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Stress responses and related outcomes vary markedly across individuals. Elucidating the molecular underpinnings of this
variability is of great relevance for developing individualized prevention strategies and treatments for stress-related disorders.
An important modulator of stress responses is the FK506-binding protein 51 (FKBP5/FKBP51). FKBP5 acts as a co-
chaperone that modulates not only glucocorticoid receptor activity in response to stressors but also a multitude of other
cellular processes in both the brain and periphery. Notably, the FKBP5 gene is regulated via complex interactions among
environmental stressors, FKBP5 genetic variants, and epigenetic modifications of glucocorticoid-responsive genomic sites.
These interactions can result in FKBP5 disinhibition that has been shown to contribute to a number of aberrant phenotypes in
both rodents and humans. Consequently, FKBP5 blockade may hold promise as treatment intervention for stress-related
disorders, and recently developed selective FKBP5 blockers show encouraging results in vitro and in rodent models. Although
risk for stress-related disorders is conferred by multiple environmental and genetic factors, the findings related to FKBP5
illustrate how a deeper understanding of the molecular and systemic mechanisms underlying specific gene—environment

INTRODUCTION
Psychological stress is a well-established risk factor for a
multitude of disease phenotypes. Stressor exposure,

including psychological stress, has been linked with a host of
psychiatric disorders, including posttraumatic stress disorder
(PTSD), major depression (MDD) (Kendler et al, 1999),
cognitive impairment (Tsolaki et al, 2009), psychotic disorders
(van Winkel et al, 2008), and addictions (Sinha, 2007).
Furthermore, psychological stress has been shown to impact
risk for medical conditions, such as cardiovascular disease,
cancer, and immune disorders (Cohen et al, 2007; Kaltsas et al,
2012). Given that stress-related medical and psychiatric
conditions are among the leading causes of morbidity and
mortality, improved understanding of how stress contributes
to their pathogenesis could have tremendous implications for
reducing disease burden on individuals and societies.

*Correspondence: Dr E Binder, Department of Translational Research in
Psychiatry, Max Planck Institute of Psychiatry, Kraepelinstrasse 2-10,
Munich 80804, Germany, Tel: +49 89 30622301, Fax: +49 89 30622610,
E-mail: binder@psych.mpg.de

Received 1 May 2015; revised 6 July 2015; accepted 7 July 2015;
accepted article preview online 13 August 2015

interactions may provide insights into the pathogenesis of stress-related disorders.
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Outcomes following stressor exposure vary markedly
across individuals. For example, despite the ubiquity of
traumatic events in human societies, only a proportion of
individuals develops PTSD following trauma exposure
(Galea et al, 2005), and several individuals may even show
positive psychological changes, known as posttraumatic
growth (PTG) (Jin et al, 2014). In line with these findings
in humans, distinct rodent strains show variable rates of
negative behavioral outcomes following similar stressors
(Russo et al, 2012; Uchida et al, 2011). Substantial
heterogeneity exists even for negative outcomes that follow
stressor exposure. For example, exposure of different
individuals to similar traumatic experiences may lead to
the development of PTSD, MDD, or a combination of the
two phenotypes (Belleville et al, 2012; Nillni et al, 2013).
These pleiotropic effects of stressor exposure likely result
from complex interactions among stressful experiences over
the lifetime, other environmental factors, and multiple
genetic and epigenetic factors that modulate stress responses
and can shape stress-related phenotypes (Zannas and West,
2014b).

An important modulator of stress responses and the focus
of this review is FK506-binding protein 51 (FKBP5/FKBP51),
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which, among other functions, acts as a co-chaperone that
modulates glucocorticoid receptor (GR) activity. In the first
section, we will introduce the molecular mechanisms
through which FKBP5 is not only induced by stressors and
interacts with the GR but also with other molecular partners
to impact a number of cellular processes. Subsequently, we
will focus on gene-environment-epigenetic interactions that
regulate FKBP5 levels, and we will highlight the pleiotropic
consequences of FKBP5 disinhibition. Finally, we will discuss
the clinical and translational implications of these molecular
mechanisms and future directions for this line of research.

ROLE OF FKBP5 IN GR SIGNALING AND
STRESS RESPONSES

Several studies have shown that FKBP5 exerts an inhibitory
role on GR signaling with intracellular as well as systemic
effects. FKBP51/FKBP5 is a 51-kDa immunophilin that
belongs to the family of FK506-binding proteins, originally
named after their ability to bind the immunosuppressant
FK506 (Wiederrecht et al, 1992). Functional characterization
of FKBP5 revealed that it has peptidyl-prolyl cis-trans
isomerase activity and contains a tetratricopeptide repeat
protein domain (Schiene-Fischer and Yu, 2001; Schmidt
et al, 2012), which enables the protein to act as a
co-chaperone that changes folding and activity of other
proteins. Among the multiple molecular interactions of
FKBP5 and particularly important for stress regulation is its
binding to heat-shock protein 90 (Hsp90), P23 protein, and
other co-chaperones of the steroid receptor complex
(Schiene-Fischer and Yu, 2001). By interacting with this
complex, FKBP5 can modulate sensitivity of the GR. In
particular, in vitro experiments have shown that FKBP5
reduces interaction of the GR complex with the transport
protein dynein, delays nuclear translocation of the GR, and
decreases GR-dependent transcriptional activity (Wochnik
et al, 2005). Upon glucocorticoid binding, however, FKBP5 is
exchanged for FK506-binding protein 52 (FKBP52/FKBP4),
a co-chaperone that recruits dynein to the GR complex and
promotes nuclear translocation and transcriptional regula-
tion (Davies et al, 2002; Wochnik et al, 2005). The role of
FKBP5 in GR signaling is summarized in Figure 1.

To understand how the above-described effects of intra-
cellular regulation of GR-sensitivity affect stress responsivity
at the organismal level, it is important to briefly review the
function of the primary effector of the stress response, the
hypothalamic-pituitary-adrenal (HPA) axis. The HPA axis
is initiated via input of cortical and limbic brain regions at
the paraventricular nucleus (PVN) of the hypothalamus,
which releases corticotropin-releasing hormone (CRH) and
angiotensin vasopressin that act on the anterior pituitary to
stimulate the secretion of ACTH into the peripheral blood
stream. This peptide hormone then promotes the adrenal
secretion of glucocorticoids (Chrousos and Gold, 1992).
Circulating glucocorticoids exert actions in essentially every
body organ via activation of two receptors, the high affinity
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mineralocorticoid receptor (MR) and the lower affinity
GR. Both are intracellular receptors, which after nuclear
translocation can activate or repress a large number of
glucocorticoid-responsive genes (Nicolaides et al, 2014).
In this review, we will focus on the GR, as MR-FKBP5
interactions are less well studied. The GR affects gene
transcription not only by binding of its homodimer to
glucocorticoid response element (GRE) sequences in reg-
ulatory regions of target genes (Bamberger et al, 1996) but
also via GRE-independent interactions of the GR monomer
with other transcription factors (Scheinman et al, 1995)
(Figure 1). The pattern of GR-mediated transcriptional
regulation is tissue specific and depends on the GR isoform
expressed and the accessibility of genomic binding sites
(Lu and Cidlowski, 2005; Nicolaides et al, 2014). In addition
to regulating adaptive stress responses, including metabo-
lism, immune activation, and cell proliferation and differ-
entiation, GR activation mediates multiple negative feedback
loops that restrain HPA axis activity. In the brain, GR
activation leads to rapid inhibition of genes that encode
mediators of the HPA axis, such as CRH and ACTH (Russell
et al, 2010; Watts, 2005). Negative feedback regulation is also
promoted by GR occupancy in the hippocampus (Sapolsky
et al, 1990), a brain region that has been shown to suppress
HPA basal activity and reactivity to stress (Jacobson and
Sapolsky, 1991). Lastly, GR activation in multiple tissues
results in rapid induction of FKBP5 transcription and
translation (Jaaskelainen et al, 2011). Given the inhibitory
effect of FKBP5 on GR activity, the intracellular
GR-mediated FKBP5 induction creates an ultra-short,
negative feedback loop that regulates GR activity (Denny
et al, 2000; Zannas and Binder, 2014a; Figure 1).

By modulating GR signaling, FKBP5 has the potential to
modulate the actions of glucocorticoids, hormones with
pleiotropic effects that can affect essentially every body tissue
(Chrousos and Gold, 1992; Nicolaides et al, 2014). In fact, the
function of FKBP5 was initially discovered in New World
monkeys, which have very high circulating glucocorticoid
levels but usually do not present with any symptoms
associated with this dysregulation. This has been attributed
to inherently high FKBP5 levels that confer GR resistance
(Scammell et al, 2001). As we discuss below, FKBP5
dysregulation, and in particular FKBP5 disinhibition, has
been linked with a number of stress-related disorders.

ROLE OF FKBP5 IN OTHER MOLECULAR
PROCESSES

Although in psychiatry and neuroscience FKBP5 is most
commonly discussed as a modulator of glucocorticoid
signaling, it is important to highlight that it also interacts
with a host of other molecular partners, affecting several
cellular processes. Detailed description of these processes is
beyond the scope of this review, but the most important
interactions of FKBP5 are summarized here and in more
detail in Figure 2. As co-chaperone of the Hsp90 complex,
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Figure 1.

Schematic representation of the molecular events involved in glucocorticoid-mediated FKBP5 induction, the resulting intracellular negative

feedback loop, and effects on other biological processes. Glucocorticoids enter the cytoplasm (a) and activate the glucocorticoid receptor (GR) complex.
FKBPS binding to the complex reduces affinity of glucocorticoids to the GR and delays translocation of the GR to the nucleus. However, exchange of
FKBP5 for FKBP4 (b) results in GR translocation to the nucleus (c). The GR can either interact as a monomer with other transcription factors (d) or form a
homodimer that binds to DNA at glucocorticoid response elements. Overall, GR functions result in transactivation or transrepression of a large number of
genes. The FKBP5 gene is highly responsive to GR, but responsiveness depends on FKBP5 polymorphisms and methylation status (e). The synthesized
FKBP5 mRNA translocates to the cytoplasm (f) where it is translated into FKBP5 protein. FKBP5 then inhibits GR activity not only forming an ultra-short,
intracellular negative feedback loop of GR signaling but also modulating several other biological pathways (g).

FKBP5 interacts with steroid receptors other than the GR,
including the MR, progesterone (PR), estrogen (ER), and
androgen (AR) receptors. Similar to its effects on GR, FKBP5
inhibits MR and PR activity (Barent et al, 1998; Gallo et al,
2007; Hubler et al, 2003), whereas it promotes ER and AR
activity (Shrestha et al, 2015; Stechschulte and Sanchez,
2011), a function that may have important implications in
the pathogenesis of prostate cancer (Stechschulte and
Sanchez, 2011). Furthermore, FKBP5 has been shown to
interact with molecular pathways involved in immune
regulation and relevant for oncogenesis. In particular, FKBP5
interacts with and inhibits calcineurin (Baughman et al,
1995; Li et al, 2002; Weiwad et al, 2006) and interacts with
the inhibitor of nuclear factor kappa-B (NF-«xB) kinase
subunit alpha (IKK-a), promoting NF-xB signaling
(Bouwmeester et al, 2004; Romano et al, 2004). This latter
effect has been implicated in the pathogenesis of melanoma,
where FKBP5 has been suggested as a marker of malignant
potential and FKBP5 blockade as possible treatment for this
malignancy (Romano et al, 2010). FKBP5 has also been

shown to negatively regulate protein kinase B (Akt)
signaling, an interaction with important implications for
cancer response to chemotherapy and cerebral ischemia/
reperfusion injury (Pei et al, 2009; Wei et al, 2014). This
interaction could also exert effects on the mammalian target
of rapamycin pathway, a pathway that is activated by Akt
and has been implicated in the antidepressant activity of
ketamine (Li et al, 2010; Markman et al, 2010). More
recently, FKBP5 was shown to have effects on autophagy and
on the glycogen synthase kinase 3 beta and these may
contribute to antidepressant drug actions (Gassen et al, 2014;
Gassen et al, 2015). Lastly, FKBP5 has been shown to
synergize with Hsp90 to block degradation of tau, contribut-
ing to accumulation of pathogenic tau species in the brain
and to Alzheimer-type pathology (Blair et al, 2013).

The constant interplay of these processes gives rise to a
complex network of FKBP5-modulated intracellular events.
The specific pattern of this intracellular crosstalk may vary
across tissues and may contribute to the pleiotropic
consequences of FKBP5 dysregulation.
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Figure 2.  Selected interactions of FKBP51/FKBP5 and their impact on molecular processes. As discussed in the text, FKBP51 exerts an inhibitory effect
on GR function, thus having a crucial role in stress physiology. FKBP51 further interacts with PHLPP, Akt, and Beclin1 and affects Akt/Beclin1-driven
autophagy. As PHLPP dephosphorylates Akt at serine 473, inactive Akt is recruited to Beclin1, resulting in lower inhibitory phosphorylation of Beclin1 and
thus the induction of autophagic pathways. Impact on autophagy might be a link of FKBP51 with diseases characterized by defective autophagy, including
neurodegeneration, inflammatory diseases, and aging. FKBP51 further interacts with CDK5 and PP2A resulting in inhibition of GSK34 and activation of
promoters targeted by the transcription factors TCF/LEF. FKBP51 shows high affinity to calcineurin (PP2b), and high levels of FKBP51 result in inhibition of
PP2b-directed NFAT-signaling, thus affecting T-cell proliferation and function. Green color represents activation and red color represents inhibition by

FKBP51.

GENE-STRESS-EPIGENETIC REGULATION
OF FKBP5

FKBP5 Gene Regulation

The FKBP5 gene is located on the short arm of chromosome
6 (6p21.31), spans around 155 kb, and consists of 13 exons
(Figure 3). FKBP5 transcription is induced not only by GR
but also by AR and PR activation (Hubler et al, 2003; Hubler
and Scammell, 2004; Magee et al, 2006; U et al, 2004).
GR-induced transcription is mediated by binding of the GR
to GREs, which are located in a region spanning over 100 kb
and range from upstream of FKBP5 promoter to introns 2, 5,
and 7 of the gene (Paakinaho et al, 2010). These enhancer
elements promote transcription via the formation of three-
dimensional (3D) chromatin loops and by coming into direct
contact with the transcription start site and RNA polymerase
II (Jaaskelainen et al, 2011; Klengel et al, 2013b). Active
epigenetic marks, such as histone H3 lysine 4 methylation,
lysine 27 acetylation, and lysine 36 trimethylation, indicate
that at least in some tissues the locus conformation is already
open before induction by steroids (Jaaskelainen et al, 2011).

FKBP5 is expressed at baseline and shows robust induction
by GR across several tissues and species, but expression
patterns show substantial variability. At baseline, in both

humans and mice, FKBP5 expression levels differ across
tissues, being markedly elevated in metabolically active
tissues, such as adipocytes, and higher in T cells as compared
with other peripheral blood cell types (http://biogps.org/).
In humans, an over eightfold increase in FKBP5 mRNA has
been observed in peripheral blood cells 3h after oral
administration of 1.5 mg of the GR agonist dexamethasone,
and FKBP5 is in fact the most robustly induced transcript
followed by ILIR2, ZBTB16, ECHDC3, and DDIT4 (Menke
et al, 2012). Similar robust induction by GR activation has
been noted in omental and subcutaneous adipose tissues
(Pereira et al, 2014). However, FKBP5 induction can vary
across individuals and has been proposed as a marker of GR
sensitivity (Kelly et al, 2012; Menke et al, 2012; Vermeer et al,
2003). In the rodent brain, FKBP5 has the highest expression
levels in the hippocampus, with much lower expression in
other brain regions (Scharf et al, 2011). Substantial variability
of FKBP5 expression is similarly observed in the human
brain, with high levels noted, for example, in the hippo-
campus but low levels in the hypothalamus (http://human.
brain-map.org/). Following stimulation with dexamethasone
or stress exposure, FKBP5 expression is dramatically
increased in a number of brain regions (Scharf et al, 2011),
with the largest changes observed in the amygdala and the
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Figure 3. Schematic overview of key features of the FKBP5 locus. Shown tracks are from the UCSC genome browser (https://genome.ucsc.edu).
FKBP5 splicing variants are derived from the RefSeq Genes Track. Bisulfite sequencing loci are shown as a custom track and are based on Klengel et al
(2013b) and Yehuda et al (2013). As shown, these CpG sites are distinct from CpGs covered by the lllumina 450K array (shown for two blood cell lines and
one neuroblastoma cell line based on ENCODE/HAIB; warm colors, high methylation; cold colors, low methylation levels). Glucocorticoid response
elements (GREs) are displayed for A549 and ECC-1 cells and are derived from transcription factor (glucocorticoid receptor) ChlP-sequencing data of the
ENCODE project. Conserved GREs are highlighted with red asterisk and are derived from the HMR Conserved Transcription Factor Binding Sites track
(z-score cutoff: 1.64). GxE SNPs represent SNPs identified in gene—environment interaction studies and are mapped based on the Common SNPs(142)
track (see also Table 1). The H3K27Ac Mark and H3K4Me3 tracks show data from two different blood cells lines derived from the ENCODE project.

PVN, whereas the hippocampus shows a much Iless
pronounced FKBP5 induction. This likely reflects the high
baseline levels of FKBP5 in this brain region that may confer
relative GR resistance. FKBP5 expression can also be
influenced by other factors. For example, FKBP5 expression
increases with age in many regions of the mouse brain,
including the hippocampus and cortical and subcortical
structures (Jinwal et al, 2010). In humans, increases in the
hippocampus, postcentral gyrus, superior frontal gyrus, and
entorhinal cortex have been documented (Blair et al, 2013;
Jinwal et al, 2010). Changes in FKBP5 mRNA levels have also
been reported in peripheral blood cells across the menstrual
cycle, with lower levels observed during the follicular phase
of the cycle (Kinouchi et al, 2008).

The tissue- and context-specific FKBP5 expression should
be taken into account when examining the consequences of
FKBP5 dysregulation and when considering FKBP5 as
candidate therapeutic target. Tissues with high baseline
FKBP5 expression may be particularly amenable and
susceptible to such interventions. On the other hand, tissues
showing low baseline expression levels might be more
relevant for dynamic regulation within the stress response.
As we will discuss below, dynamic FKBP5 responses appear
to be particularly relevant for gene-stress interactions and
related outcomes.

FKBP5 Genetic Variation

With the use of tagging experiments and, more recently,
next-generation sequencing, FKBP5 variants have been

described in detail (Ellsworth et al, 2013a; Ellsworth et al,
2013b; Pelleymounter et al, 2011) (Figure 2). The best-
characterized polymorphisms comprise a haplotype that
spans the whole gene, contains up to 18 single-nucleotide
polymorphisms (SNPs) in strong linkage disequilibrium in
Caucasians (r2>0.8, distance > 500 kb, 1000 genomes next-
generation sequencing project), and is commonly tagged by
rs3800373, rs9296158, or rs1360780. This haplotype has been
associated with heightened induction of FKBP5 mRNA in
response to GR activation (Binder et al, 2004).

This functionality was shown to be likely conferred by
rs1360780, a SNP located in an enhancer region, 488 bp away
from a functional GRE in intron 2 of the gene, with the rarer
T allele facilitating GR-mediated induction of FKBP5 mRNA
(Klengel et al, 2013b). As shown by chromatin conformation
capture experiments in lymphoblastoid cell lines, T allele is
associated with a chromatin 3D conformation that promotes
direct contact of the intron 2 GRE with the transcription start
site. This change in conformation is likely supported by
the ability of the sequence containing the T allele to bind
TATA-box binding protein, a protein shown to bring long
range enhancer elements in contact with the transcriptional
machinery (Bertolino and Singh, 2002), with significantly
higher affinity than the alternate C allele (Klengel et al,
2013b). Consequently, T allele is associated with alteration of
the ultra-short FKBP5-mediated feedback inhibition of the
GR, especially during the stress recovery period (Zannas and
Binder, 2014a). However, other polymorphisms within or
outside of this FKBP5 haplotype may also have functional
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effects, either at baseline or following transcriptional
induction (Ellsworth et al, 2013a).

Overall, the rs1360780 T allele, and related haplotypes, is
associated with an increase in GR-induced FKBP5 upregula-
tion. This then leads to a more dynamic FKBP5-mediated
intracellular inhibition of GR that interferes with GR-
dependent feedback of the HPA axis on the systemic level
and can contribute to HPA axis dysregulation and stress-
related phenotypes. This has been supported by studies
showing prolonged cortisol responses and self-reported
anxiety symptoms in T allele carrying healthy adults and
adolescents after exposure to psychosocial stressors
(Buchmann et al, 2014; Hohne et al, 2014; Ising et al,
2008) and increased cortisol levels in infants carrying
the T allele following exposure to a female stranger
coupled with brief parental separation (Luijk et al, 2010).
In line with these findings, T allele has been associated with
non-suppression of the HPA axis in healthy adults, as
measured with the dexamethasone suppression (DST) and
the dexamethasone-corticotropin  releasing hormone
(Dex-CRH) tests (Binder et al, 2008; Touma et al, 2011).
Similar non-suppression of the HPA axis has been shown in
MDD patients with the T allele, who show less suppression
of the HPA axis in the DST paradigm and less FKBP5 mRNA
induction in peripheral blood (Menke et al, 2013). However,
the effects of FKBP5 genotype on the HPA axis have been
shown to vary across age groups, with aged, but not young,
T-allele carriers showing suppressed cortisol responses
following the Dex-CRH test in one study (Fujii et al,
2014a). Opposite effects of the T-allele in a low-dose
dexamethasone suppression test have been observed with
PTSD (Mehta, 2011). Here, the T allele was associated with
GR super-suppression in PTSD, while hypocortisolism was
seen in PTSD patients carrying the other genotype. Although
the mechanisms of this opposite effect on GR sensitivity in
PTSD vs MDD are not clear, one could consider that
hypocortisolism has been described as an adaptive response
to heightened levels of stress (Fries et al, 2005). FKBP5 risk
allele could thus be associated with maladaptive HPA axis
responses, but the direction of these may vary depending on
stress and disease context. Different endocrine profiles in
PTSD depending on FKBP5 genotype status may also
contribute to some controversial reports on increased GR
sensitivity and hypocortisolism in this disorder (Sriram et al,
2012; Yehuda et al, 1990).

The T allele has also been associated with increased
attention bias toward threat, threat- and fear-induced
hippocampal activation, as well as alterations in hippocam-
pal shape and amygdala volume (Fani et al, 2013; Holz et al,
2014; Pagliaccio et al, 2015). These findings suggest that the
‘risk’ haplotype contributes to neuroendocrine dysregulation
and perturbations in brain circuitry that may predispose to
the development of stress-related psychiatric disorders.
Indeed, studies have linked this haplotype with increased
risk for relapse and recurrent course of MDD and PTSD
(Binder et al, 2004; Wilker et al, 2014), maladaptive
personality traits and attitudes (Minelli et al, 2013; Shibuya
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et al, 2010; Suzuki et al, 2014), worse cognitive performance
(Fujii et al, 2014b), and higher risk for bipolar disorder
(Willour et al, 2009), but lower risk for substance
dependence and less severe withdrawal syndromes (Huang
et al, 2014; Jensen et al, 2014; Levran et al, 2014). However,
the main effects of FKBP5 genotypes are generally not
consistently replicated and none of the GWAS meta-analyses
show strong signals for this genetic locus yet. More
consistent are reports of FKBP5 X specific environmental
stress interactions altering the risk for psychiatric disorders.

Gene-Stress Interactions Involving FKBP5

An increasing number of studies have linked interactions
between FKBP5 genotypes and stressors with diverse
phenotypes (Table 1). Phenotypes examined to date include
MDD or depressive symptoms (Appel et al, 2011; Dackis
et al, 2012; Kohrt et al, 2015; VanZomeren-Dohm et al, 2015;
Zimmermann et al, 2011), PTSD and related phenotypes
(Binder et al, 2008; Boscarino et al, 2012; Klengel and Binder,
2013a; Koenen et al, 2005; Xie et al, 2010), suicidality
(Roy et al, 2010; Roy et al, 2012), aggression and violent
behaviors (Bevilacqua et al, 2012), psychosis (Collip et al,
2013), cognitive performance (Hernaus et al, 2014), and
general physical illness (Lessard and Holman, 2014). In 14 of
these 18 study samples, equalling a total of 12 000 subjects,
the alleles associated with higher FKBP5 induction and
prolonged cortisol responses are also the alleles associated
with higher risk for the disorders. Interestingly, the effect is
observed in different ethnic groups, including African
American, Nepalese, European American, and European,
suggestive of a similar functional relevance of the tested
polymorphisms across ethnicities (Table 1).

These positive findings, however, have to be viewed in the
context of the absence of a formal meta-analysis, which may
be more difficult to conduct owing to the diverse outcomes
and differences in study design and environmental measures
employed by published studies. It is also important to note
that gene-environment interaction studies are fraught with a
number of limitations, including the complex nature of
potential confounders involved in such studies, their
generally low power and specific statistical issues as well as
publication bias (Almli et al, 2014; Dick et al, 2015; Keller,
2014; Kraft and Aschard, 2015; Munafo et al, 2014), that
could lead to spurious findings. Despite these limitations and
the relative uncertainty of statistical interactions, the findings
from studies examining FKBP5-stress interactions could
inform issues common to gene—environment interactions
(GxE) studies in psychiatry as they extend the reported
statistical interactions with experimental evidence for
potential molecular and systemic mechanisms.

First, these studies suggest that the same ‘risk’ genotypes
may lead to diverse phenotypes following exposure to similar
stressors. As discussed above, stressors have been linked with
a multitude of phenotypes, ranging from PTSD, MDD, and
cognitive disorders to cardiovascular disease, cancer, and
immune disorders (Cohen et al, 2007; Kaltsas et al, 2012;
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TABLE 1 Human Studies Examining Interactions Between Stress and FKBP5 Genotype on Psychiatric and Other Phenotypes and Related

Endophenotypes

Reference Sample size Ethnicity (%) Outcome (instrument) Stress measure/  SNP examined Risk allele p-Value Primary study findings

paradigm

Major depression and depressive symptoms

Appel et al (2011) 2144 Caucasian Depression (BDI-Il) CTQ rs1360780 T p=0.006 The T allele interacted with
childhood abuse to increase MDD
risk

Zimmermann et al 884 (discovery sample),  All subjects Caucasian in  Depressive episodes M-CIDI rs3800373 C p<0.05 In the discovery sample, risk alleles

2011) 1037 (Dunedin study  the discovery sample and (M-CIDI) rs9296158 A interacted with lifetime trauma to

replication sample), and ~ >90% Caucasian in the rs1360780 T predict the higher risk for MDD.
116 (E-Risk study replication samples 9470080 T Similar interaction was observed
replication sample) rs4713916 A with childhood trauma for
rs1360780 in the E-Risk but not the
Dunedin sample
Dackis et al (2012) 236 African American (53.8)  Depression (BDI-Il) cTQ rs3800373 C p<0.05 The risk haplotype interacts with
Caucasian (33.9) Dissociation (DES) 9296158 A childhood trauma having direct
Hispanic (8.5) Limbic irritability 151360780 T effects on limbic irritability and
Other (3.8) (LSCL-33) 9470080 T indirect effects on depression and
dissociation
VanZomeren- 489 — Depressive symptoms MacArthur Health rs1360780 — P<0.05 FKBP5 genotype interacts with peer
Dohm et al (2015) (MacArthur Health and  and Behavior victimization and child sex to shape
Behavior Questionnaire) ~ Questionnaire risk for depressive symptoms
Kohrt et al (2015) 682 Brahman (16.1) Depressive symptoms CTQ TEI SLERS 9296158 A p=0022 The risk genotype interacts with
Chhetri (63.2) (BDI) rs1360780 — childhood maltreatment to predict
Dalit/Nepali (17.4) PTSD (PCL-C) rs3800373 — depressive symptoms but not PTSD
Janajati (3.2) r$9470080 —
Posttraumatic stress disorder, posttraumatic growth, and related phenotypes
Koenen et al (2005) 46 African American (52.2) PDEQ Medical injury rs3800373 C p<0.05 Risk alleles increase risk for
Caucasian (47.8) PTSD-RI severity scores rs1360780 T peritraumatic dissociation in
medically injured children
Binder et al (2008) 762 African American (95.2) PTSD diagnosis (CAPS)  CTQTEI rs3800373 C p<0.002 Risk alleles interacted with
Caucasian (2.2) and severity (mPSS), rs992105 — — childhood but not adulthood
Hispanic (0.6) Depression (BDI) 9296158 A p<0.001 trauma to predict greater PTSD
Asian (0.1) rs737054 — — symptomatology
Mixed (0.9) rs1360780 T p<0.002
Other (1.0) rs1334894 — —
r$9470080 T p<0.002
rs4713916 — —
Xie et al (2010) 2427 African American (52.9) PTSD diagnosis SSADDA rs3800373 — rs9470080 T-allele African
Caucasian (47.1) (SSADDA) rs9296158 = = American homozygotes had higher
151360780 = risk for PTSD if exposed to early
rs9470080 p=0.004 trauma but lower risk if not exposed
Boscarino et al 410 Caucasian Lifetime and early-onset ~ ACES rs9470080 p=0026 The T allele confers risk that
(2012) PTSD (lifetime PTSD) interacts with other genes and early
p=0016  trauma to predict PTSD risk
(early-onset
PTSD
Klengel et al (2013) 1963 African American PTSD (PSS, CAPS) CTQ rs1360780 T p=0012  The T allele interacted with
TEl (current PTSD  childhood maltreatment to predict
symptoms) increased current PTSD
p<0.00l symptomatology and higher risk for
(lifetime PTSD) lifetime PTSD
Dunn et al (2014) 204 Non-Hispanic African ~ PTSD Severity of exposure rs1360780 C p=00I1but FKBP5 rsI360780
American PTG to the hurricane rs9296158 — non-significant ~ T-allele carriers experienced greater
Katrina rs9470080 — after correction PTG following exposure to the
for multiple  hurricane Katrina
testing
Suicide attempts
Roy et al (2010) 427 African American Suicide attempt CcTQ rs3800373 A Risk genotypes interacted with
r$9296158 G childhood trauma to confer risk for
rs1360780 C suicide attempts
r$9470080 — —
rs4713902 — —
rs3777747 — —

Roy et al (2012) 474 African American Suicide attempts CTQ rs3800373 C p=00087  The risk allele had an additive effect
with CRHBP genotype on risk for
suicide attempts in individuals
exposed to high early trauma

Aggression and violent behaviors

Bevilacqua et al 411 Caucasian Aggression (BGHA) CcTQ rs3800373 C Risk genotypes interacted with early

(2012) Hostility (BDHI) $9296158 A trauma to increase risk for

Impulsiveness (BIS) rs1360780 T aggression scores and reported
Violence (prison records) r$9470080 T violence
Psychosis
Collip et al (2013) 401 Caucasian CAPE CTQ 9296158 A p<00lI Risk alleles interacted with
rs1360780 T p<00lI childhood trauma to predispose to
rs1043805 A p<0.001 psychotic symptoms
4713916 A p=008
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TABLE 1 (Continued)
Reference Sample size Ethnicity (%) Outcome (instrument) Stress measure/  SNP examined Risk allele p-Value Primary study findings
paradigm
Physical health
Lessard and 527 Caucasian Physical health (health DIST rs1360780 T p<0001! for Only in T-allele carriers, childhood
Holman, 2014) survey) childhood trauma and adulthood stress to
trauma predict worse physical health
p=0.006 for
adulthood
stressors
Neuroimaging and neuroendocrine endophenotypes
Luijk et al (2010) 589 infants — Attachment behavior Strange Situation rs1360780 T p=00I T-allele carriers show stronger
Salivary cortisol before Procedure cortisol reactivity in response to the
and after stress exposure stress paradigm
White et al (2012) 139 Caucasian Amygdala reactivity CTQ rs3800373 G p=0.003 Risk alleles interacted with
measured by fMRI rs9296158 A p=0.002 childhood emotional neglect to
rs1360780 T p=0.002 predict greater dorsal amygdala
rs9470080 T p=00I1 reactivity
rs7748266 T p=0011
rs9394309 G p=0.097
Hernaus et al (2014) 184 Caucasian Cognitive performance CTQ rs9296158 — — Childhood trauma did not interact
Hippocampal volume rs4713916 — — with FKBP5 and BDNF to predict
rs992105 — — cognitive performance or
rs3800373 — — hippocampal volumes
Hohne et al (2014) 116 Caucasian Childhood adverse events Change in plasma rs1360780 T p<005 After exposure to psychosocial
(M-CIDI) cortisol after TSST stressors, adult and adolescent
Acute depression healthy T-allele carriers showed
symptoms (BDI-Il) more robust and prolonged cortisol
Change in plasma cortisol responses and smaller changes in
FKBP5 mRNA
Pagliaccio et al 120 White PAPA PAPA CAPA rs1360780 as part of T p=004 Higher polygenic scores were
(2014) (57.5) CAPA Behavioral tasks a polygenic score associated with smaller left but not
African American (30.0) Amygdala activity, right amygdala and hippocampus
Other or mixed race  connectivity, volume volumes in the context of low levels
(125) (MRI) of stressor exposure
Holz et al (2014) 153 Caucasian Amygdala activity, CFA rs1360780 T p=0.049 Childhood emotional neglect
connectivity, volume CTQ interacted with the T allele to
(™MRI) predict increased threat-related
SCID-I activity in the right amygdala
Substance use inventory
BDI
Buchmann et al 195 — Plasma cortisol CTQ rs1360780 T p<0.05 T-allele carriers show more
(2014) TSST pronounced cortisol responses to
Family adversity TSST. Childhood maltreatment is
index measured by associated with lower cortisol levels
parent interview and faster cortisol recovery but only
in CC homozygotes.
Pagliaccio et al 107 African American Amygdala and PAPA rs1360780 as part of T p=0.037 but Life events interacted with polygenic
(2015) (374) hippocampal activity CAPA a polygenic score non-significant  score to predict left hippocampal
White (™MRI) Facial emotion comprised of 10 after correction  activity during the facial emotion
(62.6) PAPA processing task SNPs within CRHRI, for multiple  processing task
CAPA NR3C2, NR3CI, and testing
Tanner Pubertal Staging FKBPS
Questionnaire

Abbreviations: ACES, adverse childhood experiences study scale; BDHI, Buss-Durkee hostility inventory; BDI, Beck depression inventory; BGHA, Brown-Goodwin
lifetime history of aggression questionnaire; BIS, Barratt impulsiveness scale; BDNF, brain-derived neurotrophic factor; CAPA, child and adolescent psychiatric assessment;
CAPE, community assessment of psychic experiences; CAPS, clinician administered PTSD scale; CFA, childhood family adversity; CRHBP, corticotropin releasing
hormone binding protein; CTQ, child trauma questionnaire; DES, dissociative experiences scale; DIST, diagnostic interview schedule trauma section; fMRI, functional
magnetic resonance imaging; LSCL-33, Limbic system checklist-33; PAPA, preschool age psychiatric assessment; PCL-C, PTSD checklist-civilian version; PDEQ,
peritraumatic dissociative experiences questionnaire; PSS, PTSD symptom scale; PTG, posttraumatic growth; PTSD, posttraumatic stress disorder; PTSD-RI, PTSD
reaction index; SLERS, stressful life events rating scale for cross cultural study (SLERS); SNP, single nucleotide polymorphism; SSADDA, semi-structured assessment for
drug dependence and alcoholism; TEI, traumatic events inventory; TSST, Trier social stress test.

Kendler et al, 1999; Sinha, 2007; Tsolaki et al, 2009; van
Winkel et al, 2008). Phenotypes are generally thought to
emerge through complex interactions among genetic, devel-
opmental, and environmental factors, and their development
has been hypothesized to be mediated by underlying risk
endophenotypes that lie in closer etiopathogenic proximity
to risk genotypes such as altered endocrine regulation
(Gottesman and Gould, 2003; Zannas and West, 2014b).
Such an endophenotype, characterized by stress vulnerabil-
ity, could be conferred by ‘risk’ FKBP5 polymorphisms. This
shared vulnerability may then contribute to the development
of diverse phenotypes, depending on other genetic,
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developmental, and environmental factors. In the case of
FKBP5, this differential vulnerability could be driven by
brain region-specific effects. An important brain region
associated with FKBP5-related risk is the amygdala. In this
brain region, the knockdown of Fkbp5 in mice was shown to
prevent stressor-induced increases in fear (Attwood et al,
2011), and two studies in humans have shown that FKBP5
variants interact with childhood adversity to predict threat-
induced activity in this region (Holz et al, 2014; White et al,
2012). FKBP5 genotype was further shown to moderate,
as part of a polygenic risk score comprised of selected HPA
axis SNPs, stress-related structural and functional changes
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not only in the amygdala but also in the hippocampus in
humans. Specifically, higher polygenic scores were associated
with smaller left, but not right, amygdala and hippocampus
volumes in the context of low levels of stressor exposure
(Pagliaccio et al, 2014). The authors suggested that this
atypical finding might be explained by an overriding effect of
high levels of stress exposure on genetic influences. Brain
region-specific effects of environmental stressors on FKBP5
pathways have also been observed in transgenic mice. For
example, mice lacking the Fkbp5 gene show stress-induced
decline in synapsin expression in the prefrontal cortex but
not in the hippocampus (Schmidt et al, 2015). Under-
standing the brain region- but also cell type-specific effects of
FKBP5 may offer valuable insights into the pathogenesis of
stress-related conditions. In addition to such cell- and tissue-
specific effects, differential sensitivity to effects of molecular
partners of FKBP5 could also contribute to diverse symptom
presentations. For example, the effects of FKBP5 dysregula-
tion on NF-kB signaling in the periphery could contribute to
proinflammatory conditions and cancer (Romano et al, 2004;
Romano et al, 2010). Similarly, tumorigenic effects could be
mediated by the consequences of FKBP5 dysregulation on
Akt signaling (Pei et al, 2009).

Second, outcomes have been shown to depend on the
timing of the trauma exposure. Several studies have
consistently shown that early trauma exposure in carriers
of the haplotype associated with higher FKBP5 mRNA
induction increases the risk for psychiatric disorders in
adulthood (Appel et al, 2011; Binder et al, 2008; Dackis et al,
2012; Lessard and Holman, 2014; Roy et al, 2010; Roy et al,
2012; Xie et al, 2010; Zimmermann et al, 2011). Although
similar interactions have been observed in some studies
with traumatic events occurring beyond childhood, in
adolescence and early adulthood (Lessard and Holman,
2014; Zimmermann et al, 2011), other studies found that
FKBP5-stress interactions are triggered only by childhood
trauma (Binder et al, 2008; Klengel et al, 2013b) (Table 1). In
a recent study in adolescents, FKBP5 genotype moderated
the effects of current peer victimization but not early
institutionalization before the age of 2 years (VanZomeren-
Dohm et al, 2015). These time-dependent findings are in
accordance with studies highlighting the role of stressor
timing on neuroplasticity and risk for psychopathology (Gee
and Casey, 2015). The exact role of stressor timing, type, and
duration and the potential synergistic effect of multiple
stressor exposures will need to be further delineated in
longitudinal gene-environment interaction studies.

Finally, so-called FKBP5 risk alleles do not confer risk
under all circumstances. The same alleles have also been
associated with PTG, for example, following exposure to the
Hurricane Katrina (Dunn et al, 2014), as well as less
depression in the context of early institutionalization but low
current stress (VanZomeren-Dohm et al, 2015) and less
lifetime PTSD in the absence of child abuse in a highly
traumatized cohort (Klengel et al, 2013b). Furthermore, in
some, but not all studies, the FKBP5 allele associated with
stronger mRNA induction has also been associated with a
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favorable response to antidepressant drug treatment (Binder
et al, 2004; Zou et al, 2010), while a worse response to
psychotherapy was reported for PTSD patients carrying the
risk allele (Wilker et al, 2014). As previously discussed, these
heterogeneous outcomes raise the possibility that what such
alleles may confer is increased plasticity, with opposite
outcomes being then possible depending on the presence of
positive or negative environmental influences (Belsky and
Hartman, 2014; Belsky et al, 2009; Belsky and Pluess, 2013).
Yet the exact role of timing, type and duration of these
genotype-dependent environmental challenges and the
molecular and cellular mechanisms underlying such differ-
ential outcomes remain to be elucidated by future studies.

Epigenetic Regulation of FKBP5 and a Potential
Role in Mediating Gene-Stress Interactions

An important mechanism that mediates lasting environ-
mental effects on gene function occurs at the level of
epigenetic regulation of gene transcription (Feil and Fraga,
2011; Telese et al, 2013). Epigenetic changes consist of a
number of biochemical processes, including DNA methyla-
tion and hydroxymethylation, posttranslational histone
modifications, and non-coding RNAs. Among these, DNA
methylation is the most established lasting epigenetic
modification induced by early life stressor exposure
(Franklin et al, 2010; Weaver et al, 2004; Zannas and West,
2014b). Importantly, DNA methylation changes have been
shown to occur in an allele-specific manner (Meaburn et al,
2010), suggesting that epigenetic changes induced by
stressors may also depend on genetic context.

In light of these facts, a plausible question is whether allele-
specific DNA methylation changes may mediate the inter-
action between childhood abuse and FKBP5. In fact, in
rs1360780 T allele carriers, but not individuals with the
alternate genotype, exposure to childhood abuse was shown
to be associated with lower methylation of CpG sites located
near the functional FKBP5 intron 7 GRE in DNA from
peripheral blood cells (Klengel and Binder, 2013a; Klengel
and Binder, 2015). Reporter gene assays showed that
decreased methylation in this region is associated with
disinhibited GR-induced transcription of FKBP5 and GR
resistance as revealed in ex vivo assays of GR sensitivity
(Klengel et al, 2013b). This reduced methylation was
observed specifically with exposure to childhood but not
adult trauma and did not correlate with current plasma
cortisol levels. Previous studies have shown that GR binding
to GREs can induce CpG demethylation, and this demethy-
lation can lead to de-repressed transcriptional responses to
subsequent glucocorticoid exposure (Thomassin et al, 2001);
thus we hypothesize that early trauma in FKBP5 risk allele
carriers leads to enhanced GR activation and demethylation
of FKBP5 GREs, and to further disinhibition of FKBP5
transcriptional regulation and GR resistance, selectively in T
allele carriers (Figure 1). To test this hypothesis, human
hippocampal precursors (Anacker et al, 2011) were treated
with dexamethasone, a selective GR agonist, at several
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differentiation stages. Dexamethasone exposure during
proliferation and early differentiation induced demethylation
of the same CpGs in intron 7 of the FKBP5 gene that shows
reduced methylation with early trauma. In fact, these three
CpGs are located within or between the three predicted
consensus GRE sites in this locus, while the ones not affected
are located upstream. This further suggests a direct causal
effect of GR activation in this demethylation. This demethy-
lation was stable to a 20-day washout when the cells were
treated during differentiation but not in cells treated after
differentiation. Taken together, these data support a
developmentally restricted effect of early trauma and
glucocorticoid exposure on selective FKBP5 methylation
sites that appears to occur across peripheral and neuronal
tissues and to depend on susceptible FKBP5 variants. The
molecular mechanisms associated with the differential
epigenetic effects depending on developmental stage have
not yet been elucidated, but strong developmental regulation
has been reported for several epigenetic readers and writers
(Lv et al, 2013).

Notably, FKBP5 methylation changes have been observed
but may also vary across species and in different environ-
mental contexts. In mice, Fkbp5 demethylation is induced
by systemic glucocorticoid exposure in the hippocampus,
hypothalamus, and peripheral blood (Lee et al, 2010).
However, the mouse glucocorticoid-susceptible CpGs are
located not in intron 7, as in humans, but in intron 1 of the
gene. On the other hand, CpG sites located within intron 5
of Fkbp5 have been shown to be demethylated with aging in
mice (Sabbagh et al, 2014). Aging has also been shown to
accelerate FKBP5 demethylation in several regions in the
human brain, but this effect was observed in intron 7 and
promoter region of the gene (Blair et al, 2013).
These species-specific differences in the epigenetic regula-
tion of FKBP5 across species are supported by data showing
that only GREs located within the introns 1 and 5 of the
gene are conserved across mice, rats, and humans
(Figure 2). It will be important to further elucidate the
species- and context-specific pattern of epigenetic mod-
ifications in FKBP5 to promote translatability and potential
utility of these modifications as biomarkers of distinct stress
phenotypes.

The mechanisms underlying these changes in DNA
methylation levels remain poorly understood. Active DNA
demethylation through receptor-mediated processes is a
plausible mechanism (Kress et al, 2006; Nelson et al, 2008),
but the potential involvement of active demethylation and
hydroxymethylation as intermediate step and how this may
be targeted to selective CpGs has not been examined.
An additional contributing mechanism may be the
downregulation of DNA methyltransferase 1 (Yang et al,
2012). Uncovering the molecular events that underlie
stressor-induced epigenetic modifications of FKBP5 could
offer the opportunity to understand mechanisms that may
allow reversal of these molecular processes and the
consequent phenotypes.

REVIEW

FKBPS DISINHIBITION: CLINICAL AND
TRANSLATIONAL IMPLICATIONS

Several lines of evidence suggest that FKBP5 disinhibition
may, in many cases, predispose an individual to the
development of pathological phenotypes. This was initially
supported by gene-environment interaction studies
showing that the haplotype associated with higher FKBP5
mRNA induction confers vulnerability to the development
of stress-related psychiatric disorders following traumatic
exposure (Table 1). More recently, postmortem studies have
found FKBP5 overexpression in several brain regions in
association with Alzheimer’s disease and schizophrenia
(Blair et al, 2013; Sinclair et al, 2013). Although
postmortem investigations offer the advantage of examin-
ing FKBP5 levels in brain tissue, they also have the caveat of
not accounting for confounding factors, such as stressor
exposure or cortisol levels, which may drive and thus
confound the putative differences in FKBP5 levels between
cases and controls. Beyond psychiatric phenotypes, FKBP5
disinhibition has also been implicated in a multitude of
other medical conditions, including poor glucocorticoid
responses in asthma (Stechschulte and Sanchez, 2011;
Woodruff et al, 2007), insulin resistance in metabolically
active tissues (Pereira et al, 2014), and immune dysregula-
tion that may contribute to the pathogenesis of melanoma
and other cancer types (Kim et al, 2012; Romano et al, 2004;
Romano et al, 2010). Taken together, these lines of evidence
support a model where FKBP5 disinhibition may represent
a stress-sensitive endophenotype for a number of disease
phenotypes.

These human studies have been corroborated by studies
in animal models. Given the current lack of humanized
Fkbp5 transgenic mice, animal studies to date have either
examined conventional Fkbp5 knockouts (KO) or condi-
tional Fkbp5 knockdown. Compared with wild-type mice,
Fkbp5 KOs generally exhibit a more resilient phenotype,
characterized by lower corticosterone levels and improved
sleep architecture and behavioral responses following
restraint, forced swim, and social defeat stress, as well as
enhanced cognitive flexibility in the radial arm water maze
(Albu et al, 2014; Hartmann et al, 2012; O'Leary et al, 2011;
Sabbagh et al, 2014; Touma et al, 2011). However,
to mechanistically dissect the role of Fkbp5 disinhibition
in stress-related phenotypes, it will be important to examine
its possibly distinct role in different brain regions. For
example, selective Fkbp5 silencing in the amygdala was
shown to confer resilience to restraint stress exposure
(Attwood et al, 2011). Higher levels of hypothalamic Fkbp5
expression were related to increased body weight gain in
mice on high-fat diet (Balsevich et al, 2014), suggesting
additional brain region-specific links to peripheral meta-
bolic phenotypes beyond downstream activation of
immune pathways.

These observations spurred efforts to develop drugs that
block FKBP5 activity. Until recently, such efforts had been
hindered by their non-selective binding to other FKBPs,
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most importantly FKBP4 (Gaali et al, 2011), which, as we
discussed above, has opposite effects on GR signaling
(Figure 1). To overcome this issue, highly selective FKBP5
ligands (SAFit) were recently developed, based on an
induced-fit mechanism. These compounds were shown to
stimulate neurite outgrowth in primary hippocampal
neurons and to promote homeostasis of the HPA axis and
stress-coping behaviors in mice (Gaali et al, 2015). Although
these findings are encouraging, the precise cellular and
molecular mechanisms that underlie SAFit activity remain
unknown. In particular, it will be critical to elucidate which
molecular interactions of FKBP5 and, consequently, which
cellular processes are differentially affected by SAFit in
different cell types, regions, and organisms. For example,
FKBP5 inhibitors block the interaction with the GR but not
the Akt pathway (Fabian et al, 2013). A more detailed
assessment of differential effects of downstream partners will
need to be performed to assess the optimal combination of
blocked downstream target for specific disease phenotypes.
Finally, in certain cases and selective tissues, FKBP5
upregulation may represent an adaptive and desirable
response to heightened levels of stress, and in such cases
FKBP5 blockade could lead to adverse consequences. This is
suggested, for example, by studies showing that high-
induction FKBP5 alleles may be associated with favorable
antidepressant responses (Binder et al, 2004; Zou et al, 2010)
and that FKBP5 can promote antidepressant activity (Gassen
et al, 2014; Gassen et al, 2015). These questions related to
potency, mechanism, and safety of SAFit remain to be
examined and extended to humans.

CONCLUSIONS AND FUTURE DIRECTIONS

Since the discovery of FKBP5 20 years ago (Baughman et al,
1995), converging evidence from human and animal
studies has advanced our understanding into how
gene-stress—epigenetic interactions may regulate FKBP5
responsivity, and how FKBP5 disinhibition may
contribute to stress-related phenotypes, thus serving as
potential therapeutic target (O'Leary et al, 2011; Schmidt
et al, 2012). Below we discuss remaining open
questions and potential future directions for this line of
research.

First, can we infer strategies for stress-disorder biomarker
research from the example of FKBP5? As we discussed,
complex phenotypes are likely shaped by the effects of gene-
stress—epigenetic interactions on tissues that are involved in
disease pathogenesis. Given the inherent limitations of
examining such tissues, for example, brain in living humans,
it is essential to identify peripheral markers that correlate
with similar markers in the tissues of interest. This is true for
genetic polymorphisms but not for epigenetic modifications,
which show substantial tissue specificity. Endeavors to
identify biomarkers may benefit from the translation of
findings from living human cohorts with detailed data on
timing and type of stressor exposure to molecular findings
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from postmortem human studies and animal models. For
instance, changes in Fkbp5 methylation in mouse blood have
been suggested to be a promising biomarker that reflects
chronic glucocorticoid exposure burden and similar changes
in the brain (Ewald et al, 2014; Lee et al, 2011); similarly,
glucocorticoid exposure affects methylation in a neuronal
progenitor cell line of the same CpGs showing changes with
early trauma in blood. However, it remains to be determined
whether FKBP5 methylation levels also reflect the effects of
chronic stress across tissues and whether this finding holds
true in humans.

Second, can FKBP5 serve as a target for individualized
treatment modalities? The development of SAFit has been
an important step towards modulating phenotypes where
FKBP5 disinhibition may be a contributing factor.
A central question will be whether FKBP5 antagonism
leads to symptom improvement only in patients with
genetic and epigenetic changes associated with FKBP5
disinhibition or whether it could be beneficial to all patients
showing similar symptoms. The use of biomarkers reflect-
ing FKBP5 disinhibition, such as ‘risk’ FKBP5 polymorph-
isms or low FKBP5 methylation levels at CpG sites near
functional GREs, may prove useful for guiding these
studies. Furthermore, the timing of treatment initiation
may be critical. Will inhibition of FKBP5 only be beneficial
early in disease risk development, shortly after trauma
exposure, when symptoms may not have fully developed, or
will it also reduce symptoms once the disease has fully
manifested? The first possibility may again require
biomarkers of increased risk for efficient preventive
strategies. In addition, different molecular interactions of
FKBP5 may contribute to different phenotypes and these
specific molecular events may need to be selectively
targeted in order to maximize efficacy and safety,
necessitating the development of even more specific
antagonists. Finally, we will need to understand whether
FKBP5 antagonists may be used as monotherapy vs
augmentation strategy in addition to established treatment,
including psychotherapy.

Finally, while valuable lessons may be learned from the
example of FKBP5, it is clear that risk for stress-related
disorders is shaped by complex interactions among multiple
environmental stressors and many genes with small
individual effects on expressed phenotypes. Elucidating these
interactions at a systems level is a daunting task but may
contribute to a more holistic understanding of stress-related
disorders.
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