data suggest that demethylation of NR3C1 leads to increased gene and
protein expression, which in turn promote SCLC cell death in a similar
manner to that for conventional SCLC tumor suppressor genes. Although
demethylating agents are currently an underutilized spectrum of drugs,
we anticipate that targeted use of demethylating agents for specific
CpG sites within glucocorticoid regulatory genes may offer novel ave-
nues to lyse rapidly growing tumor cells.

3.2.3. Colorectal and other cancers
One final study showed an increasing methylation frequency of

NR3C1 from colorectal adenomas to carcinomas among 103 Norwegian
patients, and demonstrated that microsatellite instable (MSI) carcino-
mas had significantly increased NR3C1 promoter methylation in com-
parison to microsatellite stable (MSS) tumors (Ahlquist et al., 2008).
However,NR3C1was not among the genes identified as themost prom-
ising biomarkers for early detection of colorectal tumors. Unlike the re-
sults reported on breast cancer, above, this study did not find NR3C1 to
be differentially methylated between colorectal tumors and normal
colon mucosa in healthy individuals. They did find several other genes
(e.g., Vimentin, ADAMTS1, andMAL) thatweremethylated in carcinomas
and completely unmethylated in normal mucosa of healthy individuals,
thus making methylation of those genes more promising biomarker
candidates for early, non-invasive detection of colorectal cancer tumors.
In another study included in our review, NR3C1 promoter methylation
was similarly observed in colon cancer cell lines and colon cancer tis-
sues (while also shown to be unmethylated in non-cancerous tissue
from the same individuals), and thismethylationwas significantly asso-
ciated with reduced gene expression (Lind et al., 2006). However, the
authors were unable to determine if the observedmethylationwas spe-
cific to colon cancer, and two other genes, ADAMTS1 and CRABP, showed
much higher methylation frequencies. Therefore, future research is
needed to confirm the extent to which NR3C1 methylation is involved
in colon cancer tumorigenesis.

NR3C1methylation does not seem likely to serve as an early detection
biomarker for ovarian (Wu et al., 2007) or gastric cancers (Kang et al.,
2008; Hiraki et al., 2011) because of non-significantmethylation patterns
found, or because other genes have been identified that showmuchmore
significant patterns of DNAmethylation. Interestingly, however, Sanchez-
Vega and Gandhi (2009) showed that histone H3 was trimethylated on
Lys4 (3 mK4) in exons 1C, 2, and 3, and throughout intron B of NR3C1
RNA in glucocorticoid-sensitive myeloma cells, but not glucocorticoid re-
sistant cells. Thus, the authors concluded that while NR3C1 promoter
methylation is likely not implicated in the development of glucocorticoid
resistance in myeloma cells, histone modification—another epigenetic
mechanism—likely plays a role, and may influence glucocorticoid
resistance.

3.3. Renal, Metabolic, and Inflammatory Diseases

Table 4 summarizes the 3 studies included in our review that inves-
tigated FKBP5 and NR3C1 methylation in relation to renal, metabolic,
and inflammatory diseases.

3.3.1. Chronic Kidney Disease
In an epigenome-wide methylation analysis of 407 white partici-

pants from the UK (Smyth et al., 2014), FKBP5 emerged as a strong bio-
marker candidate for chronic kidney disease (CKD), with significantly
lower methylation observed in CKD cases versus healthy controls at
three CpG sites (one in an enhancer in intron 4, and two in the 5′UTR re-
gion in the north and south shores of a CpG island). Hypomethylation of
FKBP5 was not associated with a change in gene expression, although
this study had an extremely small subsample for expression analyses
(2 CKD cases versus 2 healthy controls). The Klengel et al. (2013)
PTSD study described later in this review, however, has documented
an association between decreased FKBP5 methylation and increased
stress-dependent gene transcription of FKBP5.

3.3.2. Other Inflammatory Diseases
NR3C1 methylation has also been investigated in relation to several

inflammatory diseases. In a study of 95 women from Belgium (Vangeel
et al., 2015),mean andCpG site-specificNR3C1 1F promoter hypomethy-
lation was seen in those with chronic fatigue syndrome (CFS; clinically
diagnosed according to U.S. CDC criteria [Fukuda et al., 1994]) compared
with healthy controls. In a study of 30 Chinese patients (Chen et al.,
2015), there were significantly higher mean methylation levels across
four NR3C1 first exon promoters (1D, 1E, 1F, and 1H) between systemic
lupus erythematosus (SLE; clinically diagnosed according to American
College of Rheumatology revised criteria [Hochberg, 1997]) and healthy
control patients, but no results were reported for each of the individual
promoters. Site-specific CpGmethylation varied greatly between SLE in-
dividuals in this region, with no patterns of common CpG site methyla-
tion emerging among the entire SLE group. There was also an inverse
association in the SLE group between the overall mean methylation sta-
tus of the 4 promoters and GRαmRNA expression, which is the active 3′
GR isoform. Caution should be taken in interpreting these associations,
however, as a recent epigenome-wide methylation analysis of Japanese
monozygotic twins discordant for SLE identified differential methylation
and expression of 5 genes that may be important in the pathogenesis of
SLE, but NR3C1 was not among these (Furukawa et al., 2013).

3.4. Mental Health Outcomes

Table 5 summarizes the 16 studies that have investigatedNR3C1 and
FKBP5 methylation status in relation to mental health outcomes. To
date, DNA methylation of other genes along the HPA axis has not been
investigated in relation to any mental health outcomes.

3.4.1. Post-traumatic Stress Disorder
One study showed a strong association between FKBP5methylation

and PTSD (Klengel et al., 2013). Specifically, those from the U.S. Grady
Trauma Project Cohort (N = 1963) who experienced child abuse (mea-
sured via self-report by the CTQ [Fink et al., 1995]) with a known risk al-
lele (rs1360780) for PTSD, but not those with the protective allele,
showed greater adult PTSD symptoms (measured via self-report by the
mPSS scale [Falsetti et al., 1993; Foa and Tolin, 2000]), and also greater



Table 4
Associations between FKBP5/NR3C1methylation and renal, metabolic, and inflammatory diseases.

Authors
Study
design Gene Method Tissue type Exposure/Outcome Sample Results

Smyth
et al.
(2014)

Case-control Epigenome-wide
(FKBP5)

Illumina
methylation assay
(Infinium 450 K
BeadChip)

Peripheral
blood
(leukocytes)

None/chronic
kidney disease

N = 407 individuals of white
ancestry from the United
Kingdom

Cases: 255 individuals with
chronic kidney disease (CKD)
(median age: 36.2 years; 132
male)

Controls: 152 individuals with no
evidence of renal disease (median
age: 36 years; 76 male)

• Based on epigenome-wide
methylation analyses, FKBP5
and 5 other genes (CUX1,
ELMO1, INHBA-AS1, PTPRN2, and
PRKAG2) were strong candi-
dates for kidney disease bio-
markers

• Three CpG sites in FKBP5 (one in
an enhancer region of intron 4,
and two in the 5’UTR region)
were identified that showed
significantly decreased methyl-
ation in cases compared to con-
trols

• None of the six genes identified
demonstrated significant chang-
es in gene expression

Vangeel
et al.
(2015)

Case-control NR3C1 Base-specific
cleavage/MALDI-TOF
mass spectrometry
(EpiTYPER)

Peripheral
blood
(whole
blood)

Childhood
trauma/chronic
fatigue syndrome

N = 95 women from Antwerp,
Belgium

Cases: 76 female patients with
chronic fatigue syndrome (CFS)
(mean age: 44.2 years). 46 had
no/mild childhood trauma, and 30
with moderate/severe childhood
trauma

Controls: 19 healthy controls
(mean age: 43.2 years)

• Found a significantly lower
mean methylation level in exon
1F and the 1F promoter in those
with CFS versus controls

• After Bonferroni correction,
CpGs 1–5 were significantly
hypomethylated in those with
CFS

• Reported no difference in meth-
ylation within the CFS group
between those with and with-
out childhood trauma, a history
of lifetime major depression,
lifetime anxiety disorder, or fi-
bromyalgia

• In CFS and controls, methylation
at CpGs 1–5 was associated with
higher salivary cortisol

Chen
et al.
(2015)

Case-control NR3C1 Methylation-specific
PCR

Peripheral
blood
(PBMC)

None/SLE N = 30 Chinese patients

Cases: 15 newly emerging
systemic lupus erythematosus
(SLE) patients (mean age:
28·2 years; 13 female) recruited
from a Chinese hospital. All SLE
patients were steroid-naïve

Controls: 15 healthy volunteers
(mean age: 27·9 years)

• CpG site methylation differed
between SLE cases and controls
for each of the 4 first exon pro-
moters studied, however site-
specific results are only report-
ed for the 1D promoter

• There was a significant differ-
ence in mean methylation levels
across the 4 promoters between
SLE and control patients (16.29
vs. 10.65)

• There was a negative associa-
tion between the overall mean
methylation status of the 4 pro-
moters and GRα mRNA expres-
sion in the 15 SLE patients
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lifetime PTSD (clinically-diagnosed via the CAPS scale [Weathers et al.,
2001]; N = 519). In subsequent analyses among a mostly African
American subsample of 76 adults from the Grady Cohort, child abuse-
exposed risk allele carriers showed an average decrease of 12.3% in
DNA methylation in a bin of 3 CpGs arranged around glucocorticoid re-
sponse elements in intron 7 (bin 2) compared to those abused without
the risk allele or those not abused with or without the risk allele. This
same site showed no association with adult trauma (measured by the
TEI [Binder et al., 2008]), pointing to a sensitive window in childhood
for such epigenetic programming. These results were further replicated
in a smaller cohort of African American women (N = 57).

The authors of this study also determined that childhood abuse was
associated with increased expression of 76 GR-responsive immune sys-
tem genes, and that FKBP5 demethylation at intron 7 bin 2was associat-
ed with altered GR sensitivity in peripheral blood. This latter result
suggested an enhancement of the ultra-short feedback loop between
the GR and FKBP5, which leads to increased GR resistance. Lastly, de-
methylation of FKBP5 intron 7 in a subset of the replication cohort was
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also associated greater volumeof the right hippocampal head—a change
that indicates greater stress hormone system reactivity—thus showing a
connection between abuse-related methylation changes in peripheral
blood and effects in the central nervous system (greater detail given
in Table 5).

This paper represents a serious advancement in understanding the
functional epigenetic pathways contributing to PTSD. Based on these re-
sults, the authors have put forward a model of PTSD pathogenesis in
which FKBP5 intron 7 demethylation—induced by long-lasting cortisol
exposure (Yang et al., 2012) as a result of childhood abuse and risk allele
status—leads to a tightening of the ultra-short feedback loop between
theGR and FKBP5 by local activation of the GR complex in peripheral tis-
sue (which prolongs the stress cascade). On a systems level, these
changes lead to GR resistance, alterations to stress hormone, neuronal,
and other GR-responsive systems, and ultimately, higher risk for PTSD
(see Fig. 7).

Although not as rich in functional analyses, the results reported on
NR3C1 methylation levels and PTSD show the most uniform trend for
NR3C1 methylation in relation to any mental health outcome in the
literature—all studies show lower methylation despite examining dif-
ferent NR3C1 promoter regions (see Figs. 4–5).

One study of 46 individuals from Canada showed that those with
lifetime PTSD (assessed via the CAPS scale) showed lower overall
NR3C1methylation at the 1B and 1Cpromoters comparedwith controls,
with site-specific hypomethylation found in the 1B and 1C promoters
(Labonte et al., 2014). One CpG site in the 1C promoter region, however,
was significantly hypermethylated. Furthermore, an association was
found between overall and site-specific hypomethylation in the NR3C1
1B promoter and both higher total mRNA expression levels for NR3C1
and higher relative mRNA expression levels for the 1B promoter. Corti-
sol levelswere positively associatedwithmethylation levels at CpG sites
11 and 13 in exon 1B. No associationwas found, however, between total
methylation in the 1C promoter and relative NR3C1 1C mRNA expres-
sion or cortisol levels.

Another study of 16 racially diverse combat veterans being treated
for PTSD with prolonged exposure (PE) therapy in New York found
that methylation levels could predict treatment response (Yehuda
et al., 2013). Specifically, those with higher methylation of the 1F pro-
moter had significantly lower post-treatment PTSD symptom severity
(clinician-assessed via CAPS) and a significantly greater reduction in
PTSD symptom severity from pre- to post-treatment, suggesting that
higher NR3C1methylationmay be a useful marker for better PTSD prog-
nosis andmay evenmediate disease progression. The authors also inves-
tigated FKBP5 methylation, although unlike NR3C1, FKBP5 promoter
methylation did not predict treatment outcome or symptom severity.
However, higher FKBP5 promoter methylation associated cross-
sectionally with measures of cortisol at pre-treatment and ACTH at
post-treatment. This led the authors to conclude that FKBP5 promoter
methylation may be associated with changes in HPA axis activity con-
nected to changes in PTSD symptom expression, rather than upstream
regulation of cortisol.

Furthermore, among a racially diverse sample of 122 combat vet-
erans recruited from two hospitals in New York, those with PTSD
(clinician-assessed via CAPS) showed significantly lower overall
methylation of the NR3C1 1F promoter, compared with those with-
out PTSD, with site-specific significant differences at CpGs 23 and
39 (Yehuda et al., 2015a). 1F promoter methylation was not associat-
ed with NR3C1 1F expression, except at CpG site 23, however lower
1F promotermethylation levels were associatedwith greater cortisol
decline in response to dexamethasone treatment, and associated
with poorer sleep quality, higher peritraumatic dissociation, and
higher psychiatric distress. Early life trauma exposure (measured
by the ETI [Bremner et al., 2000]) was not associatedwith 1F promot-
er methylation.

Lastly, in a study of 224 survivors of the Rwandan genocide
(Vukojevic et al., 2014), lowermethylation levels at a CpG site embedded
in a transcription factor (NGFI-A) binding site of the NR3C1 1F promoter
were significantly associated with greater PTSD symptom severity
(assessed via the PDS [Foa et al., 1997]) related to re-experiencing trau-
matic events (intrusivememories) inmen but not inwomen. Thismeth-
ylationwas not associatedwith the severity of PTSD symptoms related to
avoidance and hyperarousal, indicating that the methylation changes at
this sitewere likely related to thememory aspects of PTSD. Highermeth-
ylation levels at this site were also significantly associated with a lower
lifetime PTSD risk in men but not in women. Importantly, however, the
authors did not find a significant difference in methylation at this CpG
site between the Rwandan genocide and healthy Swiss samples, mean-
ing that methylation at this site may be a more stable trait that
preexisted genocide trauma, or reflects a trauma or stress earlier in life.

Although the literature on PTSD from this review lends the strongest
support to a connection betweenNR3C1methylation andmental health,
the results reported are mixed on the connection between this methyl-
ation and adverse childhood experiences. For instance, Yehuda et al.
(2015a) reported no association between NR3C1 1F promoter methyla-
tion and early life trauma exposure (measured by the ETI) in combat
veterans with PTSD, and Vukojevic et al. (2014) found no difference in
NR3C1 1F promoter methylation between those who had survived the
Rwandan genocide and Swiss controls. These results indicate that
great care needs to be taken in future research to identify if trauma at
different points in life or slightly different forms of trauma have differ-
ential effects on NR3C1 methylation and development of PTSD.

3.4.2. Alzheimer's Disease
One study examiningmedial temporal gyrus brain tissue from 15 el-

derly U.S. adults found that one CpG site in intron 7 and two CpGs in the
promoter of FKBP5 showed significant hypomethylation in Alzheimer's
disease (AD) cases versus healthy controls (Blair et al., 2013). One
CpG in intron 2, however, showed significant hypermethylation.
mRNA expression analyses in a separate and larger sample (N = 59)
showed that FKBP5 expression was significantly higher in AD cases ver-
sus healthy controls, and that increased FKBP5 expression was signifi-
cantly associated with Braak staging—a clinical tool used to assess the
degree of pathology in AD (Braak and Braak, 1991)—even when evalu-
ating the oldest samples alone. These results show a promising initial
association between altered FKBP5 methylation levels and AD. Further
research in larger, more adequately powered samples is needed, how-
ever, to directly identify the genomic region of FKBP5wherein methyla-
tion is functionally associatedwith the differing FKBP5 expression levels
observed between AD cases and healthy controls. This same study also
experimentally determined in mouse models that overexpression of
FKBP5 preserves the soluble species of tau proteins that have been
linked to AD (Lasagna-Reeves et al., 2012; de Calignon et al., 2010;
Santacruz et al., 2005; de Calignon et al., 2012), and so if FKBP5methyl-
ation levels at certain sites can be linked with FKBP5 expression, then
these results would point towards a biologically plausible role of
FKBP5 methylation in leading to AD and expediting pathogenesis
through encouraging the production and accumulation of toxic tau
proteins.

Research to date on NR3C1 and AD has showed no differences in
methylation between healthy controls and those with AD, Parkinson's
disease, or dementia (Moser et al., 2007). This study, however, suffered
from a small sample size (5 controls vs. 27 cases).

3.4.3. Depression
Results reported on depression are mixed (see Figs. 4–5), although

several different types of tissue were analyzed between studies. Among
117 participants from Korea (Na et al., 2014), those with major depres-
sive disorder (MDD; clinically-diagnosed using the Korean version of
the SCID-IV [Hahn et al., 2000]) had significantly lower blood NR3C1
methylation at CpGs 3–4 of the 1F promoter comparedwith healthy con-
trols, and among those with MDD, those with higher perceived stress
showed even lower methylation at CpG3 of the 1F promoter.
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Conversely, in an analysis of 1668 Swedish women with a low ex-
pression variant of MAOA (MAOA-L) (Melas et al., 2013), parental loss
in early in life was associated with increased saliva DNA methylation
levels at CpG site 35of the 1F promoter, and increased risk of developing
depression (self-reported using the MDI [Bech et al., 2001]) compared
to those with the MAOA-H genotype. A study of 759 participants from
the Dutch famine birth cohort (Veenendaal et al., 2012) also found
that increased blood NR3C1 methylation was associated with higher
levels of anxiety and depression (self-reported using the anxiety and
depression subscales from a Dutch translation of the HADS [Zigmond
and Snaith, 1983]), but at the 1C promoter.

In contrast to the above studies, another study using hippocampal
tissue from 12 brain tissue donors in the Netherlands found no differ-
ence in tissue methylation levels between MDD donors (confirmed
post-mortem by a psychiatrist examining medical records according
to DSM-IV criteria) and healthy controls across a number of regions in
NR3C1 (exon 1J and 1B, and promoters 1J, 1E, 1B, and 1F) (Alt et al.,
2010).

To summarize, then, depression has been associated with: (a) lower
bloodmethylation of the exon 1F promoter (Na et al., 2014); (b) higher
saliva methylation of the exon 1F promoter (Melas et al., 2013) and
higher blood methylation of the 1C promoter (Veenendaal et al.,
2012); and (c) no change in hippocampal methylation at exon 1J, and
the 1B and 1F promoters (Alt et al., 2010). The discrepancies in findings
between studies, however, may be largely driven by the different forms
of stress or adversity that were analyzed, the different promoter regions
analyzed, or perhaps even the different tissue types analyzed. While Na
et al. (2014) demonstrated that current perceived stress (measured via
the PSS [Cohen et al., 1983]) in depressive patients was associated with
lower NR3C1 1F promoter methylation, Melas et al. (2013) found that
early childhood trauma, measured as early parental death, parental di-
vorce, or early childhood financial constraints (assessed via original
measures in the PART questionnaire), was associated with increased
methylation of the 1F promoter and depression. Veenendaal et al.
(2012), on the other hand, found an association between increased
NR3C1 1C promoter methylation and depression, but no association be-
tween NR3C1 1C promoter methylation and early childhood adversity
when looking at gestational exposure to famine as a measure of early
childhood adversity.

It is important to point out here that none of the above studies on de-
pression measured NR3C1 expression or cortisol levels. Although Na
et al. (2014) suggest that NR3C1methylationmay occur in a compensa-
tory pattern opposite of HPA activity, the authors could not determine
whether the HPA axis was hypoactive in their MDD sample. Therefore,
the functional and biological mechanisms connecting HPA axis gene
methylation levels and depression remain largely unknown. This may
also account for the discrepancy in the results reported, as methylation
of specific CpG sites in NR3C1 may simply prove to have no functional
contribution towards depression. Future research on depression should
aim to elucidate which regions of NR3C1 play a functional role in the re-
lationship between early childhood adversity, NR3C1methylation, and
depression through at least measuring cortisol and NR3C1 expression
levels.

One study examined FKBP5 methylation in relation to depression
(Höhne et al., 2015). Among 96 German participants from the Early De-
velopmental Stages of Psychopathology (EDSP) study, subjects with the
FKBP5 rs1360780 T risk allele genotype and a lifetime history of major
depression (MD; self-reported via the M-CIDI [Wittchen et al., 1998])
had a 10% higher DNA methylation rate in intron 7 of FKBP5 than
healthy controls with the same genotype, although posthoc compari-
sons did not reach significance and only showed a non-significant
trend. The authors note that this was likely due to a small, inadequately
powered sample. The same study found altered cortisol and expression
levels after a stress test in healthy adults but not in depressed cases,
which suggests that methylation of another region of FKBP5 may be
more functionally important in depression. Future research should
investigate early life stress (and, if necessary, alsomeasure and compare
levels of current stress), use greater sample sizes, and explore different
regions of FKBP5 known to be sensitive to psychosocial or early life
stress.

3.4.4. Bipolar Disorder
One study examined the role of FKBP5methylation in bipolar disor-

der (BD) (Fries et al., 2015). Among 68 Brazilian adults, those with BD
(clinically diagnosed according to DSM-IV Axis I criteria) showed signif-
icantly higher methylation of one CpG in intron 7 of FKBP5 compared
with their siblings, and significantly higher methylation of one CpG in
intron 2 compared with non-related healthy controls. No association
was found, however, between DNA methylation and basal FKBP5
mRNA and protein levels.

3.4.5. Borderline Personality Disorder and Eating Disorders
The results concerning NR3C1 methylation and borderline per-

sonality disorder (BPD) are also mixed. In a sample of 36 patients
from Switzerland, significantly increased methylation of NR3C1 exon
1B was found at CpG1 and CpG5 in BPD patients (clinically diagnosed
according to DSM IV criteria), but the low level of methylation changes
observed relative to other candidate genes led the authors to conclude
that NR3C1 methylation is likely not a suitable biomarker for BPD
(Dammann et al., 2011). A further study of 101 Swiss subjects with
BPD (clinically assessed via the SCID-II [First et al., 1994]) and 99 MDD
controls (clinically assessed via the French version of the DIGS [Preisig
et al., 1999]) showed that those with BPD and no sexual abuse had sig-
nificantly greater NR3C1 exon 1F methylation compared with those
with MDD and no sexual abuse (Perroud et al., 2011a).

In another sample of 96 U.S. women between the ages of 17 and 48,
women with bulimia nervosa (BN; self-reported according to DSM-IV-
TR criteria) with comorbid BPD (self-reported via the SCID-II) showed
elevated, but non-significant methylation at CpG sites 10 and 21 in the
promoter of NR3C1 exon 1C, compared with non-eating disordered
controls (Steiger et al., 2013). BN women with comorbid suicidality,
on the other hand, showed significantly elevated methylation in CpG
sites 10, 22, and 29 in the 1C promoter, compared to non-eating disor-
dered controls. BN women with comorbid BPD also displayed signifi-
cantly lower methylation at the 1H promoter when compared to BN
womenwith no BPD or non-eating disordered individuals. These results
suggest that NR3C1methylation may act as an epigenetic process regu-
lating comorbid BPD and suicidality expression in BN, rather than being
directly implicated in the pathogenesis of BPD, although they doprovide
indication that 1H hypomethylation, specifically, may be associated
with BPD.

A recent epigenome-wide methylation study of 96 Swiss subjects
with BPD did not find high DNAmethylation levels of NR3C1 in relation
to methylation levels of 14 other candidate genes identified (Prados
et al., 2015), however future research should try to determine if
NR3C1 methylation plays a more prominent role in development of
BPD among those who have experienced early childhood adversity.
One study not included in this review (Martin-Blanco et al., 2014)
found that among 281 Spanish subjects with BPD (clinically-assessed
via a Spanish version of the SCID-II [Gómez-Beneyto et al., 1994]),
there was a positive association between mean DNA methylation of
NR3C1 exon 1F and childhood physical abuse (measured via the CTQ).
Site-specificmethylation at three CpGs also showed a significant associ-
ation with physical abuse and emotional neglect in childhood (mea-
sured via the CTQ), and with unemployment. Greater BPD severity
scores were also associated with exon 1F methylation at 4 different
CpG sites. The study by Perroud et al. (2011a), included in our review,
also showed that among those with BPD, increased severity of child-
hood sexual abuse and childhood physical neglect (measured by the
CTQ) were significantly associated with increased NR3C1 1F promoter
methylation, and that those with one reported experience of abuse
had less methylation than those reporting two or more experiences of



Table 5
Associations between FKBP5/NR3C1 methylation and mental health outcomes.

Authors Study design Gene Method Tissue type Exposure/Outcome Sample Results

Klengel
et al.
(2013)

Case-control;
in vitro cell
lines

FKBP5 Pyrosequencing Peripheral blood
(whole blood)

Childhood
abuse/PTSD

N = 76 mostly African American U.S. adults from the Grady
trauma project

Cases: 30 individuals that experienced both physical and
sexual child abuse (mean age: 41.46 years; 28 females; 27
African American, 2 white, 1 mixed ethnicity)

Controls: 46 individuals without any childhood trauma (mean
age: 40.97 years; 36 females; 45 African American, 1 other
ethnicity)

• The authors confirmed that a known a risk allele
(rs1360780) for PTSD after childhood trauma affects chro-
matin conformation and transcription

• Exposure to childhood trauma significantly increased the
risk of lifetime PTSD in risk allele carriers, but not in car-
riers of the protective genotype

• Child abuse-exposed risk allele carriers showed an average
decrease of 12.3% in DNA methylation in intron 7 (bin 2) of
FKBP5 compared to those abused without the risk allele or
those not abused with or without the risk allele

• In hippocampal progenitor cell lines, intron 7 bin 2 also
showed significant demethylation after treatment with
dexamethasone. This demethylation remained unchanged
after 20 days in a culture steroid-devoid medium, which
indicates that there is a stable epigenetic memory of GC-
induced demethylation

• Demethylation of intron 7 bin 2 was shown to associate
with higher DEX IC50 in peripheral blood from a replication
cohort (N = 34), suggesting an enhancement of the ultra-
short feedback loop between FKBP5 and the glucocorticoid
receptor (GR) that leads to increased GR resistance

• FKBP5 hypomethylation was significantly associated with
greater volume of the right hippocampal head

Labonte
et al.
(2014)

Case-control NR3C1 Base-specific
cleavage/MALDI-TOF
mass spectrometry
(EpiTYPER)

Peripheral blood
(T-lymphocytes)

None/PTSD N = 46 individuals in Montréal, Canada

Cases: 30 individuals meeting DSM-IV criteria for lifetime
PTSD (average age: 43.4 years; 15 female)

Controls: 16 individuals with a negative trauma history
(average age: 36.9 years; 8 female), but no lifetime trauma,
and no current psychiatric diagnosis

• Individuals with lifetime PTSD showed lower morning cor-
tisol release, and higher mRNA expression of total NR3C1
and the 1B and 1C promoters

• Lower overall methylation levels in PTSD individuals were
found in the 1B and 1C promoter regions

• Site-specific hypomethylation was found at 1B CpG sites
2–4, 11, 13, and 14, and 1C CpG sites 40–41. CpG 51 in the
1C promoter was significantly hypermethylated in the
PTSD group

• There was a negative association between overall methyl-
ation levels in the 1B promoter and NR3C1 total and 1B
relative mRNA expression levels, with site-
specific associations at 1B CpG sites 2–4, 11, and 13

• Methylation levels at 1B CpG sites 11 and 13 were posi-
tively associated with cortisol levels. There was no associa-
tion between total methylation in the 1C promoter and
relative NR3C1 1C mRNA expression or cortisol levels

Yehuda
et al.
(2013)

Pro-spective NR3C1,
FKBP5

Bisulfate sequencing
(nested PCR)

Peripheral blood
(PBMC)

PE/PTSD N = 16 combat veterans (14 men, 2 women) being treated
for PTSD in the Bronx, NY who completed prolonged
exposure (PE) psychotherapy.
Participants had no significant illness that would interfere
with interpretation of biological data, no regular use of
benzodiazepines or oral steroids, a BMI b40, smoked less
than two packs per day, no substance abuse or dependence
within the last 6months, and no lifetime history of
schizophrenia, schizoaffective disorder, bipolar disorder,
obsessive compulsive disorder

NR3C1:

• Responders to PE at pre-
treatment had greater average number of methylated CpG
sites in the 1F promoter than non-responders

• Higher pre-treatment levels of methylation were signifi-
cantly associated with both lower post-treatment PTSD
symptom severity and a greater reduction in symptom se-
verity from pre- to post-treatment

• Higher post-treatment methylation also predicted lower
self-reported, but not clinician-rated, PTSD symptoms later
at follow-up.

• Pre-treatment methylation was positively associated with
post-treatment 24 h–urinary cortisol levels
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FKBP5:

• FKBP5 methylation showed a decrease in PE treatment
responders at follow-up, but an increase in non--
responders

• Higher FKBP5 methylation at pre-treatment was associ-
ated with lower cortisol levels at pre-treatment

• Post-treatment FKBP5 methylation was also associated
with lower ACTH levels

• Lower FKBP5 methylation at follow-up was associated
with greater clinical-rated PTSD symptom severity at
post-treatment, and both higher urinary and plasma
cortisol levels at post-treatment

Yehuda
et al.
(2015a)

Case-control NR3C1 Bisulfate sequencing
(nested PCR)

Peripheral blood
(PBMC)

DEX treatment/PTSD N = 122 male combat veterans recruited from two hospitals
in New York City

Cases: 61 veterans with PTSD (mean age: 34.2 years)

Controls: 61 veterans without PTSD (mean age: 33 years)

• Significantly lower methylation rates in the 1F promoter
were observed across the 39 CpG sites in the PTSD individ-
uals compared with controls, even after controlling for co-
variates

• Site-specific hypomethylation was also observed at CpG
sites 23 and 39 for PTSD individuals

• There was no overall significant association between 1F
promoter methylation and expression, however methyla-
tion at CpG site 23 was negatively associated with NR3C1
1F expression

• Lower 1F promoter methylation levels were associated
with greater cortisol decline in response to Dexamethasone
(DEX) treatment, and associated with poorer sleep quality,
higher peritraumatic dissociation, and higher psychiatric
distress

• Early life trauma exposure was not associated with 1F pro-
moter methylation

Vukojevic
et al.
(2014)

Case-control NR3C1 Pyrosequencing Saliva DNA Rwandan
genocide/PTSD

N = 224 adults from Rwanda and Switzerland

Cases: 152 survivors from the 1994 Rwandan genocide (69
females, 83 males; median age: 35 years) who lived as refu-
gees in Uganda (93 with lifetime PTSD, and 59 individuals
without PTSD)

Controls: 72 healthy young Swiss subjects (47 females, 25
males; median age: 23 years)

• Methylation levels at the CpG 3 site (embedded in an
NGFI-A binding site) in the 1F promoter were negative-
ly associated with the severity of PTSD symptoms relat-
ed to re-experiencing traumatic events in men but not
in women

• Higher methylation levels at CpG 3 were also signifi-
cantly associated with a lower lifetime PTSD risk in men
but not in women

• No significant difference in CpG 3 methylation between
the Rwandan and Swiss samples

• In a subset of 24 healthy (12 females and 12 males)
subjects, methylation at the CpG 3 site associated sig-
nificantly with both exon 1F and total NR3C1 expression

Blair et al.
(2013)

Case-control FKBP5 Pyrosequencing Brain tissue
(medial
temporal gyrus)

Alzheimer's disease N = 15 U.S. elderly adults.

Cases: 10 elderly adults with Alzheimer's disease (AD; mean
age: 85,6 years; 5 males)

Controls: 5 elderly adults without AD (mean age: 92,2 years;
4 males)

• AD cases showed significant hypomethylation at 3 CpG
sites (one in intron 7 and two in the promoter) and hyper-
methylation at 1 CpG site (in intron 2).

• Among another set of brain samples diagnosed with AD
(N = 26; mean age: 85.7 years) and age-matched control
samples (N= 33; mean age: 84·2 years), FKBP5 expression
was significantly higher in AD samples compared with
controls.

• Expression was much higher in adults with AD aged
70–80 years compared to adults N80 years.

• Expression for older (N80 years) AD and non-demented
adults were the same.

• Increased FKBP5 expression levels were significantly asso-
ciated with increased Braak staging.

(continued on next page)
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Table 5 (continued)

Authors Study design Gene Method Tissue type Exposure/Outcome Sample Results

Moser
et al.
(2007)

Case-control NRC31 Methylation-specific
PCR

Post-mortem
hippocampal
tissue

None/Parkinson's
disease, presenile and
senile
dementia-Alzheimer's
type, dementia

N = 32 subjects from Germany

Cases: 27 subjects (12 males/20 females, mean age 80·1
years/82·6 years) with various diagnoses: Parkinson's
disease (nine), presenile dementia-Alzheimer's type (two),
senile dementia- Alzheimer's type (SDAT; eight), dementia
(eight)
Controls: 5 subjects without any diagnoses

• CpG sites 2–8 (including 2 in an NGFI-A binding site) were
unmethylated in humans

• Two CpG sites were methylated: CpG1 was unmethylated
in nine subjects, and methylated to 10% in a single subject,
whereas CpG9 was methylated ranging from 80 to 100% in
all subjects

• For controls, methylation level of the naturally imprinted
IGF2 gene were highly variable between individuals, which
confirmed that neither age, dementia, nor Parkinson's dis-
ease interfered with methylation in the sample
investigated

Na et al.
(2014)

Case-control NR3C1 Pyrosequencing Peripheral blood
(doesn't specify)

MDD, structural brain
alterations

N = 117 participants from Soeul, Korea with no history of
comorbid axis I or II disorders, no psychotic features, no
history of taking antidepressants or history of primary
neurologic diseases, and no organic brain lesions

Cases: 45 individuals with major depressive disorder (MDD)
(34 female).

Controls: 72 healthy individuals (51 male)

• Patients with MDD had significantly lower methylation at
CpGs 3–4 in the 1F promoter compared to controls

• NR3C1 CpG methylation was associated with increase in
hippocampus subfield volumes in a significantly greater
number of regions in patients with MDD compared to
healthy controls

• Perceived stress had a negative association with methyla-
tion at CpG3 in patients with MDD

Melas et al.
(2013)

Nested
case-control

NR3C1 Base-specific
cleavage/MALDI-TOF
mass spectrometry
(EpiTYPER)

Saliva DNA Early parental
death/depression

N = 1668 participants from the PART study in Stockholm
County, Sweden (male median age: 56; female median age:
58)

Cases: 392 individuals diagnosed with major depression,
mixed anxiety depression, or dysthymia (285 females and
107 males)

Controls: 1276 individuals with no symptom of depression,
anxiety (708 females and 568 males)

• MAOA-L females with childhood adversities had a higher
risk of developing depression compared to those with the
MAOA-H genotype

• Females who lost a parent early in life had increased DNA
methylation levels at CpG site 35 of the NR3C1 1F pro-
moter

• MAOA polymorphisms mediated NR3C1 methylation:
early parental death was associated with increased NR3C1
methylation levels only in MAOA-L individuals

Veenendaal
et al.
(2012)

Case-control Four
genes,
including
NR3C1

Methylation-specific
PCR

Peripheral blood
(leukocytes)

Prenatal exposure to
famine/depression,
diabetes,
cardiovascular
disease

N = 759 participants from the Dutch famine birth cohort
(mean age: 58 years; 349 [46%] men)

Cases: 319 participants who had been exposed to famine in
utero

Controls: 440 participants who hadn't been exposed to
famine

• Exposure to famine during gestation was not associated
with NR3C1 1C promoter methylation

• Increased 1C promoter methylation status was associated
with higher levels of anxiety and depression, lower self--
perceived health, lower body mass index (BMI), higher
levels of physical activity, and non-smoking

• 1C promoter methylation was not associated with glucose or
insulin levels, nor with a range of factors associated with
coronary heart disease: HDL, LDL, cholesterol, triglycerides,
blood pressure, and intima-media thickness

Alt et al.
(2010)

Case-control NR3C1 Pyrosequencing Hippocampus None/MDD N = 12 brain tissue donors from Amsterdam, Netherlands

Cases: 6 brain samples from patients with MDD and without
documented history of childhood abuse (median age:
70.83 years; 2 females)

Controls: 6 brain samples from donors without diagnosed central
nervous system (CNS) disease or long-term psychotropic
medication (median age: 72.5 years; 3 females)

• Low methylation levels in 3 promoter regions were found
in both MDD and the control group, with the exception of
promoter 1B

• No significant difference in methylation patterns was
found between MDD and control groups

Höhne
et al.
(2015)

Case-control;
pro-spective

FKBP5 Base-specific
cleavage/MALDI-TOF
mass spectrometry
(EpiTYPER)

Peripheral blood
(whole blood)

Childhood averse
events, lifetime
history of
depression/major
depression

N = 96 white German participants in the Early
Developmental Stages of Psychopathology (EDSP) study

Cases: 50 participants with a lifetime DSM-IV diagnosis of
major depression (MD) who were in full remission for at

• Subjects with the FKBP5 rs1360780 T risk allele genotype
and a lifetime history of MD had a 10% higher DNA meth-
ylation rate in intron 7 than healthy controls with the same
FKBP5 genotype, although posthoc comparisons did not
reach significance and only showed a non-significant trend
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least 6 months and without lifetime diagnoses of dysthymia,
schizophrenia, substance use disorder, social phobia, or the
specific phobia of a blood-injection-injury type

Controls: 46 subjects with a negative history of any affective
disorder, general anxiety disorder, or any other mental
disorder mentioned within the exclusion criteria of the MD
sample

• Power analyses revealed that the sample was not ade-
quately powered for the methylation analyses

• After an experimental psychosocial stress test, there were
no genotype differences in cortisol response or mRNA ex-
pression in the remitted depression cases

Fries et al.
(2015)

Case-control FKBP5 Pyrosequencing Peripheral blood
(whole blood)

None/Bipolar disorder N = 68 Brazilian adults without history of autoimmune dis-
eases, chronic infection/in ammatory disorders, or any severe
systemic disease, and use of immunosuppressive therapy

Cases: 24 euthymic patients diagnosed with bipolar disorder
(BD) according to DSM-IV Axis I criteria (mean age:
46·9 years; 7 males)

Controls: 18 siblings of patients with BD (mean age:
51·1 years; 6 males) and 26 non-related healthy controls
(mean age: 46·9 years; 8 males)

• Compared with siblings, BD patients showed significantly
increased methylation of one CpG in intron 7 of FKBP5, and
increased FKBP5 protein levels

• Compared to healthy controls, BD patients showed signifi-
cantly increased methylation of one CpG in intron 2
compared, with a trend towards significance of increased
FKBP5 protein levels

• A significant association was also found between FKBP5
protein and post-
dexamethasone cortisol levels, and patients with BD
showed higher post-
dexamethasone cortisol levels

• No association was found between DNA methylation and
basal FKBP5 mRNA and protein levels

Dammann
et al.
(2011)

Case-control 14
candidate
genes,
including
NR3C1

Pyrosequencing Peripheral blood
(whole blood)

None/BPD N = 36 patients from Frauenfeld, Switzerland:

Cases: 26 borderline personality disorder (BPD) patients (24
female; mean age 33).

Controls: 11 non-BPD individuals (11 female; mean age 32).

• Increased methylation of NR3C1 was found at 8 CpG sites
(CPGs 1–8). Significantly increased methylation of NR3C1
was found at CpG1 and CpG5 in BPD patients.

Perroud
et al.
(2011b)

Cross-sectional,
Case-control

NR3C1 Pyrosequencing Peripheral blood
(leukocytes)

Childhood
maltreatment/BPD,
MDD

N = 215 subjects from Geneva, Switzerland

Cases: 101 subjects with borderline personality disorder
(BPD). These subjects were expected to have a high rate of
abuse and maltreatment (mean age: 30.76 years; 95 female
[94.06%])

Controls: 99 major depressive disorder (MDD) subjects
without past/current PTSD who reported no sexual abuse, no
physical abuse and neglect, and no emotional abuse (mean
age: 41.63 years; 64 female [64.65%]). 15 MDD subjects with
comorbid PTSD (mean age: 37.33 years; 11 female [73.33%])

• Childhood physical neglect and increased severity of child-
hood sexual abuse were significantly associated with in-
creased exon 1F methylation in BPD cases

• There was a significant and positive dose-response associ-
ation between the number of types of childhood abuse and
neglect and methylation status

• In the whole sample (BPD and MDD groups), sexually
abused, emotionally abused, emotionally neglected, physi-
cally abused, and physically neglected subjects had higher
methylation status

• MDD subjects without sexual abuse showed significantly
lower methylation than BPD subjects

• With the exception of CpG 1, all CpGs showed an associa-
tion with the number of types of abuse and neglect at a
level of significance of P b 10−6

Steiger
et al.
(2013)

Case-control NR3C1 Base-specific
cleavage/MALDI-TOF
mass spectrometry
(EpiTYPER)

Peripheral blood
(whole blood)

None/BN, BPD,
Suicidality

N = 96 US women between the ages of 17 and 48:

Cases: 64 women displaying a Bulimia nervosa
(BN)-spectrum disorder

Controls: 32 non-eating disordered (NED) women from the
same age group with no history of childhood abuse or
borderline personality disorder (BPD)

• BN women with comorbid BPD showed elevated (non-
significant, p b 0·07) methylation in CpG positions 10 and
21 in the 1C promoter compared with NED controls, and
significantly lower methylation in the 1H promoter when
compared to NED or BN without BPD groups

• BN women with comorbid suicidality showed significantly
elevated methylation in CpG positions 10, 22, and 29 in the
1C promoter, compared to those obtained in NED controls
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Fig. 7.Model of (A) epigenetic and (B) subsequent systems-level PTSD pathogenesis proposed by Klengel et al. (2013). Note: Klengel et al. observed that FKBP5methylation only leads to
higher levels of FKBP5 expression in the presence of GR complex activation.
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abuse. In fact, all CpGs investigated in this study except one showed a
positive association between methylation and number of types of
abuse and neglect at a level of significance of P b 10−6.

Lastly, given the significant results reported by Steiger et al.
(2013) at the 1H promoter but not at the 1F promoter, future re-
search investigating NR3C1 methylation as a potential biomarker
for BPD in those with childhood trauma should also investigate
whether the 1H promoter region is a stronger candidate than the
1F promoter, which may perhaps be more significantly implicated
in MDD or PTSD.
4. Discussion

This is the first systematic review to examine DNAmethylation sta-
tus for multiple genes along the HPA axis that are involved in glucocor-
ticoid regulation. While other reviews have examined the association
between early life stressors and HPA axis genemethylation, this review
critically maps the terrain of clinical relevance for emerging epigenetics
research concerning HPA axis genes. In this critical review, we synthe-
size current, clinically important epigenetics research in order to high-
light the potential utility of using DNA methylation of HPA axis genes
as a potential biomarker useful to advance early detection methods for
key conditions, including several cancers, and to help inform the devel-
opment of more effective prevention strategies aimed at reducing the
burden of chronic illness.

There are many limitations that stand out among the studies
reviewed here. Most notably, only 4 of the studies reviewed used pro-
spective methods (Friso et al., 2008; Kay et al., 2011; Yehuda et al.,
2013; Höhne et al., 2015), whereas the remaining were cross-sectional
or case-control. Themajority of extant studies thus cannot adequately in-
dicate whether gene methylation is a predisposing factor for the out-
comes reported, or whether it is a consequence of developing a specific
pathology. Second, only a handful of studies included in our review strat-
ified their analyses by sex (Yehuda et al., 2015a; Vukojevic et al., 2014;
Melas et al., 2013; Steiger et al., 2013), even though HPA activity has
been shown to vary by sex (Kirschbaum et al., 1999; Kunzel et al., 2003).

In the remainder of this review, we highlight key challenges and fu-
ture research directions that will need to be addressed in order to
develop both clinically meaningful prognostic biomarkers and an evi-
dence base that can inform public policy practice.

4.1. Poor Socio-demographic Characterization of Study Populations

One of our deepest concerns about current epigenetics study design,
at least within the studies included in this review, is a general lack of de-
tailed reporting regarding the socio-demographic characteristics of
study populations. This is an important point, since epigeneticmodifica-
tions of HPA axis genes are highly dependent on specific socioeconomic,
social, and psychosocial factors (Needham et al., 2015; Yehuda et al.,
2015b). Of the 30 articles reviewed here that used blood or tissue sam-
ples for their methylation analyses (excluding 2 in vitro only studies),
23 did not report any detailed information about the race/ethnicity of
their sample populations. Furthermore, only half of the studies conduct-
ed within the U.S. reported information on race/ethnicity. Given the
findings reported in this review on hypertension and cancer, however,
such information is clinically relevant. African Americans bear a dispro-
portionate burden of hypertension (Yoon et al., 2015), and African
American women have a prevalence of hypertension 2–3 times greater
thanwhitewomen (Gillum, 1996;Nwankwo et al., 2013). There is also a
significant difference in cancermortality between African American and
white populations in the U.S. (Siegel et al., 2015; NCI, 2008). Future re-
searchers should therefore endeavor to design studies with samples
fromminority and disadvantaged populations in order to better under-
stand whether the more severe clinical disease risk that these popula-
tions experience is a result of variable epigenetic regulation in the face
of unique environmental and psychosocial stressors. Similar efforts
should be undertaken to better characterize the socioeconomic charac-
teristics of study samples.

4.2. Lack of Consistency in Gene Regions Studied and CpG Nomenclature

To date, the full potential of existing epigenetics research on HPA
axis genes has been limited by several factors that need to be addressed
in order to realize the full clinical and public health benefit of this work.
These include: (1) investigating different and non-overlapping gene re-
gions between studies on the same disease, without also replicating re-
sults of prior studies on previously measured CpG sites, creating a

Image of Fig. 7
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patchwork of somewhat unrelated results; (2) inconsistent CpG num-
bering and nomenclature between studies, making it difficult to easily
compare data across studies; and (3) failure to select gene regions to
study based on theoretical grounds pertinent to the disease phenotype
studied (as opposed to merely studying the most cited, but perhaps
less relevant region).

Regarding our first concern, the exact gene regions examined for
DNA methylation analyses varied significantly between the studies on
NR3C1 reviewed here. Some looked at the entire promoter of a gene,
while others focused on only 5 CpG sites with a single promoter region,
making comparison between findings difficult. Furthermore, some
studies examining the same outcome or disease didn't look at overlap-
ping promoter regions within the same genes at all (Figs. 4–5), making
comparisons and identifying trends a tenuous exercise, at best. There is,
however, consistency within studies investigating methylation of
FKBP5, as nearly all studies included in our review investigated the
same regions outlined in Klengel et al. (2013) (Table 1).

Second, the inconsistency between studies onNR3C1methylation re-
garding how CpG sites are identified and labeled makes understanding
overlap in CpG sites investigated and synthesizing findings between
studies difficult. Future studies would therefore benefit from explicit se-
lection of gene promoter regions or CpG sites that have been studied pre-
viously, and from a discussion of how these regions overlap with
previous research in order to more easily amass a comprehensive evi-
dence base. If researcherswish to also investigate novel sites, then simul-
taneously investigating regions that overlap with previous research
would give much more contextual significance to any findings observed
in these new sites. We believe the field as a whole could benefit from
adopting the CpG numbering for NR3C1 found in Palma-Gudiel et al.
(2015), as these numberings reflect position within the entire NR3C1
proximal promoter, and have been assigned according to their review
of existing research on epigenetic modifications of NR3C1.

Our third concern stems from the tissue-specificity observed be-
tween expression of the various NR3C1 first exons (Fig. 6). Future stud-
ies looking atNR3C1methylation should be sure to investigate themost
pertinent region of the NR3C1 promoter for the disease in question, in-
stead ofmerely looking atmeanmethylation across the entire promoter
or simply looking at exon 1F or its promoter because it is themostwide-
ly cited in the literature.

4.3. Measuring the Functional Effects of DNA Methylation

It is crucial that all future studiesmeasureNR3C1 expression and glu-
cocorticoid hormone levels, at least, in order to determine which CpG
sites are functionally sensitive in relation to a given pathology. Further
functional studies of more pathology-specific markers similar to those
done in the studies included in this review on hypertension (Friso
et al., 2008), small cell lung cancer (Kay et al., 2011), Alzheimer's (Blair
et al., 2013), and PTSD (Klengel et al., 2013) will be especially useful.
This will also be important for understanding the contradictory results
found in studies on depression and other mental health outcomes. Fur-
thermore, given that one of the prominent mechanisms through which
DNA methylation silences gene expression is inhibition of transcription
factor binding, future research on any of the genes reviewed here should
also be certain to include specific CpG loci known to be located in tran-
scription factor binding sites throughout the NR3C1 proximal promoter
(Turner et al., 2010), the 4 CpG islands found in HSD11β2 (Alikhani-
Koopaei et al., 2004), or in distal intronic glucocorticoid response ele-
ments (GREs) in FKBP5 through which the GR complex regulates FKBP5
expression (Paakinaho et al., 2010).

4.4. Accounting for Genotype-specific Associations and Cell Type Heteroge-
neity in Blood Samples

Several studies included in our review showed that adverse childhood
experiences only associated with depression (Melas et al., 2013; Höhne
et al., 2015) or PTSD (Klengel et al., 2013) among those with a known
risk genotype. Furthermore, DNA methylation of FKBP5 and NR3C1 in
these studies was only associated with these exposures and outcomes
among those with the risk genotype. It will be crucial for future studies
to investigate the interaction of known risk genotypeswith the exposures
and outcomes they are investigating, and caution should be taken in
interpreting the methylation results of any studies that have not investi-
gated genotype-specific associations for exposures or outcomes where
there is a known risk genotype. In particular, the rs1360780 risk genotype
in FKBP5 plays a clear role in modulating stress reactivity (Zannas et al.,
2016; Klengel et al., 2013), and further research should endeavor to
more precisely elucidate the complex interplay between environmental
stress, genotype, and epigenetic regulation of FKBP5.

Cell type heterogeneitymay also be an important source of confound-
ing in DNA methylation studies using blood samples (Bock, 2012;
Adalsteinsson et al., 2012; Lam et al., 2012), and statistical adjustment
for cell composition in blood samples is increasingly becoming a standard
methodological characteristic for high-quality studies on DNA methyla-
tion of NR3C1, in particular, in relation to environmental exposures
(Madrigano et al., 2012; Burris et al., 2013; Kim et al., 2016). Only 3 stud-
ies included in our review, however, made statistical adjustments to ac-
count for cell composition in their analyses (Smyth et al., 2014; Yehuda
et al., 2015a;Höhne et al., 2015). Thiswill be an increasingly crucialmeth-
odology to include in future research, although it will require consider-
ation early in the process of planning candidate gene research, since
complete blood counts (CBCs) can only be done when blood samples
are first drawn. For epigenome-wide and high-throughput studies, how-
ever, statisticalmethods have been developed to determine cell composi-
tion in blood samples without the need for a CBC or a reference dataset
(Houseman et al., 2014; Houseman et al., 2016; Shannon et al., 2017).

4.5. More Comprehensively Understanding the Epigenetic Plasticity of HPA
Axis Genes

Although recent research included in our review has shown that
early childhood is a sensitive period in life during which stable epige-
netic regulation of FKBP5 can occur and persist into adulthood indepen-
dent of adulthood stressors (Klengel et al., 2013), the epigenetic
plasticity exhibited by NR3C1 needs to be further studied to better un-
derstand the contribution of various temporal stressors and influences
to the etiology of disease across the lifecourse. Attenuating influences
in later lifemay reverse priorNR3C1methylation,which in partmay ex-
plain the divergences in findings for NR3C1 1F promoter methylation
and depression among those experiencing current stress (Na et al.,
2014) versus early life stress (Melas et al., 2013). This very plasticity,
which on the one hand creates methodological challenges, is in fact
what makes epigenetics such a promising tool to inform developments
in clinical and public health practice.

4.6. Building Consensus Regarding Optimal Social/Psychosocial Measures to
be Used in Studies

The link between adverse childhood experiences (ACE) and NR3C1
or FKBP5methylation has beenwell established in numerous systematic
reviews and recent studies (Palma-Gudiel et al., 2015; Daskalakis and
Yehuda, 2014; Needham et al., 2015; Yehuda et al., 2015b; Turecki
andMeaney, 2014; Tyrka et al., 2015). Indeed, our review demonstrates
that there now exists evidence for an association between such NR3C1
or FKBP5methylation resulting from early childhood stress and the de-
velopment of mental health disorders later in life, although the tempo-
rality of stressors, as well as the number and type of adversities
experienced, seem to have a strong influence on the functional role
thatNR3C1 or FKBP5methylation play in the emergence of specificmen-
tal health disorders later in life.

Insights gained from epigenetics research on HPA axis genes in-
volved in glucocorticoid regulation could be significantly advanced
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through building a consensus in the scientific community on which
measures, instruments, or scales of early childhood trauma or adversity,
adult psychosocial stress, and environmental and social stressors opti-
mally capture critical exposures likely to affect human health across
the lifecourse. Our review revealed that NR3C1 methylation can vary
significantly by type and number of abuses experienced in childhood,
for example, but extant studies used varying measures of childhood
trauma or adversity, making comparisons of results across studies diffi-
cult. Future studies are needed that might replicate the results reported
here using the same combination of outcomes, NR3C1 promoter re-
gion(s), and exact measures of childhood trauma or adversity in new
populations to test the strength of established associations.

5. Conclusion

We are hopeful that the findings reported in this review will reveal
new insights useful to molecular biologists, clinicians, and researchers
alike who might consider DNA methylation status as a potential
disease- or gene-specific biomarker to advance our understanding of dis-
ease etiology and perhaps even treatment. Strong functional relation-
ships, in particular, need to be examined using more robust study
designs in order to prevent reporting associations where none actually
exist. In order for this to be accomplished, the results reported in this re-
view will require further prospective exploration across diverse popula-
tions to form a conclusive evidence base regarding the directionality and
magnitude of clinical associations reported to date. Despite these chal-
lenges, the results of this review indicate that investigating DNAmethyl-
ation of HPA axis genes involved in glucocorticoid regulation is an
important and growing field for better understanding the etiology—and
ultimately, how to detect and treat—of a number of key diseases affecting
population health, including hypertension, breast cancer, small cell lung
cancer, chronic kidney disease, Alzheimer's, PTSD, depression, and bor-
derline personality disorder.
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