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Summary

Obesity and stress related disorders are a major burden to modern societies and significantly impact
public health worldwide. The FK506 binding protein 51 (FKBP51) has been identified as an essential
regulator of signaling pathways associated with stress-related disorders and metabolic diseases. This
thesis demonstrates further molecular and physiological evidence that FKBPS51 acts in a tissue-specific

manner to mediate the acute stress response, body weight control, and glucose metabolism.

In the first set of experiments, we investigated the role of global FKBP51 deletion on high-fat diet (HFD)
exposure. We could show that FKBP51 knockout (KO) mice are protected from high-fat diet-induced
weight gain, have improved glucose tolerance, and increased insulin signaling in skeletal muscle.
Chronic treatment with a novel FKBP51 antagonist, SAFit2, recapitulated the effects of FKBP51
deletion on both body weight regulation and glucose tolerance. Mechanistically, we identified that
FKBP51 regulates glucose uptake in muscle through the association between FKBPS51 and AS160, a

substrate of AKT2.

Next, we were interested in the role of FKBP51 in the hypothalamus, a key brain area involved in
regulating whole-body metabolism. We investigated the impact of FKBP51 via hypothalamic-specific
overexpression and deletion and observed an opposing phenotype compared to the global FKBP51 KO
animals, which display a lean phenotype upon a high-fat diet. In fact, hypothalamic FKBP51 deletion
strongly induced obesity on a regular chow diet, while its overexpression protected against HFD induced
body weight gain. We further identified FKBPS51 as a critical mediator for the LKB1/AMPK complex
recruitment to WIPI4 and TSC2 to WIPI3, thereby regulating the balance between autophagy and mTOR

signaling in response to metabolic challenges.

In the last study, we manipulated FKBP51 in the paraventricular nucleus of the hypothalamus (PVN)
and investigated its role in the acute stress response. The study demonstrated that FKBP51 deletion
dampens the acute stress response and increases GR sensitivity, while its overexpression results in a
chronic hypothalamic-pituitary adrenal (HPA) axis overactivation. Furthermore, we identified a cell-
type specific expression pattern of FKBP51 in the PVN and showed that FKBP51 expression is most
upregulated in Crh+ neurons after acute stress. Interestingly, Crh-specific FKBP51 overexpression alters
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Crh neuronal activity but only partially recapitulates the PVN-specific FKBP51 overexpression

phenotype.

In summary, this thesis significantly extends the knowledge about the tissue-specific action of FKBP51
in the regulation of the acute stress response and whole-body metabolism and provides novel molecular

binding partners of FKBP51.
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Zusammenfassung

Adipositas und stressbedingte Erkrankungen stellen eine grof3e Belastung fiir die moderne Gesellschaft
dar und haben weltweit erhebliche Auswirkungen auf die Gesundheit der betroffenen Patienten. Das
FK506-bindende Protein 51 (FKBP51) wurde als wesentlicher Mediator von Signalwegen identifiziert,
die mit der Entstehung von stressbedingten Krankheiten und Stoffwechselerkrankungen in Verbindung
gebracht werden. In der vorliegenden Arbeit wird gezeigt, dass FKBP51 die akute Stressreaktion, die

Kontrolle des Korpergewichts und des Glukosestoffwechsel gewebespezifisch reguliert.

In der ersten Studie untersuchten wir die Rolle einer kompletten Deletion von FKBP51 wihrend einer
fettreichen Erndhrung (HFD). Wir konnten zeigen, dass FKBP51-Knockout-Méause (KO Méiuse) vor
einer fettreichen Didt-induzierten Gewichtszunahme geschiitzt sind, eine verbesserte Glukosetoleranz
aufweisen und die Glukoseaufnahme im Muskel erhoht ist. Die chronische Behandlung mit dem neuen
FKBP51-Antagonisten SAFit2 hatte &hnliche Effekte auf das Korpergewicht und den
Glukosestoffwechsel wie in FKBP51 KO Mausen. Mechanistisch haben wir festgestellt, dass FKBP51

die Glukoseaufnahme im Muskel durch eine Interaktion mit AS160 und AKT?2 reguliert.

Als néchstes interessierten wir uns fiir die Rolle von FKBP51 im Hypothalamus, einer Schliisselregion
zur Regulierung des Ganzkorperstoffwechsels. Wir untersuchten die Auswirkungen einer
hypothalamus-spezifischen Uberexpression und Deletion und beobachteten einen gegensitzlichen
Phénotyp im Vergleich zu den FKBP51-KO-Tieren. Die Deletion von FKBP51 im Hypothalamus fiihrte
bei normalem Futter zu einer Fettleibigkeit, wihrend die Uberexpression von FKBP51 vor der
Gewichtszunahme durch eine HFD schiitzt. Dariiber hinaus haben wir FKBP51 als wichtiges Bindeglied
fiir die Rekrutierung des LKB1/AMPK-Komplexes an WIPI4 und TSC2 an WIPI3 identifiziert. Somit
reguliert FKBP51 in Reaktion auf metabolische Verdnderungen das Gleichgewicht zwischen

Autophagie und mTOR-Signalwegen.

In der letzten Studie haben wir FKBP51 im Nucleus paraventricularis (PVN) manipuliert und seine
Rolle bei der akuten Stressreaktion untersucht. Die Studie zeigte, dass die Deletion von FKBP51 die
akute Stressreaktion dimpft und dabei die GR-Empfindlichkeit erhht, wihrend eine Uberexpression zu
einer chronischen Uberaktivierung der Stressachse fiihrt. Dariiber hinaus haben wir ein
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zelltypspezifisches Expressionsmuster von FKBP51 im PVN identifiziert und gezeigt, dass die
FKBP51-Expression in Crh+-Neuronen nach akutem Stress am stirksten hochreguliert ist.
Interessanterweise verinderte die Crh-spezifische Uberexpression von FKBP51 die neuronale Aktivitit
von Crh, aber konnte nur teilweise den Phinotyp der PVN-spezifischen FKBP51-Uberexpression

wiederherstellen.

Diese Arbeit erweitert das Wissen iiber die gewebespezifische Funktion von FKBP51 bei der
Regulierung der akuten Stressreaktion und des Ganzkorperstoffwechsels erheblich und zeigt dabei neue

essenticlle Bindungspartner von FKBP51 auf.
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1. General Introduction

The corona pandemic interfered with the daily lives of billions of people, and measures to slow down
the viral spread have caused economic and financial losses, loneliness, frustration and have substantially
damaged adults' and children's emotional and psychological well-being . The subsequent long-term
impact on mental health is still unclear, but researchers fear an upcoming wave of depressed and
traumatized children and adults emerging from this pandemic *°. It is estimated that about 4.4 % of the
global population already suffer from depression, not considering undiagnosed cases 7. The corona
pandemic has further demonstrated the health risk of overweight and obesity worldwide. Studies have
outlined that patients suffering from overweight or obesity are more likely to have a severe course of
COVID-19 and a higher rate of hospitalization and death 3°. In fact, obesity has emerged as a global
pandemic itself, with a worldwide prevalence of 13 % of adults in 2016 '°. Thus, lack of mental stability
and metabolic disorders represent two main health issues during a viral pandemic as well as in non-
pandemic times. A growing body of literature indicates that mental and metabolic disorders are closely
associated with each other, and research suggests that depressed patients display higher rates of obesity
and related diseases, such as type 2 diabetes (T2D) !'!2, At the same time, people suffering from
metabolic syndrome show increased rates of affective disorders '*. Given its biological and physiological
overlap ', it is crucial to untangle the underlying mechanism and gain a detailed understanding of
molecules linking both disease groups. The last decades of intense research and advancing technology
have revealed a plethora of molecules, signaling pathways, and organs involved in the development of
both diseases. However, a molecular link between stress related and metabolic disorders remains still
elusive. Human and animal studies have revealed the main protagonist of this thesis, the FK506 binding
protein 51 (FKBP51), as a crucial regulator of the stress response and systemic metabolic control. This
thesis aims to extend the existing knowledge about FKBP51 and explores its tissue-specific action in

regulating the acute stress response and whole-body metabolism.



1.1. The co-chaperone FKBP51

Proteins are vital molecules, and their correct folding and functionality is essential for all biological
processes maintaining every cell’s life cycle. Therefore, protein quality control mechanisms, such as the
regulation of protein synthesis, folding, unfolding, and turnover, are essential to avoid diseases or the
aggregation of misfolded proteins. These processes are mediated by a plethora of diverse protein
families, the chaperones and co-chaperones '°. Molecular chaperones secure the functionality of
proteins, especially in the recovery from stress conditions. The heat shock protein 90 (Hsp90) is the
central chaperone mediating stress hormone signaling by efficiently loading steroids to steroid hormone
receptors (SHRs). FKBP51 (encoded by the FKBP5 gene) is a co-chaperone of Hsp90 and was first
identified in complex with SHRs '. FKBP51 belongs to the highly conserved protein superfamily of
immunophilins, which is defined by their ability to bind immunosuppressive drugs, such as FK506

(tacrolimus) and rapamycin (sirolimus) 7.

Structurally, FKBP51 consists of three functional domains, facilitating multiple protein-protein
interactions (Figure 1 A). The N-terminally located FK506 binding domain (FK1) confers peptidyl-
prolyl cis-trans isomerase (PPlase) activity and is the primary regulatory domain for steroid receptor
signaling and the binding domain of immunosuppressants 8. The FKBP-like domain (FK2) shares
structural similarity to the FKI1 domain, but is catalytically inactive and does mnot bind
immunosuppressive drugs . Finally, the tetratricopeptide repeat (TPR) domain, a 34 amino acid
sequence, is located at the C-terminus and facilitates Hsp90 binding to target proteins within steroid
receptor complexes ?°. The TPR domain has also been found to exhibit independent protein-folding

activity 2!

In addition to its function as a co-chaperone of the Hsp90 complex (see chapters 1.2.2 and 1.2.3), several
studies have identified a diverse repertoire of kinases, transcription factors, and proteins as interaction
partners of FKBP51 (Figure 1 B) ?%. These multifaceted molecular abilities and interaction partners
position FKBP51 as a promising target for therapeutic interventions in multiple disorders, such as
cancer, depression, and obesity (discussed in chapter 2 and reviewed in-depth in °2426), Interestingly,

the development of antagonists specifically targeting FKBP51 proceeded rapidly during the last years,



offering new possibilities in FKBP51 research *’. However, to fully establish FKBP51 as a drug target,
it is of utmost importance to further investigate the molecular functions of FKBP51 in response to stress

and metabolic challenges in detail.

A)
@ Interaction with TRP domain
@ Interaction with FK1 domain
O Interaction domain unknown
B)

Drugs and Antagonists  Stress response system  Cellular energy homeostasis  Adipogenesis Immune response
® GR

@® Rapamycin ® AKT ® AKT ® IKKa
@ FK506 ® MR @ GSK3B ® PHLPP © T
® SAfitd —oaEmr ® CDK4+ CDK5 ® GR -
® SAfit2 ® PHLPP ® Hspo0

O Beclini O PPARy

Figure 1: Structure and demonstrated binding partners of FKBP51. A) FKBP51 consists of three functional
domains, including the tetratricopeptide (TRP) domain, the FK506 binding domains 1 (FK1) and 2 (FK2) (for
detailed information, see text). B) FKBP51 interacts with multiple proteins, which are crucial in the regulation of
the stress response, cell differentiation and homeostasis, and the immune response. Abbreviations: AKT, protein
kinase B; Cort, corticosterone; CaN, calcineurin; CDK, cyclin-dependent kinase; GR, glucocorticoid receptor;
GSK3p, glycogen synthase kinase 3 beta; Hsp90, heat shock protein 90; IKKa, IkB kinase a; MR,
mineralocorticoid receptor; PHLPP, PH domain and leucine rich repeat protein phosphatase; PPARy, peroxisome

proliferator-activated receptor gamma; TRAF2, TNF receptor associated factor 2.

1.2. The biological concept of stress

Living organisms naturally strive to maintain stability for essential physiological parameters for
survival, such as pH, blood pressure, and glucose levels. This process was initially described as
homeostasis by Walter Cannon 3!. Homeostasis can be disrupted by certain physical, psychological, or

psychosocial events ***%, which are known as “stressors” and trigger physiological and behavioral
3



responses to reinstate homeostasis and prepare the body for future events. This so-called “stress” was
firstly described by Hans Selye as the “general adaptation syndrome”, which he considered as an
“emergency” and “fight or flight” response to a threat **. He defined three distinct levels of which almost
every organ system is affected. Upon stress, the organism first tries to restore homeostasis by the
initiation of an alarm reaction. The resistance stage describes an status where adaptation to stress is
optimally sustained. Finally, after prolonged exposure to stress, it comes to a stage of exhaustion, in
which the organism is unable to respond sufficiently and this may eventually lead to illness *°. Peter
Sterling and later Bruce McEwen built on Selye’s stress paradigm and introduced the term allostasis. In
contrast to the “general adaptation syndrome”, allostasis is an ongoing process that describes the active
adaptation to stressors and, more importantly, the anticipatory preparation for future events *>~*7. The
ability to successfully adapt to stressful events depends heavily on the adequate activation of the stress
response and the subsequent release of a non-linear network of stress mediators, such as
neurotransmitters, peptides, and steroid hormones *¢. This network of primary mediators involves an
efficient and highly conserved set of interlocking systems with the brain as its central organ. Different
regions in the brain (e.g., amygdala, hippocampus, and hypothalamus) perceive and integrate the
information of internal and external stressors and adequately orchestrate biological mechanisms to
reinstate homeostasis **. The adaptation to stressors is a protective system and most valuable when it
can be rapidly mobilized and turned off in times of no need. However, the activation of the stress
response can not only protect but also damage the body. Prolonged exposure to stress or chronic
activation of stress pathways can promote a dysregulated response system (=allostatic load/overload) *°,
leading to an inadequate stress response, increased vulnerability, and ultimately growing risk for various

metabolic, neurological, cardiovascular, and mental diseases %%,

1.2.1. Activation of the acute stress response

The stress response is primarily driven by mediators released of two critical systems, the short-lived
response of the autonomous nervous system (ANS) and the slower long-term response of the
hypothalamic-pituitary-adrenal (HPA) axis. The ANS innervates multiple peripheral tissues and is
triggered within seconds following a stress exposure to initiate the “fight or flight” reaction, which is

characterized by increased alertness, appraisal, and vigilance. The peripheral endings of the sympathetic
4



nervous system (SNS) enable a rapid secretion of catecholamines, such as noradrenaline and adrenaline.

Both hormones facilitate energy mobilization to adjust to short-term needs 3.

The HPA axis is the second control module of the stress response in mammals. It is tightly regulated at

three distinct levels: the hypothalamus, the pituitary, and the adrenal glands (Figure 2).

Hippocampus °q

Prefrontal Cortex
Amygdala

Negative Feedhack

mechanism
Pituitary Gland .
Target Metabolic
Organs Outcome
Brain Mativation to
eat palatable food
Liver Glucose
metabalism
Adipose Linglvsi
Tissue Ipolysis
Medulta FriiEin
Muscle life cycle
Corticosterone
{ Cortisol Insulin
Pancreas secretion

Adrenal Gland

Figure 2: The hypothalamic-pituitary-adrenal axis: Upon stress exposure, a signaling cascade originating from
higher brain areas leads to the secretion of corticotropin-releasing hormone (CRH) and vasopressin (AVP) in the
paraventricular nucleus of the hypothalamus (PVN), which triggers the release of adrenocorticotropic hormone
(ACTH, green circles) and finally results in the peripheral release of corticosterone (blue circles). Corticosterone

is then transported to multiple target organs, such as muscle, brain, and adipose tissue, to stimulate metabolic
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processes for energy mobilization. At the same time, corticosterone inhibits the continuous release of stress
hormones by a negative feedback loop, which targets the pituitary and several nuclei within the central nervous

system, such as the hippocampus, amygdala and PVN (red arrows).

Within the hypothalamus, the paraventricular nucleus of the hypothalamus (PVN) is crucial for an
adequate activation of the HPA axis. The PVN consists of multiple neuronal subpopulations that
integrate “stress information” of limbic brain regions and brainstem nuclei to initiate the HPA axis stress
response. The corticotropin-releasing hormone (CRH or corticotropin-releasing factor [CRF]) and
vasopressin (AVP) expressing neurons are the main neuronal populations initiating HPA axis activation.
CRH and AVP neurons are located in the parvocellular subdivision of the PVN and project to the
external layer of the median eminence *. Upon stress, both are activated and rapidly release the
neuropeptides CRH and AVP into the hypophyseal portal plexus of veins. Both neuropeptides then
travel to the anterior part of the pituitary gland ***!. At the level of the pituitary, CRH binds to
corticotropin-releasing hormone receptor 1 (CRHR1) on corticotrope cells and thereby activates the
adenylate cyclase to initiate the synthesis and release of pro-opiomelanocortin (POMC). POMC is
immediately cleaved into ACTH by the prohormone convertase 1 *2. Via binding to AVP receptors
(AVPR1), AVP works in conjunction with CRH and markedly potentiates the actions of CRH. However,
AVP is not sufficient to drive significant ACTH release on its own ***°. After the release into the
systemic circulation, ACTH circulates through the bloodstream and reaches the secretory cells of the
zona fasciculata and the zona reticularis of the inner adrenal cortex. Within the adrenal cortex, ACTH
acts on melanocortin 2 receptors (MC2R). ACTH binding to MCR2 causes a rapid increase in
cholesterol biosynthesis and thereby the secretion of glucocorticoids (GCs, cortisol in humans, and
corticosterone in mice/rats) as well as mineralocorticoids. GCs are the primary outcome of the HPA axis
stress response and mobilize, redistribute, and conserve energy for energetic demands. Furthermore,
GCs can have long-lasting effects on brain regions that prepare the body’s stress response to adapt to
future stressful events 6. Notably, GCs are not only secreted after acute stress but are constantly released

in a pulsatile manner following an ultradian rhythm under non-stressed conditions /.



1.2.2. FKBP51 and the termination of the acute stress response

The recovery to baseline GC levels after a stressful situation is critical for effective stress coping and
for reducing maladaptive effects on the body *°. The termination of the stress response heavily depends
on functional GC signaling and involves both a fast non-genomic (“fast feedback™) and delayed genomic
feedback (delayed feedback) mechanism *3. The negative feedback inhibition occurs in several brain
regions, but primarily in the hypothalamus, hippocampus, and the pituitary gland (Figure 2). The so-
called “fast feedback” occurs within minutes and is mediated by membrane-associated receptors of GC,
which cause rapid synthesis and mobilization of endocannabinoids *°. The endocannabinoids bind CB1
receptors on presynaptic terminals, inhibiting glutamate release and thereby reducing CRH neurons'

firing and reducing subsequent ACTH release *°.

GCs mediate its long-lasting genomic effects via two different types of steroid receptors, the
mineralocorticoid receptor (MR) and the glucocorticoid receptor (GR). Both receptors are primarily
cytosolic receptors and belong to the ligand-dependent transcription factor family 6. MRs have a high
binding affinity to GCs and are thought to mediate GCs action during the nadir of the circadian rhythm*.
In contrast to the MR, the GRs have a ten-fold lower binding affinity. Thus, it is suggested that GRs are
the receptors that mediate the response to GCs during acute stress and the circadian peak °'. In the
absence of GCs, both receptors are primarily localized in the cytoplasm. However, GR and MR can
constantly cycle between the cytosol and nucleus by simple diffusion 32 and the active transport of GR
and MR is thought to function via a rapid dynein-dynactin mechanism 2. Both receptors are part of a
multiprotein complex that includes the chaperone Hsp90 and various co-chaperones and molecules

(depicted in Figure 3).

The co-chaperones, such as FKBP51, define the complex's conformation state and thereby regulate its
ligand's binding capacity. Under low GC levels, the Hsp90 complex is primarily located in the cytosol
and bound to FKB51, which reduces the binding affinity of the complex to GC ***, Upon binding of
GCs, FKBP51 is replaced by its closest homologue, FKBP52. FKBP52 shares 70% similarity to
FKBP51, and both proteins compete for the Hsp90 binding site ', In contrast to FKBP51, FKBP52 is

able to bind the dynein-dynactin transport machinery via its PPlase domain. Thus, the replacement of



FKBP51 by FKBP52 actively mediates the translocation of GRs from the cytoplasm to the nucleus >

In the nucleus, GR and MR form homo- and heterodimers that bind to the GC response element (GRE)
of GC responsive genes to alter transcription and protein synthesis of various target genes. GR
monomers can also directly regulate the activity of multiple transcription factors to diminish their
transcriptional activity *'. Interestingly, active GR and MR induce FKBP51 expression and thus initiate
an ultra-short negative feedback to reduce its own activity (Figure 3) *°. Furthermore, high levels of
FKBP51 were shown to disrupt the FKBP52-mediated recruitment of the dynein-dynactin complex and
consequently attenuate the nuclear translocation of GR '*%°. Excess FKBP51-Hsp90 complexes mediate
a conformational change of GR and reduced steroid-binding affinity >, Loss of FKBP51, on the other

side, increases GR sensitivity to GCs and thus increases the activity of GR ¥/,
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Figure 3: FKBPS1 regulates GR sensitivity via an ultra-short negative feedback loop. Under basal conditions,
FKBP51 is bound to the GR-complex via Hsp90 and consequently reducing the affinity of the receptor to
corticosterone. Upon stress, corticosterone concentrations rise within the cytoplasm, which leads to a replacement

of FKBP51 by FKBP52 and subsequent translocation of the FKBP52-Hsp90 complexes into the nucleus. Within
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the nucleus, GR dissociates from the heterocomplex and binds to DNA binding sites to induce transcription of
target genes. One target gene of GR is FKBPS51 itself, and increased levels of FKBP51 reduce the cellular
glucocorticoid responsiveness by an increased concentration of GR-FKBP51-Hsp90 complexes. Abbreviations:
Cort, corticosterone; FKBP51, FK506 binding protein 51; FKBP52, FK506 binding protein 52; GR, glucocorticoid

receptor; Hsp90, heat shock protein 90; GRE, glucocorticoid response elements.

Taken together, the FKBP51-Hsp90 complex functions as a short, negative feedback regulator of GR
signaling to terminate stress hormone production and consequently the HPA axis response to acute
stress. Notably, FKBP51-Hsp90 complexes regulate the GR and MR sensitivity to changes in basal and
stimulated GC levels, and dysregulation of the FKBP51-Hsp90 complex is considered to increase the

susceptibility to the development of mental disorders 3¢,

1.2.3. FKBP51 as a candidate in stress- and metabolic-related disorders

A healthy response to an acute stressor requires both rapid activation and subsequent termination of the

HPA axis to avoid maladaptive effects of excess stress hormones *’

. As already mentioned,
dysregulation of the HPA axis is associated with several mood and metabolic disorders, such as
depression and PTSD *, and the search for an appropriate marker and target for therapeutic intervention
is still ongoing. FKBP51 is one of the most promising candidates with profound evidence for an

association with stress-related disorders %%,

Preclinical studies demonstrated that acute and chronic stress upregulates FKBP51 in stress-sensitive
brain regions, such as the PVN and hippocampus 3%, In addition, a study by Touma and colleagues
on FKBP51 deficient (FKBP51 KO) adult mice, demonstrated a better active stress-coping behavior of
FKBP51 KO mice than their controls following a single stress exposure ¢!. Furthermore, FKBP51 KO
mice subjected to three weeks of chronic social stress were less vulnerable with a reduced response to
and enhanced recovery from acute stress episodes *’. The improved stress resilient phenotype of

FKBP51 KO mice is proposed to be due to an improved sensitivity of GCs to GR *’.

In humans, research demonstrated the association of FKBPS5 polymorphisms or variants with stress-
related disorders, such as bipolar disorders ¢, suicidal events %, childhood trauma ®, PTSD , and
depression %’. The experimental data so far suggests that elevated expression of FKPB51 is accompanied

with psychiatric disorders. In line with that notion, a study by Yehuda and colleagues has identified that



decreased levels of FKBP51 correlates with enhanced GR sensitivity in PTSD patients ®. These data in

human studies are in line with the abovementioned results from preclinical studies.

FKBP51 is ubiquitously expressed in stress responsive brain regions, with high expression patterns in
the hippocampus and prefrontal cortex . Other regions, such as the PVN and amygdala, show low
FKBP51 levels under basal conditions but a strong induction of FKBP51 after acute stress °. These
observations suggest a prominent role of FKBPS51 in the acute stress response. Despite the stress-
sensitive expression pattern of FKBP51, most of the current studies were performed on full knockout
mice. Tissue and nuclei-specific studies, however, are still rare. In particular, the role of FKBP51 in the
PVN is still hardly studied, despite its high mRNA induction after mild and moderate stress . Thus,
this thesis aims to develop the necessary technical tools, such as suitable mouse models, to further

investigate the PVN-specific role of FKBP51 in regulating the acute stress response (see chapter 3.3).
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1.3. Obesity and the concept of energy homeostasis

In most of the 7 million years of human evolution, the supply of food intake was not as stable as today
and was characterized by constant foraging and hunting. Overeating and the accumulation of extra
calories when food was available was essential for energy supply in times of metabolic needs to ensure
survival. The mammalian body has developed a highly efficient system to stabilize body weight and
food intake over a more extended period. For example, in a decline in adipose mass, the body activates
anabolic systems to stimulate hunger and decreases energy expenditure to increase energy stores to
previous levels. On the other hand, the body automatically reduces appetite and facilitates energy
utilization when energy stores are sufficient . Hence, the body constantly tries to maintain a healthy
balance between energy intake and energy expenditure. However, in our modern lifestyle of highly
processed food with unlimited supply, the habit of frequent snack consumption, less physical exercise,
and a work environment requiring little movement bears a high risk of the development of overweight
(body mass index (BMI) > 25 kg per m?) and obesity (BMI > 30 kg per m?) ®. Consequently, the
worldwide prevalence of obesity has tripled since 1975 and emerged as one of the major health burdens,
with more than 1.9 billion adults being overweight and 650 million obese in 2016 7!, Individuals
suffering from obesity are associated with an increased risk of insulin resistance, diabetes,
cardiovascular disease, cancer, and decreased life expectancy 7>7. In the last decades, it became clear
that many psychological factors, such as depression and anxiety, are highly associated with symptoms
of the metabolic syndrome, such as obesity and diabetes. In fact, adverse effects of psychological stress,
either chronic or early life stress conditions, affect food choices and physical activities and are a risk
factor for the development of obesity ™. Notably, obese individuals develop a robust mechanism
promoting weight gain and adapting their energy homeostasis system to protect their high body weight
even under targeted weight-loss attempts, such as diets 77, Thus, obesity is often seen as a chronic,
relapsing progressive disease 77’8, Obesity is not only caused by “unhealthy” personal choices but rather
by the relationship between personal behavior, individual energy expenditure levels, and environmental
factors 7®. Therefore, it is essential to identify new molecules and signaling pathways suitable for novel

treatment avenues.
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Whole-body energy homeostasis is highly regulated by a complex interplay between central and
peripheral pathways in multiple organs and tissues, including the brain, adipose tissue, skeletal muscle,
liver, and pancreas. This regulatory process can also be seen as an adaptive energy homeostasis system
where the brain mediates changes in response to peripheral signals that circulate at concentrations

proportionate to body fat in order to stabilize energy balance 7.

1.3.1. Peripheral signals in the control of whole-body homeostasis

Peripheral signals have short-term and long-term effects and are secreted from metabolic active organs,
being fat tissue, the gut, and the pancreas. While numerous environmental factors, such as stress,
influence the initiation of food intake, satiety perception, and meal termination are biologically
conserved processes triggered by internal peptides secreted from the gastrointestinal tract during
meals®. The most studied satiety factors are cholecystokinin (CCK) and glucagon-like peptide 1
(GLP1), which provide short-term energy information to the central nervous system (CNS). CCK and
GLP1 signal via the vagus nerve from the gut to the brain to inhibit feeding and initiate meal termination.
This information converges in the nucleus tractus solitarius (NTS), an area of the caudal brainstem that
integrates sensory information ®'. These satiety peptides are short-lived, and studies demonstrated that
chronic injections of CCK decreased meal size but did simultaneously increase meal frequency and thus
had minor effects on long-term body weight *. Just recently, the gut-brain axis and the composition of
the microbiome have received increasing attention because of their profound impact on whole-body

metabolism and psychiatric disorders #%3.

Long-term feedback signals, like leptin, adiponectin, and insulin, act on multiple tissues, such as the
brain, to regulate the balance between food intake and energy expenditure over long periods of time .
Leptin is secreted by adipocytes of white adipose tissue in proportion to levels of internal triglyceride
stores and can be seen as a “mirror” of the body’s energy status. Under normal physiological conditions,
leptin acts as a signal of energy sufficiency by suppressing feeding and stimulating energy expenditure®*.
Leptin deficiency is associated with hyperphagic individuals with decreased energy expenditure, which
results in massive obesity in mice (e.g., ob/ob mouse) and humans #-*7. Interestingly, under a state of

metabolic stress, such as obesity, leptin levels increase in proportion to the body fat mass but lose their
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efficiency as anorexic hormones to reduce food intake *. In line with that, administration of exogenous
leptin reverses obesity only in individuals lacking leptin or the leptin receptor (LepR) and does not affect
obese individuals with high leptin levels %, which are thought to develop a state of leptin resistance. The
detailed molecular mechanism of leptin resistance is largely unknown, but researchers suggest that leptin
resistance might result from impaired intracellular signaling and defects in the transportation across the

blood-brain barrier (BBB) ¥.

Leptin mediates its action through the long form of the LepR, which is highly expressed in brain regions
that are crucial in the control of energy balance, such as the hypothalamus °° and a loss in LepR function
(e.g. db/db mouse) causes massive obesity similar to ob/ob mice °'*2. The LepR is also expressed in
other brain regions, such as the midbrain and hindbrain (e.g., NTS) with a suggested role in the signal
transduction of gut-derived satiety signals, such as CCK *°. Mechanistically, leptin mediates its action
by LepR binding and subsequent activation of the Janus kinase-2 (JAK2)/STAT3 pathway ** (depicted
in Figure 4 A). A critical regulator of leptin signaling is SOCS3 (suppressor of cytokine 3) that limits

leptin signaling and is thought to play a key role in leptin resistance ¥.

Insulin is secreted rapidly in response to feeding (or elevated blood glucose) by B-cells in the pancreas,
and defects in insulin signaling are associated with type 1 and type 2 diabetes. Like leptin, insulin
circulates at levels proportionate to body fat mass and acts tissue-specific to regulate peripheral and
central glucose metabolism °*%°, In the periphery, insulin stimulates glucose uptake of skeletal muscle
and adipose tissue and suppresses hepatic gluconeogenesis in the liver. Through its ability to cross the
BBB, insulin profoundly affects the activity of a diverse set of neuron populations located in the
hypothalamus regulating food intake and glucose metabolism *. For instance, the acute administration
of insulin directly into the CNS reduces feeding and body weight gain °>’, and the inhibition of insulin

signaling in the hypothalamus causes obesity and T2D %,

Insulin mediates its effects through the insulin receptor (IR), expressed in various tissues throughout the
body, including different brain regions . The IR is a highly conserved tyrosine kinase receptor with the
PI3K (class III phosphoinositide 3-kinase)/AKT pathway as its primary downstream target (see Figure

4 B), mainly responsible for insulin's metabolic effects. Downstream of the PI3K/AKT cascade are
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multiple signaling pathways, such as the forkhead box protein 1 (FOXOl) and mTORCI1
(mechanistic/mammalian target of rapamycin complex 1) pathway . The critical signaling hub of these
pathways is the serine-threonine (Ser/Thr) kinase, AKT, which has been shown to regulate those
pathways directly %, Interestingly, a study by Pei et al. has demonstrated that FKBP51 is able to interact
with all three isoforms of AKT (AKT1, AKT2, and AKT3) via the phosphatase PHLPP to inhibit AKT
signaling in cancer cells ?®. Furthermore, AKT2 is the isoform most responsible for regulating glucose
homeostasis in muscle and adipose tissue, in which FKBP51 shows its highest expression in the
periphery !°!. Given the overlapping expression pattern and molecular action, it is worth investigating a

possible novel role of peripheral and central FKBP51 in the control of glucose metabolism.
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Figure 4: Insulin and leptin signaling pathways. A) Circulating leptin binds to its leptin receptor, which triggers
the activation of the tyrosine-protein kinase JAK2. Activated JAK2 phosphorylates the LepR residues Y-985, Y-
1077, and Y-1138, which triggers activation of the downstream targets STAT3, and STATS, respectively. The
induction of STAT3 induces the expression of SOCS3, which in turn binds to Y-985 to inhibit leptin signaling.
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B) Insulin binds to its receptor to initiate the PI3K-dependent cascade which leads to the phosphorylation and
activation of AKT. Activated AKT promotes glucose uptake via the phosphorylation of AS160. Both signaling
pathways regulate AMPK and mTOR and thereby also autophagy signaling. A potential role of FKBP51 in insulin
signaling pathway is not yet known, but FKBP51 was shown to negatively regulate AKT via PHLPP in cancer
cells. Abbreviations: FOXO1, forkhead box protein 1; JAK2, Janus kinase 2; mTOR, mammalian target of
rapamycin; PHLPP, PH domain and leucine rich repeat protein phosphatase; PI3K, phosphoinositide 3 kinase;

SOCS3, suppressor of cytokine signaling 3; STATS, signal transducer and activator of transcription 5.

1.3.2. Mediobasal hypothalamic control of energy homeostasis

The crucial role of the brain, especially of the MBH, in the regulation of feeding behavior was first
demonstrated in the mid-20™ century with lesion studies '%>'%. Since then, it was further revealed that
the MBH, alongside nuclei in the hindbrain (such as the NTS), is the key brain region for integrating
and processing incoming peripheral information to coordinate an appropriate physiological response to

metabolic stressors, such as starvation and prolonged overnutrition.

The MBH consists of multiple nuclei, including the arcuate nucleus (ARC), the PVN, dorsomedial
hypothalamic nucleus (DMH), ventromedial hypothalamic nucleus (VMH) and the lateral hypothalamic
nuclei (LH). The ARC is a master regulator of whole-body metabolism, as it is located adjacent to the
median eminence at the base of the hypothalamus. It integrates peripheral hormones (e.g., leptin and
insulin) and nutrients (e.g., glucose and free fatty acids) to orchestrate a coordinated feedback response

105 The most researched and best-characterized neuronal

to changes in peripheral energy stores
subpopulations within the ARC are AGRP (agouti-related protein) and POMC expressing neurons,
which act in an opposing manner on second-order neurons located in brain regions outside the ARC
(e.g., PVN, VMH, DMH and LH,) to modulate food intake and systemic energy metabolism *° ( depicted
in Figure 5). This microcircuit is often referred to as the melanocortin system and has emerged as a
crucial element of the energy homeostasis system. In addition, multiple other neuronal populations (e.g.,

106

tyrosine hydroxylase expressing neurons or prepronocopetin-expressing neurons '°’) and non-

neuronal cells, such as astrocytes, were also shown to regulate whole-body metabolism %,

POMC neurons (co-expressing cocaine- and amphetamine-regulated transcript [CART]) are activated

after nutrient ingestion and synthesize o -MSH (o — melanocyte stimulating hormone), by the cleavage
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of POMC, to activate MC3R (melanocortin receptor 3) and MC4R (melanocortin receptor 4) on second
order neurons in the PVN to inhibit food intake **. MC4R activation by POMC neurons also increases
the activity of the SNS, leading to heightened brown adipose tissue (BAT) activity and an increase in
energy expenditure '%°. The PVN itself, is considered a major nuclei in the control of energy homeostasis,
as it was shown that deletion of the MC4R in the PVN resulted in hyperphagia and severe obesity in

mice and humans %!,

AgRP neurons (co-expressing neuropeptide Y [NPY]) lie adjacent to POMC neurons and are activated
by fasting to stimulate feeding by releasing the neuropeptide AgRP, which acts as an antagonist to
MCH4R signaling in the PVN and thereby reduces its anorexigenic function ''?. NPY directly stimulates
food intake via the activation of NPY receptors (Y1 and Y5) and reduces sympathetic output to BAT
via a Y1 receptor-mediated reduction in tyrosine hydroxylase expression in the PVN, resulting in
decreased energy expenditure !%°. In addition, AgRP/NPY neurons can directly inhibit the activity of

POMC neurons by GABAergic inputs, which further facilitates positive energy balance 3.

Both neuronal subpopulations are highly sensitive to insulin and leptin. While AGRP neurons are
inhibited by leptin ''* and insulin ''4, leptin increases the activity of POMC neurons and the expression
of POMC % and consequently reduces food intake. However, the physiological response of POMC
neurons to peripheral hormones is still not fully understood, because recent data suggest that POMC
neurons form distinct molecular clusters with opposing responses to hormones and neurotransmitters.
Interestingly, a subset of POMC neurons also co-express AGRP, indicating a shared developmental
origin !08115-117,

The first evidence of the involvement of the VMH in the control of glucose and energy homeostasis was
obtained by lesion studies, which resulted in hyperphagia and obesity ''®. Neurons within the VMH are
highly responsive to leptin, and selective deletion of the LepR in neurons that express steroid factor-1
(SF-1 neurons) in the VMH results in obese and hyperphagic mice ''*!?°. Interestingly, this ablation
provoked only little change at standard diet but rapidly induced severe adiposity on a HFD owing to a
failure to increase energy expenditure with weight gain ''°. The VMH is highly connected to neurons in

the ARC by microcircuits. On the one hand, the VMH increases the activity of POMC neurons '?!, and
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these inputs decrease during fasting. On the other hand, the VMH contains both MC4R and NPY

receptors, suggesting a regulatory role of ARC neurons on neuronal subpopulations in the VMH.

The DMH is a crucial player in the control of BAT thermogenesis in rodents 2*!23, and DMH lesions
result in hypophagia and reduced body weight '?*. The DMH has a diverse population of different LepR
expressing neurons, which regulate energy expenditure but not food intake '*°. NPY is also highly
expressed in the DMH '2%!27 and has a leptin-independent function regulating energy homeostasis '%°.
The knockdown of NPY in the DMH promotes BAT activity and increases energy expenditure ', DMH

neurons also project to the ARC and inhibit AgRP and POMC neurons to fine-tune feeding behavior 8,
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nucleus, and paraventricular nucleus are highly sensitive to the peripheral signal’s leptin and insulin. Both increase
upon food ingestion or weight gain and act on receptors in the mediobasal hypothalamus to stimulate changes in
food intake and energy expenditure. See main text for detailed description. Abbreviations: a-MSH, a-melanocyte
stimulating hormone; AgRP, agouti-related protein; CART, co-expressing cocaine- and amphetamine-regulated
transcript; MC4R, melanocortin receptor 4; NPY, neuropeptide Y; POMC, proopiomelanocortin. Red arrows:

inhibitory; green arrows, activating.

Taken together, the central control of energy homeostasis is a multilayered system containing various
nuclei and cell populations, in which the different nuclei and neurons are deeply connected and regulate
each other’s activity. Interestingly, FKBP51 is highly upregulated in several nuclei of the MBH, such
as the PVN, ARC, and VMH, after metabolic challenges, such as food deprivation ® and high-fat diet
regimens '?°. These findings might imply a more prominent role of hypothalamic FKBP51 in regulating

metabolic stress responses.
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1.4. Autophagy

Cellular and nutritional stress leads to the accumulation of damaged organelles or proteins and
constantly threatens cellular balance '*°. To dampen adverse effects on cell metabolism, organisms from
yeast to mammals have developed an evolutionarily conserved process that removes toxic organelles,
aggregated proteins, and invading microorganisms from the cell and recycles its components to reinstate
cellular energy homeostasis. Therefore, the cargo is transported by double-membrane vesicles
(autophagosomes) to lysosomes for degradation. The newly generated metabolites are then reutilized as
a source of energy or building blocks to synthesize needed molecules and proteins '*!. This degradation
process is called autophagy (from the ancient Greek meaning “self-eating”) and was first identified in

yeast 12,

Autophagy substrates can be endogenous (damaged mitochondria and nuclear fragments) or exogenous
(viruses, bacteria escaping phagosomes) and divide autophagy into several forms that differ in their
physiological function and their way of degradation. A detailed description of all different types of
autophagy is beyond the scope of this thesis and is reviewed in-depth elsewhere **!3% The three most
studied degradation systems, however, are chaperone-mediated autophagy (CMA), microautophagy,

and macroautophagy (depicted in Figure 6).

Macroautophagy (hereafter referred to as autophagy) is tightly controlled by an array of multiple
proteins, commonly known as autophagy-related (ATG) proteins '*°. Over the last decades, autophagy
has emerged as a central biological pathway that promotes cellular homeostasis, typically induced during
times of environmental and metabolic stress conditions, such as starvation. Moreover, alterations in
autophagy signaling have been detected in human diseases, such as cancer, neurodegeneration,
infectious diseases, and metabolic disorders, shedding light on possible new therapeutic avenues to cure

one of those diseases 34136137,

Initial steps of autophagy include the formation (vesicle nucleation) and expansion (vesicle elongation)
of an isolation membrane (also termed phagophore) on the surface of the endoplasmic reticulum. The
mature autophagosome then fuses with a lysosome, forming an autolysosome, to degrade captured

material (Figure 6c¢).
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A) Chaperone-mediated Autophagy B) Microautophagy
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Figure 6: Three main degradation pathways. A) Chaperone-mediated autophagy is characterized by the direct

recognition of substrates, which carry the pentapeptide KFERQ-like sequence, by the Hsc70 chaperone. The

unfolded protein is then translocated into the lysosome via LAMP-2A receptors for degradation. B) During

microautophagy, the targeted components are directly engulfed by the lysosomal membrane. C) Macroautophagy

is characterized by the formation (vesicle nucleation) and expansion (vesicle elongation) of an isolation membrane

(also termed phagophore). During phagophore expansion, autophagic cargo is targeted and enclosed in an

autophagosome. Finally, the mature autophagosome fuses with a lysosome to form an autolysosome to degrade

the captured material. Abbreviations: Hsc70, heat shock cognate 70; LAMP-2A, lysosome-associated membrane

protein 2A.

1.4.1. Importance of autophagy in metabolism

As mentioned in the preview’s sections, the development of obesity is controlled by multiple tissues,

including muscle, adipose tissue and the MBH, and is accompanied with a massive expansion of fat

depots'®®, Interestingly, several research studies suggest that autophagy is involved in the cellular

remodeling of adipose tissue by mediating adipocyte mass development and differentiation 3%, In
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fact, autophagic dysfunction is associated with decreased adipocyte differentiation and increased
conversion of white adipocytes to brown adipocytes, which are associated with increased heat
production and enhanced B-oxidation favoring a lean phenotype in mice '*°. Consequently, adipocyte-
specific inhibition of autophagy in mice results in a lean and obesity-resistant phenotype without any
differences in food intake '*!. In line with these findings, autophagy is upregulated in adipocytes of obese
individuals and therapeutic impairment of autophagy signaling might be beneficial to counterbalance

the fat expansion during the development of obesity 42,

In the pancreas, studies showed that autophagy is essential for the maintenance and function of B-cells.
Cell-specific deletion of autophagy in mice reduced insulin secretion under basal conditions. These
rodents developed hyperglycemia and impaired glucose tolerance under a HFD challenge, indicating a
severe diabetic phenotype. Also, evidence from additional studies demonstrated a crucial role of hepatic
autophagy in the regulation of lipid metabolism by promoting the storage of triglycerides in lipid

droplets and thus whole-body energy balance '*’.

Autophagy deletion, specifically in muscle tissue, is associated with the accumulation of toxic protein
aggregates and muscle atrophy. Furthermore, autophagy signaling is highly upregulated during exercise
in cardiac and skeletal muscle, and exercise-induced autophagy provides protection against glucose
intolerance associated with a high-fat diet 4. Together, these data indicate the importance of autophagy

in skeletal muscle biology.

The role of autophagy in the MBH is not yet fully understood, but several research groups have already
shown that obesity affects central autophagy signaling and that autophagy manipulation impacts whole-
body metabolism. For instance, autophagy signaling is impaired in the arcuate nucleus after a chronic
high-fat diet regimen. In line with this finding, Atg7 knockdown and thus autophagy inhibition in the
MBH causes hyperphagia, decreased energy expenditure and massive obesity 2. A study by Kaushik
and colleagues revealed that autophagy regulates AgRP expression in the ARC after starvation, which
in turn increases food intake '**. This study further showed that deletion of Atg7, specifically in AgRP
neurons, reduces body weight and adiposity, which results in a lean phenotype '**. In a follow-up study,

Singh and colleagues investigated the role of autophagy in anorexigenic POMC neurons by deleting
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Atg7, which resulted in increased food intake and obesity due to reduced secretion of a-MSH and

impaired leptin signaling in POMC neurons of Atg7 mutant mice 43,

Together, these data demonstrate that autophagy has an essential role in regulating metabolic processes,

such as food intake, adipose tissue development, liver complications, and insulin resistance '3%146-148,

1.4.2. Autophagy regulation and core molecular mechanism

The most potent and best-characterized stimuli to autophagy are changes in nutritional status, such as
starvation. The two highly conserved energy sensors, AMPK (adenosine monophosphate protein kinase)
and mTOR, detect these nutritional changes and act in synergy to modify autophagy signaling to induce

catabolic or anabolic pathways, ensuring sufficient cellular energy supply.

In the presence of abundant nutrients, the mTOR complex 1 (mTORC1) is activated at the lysosomal
surface and directly binds to the autophagy initiator protein kinase ULKI, thereby inhibiting
autophagosome formation. ULK1 itself is a constantly assembled multiprotein complex, consisting of
ULK1, ATG13, ATG101, and FIP200 (FAK family-interacting protein of 200 kDa, also known as
RBI1CC1). Under nutrient depletion, mTORCI is inhibited by the TSCI1/TSC2 complex, which
contributes to the displacement of mMTORC1 from the surface of the lysosome. The TSC1/TSC2 complex
is activated by LKB1-mediated AMPK phosphorylation of TSC2 and triggers the dissociation of
mTORCI1 from ULKI1, which initiates dephosphorylation and subsequently activation of ULKI.
Furthermore, recent studies have shown that AMPK mediates ULKI1 activation by direct

phosphorylation independent of TSC1/TSC2 and mTORC1 '¥.

The ULK1 complex then translocates to the phagophore assembly site (PAS) to initiate membrane
nucleation by the activation of the PI3K (or Beclin 1 complex), consisting of Beclin 1, the class III
phosphatidylinositol 3-kinase (VSP34), the general vesicular transport factor p115, ATG14L, and the
activation molecule in Beclin-1 regulated autophagy protein 1 (AMBRA1). Activation of the Beclin 1
complex generates a pool of phosphatidylinositol-3-phosphates (PI3P) on the site of phagophore
formation, which promotes the recruitment of the PI3P effector proteins DFCP1 (zinc-finger FYVE
domain-containing protein 1) and WD repeat domain phosphoinositide-interacting proteins (WIPIs) to

initiate membrane elongation '*°.
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The extension of the isolation membrane is mediated by several ATG proteins, which are organized in
two ubiquitin-like conjugation systems. The first conjugation system forms a ubiquitin E3-ligase, the
ATGI12-ATG5-ATGI16L multiprotein complex, which is assembled by the concerted action of the E1-
like enzyme ATG7 and the E2-like conjugating enzyme ATGI10. The ATG12-ATGS-ATGI16L
heterocomplex is then recruited to nascent autophagosomes by WIPI proteins and participates in the
final lipidation step of the second conjugation system. For this system, the cytosolic and soluble form
of LC3 (microtubule-associated protein 1 light chain 3) is transformed to its phosphatidylethanolamine
(PE) conjugated form LC3-II. This process is mediated by the sequential action of the proteases ATG4,
ATG7, and the E2-like enzyme ATG3 (Figure 7, step 5). LC3-II binds to the autophagosomal membrane
and is vital for successful autophagosome closure. The selection and transportation of the autophagic
cargo is also mediated by LC3-II and other receptors, such as p62 (SQSTM1). After degradation, LC3-
II is recycled by ATG4 from the surface of autophagosomes for the next cycle of conjugation ',
Because of the stable association of LC3-II to the autophagosome membrane, it is a commonly used

marker to assess autophagy signaling '>°.

The final closure of the phagophore initiates the fusion of the autophagosome with the lysosome, thereby
forming an autolysosome. Whereas the outer autophagosome membrane is incorporated into the
lysosomal membrane, the inner membrane of the autophagosome and the autophagic cargo is degraded
by acidic lysosomal hydrolases (Figure 7) '*¢. The resulting metabolites (e.g., amino acids, fatty acids,
nucleotides, and sugars) are used for several anabolic processes such as protein synthesis,
gluconeogenesis, and ATP production '*!. The increase in intracellular amino acids reactivates mTORC1
and thus initiates a negative feedback mechanism to inhibit excess autophagy signaling during

starvation'!,

Interestingly, as already discussed (see chapter 1.3.1 and 2), FKBP51 directly regulates AKT in cancer
cells. In addition, recent evidence suggests that FKBP51 might regulate autophagy signaling via AKT.
Gassen and colleagues could demonstrate that FKBP51 recruits the inactivated AKT and PHLPP to
Beclin 1, thereby triggering autophagy signaling ?°. In a follow-up study, they further indicated that

FKBP51 regulates the protein level of Beclin 1 by inactivating SKP2 (S-phase kinase-associated protein
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2), which governs Beclin 1 level via direct ubiquitination '*2, Given the converging roles of FKBP51

and autophagy in several metabolic pathways, it might be promising to investigate, if FKBP51 has a

more prominent role in autophagy signaling, especially after metabolic challenges.
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like kinase.
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1.5. Aim of the thesis

Research on the co-chaperone FKBP51 made a tremendous step forward during the last decades and
positioned FKBP51 as a crucial regulator in a wide range of signaling pathways. Furthermore, FKBP51
is considered a promising drug target for stress-related psychiatric and metabolic disorders. Since stress
affects a highly balanced system of multiple central and peripheral signaling pathways, the changes in

one system might impact the other.

To fully establish FKBP51 as a possible candidate for therapeutic interventions, it is essential to unravel
the detailed mechanistic role of FKBP51 in the underlying signaling pathways, such as the PI3K-AKT

and autophagy pathway, controlling energy homeostasis and the stress response on a cellular level.

In particular, the more profound understanding of FKBP51 in peripheral organs, such as muscle, or
single brain regions, like the hypothalamus, is still a significant knowledge gap. Therefore, the current
thesis addresses the tissue-specific action of FKBPS51 in the regulation of the stress response and the

control of body metabolism by tackling the following research questions:

1. Reviewing the existing knowledge about FKBP51 in the regulation of metabolism (Chapter 2)

2. The effect of total FKBP51 deletion on whole-body metabolism (Chapter 3.1)

3. The effect of hypothalamic FKBP51 manipulation on whole-body metabolism and the effects
on autophagy signaling (Chapter 3.2)

4. The distinct role of FKBP51 in the PVN in response to an acute stressor (Chapter 3.3)
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ABSTRACT

Background: Obesity, Type 2 diabetes (T2D) as well as stress-related disorders are rising public health threats and major burdens for modern
society. Chronic stress and depression are highly associated with symptoms of the metabolic syndrome, but the molecular link is still not fully
understood. Furthermore, therapies tackling these biological disorders are still lacking. The identification of shared molecular targets underlying
both pathophysiologies may lead to the development of new treatments. The FK506 binding protein 51 (FKBP51) has recently been identified as a
promising therapeutic target for stress-related psychiatric disorders and obesity-related metabolic outcomes.

Scope of the review: The aim of this review is to summarize current evidence of in vitro, preclinical, and human studies on the stress responsive
protein FKBP51, focusing on its newly discovered role in metabolism. Also, we highlight the therapeutic potential of FKBP51 as a new treatment
target for symptoms of the metabolic syndrome.

Major conclusions: We conclude the review by emphasizing missing knowledge gaps that remain and future research opportunities needed to
implement FKBP51 as a drug target for stress-related obesity or T2D.

© 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords FKBP51; SAFit2; Adipogensis; Glucose uptake; Obesity; Stress; Type 2 diabetes

1. INTRODUCTION

Homeostatic mechanisms govern the stress response, energy balance,
and glucose homeostasis in order to maintain a dynamic equilibrium
following internal or external challenges [1]. This requires a complex
physiological response (involving multiple organ systems) to sense,
integrate, and respond to changes in the environment. Interestingly,
regulation of these homeostatic systems relies on many shared
environmental and genetic factors, whereby manipulation of one factor
can simultaneously influence stress-coping behaviors, body weight,
and blood glucose. Identification of such shared factors may prove
beneficial in treating stress-related comorbidities such as psychiatric
disorders, obesity, and T2D. In this context, FKBP51 has recently been
identified as a promising therapeutic target for the treatment of stress-
related psychiatric disorders [2,3] and obesity-related metabolic out-
comes [4]. In this review, we first summarize key physiological
mechanisms orchestrating the interplay of the body’s stress response,
energy balance, and glucose homeostasis, without giving an
exhaustive overview (the reader is referred to in-depth reviews at each
section). In the main part, we summarize and discuss the newly
discovered role of FKBP51 in metabolism and highlighting its thera-
peutic potential for metabolic diseases.

1.1. The stress response

The stress response refers to the repertoire of physiological and
behavioral reactions that arise in response to a stressor [5]. By definition,
a stressor is any threat, real or perceived, to homeostasis. Therefore,
stressors can either be physical in nature, such as metabolic stressors
(fasting, physical activity) or psychogenic in nature, such as social stress
or predator exposure. Although different types of stressors activate
different brain networks, they all converge to stimulate the sym-
pathoadrenomedullary (SAM) system and the hypothalamic-pituitary-
adrenal (HPA) axis. The sympathetic nervous system comprises the
most immediate physiological response involving direct catecholamin-
ergic innervation of peripheral organs, including the adrenal medulla,
which releases catecholamines into systemic circulation. Activation of
the SAM system represents the “fight or flight” response, characterized
by increased heart rate and respiration, redirection of blood flow away
from digestive and reproductive organs, and mobilization of energy
stores. Indeed, activation of the sympathetic nervous system has
important metabolic effects. For example, increased sympathetic drive to
white adipose tissue (WAT) and brown adipose tissue (BAT) recruits
brown adipocytes and furthermore mobilizes free fatty acids [6—9].
Similarly, increased sympathetic drive enhances glycogenolysis and
glucose output in the liver [10].
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The HPA axis mediates the slower, sustained response to a certain
stressor. Activation of the HPA axis involves the release of
corticotropin-releasing hormone (CRH) and arginine-vasopressin (AVP)
from parvocellular neurons within the hypothalamic paraventricular
nucleus (PVN) into the hypophyseal portal blood system, which bridges
the hypothalamus and anterior part of the pituitary gland. At the pi-
tuitary gland, CRH and AVP stimulate the release of adrenocorticotropic
hormone (ACTH) into systemic circulation (reviewed by [5]). In turn,
ACTH stimulates the secretion of glucocorticoids (GCs) from the ad-
renal cortex. GCs (cortisol in humans or corticosterone in rodents) are
recognized as the major end products of the HPA axis, which subse-
quently act on multiple organs to modulate the effects of a wide range
of physiological processes. GCs exert their effects through type |
mineralocorticoid receptors (MRs) and type Il glucocorticoid receptors
(GRs), which present distinct binding affinities for GCs and distinct
distribution profiles [11]. MRs have a higher affinity for GCs than GRs,
and as a consequence GRs are only activated in response to stress or
at the GC circadian peak [12]. Through GRs, GCs are involved in a
negative feedback circuit whereby they operate at different levels of
the HPA axis and at higher brain centers to terminate the stress
response [5]. Furthermore, in terms of metabolic regulation, GR
signaling is known to favor food intake, promote gluconeogenesis in
the liver, protein degradation and amino acid mobilization in muscle,
and lipolysis in fat [13—16]. Taken together, SAM activation coupled to
GC actions favors processes that increase the availability of circulating
energy stores.

1.2. Energy balance

Energy balance refers to the dynamic equilibrium between energy
input and output. Body weight maintenance is a tightly regulated ho-
meostatic system balancing energy input and output. This balance is
subject to multiple levels of regulation involving complex, redundant
mechanisms comprising thousands of genes and multiple organs and
involving both hormonal and neuronal signaling networks. Especially,
the proper communication between the brain, adipose tissue, and
muscle tissue via hormones, like insulin and leptin, is essential for a
healthy energy status. Further, interactions between environmental
cues (diet, physical activity, stress exposure) and genetic factors
determine individual susceptibility to gain weight as a result of
diverging changes to components of energy intake or expenditure.

1.2.1. Energy intake

Energy intake refers to the caloric gain through ingestion of carbo-
hydrates, fat, and protein. Two complementary drives regulate energy
input: homeostatic and non-homeostatic pathways [17]. Whereas
homeostatic pathways increase the motivation to eat in response to
energy deficits, non-homeostatic pathways are able to override ho-
meostatic pathways to favor consumption beyond metabolic needs.
Non-homeostatic feeding relates to the rewarding properties of food.
As a natural reward, palatable foods activate the brain’s reward sys-
tem, notably the mesocorticolimbic circuit, in which dopaminergic
neurons originating in the ventral tegmental area (VTA) send pro-
jections to various regions including the nucleus accumbens (NAc).
Activation of mesolimbic dopamine neurons is associated with
increased motivation to obtain not only food rewards but also drugs of
abuse. For homeostatic control of feeding, primary central pathways
interact with peripheral pathways via metabolic signaling molecules.
Several nuclei in the brain, primarily situated in the hypothalamus and
the brainstem integrate information from circulating hormones about
peripheral energy levels [18]. Leptin and insulin are two major hor-
mones which inform the brain about recent changes in the metabolic
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status [19]. Leptin is secreted proportional to body fat mass from
adipocytes and reduces food intake and increases energy expenditure
[20]. Insulin, secreted from the pancreas, also correlates with body
weight and adiposity and acts as a negative feedback control for
adiposity [21—23]. Both hormones reflect the energy status within the
periphery, subsequently signaling to the brain to mount an appropriate
response. In particular, the arcuate nucleus of the hypothalamus (ARC)
is a key region to translate the hormonal signals into behavioral re-
sponses (i.e., eating). The ARC contains two main neuronal populations
regulating feeding, the neuropeptide Y (NPY)/agouti related peptide
(AGRP) expressing neurons and the proopiomelanocortin (POMC)/
cocaine and amphetamine related transcript (CART) neurons. These
neurons are able to sense a broad range of nutrient and hormonal
signals (nutrients, insulin, and leptin), and their responses change
according to the energy state [24,25].

1.2.2. Energy expenditure

Energy expenditure comprises the energy needed to maintain normal
body functions and consists of obligatory energy expenditure, physical
activity, and adaptive thermogenesis [26]. While obligatory energy
expenditure (referring to the energy required for core body functions) is
relatively fixed, adaptive thermogenesis (processes that dissipate en-
ergy as heat to maintain body temperature) is highly variable and is
sensitive to environmental (e.g. cold temperature exposure and
persistent organic pollutants [27]) and genetic factors, like mutations in
genes sequences (e.g. leptin or the leptin receptor [28]). In mammals,
there are two major types of adipose tissue, BAT and WAT, which are
both structurally and functionally distinct [29]. Whereas WAT primarily
acts as a storage site for lipids, BAT functions as a thermogenic tissue,
dissipating energy as heat to mediate non-shivering thermogenesis.
Although traditionally viewed as a function of BAT, adaptive thermo-
genesis is additionally governed by white adipocyte transdifferentiation
into beige adipocytes, in a process referred to as ‘browning.” The
expression of UCP1 (uncoupling protein 1) in BAT mediates non-
shivering thermogenesis through its ability to separate fatty acid
oxidation from ATP synthesis [30]. Consequently, adipocytes in BAT
have a relatively high metabolic rate. Inducible ‘brown-like’ adipocytes
(beige cells) can be formed in WAT in response to various stimuli. Since
there is a negative correlation between body mass index (BMI) and the
activities of brown and beige cells, recruitment and/or activation of BAT
holds promise for the treatment of metabolic diseases.

1.3. Glucose homeostasis

Glucose homeostasis refers to the hormonal and neural regulatory
mechanisms that maintain blood glucose levels within a very narrow
range. In healthy individuals, the body regulates glucose release and
production in order to ensures sufficient glucose flux to meet the
demands of the body [23]. The proper control of glucose homeostasis
requires the synchronized actions of several organ systems, including
but not limited to, the brain, liver, skeletal muscle, and adipose tissue
[23,31]. The multiple mechanism regulating glucose metabolism are
complex and tightly regulated by hormones, like insulin and leptin, and
their impact on glucose homeostasis are in detail reviewed elsewhere
[31]. Interestingly, blood glucose levels are highly influenced by GCs
the main hormones released after a stressful event. For instance, GCs
increase glucose production in the liver by stimulating hepatic gluco-
neogenesis [14]. Additionally, GCs decrease glucose utilization and
uptake in skeletal muscle and WAT [32]. Indeed, energy and glucose
homeostasis are intimately connected since both systems respond to
changes in energy stores and availability. Accordingly, they share
many common regulatory pathways.
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Figure 1: (A) Overview of important sites of metabolism related FKBP51 expression, including brain, adrenals, muscle, and fat tissue. (B) Schematic representation of the protein
domain structure of the large immunophilins FKBP51 and FKBP52. FK1 and FK2 = FK506 binding domain. TPR = tetratricopeptide repeat domain.

1.4. |Interplay between stress and metabolic regulation

Chronic stress is a major risk factor for obesity and metabolic-related
diseases, highlighting the complementary biology between stress and
metabolic regulation [33]. Yet the relationship between stress and
energy metabolism is highly complex, exemplified by diverging
metabolic outcomes in response to stress. For example, in response to
stress, some individuals increase feeding and body weight whereas
others decrease feeding and lose weight. Moreover, stress-induced
hyperphagia is not necessarily followed by an increase in body
weight, suggesting that mechanisms regulating energy expenditure
are activated simultaneously. Such conflicting responses to stress
indicate that opposing metabolic drives respond to stress. Specifically,
GCs, the end products of the HPA axis, affect energy intake and
expenditure to favor a positive energy balance [34]. In contrast,
sympathetically-activated [-adrenergic receptors increase energy
expenditure via activation of thermogenesis in BAT in order to favor a
negative energy balance [26,35], a process that is suppressed by GCs
[36,37]. Therefore, stress promotes body weight gain when hyper-
phagia prevails. However, in the presence of stress-induced hypo-
phagia or when BAT recruitment dominates, weight loss results
(reviewed by [38]). Despite clear effects of stress on metabolic out-
comes, only a few molecular mediators at the interface between stress
and metabolic regulation are yet discovered [39,40]. However, the
complex interactions remain poorly defined. Here, we suggest that
FKBP51 may also represent a molecular link between stress and
metabolic pathways.

2. THE FK506 BINDING PROTEIN 51 IS A CO-CHAPERONE
WITH MULTIPLE INTERACTION SITES

FKBP51 (encoded by the FKBP5 gene) is a 51-kDa protein and a
member of the immunophilin family, which is able to bind the im-
munosuppressants rapamycin and FK506 [41]. Unlike the lower mo-
lecular weight members, FKBP51 does not initiate the
immunosuppression activity of FK506 [42,43]. Rather, FKBP51 is well
established as a heatshock protein 90 kDa (HSP90)-associated co-
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chaperone, regulating steroid hormone receptor signaling. FKBP51
negatively regulates the GR by reducing GC-binding, delaying nuclear
translocation, and thereby decreasing GR-dependent transcriptional
activity [44—47]. Its effects on GR signaling have important implica-
tions for the regulation of the stress response since GRs mediate the
termination of the stress response. In fact, higher levels of FKBP5
mRNA are associated with higher levels of circulating cortisol and
reduced negative feedback inhibition of the stress response
[44,46,48—50]. Through its regulation of GR sensitivity for hormone
binding, FKBP51 is perfectly positioned to modulate stress-related
metabolic outcomes that are mediated through GCs. Equally impor-
tant, however, is that FKBP51 expression in turn is induced by GR
activation itself, representing an ultra-short, negative feedback loop
regulating GR sensitivity [51].

FKBP51 shares high protein domain structure homology to FKBP52
[43]. Both proteins contain two domains located N-terminally (FK1,
FK2) with homology to FKBP12 (Figure 1). Only the FK1-domain (FK506
binding domain) interacts with the immunosuppressant drug tacroli-
mus (FK506). The FK1-domain of FKBP51 and FKBP52 is enzymatically
active in catalyzing the isomerization of peptidyl-prolyl bonds of model
peptides [52]. This domain has been shown to be the main determi-
nant for the divergent impact of FKBP51 and FKBP52 on GR function
[47,53]. While the FK1 domain is important for GR regulation, its
biochemical activity is not [54]. To modulate GR function, the FK1-
domain as well as the HSP90-binding TPR (tetratricopeptide repeat)
domain are essential. The C-terminal TPR-domain is conserved in both
FKBP51 and FKBP52 and enables binding to the EEVD motif at the C-
terminus of HSP90 [55]. Moreover, through its scaffolding function,
FKBP51 is known to regulate NF-«B, Akt1&2, GSK3p, calcineurin/
NFAT, DNMT1, and autophagic signaling pathways [4,56—61].
FKBP51 and FKBP52 have distinct expression profiles and may
therefore exert tissue- and cell type-specific effects [62, www.
proteinatlas.org]. Importantly, when both proteins are expressed in
the same cells they may have opposite functions, as already shown in
the context of GR signalling [63,64]. It is therefore of high importance
to differentiate between FKBP51- and FKBP52-mediated effects, an
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issue that is most crucial when it comes to pharmacological manip-
ulations (see section 4).

Given the significant interplay between diverse signaling pathways
involved in the regulation of homeostatic systems, FKBP51 may be well
positioned to mediate the crosstalk between stress and metabolic
systems. As a stress-responsive gene, FKBP5 is able to sense changes
in the environment and respond accordingly, which is a defining
feature of any metabolic regulatory pathway. In the following sections,
we provide accumulated evidence that FKBP51 is an important
regulator of whole-body energy and glucose homeostasis through its
regulation of diverse signaling modalities. Further, we discuss the
possible relevance of targeting FKBP51 for the treatment of stress-
mediated pathophysiology.

2.1.
tissue
FKBP51 is broadly expressed in the mammalian body (Figure 1).
Nevertheless, there are tremendous differences in FKBP51 expression
across various tissues, with a high expression in metabolically relevant
tissues in the periphery [65]. According to online gene banks and
recent publications, FKBP51 shows its strongest expression in human
adipocytes, skeletal muscle and lymphocytes [66]. The hippocampus
and the amygdala, two central regions controlling the stress response
and anxiety-related behaviors, show the highest expression of FKBP51
in the brain, especially after acute stress exposure [67]. Interestingly,
FKBP51 is also highly expressed and regulated in control centers of
whole-body metabolism, namely the ventromedial hypothalamic
nuclei, ARC, PVN, and the nucleus of the solitary tract. Although the
importance of tissue and nuclei specific actions of FKBP51 is
increasingly recognized, to-date only limited data are available.

FKBP51 shows its highest expression in muscle and adipose

2.2. Human FKBP51 is associated with T2D and markers of insulin
resistance

In humans, the FKBP5 gene is mostly associated with gene x early life
interactions [68] that are described to predict the adult risk to develop
psychiatric disorders, such as depression and posttraumatic stress
disorders [69,70]. Currently, there are only a few studies focusing on
the link between FKBP51 and metabolic disorders. However, recent
studies revealed new data on the co-chaperone’s function in meta-
bolism. The first study investigating the effects of FKBP51 expression
in adipose tissue on metabolism was led by Eriksson and colleagues in
2014 [66]. The authors nicely showed that dexamethasone, a potent
GR agonist, acts as a direct regulator of FKBP51 in subcutaneous and
omental adipose tissue. Furthermore, they identified SNPs within the
human FKBP5 gene that were associated with T2D. They further
proposed that the endogenous expression of FKBP5 in adipose tissue
correlates positively with markers of insulin resistance. Finally, the
authors suggest that SNPs within the FKBP5 gene may be linked to the
susceptibility to develop insulin resistance and dyslipidemia. In a
follow-up study with a larger and more diverse cohort, Sidibeh and
colleagues provided further evidence that FKBP5 gene expression is
linked to insulin resistance [71]. They revealed that FKBP5 negatively
correlates with genes regulating adipogenesis, suggesting that human
FKBP51 might be involved in adipocyte differentiation. These results
are in line with preclinical results underpinning a regulatory role of
FKBP51 in adipogenesis [72]. However, in humans it is not yet known
whether this link is caused by changes in FKBP51 protein levels.
Hence, it would be very interesting to include the changes in FKBP51
protein level as a parameter in future studies. In fact, results from
animal studies suggest that loss of FKBP51 function leads to a better
health status under high-fat diet conditions [4,73].
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Also, a study by Ortiz and colleagues reported an association between
FKBP5 intronic methylation and a risk of cardiovascular disease in T2D
patients [68]. In this study, the authors investigated the methylation of
FKBP5 at intron 2 in T2D patients only. Despite the limitations of a
small cohort size and the lack of a control group, the results suggest
that FKBP5 methylation at intron 2 is a marker for increased cardio-
vascular risk in T2D [68]. Another study demonstrated that intronic
DNA methylation of FKBP5 at intron 2 and 7 is significantly lower in
patients suffering from Cushing’s Syndrome compared to the controls,
which in turn leads to a higher gene expression and subsequently
results in GC resistance [74].

Whereas the above mentioned studies could not find any correlation of
FKBP5 and body weight, a study by Hartmann and colleagues showed
that the SNP rs1360780 within the FKBP5 gene is associated with
reduced weight loss following bariatric surgery [75]. Taken together, the
few existing studies in human cohorts suggest a role of FKBP5 in the
development of metabolic disorders. However, additional clinical studies,
with greater sample sizes, are required to solidify the current findings.
Moreover, it is necessary to study broader population groups in order to
characterize the association between stress and metabolic disorders.

2.3. Preclinical studies show a beneficial effect of FKBP51 loss in
mice

In parallel to human studies of SNPs within the FKBP5 gene, FKBP51
has been heavily researched in preclinical studies. Until now, the main
focus of FKBP51 research in vivo has primarily examined the stress
response, stress-related disorders, and cancer. Yet as early as 2012
two papers had reported that FKBP51 knockout (KO) mice are leaner
than their littermates under normal chow diet [76,77]. These findings
initiated the first studies examining FKBP51 within the context of
metabolism. In 2014, a study from the Schmidt lab examined the
interaction between chronic stress and obesity [78]. Despite the
findings that chronic stress induces hyperphagia and weight loss, the
results showed a positive correlation between FKBP5 mRNA and body
weight gain as well as food intake. Thus, the study was the first to
suggest FKBP51 as a link between stress-related disorders and the
metabolic syndrome. A few years later, two independent research
groups showed that FKBP51 null mice are resistant against high fat
diet-induced weight gain and adiposity and showed improved glucose
tolerance and increased energy expenditure [4,73]. In both cases,
genetic deletion of FKBP51 had no effect on food intake. Interestingly,
while both studies observed the same body weight phenotype, they
discovered independent pathways through which FKBP51 influences
body weight. Stechschulte and colleagues identified FKBP51 as a
regulator of adipocyte differentiation, in which loss of FKBP51 triggers
browning in white adipose tissue. They showed that FKBP51 KO ani-
mals have a reduced PPARy activity and increased expression of
markers of browning, (i.e. UCP-1 and PRDM16) in WAT [73]. Alter-
nately, our own study demonstrated that FKBP51 acts through AKT2-
AS160 signaling to regulate glucose uptake specifically in muscle
tissue. Furthermore, our study was the first to present that treatment
with a selective FKBP51 antagonist, SAFit2, improves the metabolic
health of obese mice. Interestingly, while FKBP51 is also expressed
and regulated in metabolic brain centers, its role in those centers is so
far unexplored, leaving many directions for researchers to pursue.

3. MOLECULAR REGULATION OF METABOLIC PATHWAYS BY
FKBP51

As introduced above, FKBP51 is mainly characterized as a co-
chaperone of the HSP90 complex in order to regulate the ultra-short
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negative feedback loop involved in terminating the stress response.
However, FKBP51 has many more interaction partners like AKT,
Beclin1 and NF-kB. In the following paragraphs, we will show that
many of FKBP51’s interacting partners are involved in essential
metabolic pathways, underpinning FKBP51 as a potential new thera-
peutic target for metabolic diseases (Figure 2).

3.1. FKBP51 regulates glucose uptake in muscle tissue

The AKT protein family consists of three related isoforms, AKT1, AKT2,
and AKT3. All members share a high degree of homology, each con-
taining a N-terminal pleckstrin homology (PH) domain, a kinase
domain, and a hydrophobic motif at the C-terminus [79]. However,
each isoform differs in its tissue expression levels. Whereas AKT1 is
widely distributed across tissues and recognized for its role in cell
growth and survival [80,81], AKT2 is largely restricted to insulin
sensitive tissues, fat and muscle, where it contributes to the regulation
of glucose homeostasis [82,83]. AKT3 expression is mainly limited to
the testis and brain [84].

As a key downstream target of phosphoinositide-3 kinase (PI3K), many
cytokines and growth factors, including insulin, activate AKT signaling.
Briefly, PI3K converts phosphatidylinositol-4,5-bisphosphate (PIP2)
into phosphatidylinositol-3,4,5-trisphosphate (PIP3), which subse-
quently acts as a binding site for PH domain proteins, including AKT
and PDK1 (3-phosphoinositide-dependent protein kinase 1). At the
plasma-membrane, PDK1 phosphorylates the activation loop of Akt at
Thr308 [85]. For maximal activation, AKT is also phosphorylated at
Ser473 (AKT2 Ser474) in the hydrophobic motif [86] by mTORC2 [87].
Once activated, AKT phosphorylates a plethora of downstream targets
to regulate metabolism, cell proliferation, and cell survival [79]. To
inactivate AKT signaling, protein phosphatase 2 (PP2) and PH domain
leucine-rich repeat phosphatase (PHLPP) dephosphorylate Thr308 and
Ser473, respectively [88,89]. Two isoforms of PHLPP (PHLPP1 and
PHLPP2) exist, and while both dephosphorylate Ser473 (or Ser474 at
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Akt2), PHLPP1 specifically acts on AKT2 and AKT3 whereas PHLPP2
acts on AKT1 and AKT3 providing specificity for the termination of AKT
signaling [90].

FKBP51 has been shown to regulate AKT signaling through its role as a
scaffolding protein. The first study to establish a link between FKBP51
and AKT demonstrated that overexpression of FKBP51 reduces
phosphorylation of AKT1 at Ser473, but has no effect on the phos-
phorylation of Thr308 in a pancreatic cancer cell line [59]. Accordingly,
SiRNA downregulation or genetic deletion of FKBP51 increased Ser473
phosphorylation, with no effect on Thr308 phosphorylation. The au-
thors demonstrated that FKBP51 regulates AKT1-Ser473 phosphory-
lation through its ability to interact with both PHLPP and AKT.
Specifically, PHLPP and AKT co-immunoprecipitated with FKBP51, and
in turn FKBP51 overexpression led to an increased interaction between
PHLPP and AKT across all AKT isoforms and corresponding PHLPP
isoforms. Importantly, decreased Ser473 phosphorylation resulted
from FKBP51 overexpression was prevented by knockdown of PHLPP.
At a functional level, FKBP51 expression is downregulated or lost in
pancreatic cancer and breast cancer cell lines [59], which agrees with
the observed AKT hyperactivation in many cancers. Reconstitution of
FKBP51 in cancer cells decreased Akt phosphorylation at Ser473 and
sensitized the cells to chemotherapeutic agents, supporting the earlier
findings that loss of FKBP51 expression is associated with chemo-
therapy resistance [91].

Very recently, we demonstrated that FKBP51 is involved in the regu-
lation of glucose homeostasis through its regulation of AKT2 signaling.
We found that AKT2 signaling, as determined through the phosphor-
ylation of AKT2 and downstream effectors (AKT substrate 160 (AS160)
and p70S6K), is increased in skeletal muscle (soleus and extensor
digitorum longus muscles) of FKBP51 KO mice and of mice treated
with the FKBP51 antagonist SAFit2. This agrees with the relatively high
expression level of FKBP51 and low expression level of its functional
counterpart, FKBP52, detected in skeletal muscle. Given the

A
S\
e \©

1R |
s

LT A

Figure 2: Schematic representation of important metabolism-related cellular signaling cascades where FKBP51 was shown to play a decisive role (see main text for further
details). (A) FKBP51 interacts with HSP90 and several steroid receptors (SR), including the mineralocorticoid receptor (MR) and the glucocorticoid receptor (GR) and thereby
modulates SR ligand sensitivity, translocation and function. Among the genes that are regulated by glucocorticoids (GCs) via MR/GR activation is Fkbp5, thereby forming an ultra-
short feedback loop. At the same time, FKBP5 has been shown to interact with other signaling pathways, thereby affecting cellular function in a cell-type specific manner [132—
134]. (B) In fat tissue, FKBP51 was shown to affect PPARy signaling and adipogenesis (not depicted) [73,105]. In addition, an effect of UCP1 and consequently browning of white
adipose tissue (WAT) has been postulated [4,73]. (C) In muscle cells, FKBP51 interacts with AKT2 in the insulin signaling pathway, ultimately modulating cellular glucose uptake [4].
(D) In the brain, FKBP51 was shown to regulate autophagy via interaction with Beclin1 [56].
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importance of skeletal muscle AKT signaling in the maintenance of
glucose homeostasis [92,93], we examined molecular markers and
functional readouts of glucose uptake. Briefly, the glucose transporter
protein 4 (GLUT4) is responsible for insulin-stimulated glucose uptake
in skeletal muscle. In an unstimulated state, GLUT4 is localized to
specialized intracellular structures that consist of GLUT4 storage
vesicles [94]. Upon insulin stimulation, AKT signaling is activated
leading to the phosphorylation of AS160 and the translocation of
GLUT4 to the plasma membrane, which facilitates increased glucose
uptake [95]. Both pharmacological antagonism and genetic deletion of
FKBP51 increase the expression of GLUT4 at the plasma membrane
and increase 2-deoxyglucose uptake in primary myotubes. Meanwhile,
simultaneous overexpression of AKT2 and FKBP51 prevented AKT2-
induced increases in glucose uptake. Co-immunoprecipitation exper-
iments revealed that FKBP51 not only interacts with AKT2 and PHLPP
but interacts with the downstream effector AS160. Taken together,
AKT2 signaling is an important regulator of cellular survival and
metabolism. Through its function as regulator of AKT signaling,
FKBP51 has been implicated in cellular survival in cancer and glucose
uptake in obesity and diabetes. Whether FKBP51-AKT signaling is
involved in additional metabolic functions beyond its regulation of
glucose uptake is an open area of research.

3.2. FKBP51 regulates adipocyte differentiation in fat tissue

The pathophysiology of obesity is associated with the massive
expansion of visceral and subcutaneous fat depots. Adipose tissue is a
remarkable organ with fundamental effects on whole body meta-
bolism. With its function as an energy storage site, a source of
circulating free fatty acids, and a hormone secretion site, adipose
tissue plays a major role in regulation and dysregulation of nutrient
homeostasis [96,97]. Adipocytes are the major cell type of fat tissue.
The accurate transformation of mesenchymal stem cells to mature
adipocytes, so called adipogenesis, is crucial for proper functionality.
Adipogenesis consists of 2 main phases, the determination of
mesenchymal stem cells to pre-adipocytes and the final differentiation
of pre-adipocytes to mature adipocytes. It is activated by multiple
signaling cascades within the mitogen-activated protein (MAPK) family
in response to a plethora of stimuli [98]. The so called ‘master’
regulator of adipogenesis is peroxisome-activated receptor 'y (PPARY).
PPARYy acts as a pro-adipogenic factor, regulating the terminal dif-
ferentiation phase [96]. The activation of PPARYy by the AKT-p38/MAPK
pathway was initially reported by Aoudi and colleagues [99,100].
Phosphorylation of AKT leads to an activation of p38 kinase, which
phosphorylates the transcription factors GRa. (at serine 220 and 234)
[101] and PPARYy (at serine 112) [102] to stimulate lipolysis and to
reduce adipogenesis, respectively. Interestingly, recent data suggests
that FKBP51 is one of the most highly induced proteins during WAT
adipocyte differentiation [72,103]. In vitro studies in 3T3-L1 pre-
adipocytes have shown that FKBP51 is an important regulator of
adipocyte maturation [104]. In fact, loss of FKBP51 in pre-adipocytes
prevents adipocyte differentiation and accumulation of lipid droplets
[101]. Furthermore, FKBP51 KO cells tend to have an increased
resistance to lipid accumulation and a decrease in the expression of
lipogenic genes, such as CD36, in mature adipocytes [105]. The au-
thors discovered that FKBP51 scaffolds PHLPP to inhibit AKT activity,
through dephosphorylation, and thereby negatively regulates p38 ki-
nase, which in turn reduces GRa. activity to repress lipolysis and in-
duces PPARy to increase adipogenesis [101,105]. These studies
indicate that FKBP51 is an important regulator of the balance between
lipolysis and lipogenesis in adipocytes.
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A few vyears later, Stechschulte and colleagues confirmed their
reduced PPARY and increased GRa:. activity in FKBP51 deficient mice
in vivo [73]. Interestingly, they showed that FKBP51 null mice were
resistant to the PPARY agonist rosiglitazone in WAT. These findings
replicate the in vitro data and further support the notion that the
FKBP51-Akt/p38 MAPK cascade is, in part, responsible for the reduced
WAT mass in FKBP51 KO mice [73]. Surprisingly, the resistance to
rosiglitazone was only observed in WAT. BAT of FKBP51 KO mice
stayed responsive to the PPARY agonist.

The diverse effects of rosiglitazone in FKBP51 KO mice could be due to
differences in FKBP51 expression in white and brown adipocytes,
which derive from different adipocyte precursor lineages [106]. In fact,
FKBP51 shows a lower expression in BAT compared to WAT [73].
Despite the expression differences of FKBP51, the levels of FKBP52
might be as important. FKBP52 competes for binding partners with
FKBP51, thereby affecting downstream signaling pathways differently
[43,63]. For instance, FKBP52 is minimally expressed in skeletal
muscle and highly expressed in WAT. Consequently, FKBP52 does not
compete with FKBP51 for the binding site with AKT2 in muscle, but
interferes with its binding in WAT, thereby altering functional impli-
cations [4].

Next to its regulatory function on PPARy activity, FBKP51 also interacts
in complex with Hsp90 with steroid receptors, like the GR, MR, AR, and
PR [55]. So far, there are no conclusive data on a function of FKBP51 in
modulating MR, AR, or PR function in adipocytes. Interestingly,
especially adipocyte GRs are activated by glucocorticoids and are
associated with adipogenesis [107] (the interplay between FKBP51,
Hsp90 and GR are reviewed in detail elsewhere [64,104]). Within the
first hours of adipocyte differentiation, FKBP51 rapidly translocates
from the mitochondria to the nucleus. This shuttling of FKBP51 results
in an increased interaction with GR and thereby a decrease of tran-
scriptional activity of GR [72]. Whether or not the activation of PPARy
and GR lead to nuclear shuttling of FKBP51 via differential mechanisms
is so far not clear.

Mounting evidence suggests that FKBP51 is also important in the
browning of WAT. Elevated levels of various thermogenic genes, such
as PGC-1a, UCP-1 and PRDM16 has been observed in WAT of FKBP51
KO mice. An upregulation of thermogenic genes is associated with
increased energy expenditure and heat production, explaining the lean
phenotype of FKBP51 KO mice [4,73]. However, the detailed molecular
mechanism for the elevated energy expenditure and increased
expression of browning markers in FKBP51 KO mice is still unclear. It
is worth speculating that the observed effect of the UCP-1 upregulation
in WAT of FKBP51 KO mice might not be mediated directly by FKBP51
but rather indirectly via sympathetic or parasympathetic innervation.
Considering the distinct molecular and physiological properties of
various fat depots within the body, specific manipulations of different
adipose depots would be necessary to fully unravel the direct or in-
direct role of FKBP51 in the regulation of adipogenesis and browning
in vivo.

3.3. Role of FKBP51 in modulating autophagy

Autophagy is an important catabolic process to maintain cellular ho-
meostasis and cellular function. It is tightly regulated and crucial for
targeting damaged cytosolic macromolecules such as organelles,
proteins, glycogens, and lipids to lysosomes for degradation [108].
Recent data demonstrated an important role of autophagy in the
regulation of metabolic processes such as, food intake, adipose tissue
development, liver complications, and insulin resistance [109—111].
For instance, defects in autophagy signaling have been implicated in
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the development of obesity and T2D [112]. Moreover, it has been
shown that hypothalamic autophagy is increased during starvation to
supply cells with sufficient nutrients [113]. Additionally, a regulatory
role of autophagy in adipocyte mass development and differentiation
has been reported [110,114]. Intriguingly, FKBP51 acts as a regulatory
molecule of both processes as well [67,72], which indicates
converging pathways of FKBP51 and autophagy. Indeed, in 2010,
Romano et al. initially described a decisive role for FKBP51 in the
cellular response to irradiation resulting in a shift from apoptosis to
autophagy [115]. More recent studies have highlighted the mechanistic
impact of FKBP51 on the regulation of autophagy and related pro-
cesses. Furthermore, autophagy can be induced through GCs, and
Hsp90 and its co-chaperone FKBP51 are key modulators of autophagy
function [59,116—118]. The initiation and regulation of autophagy
involves complex signaling pathways, which are not focus of this re-
view, but are reviewed in depth elsewhere [119—121]. However, one
key molecule, Beclin1, is of particular interest. Beclin1 interacts with
several other proteins to induce the initiation of autophagy signaling.
Interestingly, it was demonstrated that FKBP51 promotes the induction
of autophagic signaling by phosphorylating Beclin1 at serine 234 and
serine 295. In parallel, the Beclin1-phosphorylating kinase, AKT, is
dephosphorylated at serine 473 by the FKBP51-mediated recruitment
of PHLPP, which promotes the induction of autophagy. Furthermore,
synthetic GCs (i.e. dexamethasone) and antidepressants act syner-
gistically with FKBP51 in the induction of autophagy [56,122]. Despite
the emerging roles of autophagy and FKBP51 in energy metabolism, no
study has systemically investigated the FKBP51-Beclin1-Autophagy-
axis in metabolic control. Indeed, in future studies, it will be important
to delineate the regulatory action of FKBP51 on Beclin1 in the context
of whole-body metabolism.

4. FKBP51 AS A THERAPEUTIC TARGET

FKBPs bind the immunosuppressive compounds FK506 and rapamycin
[123,124]. These natural compounds, which were first isolated from
bacterial Streptomyces strains, have been shown to bind to the
peptidyl-prolyl-isomerase pocket of the FK1 domain, thereby inducing
a complex with calcineurin (in the case of FK506) or mTOR (in the case
of rapamycin) [125,126]. As FKBPs are also implicated in a wide range
of intracellular signaling pathways that are independent of immune
suppression [127,128], non-immunosuppressant FK506-derived li-
gands were developed (e.g. FK1706), which had neuroprotective
properties [125]. However, none of these ligands could discriminate
the different FKBPs, especially not between FKBP12 (with immuno-
suppressant properties) and the larger molecular weight FKBPs
FKBP51 and FKBP52 (with non-immunosuppressant properties). Given
the different and often opposing functions of the different FKBPs,
selectivity of novel ligands is of utmost importance. As mentioned
previously, while FKBP51 and FKBP52 share 70% sequence homology,
they have diverging effects on many signaling pathways, including
steroid hormone receptor signaling and AKT signaling pathways.
Therefore, for the therapeutic potential of FKBP51 to be realized,
agents must be able to select between FKBP51 and its often functional
opposing homolog FKBP52. It soon became clear that the specific
chemical targeting of FKBP51 is challenging, as large-scale screening
assays for novel FKBP51 ligands did not reveal any new hits, other than
the already known FK506 and rapamycin. The eventual breakthrough
was achieved by Hausch and colleagues, using structure-based
rational design [129]. In a stepwise approach guided by co-crystal
structures a ligand-induced conformational change was observed
that favored FKBP51 over FKBP52. Further development of the
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prototype compounds eventually resulted in the first selective FKBP51
inhibitors termed SAFit1 (abbreviated for selective antagonists of the
FK506-binding protein 51 by induced fit) and SAFit2 [2]. Both ligands
have K; values of less than 10 nM and show more than 10,000-fold
selectivity of FKBP51 over FKBP52. These new compounds are non-
immunosuppressive, and they selectively stimulate neurite outgrowth
in vitro. For in vivo applications SAFit2 shows the better pharmaco-
kinetic properties and crosses the blood brain barrier. As expected
from the well-described function of FKBP51 in reducing the sensitivity
of the GR to its ligand, treatment with SAFit2 enhanced GR-mediated
GC feedback, as indicated by lower circadian peak corticosterone
levels and an enhanced dexamethasone-mediated suppression of the
HPA axis [2].

Since their first description, the selective FKBP51 ligands SAFit1 and
SAFit2 have been tested in a number of in vivo disease models,
underlining the versatile applicability of a selective pharmacological
FKBP51 inhibition. As psychiatric disorders are closely linked to
FKBP51 function, the brain-permeable SAFit2 was tested for effects on
anxiety and depression-like behavior. Intriguingly, FKBP51 inhibition
was shown to reduce passive stress coping behavior in the forced
swim test and exploration anxiety in the elevated plus maze and the
dark-light box after only a few hours post-administration [2,3]. The
effect of FKBP51 antagonism on anxiety was specific to the amygdala,
as the anxiolytic effect could be mimicked by injecting SAFit2 directly
into this brain region. Similarly, FKBP51 inhibition was shown to
reduce chronic pain [130,131]. When applied as treatment of meta-
bolic disorders, we could recently show that prolonged SAFit2 treat-
ment reduces body weight gain and reverses high-fat diet-induced
glucose intolerance [4]. The effect mimicked the metabolic phenotype
of FKBP51 KO mice, and no SAFit2 effect was observed when FKBP51
KO mice were treated, highlighting the specificity of the antagonist.
Importantly, the improvement of glucose tolerance was already
observed just 48 h after beginning treatment and preceded the body
weight phenotype. This suggests that the effects of FKBP51 inhibition
on glucose uptake are the most proximal beneficial treatment effects
and independent of the improved body weight phenotype. Notably,
pharmacological antagonism via SAFit2 disrupts the scaffolding
function of FKBP51 by weakening the interaction between FKBP51 and
AS160 while strengthening the interaction between AKT2 and AS160
to ultimately promote a steric arrangement that favors glucose uptake.
Indeed, the first results of selective FKBP51 inhibition in relation to
metabolism and metabolic disorders are highly promising and are a
starting point for further investigations. Further improvement of the
current inhibitors SAFit1 and SAFit2 to enhance their drug-like prop-
erties, including a lower molecular weight, will be important. Likewise,
further improvement of the pharmacokinetic properties of SAFit1 would
enable the pharmacological blockade of FKBP51 only in the periphery,
as SAFit1 does not cross the blood brain barrier. Yet much work is still
needed to disentangle the mechanism of action by which FKBP51 li-
gands work on the molecular level in the different tissues expressing
FKBP51 in order to optimize the therapeutic effects of FKBP51
antagonists.

5. CONCLUSION AND FUTURE DIRECTIONS

This review’s intent was to highlight the accumulating evidence that
FKBP51 plays an important role in the regulation of whole-body energy
and glucose metabolism, presenting FKBP51 as a complex co-
chaperone beyond the well-established function as a negative GR
regulator. The recent insights highlight FKBP51 as a potential drug
target for obesity and its associated comorbidities. However, a lot of
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research is needed to advance the field. Below, we list a few future
directions, which we believe are crucial to advance the knowledge
about FKBP51’s metabolic action:

1. Tissue-specific manipulation of FKBP51 in muscle, adipose and
brain tissue will be important to disentangle the differential func-
tions of FKBP51 in specific cells-types.

2. Better insight into the specific actions of FKBP51 inhibitors at the
molecular level will be necessary.

3. Development of pathway specific FKBP51 antagonists will be key
for symptom tailored treatment.

4. Clinical studies examining FKBP51 in human cohorts in the context
of metabolism will further the therapeutic development of FKBP51
antagonists

We hope that future preclinical and clinical studies will fill the
knowledge gap to fully disentangle the molecular mechanism of
FKBP51 in metabolism and help to implement FKBP51 as drug target
for the treatment of metabolic disorders.
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Stress-responsive FKBP51 regulates AKT2-AS160
signaling and metabolic function
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Nils C. Gassen® & Mathias V. Schmidt® '

The co-chaperone FKBP5 is a stress-responsive protein-regulating stress reactivity, and its
genetic variants are associated with T2D related traits and other stress-related disorders.
Here we show that FKBP51 plays a role in energy and glucose homeostasis. Fkbp5 knockout
(51KO) mice are protected from high-fat diet-induced weight gain, show improved glucose
tolerance and increased insulin signaling in skeletal muscle. Chronic treatment with a novel
FKBP51 antagonist, SAFit2, recapitulates the effects of FKBP51 deletion on both body weight
regulation and glucose tolerance. Using shorter SAFit2 treatment, we show that glucose
tolerance improvement precedes the reduction in body weight. Mechanistically, we identify a
novel association between FKBP51 and AS160, a substrate of AKT2 that is involved in glucose
uptake. FKBP51 antagonism increases the phosphorylation of AS160, increases glucose
transporter 4 expression at the plasma membrane, and ultimately enhances glucose uptake in
skeletal myotubes. We propose FKBP51 as a mediator between stress and T2D development,
and potential target for therapeutic approaches.
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K506-binding protein 51 (FKBP51) is an immunophilin

protein best known as a negative regulator of the gluco-

corticoid receptor (GR) and consequently the physiological
stress response’. Specifically, in complex with FKBP51 (FKBP5
gene), the GR displays reduced ligand affinity, reduced nuclear
translocation, and ultimately decreased GR sensitivity! ™.
By contrast, in complex with its functional counter-player
FKBP52 (FKBP4 gene), GR activity is enhanced®. Single-
nucleotide polymorphisms (SNPs) in the FKBP5 gene, which
are associated with increased expression of FKBP5 (high-induc-
tion allele), have been fundamentally linked to stress-related
disorders, and most notably in psychiatric disorders’. In this
context, it is possible that stress-induced FKBP5 may similarly be
implicated in additional stress-related pathophysiologies, such as
type 2 diabetes (T2D).

Exposure to nutrient overload, including exposure to a high-fat
diet (HFD), is considered a metabolic stressor®. Interestingly, it
was reported that 8 weeks of HFD exposure in mice led to
enhanced Fkbp5 expression in the hypothalamus’, suggesting that
Fkbp5 is responsive to metabolic stressors and is able to sense the
nutrient environment. Accordingly, a study examining food
restricted-responsive genes reported an induction of Fkbp5 in the
hypothalamus and ventral tegmental area'’. This is in agreement
with an earlier study, which used a 24-h food restriction paradigm
as a stressor to investigate stress-induced Fkbp5 expression across
multiple brain regions'!.
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There are several additional lines of evidence to support the
possibility that FKBP51 links stress to metabolic function. Human
adipocytes and skeletal muscle are among the tissues presenting
the strongest expression of FKBP5'2. Recently, the high-induction
FKBP5 risk allele was associated with reduced weight loss fol-
lowing bariatric surgery!>. A genome-wide association study
furthermore demonstrated that SNPs within the FKBP5 gene loci
are associated with T2D and markers of insulin resistance'®.
Preclinical studies in animal models have similarly demonstrated
that complete loss of FKBP51 protects against HFD-induced body
weight gain and hepatic steatosis, which is, in part, explained by
an increased expression of uncoupling protein 1 (UCP1), a spe-
cific marker of browning, in white adipose tissue (WAT) and
increased thermogenesis'”. Additionally, FKBP51 is a negative
regulator of all 3 isoforms of the serine/threonine protein kinase
AKT (AKTI1, AKT2, and AKT3), and through this action, reg-
ulates the response to chemotherapy'®. AKT is also a central node
within the insulin signaling pathway, and deregulation of AKT
activation, most notably AKT?2 activation, has been linked to the
pathogenesis of diabetes and obesity'”> 1%, In this context, FKBP51
may be an important regulator of insulin signaling and conse-
quently energy and glucose homeostasis'®. Nevertheless, whether
FKBP51 plays a critical role in whole body glucose metabolism
remains to be elucidated. For this purpose, we aimed to char-
acterize the role of FKBP51 in energy and glucose homeostasis
using a combination of Fkbp5 knockout (51KO) mice,
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Fig. 1 Genetic ablation of FKBP51 prevents HFD-induced weight gain. a 51KO mice (n=16) presented lowered body weight, decreased fat mass, and
increased lean mass compared to WT littermates (n =18) at the onset of the dietary feeding period. b 51KO mice weighed significantly less than WT mice
throughout the 8-week dietary treatment and at the experimental end (n=9 WT-Chow, n=9 WT-HFD, n=9 51KO-Chow, n=7 51KO-HFD). Whereas
WT mice were susceptible to HFD-induced weight gain, 51KO mice were not as interpreted from weight progression and final body weight (following
8 weeks on respective diets). ¢ After 8 weeks on the dietary treatment, 51KO mice presented decreased fat pad weights for epididymal (e), inguinal (i), and
perirenal (p) white adipose tissues (WAT) compared to WT counterparts whereas presented no change in brown adipose tissue (BAT) mass. HFD
exposure significantly increased fat pad mass, regardless of genotype. Lean mass was adjusted for body weight and is expressed for a 30-g mouse. Data
are represented as mean + SEM. TP < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001, two-tailed t test for a, Repeated measures
ANOVA and two-way ANOVA for b, two-way ANOVA for ¢; + significant genotype effect; # significant diet effect
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Fig. 2 Genetic ablation of FKBP51 improves glucose tolerance. a Blood glucose following a 14 h fast was significantly lower in 51KO mice compared to WT
mice. b In the GTT, a HFD impaired glucose tolerance in WT mice but not in 51KO mice. ¢ The glucose area under curve (AUC) illustrates the effect of
genotype and diet on glucose tolerance. d, e Fasted insulin and glucose-stimulated insulin were significantly elevated from HFD exposure independent of
genotype. f In HFD-fed mice, loss of FKBP51 significantly reduced insulin tolerance. Importantly blood glucose remained significantly lower 120 min
following insulin administration on account of FKBP51 deletion under both chow conditions and HFD conditions. g The glucose AUC for ITT demonstrates
the strong diet effect and a trend for genotype. n=8 WT-Control, n =10 WT-HFD, n=12 51KO-Control, n =13 51KO-HFD. Data are represented as mean
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pharmacological manipulations, and mechanistic studies. We
found in this study that FKBP51 regulates glucose metabolism in
mice, through it, regulation of AKT2-AS160 signaling, glucose
transporter expression, and glucose uptake in myotubes. Phar-
macological antagonism of FKBP51 improves glucose tolerance,
irrespective of body weight changes, which suggests an oppor-
tunity to target FKBP51 for the treatment of T2D.

Results

FKBP51 loss opposes obesity and improves glucose tolerance.
In order to examine the role of FKBP51 in energy and glucose
homeostasis, we initially characterized the metabolic outcomes
arising in 51KO mice. We found that 51KO mice fed with a
standard chow diet showed a modest body weight reduction,
reduced adiposity, and increased lean mass compared to WT
littermates (Fig. 1a). When challenged with HFD exposure for
8 weeks, the 51KO mice were protected from both HFD-induced
weight gain and increased adiposity (Fig. 1b, c). Loss of FKBP51
likewise counteracted diet-induced obesity under thermoneutral
conditions (30 °C), arguing against a thermoregulatory basis of
the phenotype (Supplementary Fig. 1). Indirect calorimetry
revealed that the body weight phenotype observed in 51KO mice
under standard chow conditions was accompanied by a modest
increase in total energy expenditure, as a result of an increased
resting metabolic rate (RMR) (Supplementary Fig. 2A). In

|8:1725

addition, 51KO mice presented a modest decrease in their
respiratory exchange ratio (RER) and a slight increase in their
home-cage activity (Supplementary Fig. 2B, C). By contrast,
neither water nor food intakes were affected by loss of FKBP51
(Supplementary Fig. 2D, E). To confirm a lack of FKBP51 effect
on feeding behavior, a separate pair-feeding experiment was
performed, in which a cohort of WT mice was pair-fed to 51KO
mice. This experiment again revealed no genotype effect on
energy intake (Supplementary Fig. 2G). Cold-induced body
temperature regulation was unaffected by FKBP51 genotype
(Supplementary Fig. 2H).

To determine the effects of FKBP51 on glucose metabolism
and insulin sensitivity, we performed glucose tolerance tests
(GTTs) and insulin tolerance tests (ITTs) in a separate cohort of
51KO and WT mice. The body weight data were consistent with
our previous experiments (Supplementary Fig. 3). FKBP51
deletion lowered fasting glucose (Fig. 2a) and remarkably
improved glucose tolerance (Fig. 2b, c). Although the effect of
FKBP51 deletion was present under the control condition, a
metabolic challenge using HFD exposure heightened the
genotype effect. Interestingly, the levels of fasted insulin and
glucose-stimulated insulin were not different between 51KO and
WT mice (Fig. 2d, e), indicating that differences in insulin
secretion do not contribute to the improved glucose tolerance
phenotype. In the ITT, 51KO mice presented a prolonged
response to insulin under control and HFD conditions, despite
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Fig. 3 FKBP51 antagonism parallels the metabolic effects resulting from genetic ablation of FKBP51. a A single application of a slow-release-formulated
SAFit2 gel had no effect on glucose tolerance or (b) Body weight under control diet conditions. ¢ Under HFD conditions, acute administration of SAFit2 gel
significantly improved glucose tolerance. d The effects of SAFit2 on glucose tolerance under HFD conditions were not present in 51KO. e Despite the
effects of acute SAFit2 on glucose tolerance under HFD conditions, there was no effect on body weight (f) 10-day SAFit2 treatment had no significant
effect on body weight. g Despite no effect on body weight, SAFit2 treatment significantly improved glucose tolerance as reflected in the glucose area under
the curve (AUC) for the GTT measured on treatment day 8. h At the experimental end point (following 30 days of treatment), mice treated with SAFit2
weighed significantly less than their diet counterparts. Nevertheless, mice fed with the HFD remained significantly heavier independent of treatment. i The
extended SAFit2 treatment schedule furthermore protected against HFD-induced impaired glucose tolerance as reflected in the glucose AUC measured on
day 25. For acute treatment schedule in C57BL6 n=12 per treatment group; for acute treatment in 51KO n=8 per treatment group. For the 10-day
treatment schedule, n=8 per treatment group. For 30-day treatment schedule n =12 Vehicle-Control, n =13 SAFit2-Control, n=12 Vehicle-HFD, n=13
SAFit2-HFD. The data are represented as mean + SEM. *P < 0.05; #P < 0.05, two-tailed t test for a-g, two-way ANOVA for h, two-way ANOVA plus

Bonferroni testing for i; + significant treatment effect; # significant diet effect

the fact that both 51KO and WT mice remained vulnerable to
HFD-induced insulin intolerance (Fig. 2f, g).

FKBP51 antagonism rapidly improves glucose tolerance. Due
to the improved metabolic phenotype presented in 51KO mice,
we subsequently assessed the effects of pharmacological blockade
of FKBP51. Importantly, the first highly selective antagonist for
FKBP51, SAFit2, has recently been developed?’. In the current
study, we determined the efficacy of FKBP51 antagonism in mice
on metabolic parameters. We examined the efficacy of a single
application of SAFit2 gel (a slow release formulation, Supple-
mentary Fig. 4A), to improve glucose tolerance. Although SAFit2
gel had no effect in chow-fed mice measured at 48 h following
application (Fig. 3a, b), it significantly improved glucose tolerance
in HFD-fed mice (Fig. 3c), supporting the literature demon-
strating that FKBP51-mediated outcomes are more robust under
challenging conditions?!~2°. The effect of SAFit2 treatment on
glucose tolerance is specific to FKBP51 inhibition, as no effect was
observed in 51KO mice under HFD conditions (Fig. 3d).
Importantly, body weight was not affected (Fig. 3e), arguing for a
body weight-independent effect of FKBP51 inhibition on glucose
tolerance. Acute SAFit2 treatment furthermore had no effect on
energy expenditure, respiratory exchange ratio, or activity counts
(Supplementary Fig. 4B-D). We also examined the expression of
UCP1 in brown adipose tissue (BAT) of mice treated for 48 h
with SAFit2 and found no effect of acute treatment (Supple-
mentary Fig. 4E). We then examined the effects of a sub-chronic
SAFit2 (20 mgkg™!) regimen administered twice daily for 10 days
to adult C57BL/6 mice by intraperitoneal injections under chow-
fed conditions. The dose was selected based on the effective dose
used in acute studies®®. Using a 10-day treatment schedule, we
observed an effect of SAFit2 under chow diet conditions.

|8:1725

Specifically, although 10 days of FKBP51 antagonism again yiel-
ded no body weight phenotype, there was a marked improvement
of glucose tolerance assessed on treatment day 8 (Fig. 3e, f). The
lack of body weight change from either the acute or 10-day
SAFit2 treatment schedule indicates that the FKBP51-dependent
glucose tolerance phenotype is not secondary to the body weight
phenotype. To determine whether a longer treatment period
would replicate the body weight phenotype of 51KO mice, a new
cohort of C57BL/6 mice was treated with SAFit2 for 30 days
under both control and HFD conditions (for SAFit2 plasma levels
see Supplementary Fig. 5A). At the onset of treatment, following
4 weeks of dietary exposure, there was no difference in body
weight between the treatment groups (Supplementary Fig. 5B, C).
However, we found that 30 days of SAFit2 administration led to a
reduction in body weight under both control and HFD conditions
(Fig. 3g). FKBP51 antagonism furthermore protected against
HFD-mediated glucose intolerance (Fig. 3h). There was, however,
no effect of SAFit2 on insulin tolerance or on locomotor activity
tested in the open-field test (Supplementary Fig. 5D, E). We
observed no unwanted side-effects of FKBP51 antagonism on
behavioral readouts tested in the dark-light transition and ele-
vated plus-maze tests (Supplementary Fig. 5F, G). Taken together,
these results clearly demonstrate that (i) a body weight phenotype
is secondary and not necessary for the effects of FKBP51 antag-
onism on glucose tolerance, and (ii) pharmacological blockade of
FKBP51 parallels the effects of FKBP51 genetic ablation.

FKBP51 loss sensitizes insulin signaling in skeletal muscle. As
the effect of FKBP51 on glucose tolerance was primary and
independent to the body weight phenotype, we addressed this
mechanism in the subsequent experiments. To unravel the
FKBP51-dependent regulation of glucose metabolism, we first
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Fig. 4 FKBP51 affects insulin signaling and consequently glucose uptake. a, b Insulin signaling was enhanced in EDL (a) and soleus (b) skeletal muscles of
51KO mice compared to WT mice as assessed by pAKT2, pAS160, and pp70S6K protein expression. ¢ Following subcellular fractionation to isolate the
plasma membrane compartment, we observed increased GLUT4 expression in skeletal muscle membrane fractions of 51KO mice. d In primary EDL
myotubes, loss of FKBP51 heightened glucose uptake under both no insulin and insulin-stimulated states. For quantification of phosphorylated protein, n =
6 per group. For GLUT4 membrane localization, n =3 per group. For glucose uptake experiments, 3 wells for each condition were measured. The data are
expressed as relative fold change compared to wild-type condition + SEM. P < 0.05, **P < 0.01, ***P < 0.001, ##P < 0.0, two-tailed t tests for a-d, two-
way ANOVA for e; + significant genotype effect, # significant insulin effect, T trend for genotype. Supplementary Fig. 12 shows uncropped gel images

examined FKBP51 protein expression across multiple peripheral
tissues. Interestingly, FKBP51 was not ubiquitously expressed
across all tissues examined, but rather showed a defined expres-
sion profile. FKBP51 was detected within skeletal muscle (soleus
muscle and EDL) eWAT and iWAT (Supplementary Fig. 6A). By
contrast, FKBP51 was not detected in the liver, kidney, spleen,
pancreas, gut, or BAT. In addition, HFD exposure (for 8 weeks)
significantly increased levels of FKBP51 in EDL skeletal muscle
(Supplementary Fig. 6B), and supports the notion that a high-fat
dietary environment acts as a metabolic stressor® 27.

As a next step, we examined the phosphorylation status of
critical nodes along the insulin signaling cascade as a marker of
insulin signaling activation. As we found a strong effect of FKBP51
loss on glucose tolerance without any change in circulating insulin
levels, we hypothesized that intracellular insulin signaling is
enhanced following loss of FKBP51. Indeed, 5min following
insulin stimulation (0.70 TU kg™!), we found that insulin sensitivity
(as reflected through the phosphorylation status of AKT2, AS160,
and p70S6K) was markedly increased in skeletal muscle (soleus
muscle and EDL) of 51KO mice (Fig. 4a, b), whereas insulin
activation in WAT (iWAT and eWAT) and liver remained
unchanged (Supplementary Fig. 7A, C). The skeletal muscle-
specific effect of FKBP51 deletion on insulin signaling is in line
with the high expression level of FKBP51 across skeletal muscle
tissues (reported above).

We subsequently assessed whether events downstream of
AKT2-AS160 signaling are likewise regulated by FKBP5I1.
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Therefore, we first examined glucose transporter GLUT4
translocation to the plasma membrane, which is triggered by
activated AKT2-AS160 signaling®®. We isolated the plasma
membrane fraction from skeletal muscle extracted from WT and
51KO mice. 51KO mice display increased GLUT4 expression
compared to WT mice (Fig. 4c). There was no difference in
GLUT1 expression in the plasma membrane fraction between WT
and 51KO mice. Importantly, there was no effect of FKBP51
deletion either on total GLUT1 or GLUT4 expression (Supple-
mentary Fig. 7D). To assess the functional implications of these
FKBP51-dependent events, we examined radiolabeled-2-
deoxyglucose uptake in primary EDL myotubes collected either
from WT or 51KO mice. Glucose uptake was significantly
increased by both insulin and FKBP51 deletion (Fig. 4d). More-
over, the effect of FKBP51 ablation on glucose uptake was
observed under both non-insulin and insulin-stimulated states,
indicating that FKBP51 deletion enhances glucose uptake
independent of the insulin state. In support of these findings,
overexpression of AKT2 enhanced glucose uptake in C2C12
myotubes (a mouse skeletal muscle cell line), whereas simulta-
neous overexpression with FKBP51 prevented the AKT2-mediated
enhanced uptake (Supplementary Fig. 8). Thus, FKBP51 acts
along the AKT2-AS160 signaling pathway to dampen glucose
uptake.

Given the effects of the FKBP51 antagonist, SAFit2, on glucose
tolerance in mice, we sought to further investigate whether SAFit2
modulates AKT?2 activation and downstream events based on the
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uptake in primary EDL muscle cells collected from WT mice independent of insulin condition. f SAFit2 had no effect on 2-deoxyglucose uptake in primary
51KO muscle cells. For quantification of phosphorylated protein expression in mice, n=6 per group. For quantification of GLUT4 expression in mice, n=7
per treatment. For GLUT1/4 expression in primary EDL myotubes, n=3 per group. For glucose uptake experiments, 3 wells for each condition were
measured. Data are expressed as relative fold change compared to vehicle condition + SEM. *P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01, two-way
ANOVA for a-f; + significant treatment effect, # significant insulin effect, T trend (p < 0.1) for insulin effect. Supplementary Figs. 13 and 14 show uncropped

gel images

known regulation of AKT2 by FKBP51'°. We assessed pAKT2
and pAS160 in tissue collected from mice that had been pre-
treated with vehicle or SAFit2 6 h prior to tissue collection in
either an insulin-stimulated (0.70 [Ukg™! 5min before tissue
collection) or non-insulin (saline) condition. Although a single
intraperitoneal injection of SAFit2 applied 6 h before testing had
no effect on glucose tolerance (Supplementary Fig. 9), there was
already a significant effect of SAFit2 treatment at a molecular
level. SAFit2 significantly increased phosphorylated AKT2 and
AS160 in EDL muscle and likewise increased expression of
GLUT4 at the membrane in soleus muscle (Fig. 5a, b). Once
again, the effect of FKBP51 antagonism on pAKT2-pAS160 was
independent of the insulin-stimulated state. The same directional
change on phosphorylation states was observed in soleus muscle,
whereas this was not seen in eWAT (where FKBP51 expression is
relatively low) (Supplementary Fig. 10A, B). To ensure that the
effects of SAFit2 were selective for FKBP51, we additionally
examined the effects of SAFit2 treatment on pAKT2 and pAS160
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in primary EDL and soleus myotubes from WT and 51KO mice.
While SAFit2 treatment increased the expression of pAKT2
(soleus and EDL muscle) and pAS160 (EDL muscle) in WT cells,
there was no effect of FKBP51 antagonism in 51KO cells,
confirming the specificity of SAFit2 action (Supplementary
Fig. 10C, F). Moreover, following SAFit2 treatment, GLUT4
expression increased in the membrane fraction of primary EDL
myotubes from WT mice, but not from 51KO mice (Fig. 5¢, d).
Finally, we applied SAFit2 to primary EDL myotubes and
measured  radiolabeled-2-deoxyglucose  uptake. =~ FKBP51
antagonism-increased glucose uptake in EDL cells collected from
WT mice, but not 51KO mice, again demonstrating the specificity
of SAFit2 (Fig. 5e, f). Taken together, FKBP51 antagonism
increases AKT2-AS160 signaling, GLUT4 expression at the
plasma membrane, and glucose uptake into primary myotubes.
From these results, and based on previous literature high-
lighting a role of FKBP51 as a scaffolding protein'® 21 2%, we
assessed whether FKBP51 forms a complex with AS160 and
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Fig. 6 FKBP51 antagonism affects AKT2-AS160 signaling complex. Tissue lysates from 30-day vehicle-treated or SAFit2-treated mice exposed to HFD were
immunoprecipitated with anti-AKT2 and anti-FKBP51 and then analyzed by Western blot using FKBP51, (p)AKT2, (p)AS160, and PHLPP1. a, b
Immunoprecipitation reactions revealed that SAFit2 treatment increased binding between (p)AKT2 and (p)AS160 in soleus (a) and EDL (b) muscles, while
simultaneously decreased binding between FKBP51 and AS160 in both muscle types. For co-immunoprecipitation experiments n=3 per group. Data are
expressed as relative fold change compared to vehicle condition + SEM. *P < 0.05, two-tailed t tests for a, b; + significant SAFit2 treatment effect.

Supplementary Fig. 15 shows uncropped gel images

furthermore assessed whether SAFit2 modulates this interaction.
Immunoprecipitation reactions, using protein extracts from 30-
day vehicle-treated and SAFit2-treated mice, revealed that SAFit2
treatment strengthened the binding between AKT2 and AS160
(Fig. 6a, b, bottom). This is in line with increased glucose uptake
given that AKT2 inactivates AS160, which in turn stimulates the
translocation of GLUT4 to the plasma membrane’®. We
furthermore observed a novel interaction between FKBP51 and
AS160, and confirmed that SAFit2 disrupts this interaction
(Fig. 6a, b, top). SAFit2, by contrast, had no effect on the binding
strength between AKT2 and PHLPP1 (the negative regulator of
AKT2). We confirmed that the phosphorylation state of AKT2
and AS160 does not interfere with the interaction between
FKBP51 and either AKT2 or AS160 by also examining pAKT2
and pAS160. Co-immunoprecipitation does not discriminate
between direct and indirect protein interactions, and it is possible
that intermediate proteins are also involved in the interaction
between FKBP51 and AS160. Regardless, these findings suggest
that FKBP51 associates (directly or indirectly) with AS160 to
reduce glucose uptake. By contrast, SAFit2 antagonizes FKBP51
and reduces the binding between FKBP51 and AS160 to promote
a steric arrangement that favors glucose uptake.

We have shown that FKBP51 regulates insulin signaling
selectively in skeletal muscle. Yet FKBP51 is nonetheless
expressed in select WAT depots, albeit at lower levels. In order
to account for the tissue-specific effects of FKBP51, we
furthermore investigated the expression profile of FKBP52, a
structural homolog of FKBP51 that competes as a scaffolding
protein, resulting in opposite functional effects®®. Interestingly,
the expression profile between FKBP51 and FKBP52 across
WATSs and skeletal muscle are very distinct and provide an
explanation for the FKBP51 skeletal muscle-selective effects.
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Specifically, FKBP51 expression is relatively high in skeletal
muscle compared to WATSs (Supplementary Fig. 6A). In stark
contrast, levels of FKBP52 are high in WAT depots relative to
skeletal muscle. (Supplementary Fig. 11A). We additionally
performed co-immunoprecipitation reactions with FKBP52 to
investigate whether FKBP51 and FKBP52 compete for binding to
AKT2. We demonstrate that similar to FKBP51, FKBP52 is in
complex with AKT2 and AS160 (Supplementary Fig. 11B).
However, FKBP52 does not likewise interact with PHLPP1
(Supplementary Fig. 11B), the negative regulator of AKT2, and
consequently has divergent effects on downstream AKT2
signaling. Specifically, where ectopic overexpression of FKBP51
significantly decreased pAKT2 and pAS160 expression in C2C12
myotubes, simultaneous overexpression of FKBP52 abolished the
effects of ectopic FKBP51 (Supplementary Fig. 10C). Taken
together, FKBP51 and FKBP52 compete for binding with AKT?2.
The distinct expression profile and functional outcomes of
FKBP51 and FKBP52 are responsible for the skeletal muscle-
specific effects of SAFit2, which selectively antagonizes FKBP51.

Discussion

Here we describe that loss of FKBP51 in mice markedly improves
metabolism and especially improves glucose tolerance under both
control and HFD conditions. This is in line with earlier pre-
clinical and human studies, which identified an association
between FKBP51 ablation and FKBP5 SNPs on traits related to
body weight regulation and T2D, respectively'® 1°. Although the
effects of FKBP51 loss are witnessed under dietary control con-
ditions, the effects are significantly accentuated when mice are
challenged to an HED, which acts as a metabolic stressor®. This
supports a large body of literature, demonstrating that an
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environmental challenge is a prerequisite for FKBP51-mediated
outcomes. For example, early life trauma (i.e., environmental
challenge) increases the risk of various psychiatric disorders
selectively in FKBP5 risk allele carriers, which are associated with
increased FKBP51 protein levels” 2% 2> 31-33 In rodent studies,
51KO mice present no overt phenotype under basal conditions,
yet show improved stress resilience following either acute stress®’
or chronic stress??. Indeed, stressors induce FKBP5 expression,
and this may underlie the more pronounced effects of FKBP51
deletion on metabolic phenotypes seen in the current study. We
certainly found that an HFD increases levels of FKBP51 in fat and
skeletal muscle. Taken together, previous findings have found that
higher levels of FKBP51 are associated with poorer outcomes in
stress-related psychiatric disorders. The present study shows that
higher levels of FKBP51 are likewise detrimental to metabolic
health, especially when confronted with environmental challenges
(i.e., an obesogenic environment).

Selective pharmacological antagonism of FKBP51 has only
recently been realized?’. Selectivity for FKBP51 is especially
important since its structural homolog, FKBP52, acts as a func-
tional opponent. In fact, it was this structural similarity that
initially hampered drug discovery for FKBP51. The current ability
to antagonize FKBP51 offers new opportunities for drug devel-
opment. To date, only three studies have investigated the effects
of FKBP51 antagonism on functions related to FKBP51, and no
study has yet been investigated for long-term (ie., 30 day)
applicability. These previous studies independently found that
FKBP51 antagonism induces anxiolytic effects?®, reduces the
severity of pain symptoms>4, and opposes the known ability of
FKBP51 to promote NF«kB signaling””. Nevertheless, FKBP51 is a
multi-domain protein®®, and it remains unknown whether the
FKBP51 antagonist, SAFit2, blocks all functions of FKBP5I.
Therefore, in order to address whether pharmacological antag-
onism affects metabolic function, mice were treated with SAFit2
once (slow release formula) or repeatedly for either 10 or 30 days.
Administration of SAFit2 paralleled the metabolic phenotype
arising from total genetic loss of FKBP51. Acute SAFit2 treatment
improved glucose tolerance under metabolically challenging
conditions (i.e., HFD conditions). Under metabolic control con-
ditions (i.e., regular diet), FKBP51 blockade improved glucose
tolerance as early as 8 days following treatment onset. Impor-
tantly, the effects of FKBP51 modulation on glucose tolerance
were not secondary to changes in body weight since neither a
single nor a 10-day SAFit2 exposure had an effect on body weight.
It is possible that our study was underpowered to detect the
modest effects of SAFit2 treatment on body weight, since the 10-
day SAFit2-treated group showed a lower (non-significant) body
weight phenotype compared to the vehicle-treated counterparts.
Regardless, these data support our studies in 51KO mice, which
collectively indicate that FKBP51 is an integral component of
glucose homeostatic regulation, particularly in response to
nutritional changes. In the context of body weight regulation, our
findings that 30 days of SAFit2 treatment protects against HFD-
induced weight gain supports the findings of a recently published
paper demonstrating that 51KO mice resist HFD-induced weight
gain and present increased UCP1 in WAT!®, One limitation of
our study is that we do not know the minimal effective dose of
SAFit2 required to improve glucose tolerance. Nevertheless, the
improved metabolic outcomes following systemic administration
of the selective FKBP51 antagonist clearly demonstrate the
applicability in a clinical setting.

It is well established that FKBP51 is able to regulate many
signaling pathways through direct protein—protein interactions'®
21,37, 38 "Through these interactions, FKBP51 has been implicated
in various disease states (i.e., cancers, psychiatric disorders) and
in the response to medications (i.e., chemotherapies,
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antidepressants). For example, through the FKBP51-dependent
regulation of AKT, Pei et al. (2009) reported that FKBP51 reduces
tumor growth!'®. FKBP51 binds to both AKT1 and AKT2 iso-
forms and their corresponding negative regulators PHLPP2 and
PHLPPI, to ultimately favor Akt inactivation. Interestingly, while
Akt1 is best known for its regulation of cell growth3% 4, AKT2 is
best known for its regulation of glucose homeostasis!”> 4!,
Accordingly, in the present study, we determined that FKBP51 is
also important for glucose disposal through the regulation of
AKT?2 and downstream AS160 (AKT substrate of 160 kDa), an
important signaling protein involved in insulin-stimulated glu-
cose transport in skeletal muscle’® 2. 51KO mice exhibit
enhanced insulin signaling, as interpreted from the increased
phosphorylation of AKT2, AS160, and p70S6K. Interestingly, the
FKBP51-dependent effects on insulin signaling observed in mice
were highly tissue-specific, in which FKBP51-dependent increases
in insulin signaling was limited to skeletal muscle. Indeed, skeletal
muscle accounts for an estimated 80% of postprandial glucose
disposal and is regarded as a principal site responsible for the
maintenance of glucose homeostasis*> . In this context, we also
found that primary EDL myotubes from 51KO mice exhibited
heightened glucose uptake compared to WT EDL myotubes.
Ectopic FKBP51 overexpression furthermore completely reversed
the enhanced glucose uptake arising from AKT2 overexpression
in cultured myotubes, demonstrating that FKBP51 regulation of
insulin signaling is critical for glucose uptake.

The FKBP51-dependent effects on the phosphorylation of
AKT?2 and AS160 as well as on glucose uptake were evident under
both non-insulin- and insulin-stimulated states, suggesting that
FKBP51 acts independent of insulin to improve glucose uptake
and whole body glucose homeostasis. Follow-up studies should
address whether FKBP51 is involved in insulin-independent
glucose uptake through the regulation of auxiliary pathways. For
example, AMP-activated protein kinase (AMPK) is a well-known
regulator of insulin-independent glucose uptake, leading to
increased AS160 phosghorylation and GLUT4 translocation in
the skeletal muscle*> 4°. Furthermore, glucocorticoids are potent
regulators of glucose homeostasis, and they have been shown to
reduce insulin-stimulated glucose transport in muscle by blocking
the recruitment of GLUT4 to the cell surface?’. Indeed, FKBP51
is known to reduce glucocorticoid receptor sensitivity!, and
therefore glucocorticoid signaling is another strong candidate
pathway by which FKBP51 may regulate whole body glucose
homeostasis. The data herein nevertheless provide unequivocal
evidence that FKBP51 is a novel regulator of AKT2-AS160 sig-
naling and glucose uptake.

Not only did FKBP51 antagonism parallel the metabolic phe-
notype arising from FKBP51 deletion, but it furthermore paral-
leled the molecular events induced by FKBP51 loss. SAFit2
treatment strongly induced AKT2 and AS160 phosphorylation
and led to increased GLUT4 expression at the plasma membrane.
Although we suspect that enhanced plasma membrane GLUT4
expression arises from pAKT2-pAS160-mediated increased
GLUTH4 translocation to the membrane, it is possible that SAFit2
treatment also increases the total expression level of GLUT4. At a
functional level, SAFit2 heightened glucose uptake assessed in
primary muscle cells. Importantly, SAFit2 action on glucose tol-
erance and glucose uptake was highly specific for FKBP51 since
neither 51KO mice nor primary muscle cells collected from 51KO
mice responded to SAFit2 treatment. The robust effects of
FKBP51 antagonist SAFit2 on whole body glucose homeostasis
and skeletal muscle glucose uptake led us to examine whether
SAFit2 disrupts the well-characterized interaction between
FKBP51, AKT2, and PHLPP1'®. To our surprise we found no
effect of SAFit2. Rather, we discovered a novel interaction
between FKBP51 and AS160, which can be disrupted by FKBP51
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Fig. 7 Proposed model of FKBP51 as a regulator of glucose uptake.
FKBP51 scaffolds Akt2, PHLPP1, and AS160. The associations between
FKBP51, AKT2, PHLPP1, and AS160 may be either direct or indirect through
additional intermediate proteins. In the presence of FKBP51, PHLPP1
phosphatase activity is directed towards AKT2 to favor inactive Akt2,
decreased AS160 phosphorylation and reduced glucose uptake. By contrast,
loss of FKBP51's scaffolding function leads to increased AKT2. In the
presence of SAFit2, a conformational change within FKBP51 disrupts its
ability to form a complex with AS160, while simultaneously enhancing
AKT2-AS160 binding. Ultimately, loss of FKBP51 and FKBP51 antagonism
with SAFit2 both promote glucose uptake. “?" refers to possible
unidentified intermediate proteins within the FKBP51 signaling complex.
Curved arrows indicate PHLPP1-mediated dephosphorylation of AKT2 at
Ser473. The green double arrow indicates enhanced binding between AKT2
and AS160. Green outlines reflect enhanced phosphorylation; red outlines
reflect decreased phosphorylation. The width of the arrows correspond to
the magnitude of downstream activation

antagonism using SAFit2. This agrees nicely with our findings
that SAFit2 treatment increases glucose uptake in primary myo-
tubes and improves glucose tolerance in mice. Moreover this
supports accumulating evidence that FKBP51 has important
scaffolding properties to organize and concentrate various sig-
naling complexes!'® 21> 37,

An important question raised by this study is how exactly
FKBP51 acts within distinct cellular/tissue environments to affect
whole body energy and glucose homeostasis. Previous studies
have already alluded to the importance of tissue-specific actions
of FKBP512% %8, Here we extend our current understanding of the
tissue-specific actions of FKBP51 to include FKBP51-dependent
regulation of insulin signaling exclusively within skeletal muscle.
Despite microarray-based data demonstrating that skeletal muscle
shows the second strongest expression profile of FKBP5 across all
tissues examined'? 4, to our knowledge, the current study is the
first to define a skeletal muscle-specific role for FKBP51. The
distinct expression profiles of FKBP51 and FKBP52 provide an
explanation as to why FKBP51 affects glucose uptake exclusively
within skeletal muscle. Although FKBP52 shows strong
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expression in WAT, it is expressed minimally in skeletal muscle.
We found that FKBP52 competes with FKBP51 for binding to
AKT?2 in WAT, but this competition is minimal in skeletal muscle
based on its expression profile. Importantly, although FKBP52 is
found in complex with AKT2 and ASI160, it is not found to
interact with the negative regulator of AKT2, PHLPPI, and thus
does not have the same functional implications on downstream
AKT?2 signaling compared to FKBP51.

Our study focused on the effects of FKBP51 modulation on
glucose homeostasis and pAKT2-pAS160 signaling, effects which
were independent of body weight. Nevertheless, we also reported
that 51KO mice are resistant to diet-induced obesity, present a
higher resting metabolic rate, and a slight increase in home-cage
activity. In support of these findings, a recent report demon-
strated that UCP1 expression is enhanced in select WAT depot in
51KO mice, which contributes to the improved body weight
phenotype!®>. Our finding that 51KO mice also presented
increased home-cage activity may furthermore underlie the
improved body weight phenotype. Although we found no dif-
ference in activity-related energy expenditure, the increased
activity in 51KO mice suggests that 51KO mice may have
increased exercise efficacy. Follow-up studies are needed to
address such effects of FKBP51 on exercise efficacy.

Our working model (Fig. 7) is that FKBP51 scaffolds AKT?2,
PHLPP1, and AS160 (both phosphorylated and unpho-
sphorylated states), thereby enhancing PHLPP1 phosphatase
activity towards AKT2 (at Ser473). Accordingly, higher levels of
FKBP51, as is observed under HFD conditions, favors PHLPP1-
mediated inactivation of AKT2, activation of AS160, and ulti-
mately lower glucose uptake. Loss of FKBP51 results in AKT2
hyperactivation due to the loss of FKBP51’s scaffolding function.
Interestingly, in the presence of SAFit2, FKBP51 is no longer able
to form a complex with AS160; meanwhile, the AKT2-AS160
binding is enhanced. Consequently, SAFit2 treatment favors a
steric confirmation that promotes glucose uptake. In summary,
we are the first study to describe a mode of action for SAFit2.
Here, the ability of SAFit2 to oppose FKBP51-dependent glucose
uptake relates to the disruption of the AS160-FKBP51 complex.
Future studies are needed to delineate the full extent of SAFit2
action.

Together, this study defines a novel role for FKBP51 in the
regulation of glucose uptake and whole body glucose homeostasis.
Furthermore, we established a defined molecular target linking
the stress system to the metabolic system, such that FKBP5
induction in response to metabolic stress contributes to the
metabolic fate of an individual. Our findings suggest that
FKBP51-dependent regulation of AKT2-AS160 signaling con-
tribute to improved glucose tolerance. In addition, we report the
first long-term treatment study to employ the recently developed
FKBP51 antagonist SAFit2. The positive effects of FKBP51
antagonism on glucose tolerance reported here suggest the
opportunity to develop FKBP51 antagonists for the clinic, espe-
cially for the treatment of stress-related T2D.

Methods

Animals and animal housing. The Fkbp5 knockout (51KO) mouse line, used in
experiments 1, 2, and 3, had been previously generated*’. C57BL/6 mice were used
in experiment 4 for the pharmacological blockade of FKBP51 (Charles River
Laboratories, Maastricht, The Netherlands). For all experiments, male mice
between 3 and 4 months old were used. During each experiment, the mice were
singly housed. The mice were maintained on a 12:12 h light/dark cycle, with
controlled temperature (22 +/- 2 °C) and humidity (55 +/—- 5%) conditions. The
mice received ad libitum access to water and standard lab chow, unless otherwise
specified. The experiments were carried out in accordance with the European
Communities’ Council Directive 2010/63/EU. The protocols were approved to be
carried out at the Max Planck Institute of Psychiatry (license holder) by the ethical
committee for the Care and Use of Laboratory animals of the Government of
Upper Bavaria, Germany.
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Indirect calorimetry and body composition. The direct effects of FKBP51 defi-
ciency on metabolic parameters were investigated using 51KO (n =16) and wild-
type (WT) (n = 18) mice. Body composition (fat and lean mass) was assessed using
whole body magnetic resonance imaging (Echo-MRI, Houston, TX). Thereafter,
the mice were surgically implanted with a telemetric transponder (Respironics,
Murrysville, PA) for the measurement of core body temperature. The mice were
allowed to recover for approximately 2 weeks before any metabolic recordings were
performed. Indirect calorimetry and telemetry were performed on mice under
chow conditions (TSE PhenoMaster, TSE Systems, Bad Homburg, Germany). For
experimental details, see Supplemental Information. Each genotype group was
subsequently divided into a chow diet and high-fat diet (HFD) (58% kcal from fat,
D12331, Research Diets, New Brunswick, NJ, USA) group, matched for body
weight. Body weight was measured throughout the experiment. After 8 weeks on
the respective diets, 51KO and WT mice were killed. Epididymal (e), inguinal (i),
and perirenal (p) WAT were collected and weighed; brown adipose tissue (BAT)
was collected and weighed.

Thermoregulation. Body weight and body composition were examined in 51KO
and WT mice (n =8 per genotype) under HFD conditions at 30 °C to minimize the
effects of thermal stress. A separate cohort of 51KO and WT mice were exposed to
6h of cold exposure (4 °C) to assess cold-induced thermoregulation under both
control and HFD conditions (see Supplemental Information).

Pair-feeding. To assess the contribution of food intake on body weight regulation
in 51KO and WT mice, a pair-feeding experiment was performed. For experi-
mental details, refer to Supplemental Information.

Glucose tolerance and insulin tolerance. Glucose tolerance and insulin tolerance
were investigated in 51KO (n =25) and WT mice (n = 18). Briefly, 51KO and WT
mice were initially divided into a control diet group and an HFD group, matched
for body weight. After 8 weeks on the dietary treatment, the mice were subjected to
a glucose tolerance test (GTT). Additionally, blood was collected to assess fasting
insulin and glucose-stimulated insulin levels. One week thereafter, an insulin tol-
erance test (ITT) was performed. See Supplemental Information for more details.

SAFit2 administration. To determine whether antagonizing FKBP51 may be an
effective anti-obesity and/or diabetic therapeutic strategy, we treated mice with an
antagonist of FKBP51, known as SAFit2?’. SAFit2 or vehicle was administered
either acutely as a slow releasing vesicular phospholipid gel (VPG) (2 mg SAFit2 or
vehicle) or repeatedly by intraperitoneal (i.p.) injections (20 mg kg™ SAFit2 or
vehicle) twice daily. For i.p. injections, SAFit2 was solubilized in vehicle containing
4% ethanol, 5% Tween80, and 5% PEG400 in 0.9% saline. Body weight and food
intake were measured daily throughout the treatment periods. VPGs were com-
posed of 50% (m/m) egg-lecithin containing at least 80% phosphatidylcholine
(Lipoid E80, Lipoid GmbH, Ludwigshafen, Germany) and 10 mM phosphate
buffered saline (PBS), pH 7.4, and were prepared by a dual asymmetric cen-
trifugation technique®’. SAFit2 was encapsulated in the formulation by a direct
incorporation method. See Supplemental Information for more details.

Acute SAFit2 treatment. Male C57BL/6 mice were divided into vehicle-treated
and SAFit2-treated groups matched for body weight (1 =12 per group). On
treatment day 1, mice were administered (subcutaneous injection between the
shoulders) a slow release-formulated gel containing either SAFit2 or vehicle. After
48h, a GTT was performed following an overnight fast.

Sub-chronic SAFit2 treatment. One day before the treatment period, male
C57BL/6 mice were divided into a vehicle-treated group and a SAFit2-treated
group matched for body weight (n =8 per group). On treatment day 7, locomotor
activity was assessed in the open field test. On treatment day 8, a GTT was per-
formed. SAFit2 levels were assessed in plasma from blood taken at the time of
killing. The animals were killed on day 10 following the treatment onset.

Chronic SAFit2 treatment. Four weeks before treatment onset, male C57BL/6
mice were divided into a control diet group (n=25) and an HFD group (n = 25)
matched for body weight. One day before the treatment period, mice of each
dietary group were further subdivided into a vehicle-treated group and a SAFit2-
treated group matched for body weight. SAFit2 or vehicle were administered twice
daily for 30 days. On treatment days 10 and 30, SAFit2 levels were assessed in
plasma. The open field, dark-light transition, and elevated plus-maze behavioral
tests were performed on treatment days 15, 16, and 17, respectively. The GTT was
performed on treatment day 25 and the ITT on treatment day 29. The animals
were killed on day 31 following treatment onset; tissues were collected and stored at
—80 °C for further analyses.

Tissue collection. Mice were anesthetized with isoflurane and immediately killed
by decapitation. Basal trunk blood was collected and subsequently processed
(plasma was collected and stored at —20 °C). Skeletal muscle (extensor digitorum
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longus (EDL) and soleus), WAT (iWAT, eWAT, and pWAT), and liver were
collected and stored at —80 °C until used.

Cell lines. C2C12 myoblasts were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum and 1x penicillin
streptomycin antibiotics at 37 °C in a humidified atmosphere with 5% CO,. Once
the cells reached ~90% confluency, C,C1, myoblasts were detached from the plate
and 2 x 10° cells were re-suspended in 100 ul of transfection buffer (50 mM HEPES
[pH 7.3], 90 mM NaCl, 5mM KCl, and 0.15 mM CaCl,). A total of 2.5 pg of
plasmid DNA was used per transfection. Plasmids expressing AKT2-HA and
FKBP51-FLAG or GFP (control) have been described previously?" >1. Ectopic
overexpression of AKT2 and FKBP51 resulted in a 3.2-fold and 2.8-fold increase in
their expression, respectively. Electroporation was performed using the Amaxa
Nucleofector system (program #T-032). The cells were re-seeded onto 0.75%
gelatin-coated 12-well plates at a density of ~ 10° cells per cm?. Transfected cells
were induced to differentiate once they reached 90% confluency. Differentiation
was induced by switching the growth medium to DMEM containing 2% horse
serum for 3 days.

Primary EDL myotubes were prepared from satellite cells collected from soleus
muscle and EDL myofibers of 4- to 8-week old WT and 51KO mice as described
previously®2. Briefly, dissected muscles were washed in warm 1 x PBS and
subsequently were digested in Collagenase 1 at 37 °C for 1.5 h. Thereafter, single
fibers were washed in DMEM with 1% P/S. After washing, the fibers were
transferred to a 60mm plate (coated with 0,75% gelatin) and were allowed to
incubate at 37 °C for 3 days in growth medium (DMEM + 20% FBS + 1%P/S). The
satellite cells were detached from the plate and were re-plated onto 24-well multi-
well dishes. The medium was exchanged every 2-3 days and cells were split at
90-100% confluency. Differentiation was induced by switching the growth medium
to DMEM containing 5% horse serum for 5 days.

Glucose uptake. Primary EDL myotubes or transfected C2C12 myotubes were
used for glucose uptake experiments. For SAFit2 experiments, a toxicity assay was
initially performed to determine the appropriate SAFit2 concentration for sub-
sequent experiments. Based on a lethal dose of 15 (LD 15), the cells were incubated
with 0.6 uM SAFit2 or DMSO overnight before inducing glucose uptake.

Basal and insulin-stimulated glucose uptake in primary EDL muscle cells and
differentiated C2C12 myotubes was examined. Briefly, the cells were serum-starved
in low glucose (1000 mg L™!) DMEM for 4 h, and then incubated in Krebs-Ringer-
HEPES (KRH) buffer (136 mM NaCl, 4.7 mM KCI, 10 mM sodium phosphate
buffer, 1 mM MgSO,4, 1 mM CaCl,, and 10 mM HEPES, pH 7.4, 0.2% BSA) for 10
min. The cells were stimulated with insulin (100 nM) or left unstimulated for 1 h.
Glucose uptake was induced by the addition of KRH buffer containing 100 uM 2-
deoxy-D-[1,2-3 H]glucose, 2 uCi ml~! (Perkin Elmer) to each well. After 4 min, the
reactions were terminated by washing the cells with ice-cold PSB containing 10 uM
cytochalasin B (inhibitor of membrane transporter-dependent glucose transport),
and then 2 additional washes with ice-cold 1x PBS. Cells were lysed with 0.1 M
NaOH for 30 min, and the incorporated radioactivity was determined by liquid
scintillation counting. 2-deoxy-D-[1,2-3 H]glucose uptake was furthermore
normalized to total protein content assessed by the BCA assay (BCA Protein Assay
Kit, Life Technologies, Darmstadt, Germany).

Antibodies. Detailed information on antibodies and dilutions is provided in
Supplementary Information.

GLUT4 membrane localization. Primary EDL myotubes were exposed to 0.6 uM
SAFit2 or DMSO (vehicle) overnight. The following day, cells were serum-starved
in low glucose (1000 mg L™!) DMEM for 4 h with SAFit2 or DMSO, and were
subsequently collected for the rapid preparation of the plasma membrane fraction
as described previously>?. The membrane fraction was used in subsequent Western
blot assays for the detection of GLUT4. For quantification, GLUT4 was normalized
to both Na,K,ATPase (plasma membrane marker) and normalized total GLUT4, as
described previously>*.

For GLUT4 membrane localization in 51KO (n=6) and WT (n = 5) mice, the
mice were fasted for 6 h. Insulin was injected by i.p. administration (0.70 IU kg™)
5 min before mice were anesthetized with isoflurane, and were immediately killed
by decapitation. Tissues were collected and stored at —80 °C until used. 2-way
subcellular fractionation was performed as described previously>”.

Co-immunoprecipitation (colP). Immunoprecipitations of endogenous proteins
were performed using protein extracts (n =3 per group) from soleus muscle, EDL,
and eWAT of vehicle-treated and SAFit2-treated mice that were fed HFD. The
ColP experiments were performed with beads conjugated with rabbit IgG. Briefly,
500 pg of lysate was incubated overnight with 2 ug of the appropriate IP-antibody
(AKT2 (CST, #2964); FKBP5/FKBP51 (Bethyl, A301-430); and FKBP4/FKBP52
(Bethyl, A301-427A) (See Supplementary Table 1) at 4 °C. 20 uL of protein G
dynabeads (Invitrogen, 100-03D) was blocked with bovine serum albumin and
subsequently added to the lysate-antibody mix and allowed to incubate at 4 °C for
3 h in order to mediate binding between the dynabeads and the antibody-antigen
complex of interest. The beads were washed three times with ice-cold PBS. The
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protein-antibody complexes were eluted with 60 uL Laemmli loading buffer.
Thereafter, the eluate was boiled for 5min at 95 °C. Then 2-5 pL of each immu-
noprecipitate reaction product was separated by SDS-PAGE and electro-
transferred onto nitrocellulose membranes. For assessing protein complexes,
immunoblotting against AKT2, FKBP51, PHLPP1 (Millipore, #07-1341), and
AS160 was performed. See Supplemental Information ‘Western blot analysis’ for
details.

Statistical analysis. Data were analyzed using IBM SPSS Statistics 18 software
(IBM SPSS Statistics, IBM, Chicago, IL, USA). The decomposition of total energy
expenditure (TEE) into activity-related energy expenditure (AEE) and resting
metabolic rate (RMR) was performed in MATLAB (The MathWorks, Natick, MA,
USA) using a custom-designed toolbox graciously provided by JB van Klinken
(Leiden University Medical Center, Leiden, The Netherlands). Body weight was
included as a covariate in the analyses of energy expenditure®. Statistical analyses
for all energy expenditure outcome variables, respiratory exchange ratio (RER),
home-cage activity, food intake, water intake, and body temperature were per-
formed on 24-hour averages. Statistical significance was set at p < 0.05; a statistical
tendency was set at p < 0.1. For interactions at p < 0.1, we also examined lower
order main effects. Data are presented as the mean +/— SEM.

Data availability. The data herein are available from the corresponding authors
upon reasonable request.
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Supplementary Figure 1. Genetic ablation of FKBP51 protects against diet-induced obesity under

thermoneutral conditions.

(A) Over 8 weeks of HFD exposure at 30 °C, 51KO mice resisted HFD-induced weight gain and (B) adiposity,
indicating that genetic ablation of FKBP51 protects against diet-induced obesity under thermoneutral conditions.
n = 8 per genotype group. Repeated measures ANOVA for panel A, 2-tailed t tests for panel B. Data are

expressed as means £ SEM. P < 0.05, "P < 0.01, "'P < 0.001; + significant genotype effect.
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Supplementary Figure 2. Metabolic phenotype in 51KO transgenic mice. Metabolic readouts were assessed
in WT mice (n=18) and 51KO mice (n = 16) under chow conditions in TSE PhenoMaster Systems. (A) Total
energy expenditure (TEE), adjusted for body weight, was higher in the chow -fed 51KO animals measured across
24 h. Decomposition of TEE into its resting (RMR) and activity-related (AEE) components revealed that the
observed TEE difference was due to increased RMR in the 51KO animals measured over 24 h. AEE did not
differ between genotypes as assessed across 24 h. (B) Loss of FKBP51 furthermore decreased the average
respiratory exchange ratio (RER) and (C) increased the average home-cage activity assessed across 24 h. There
was however no effect of genotype on either (D) water consumption, (E) food intake or (F) body temperature
assessed across 24 h. (G) In a separate cohort of animals, a pair-feeding experiment was performed to assess
genotype-dependent effects on food intake. 51KO (n =9) and WT (n = 11) mice in the ad libitum groups had
free access to food, whereas WT PF (n = 9) mice were pair-fed to the 51KO mice. After 6 weeks on the pair-

feeding paradigm, 51KO mice weighed significantly less compared to WT ad libitum mice. (H) A separate
2



cohort of mice was examined for cold-induced rectal temperature changes following exposure to 4 °C under
control and HFD conditions (n = 11 per group). Neither genotype nor diet had an effect on body temperature
following short-term (6 h) cold exposure. Data are expressed as means = SEM. P < 0.05, ANCOVA adjusted
body weight for panels A — C, 2-tailed t tests for panels D — F & H, 1-way ANOVA plus Bonferroni testing for

panel G; + significant genotype effect.
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Supplementary Figure 3. Genetic ablation of FKBP51 prevents HFD-induced weight gain observed across
2 independent experiments. In an independent experiment used to assess glucose and insulin tolerance, 51KO
mice presented the same body weight phenotype compared to WT mice as reported in Experiment 1. (A) 51KO
mice weighed significantly less than WT mice throughout the 8 week dietary treatment and (B) at the
experimental end. Furthermore, a tendency was observed indicating that WT mice were susceptible to HF D-
induced weight gain compared to 51KO mice as interpreted from body weight progression. Data are expressed
as means + SEM.

P < 0.1, 7P <0.001; + significant genotype effect; T trend for diet, Repeated measure ANOVA for panel A, 2-

way ANOVA plus Bonferroni testing for panel B.
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Supplementary Figure 4. Acute administration of the FKBP51 antagonist SAFit2. (A) A single application
of slow-release formulated SAFit2 gel (2 mg, s.c.) resulted in high SAFit2 plasma levels measured at 24h, 48h,
and 72h post-injection. (B) (B — D) Total energy expenditure (TEE) adjusted for body weight (B), respiratory
exchange ratio (RER) (C), and home-cage activity (D) were unaffected by FKBP51 antagonism. (F) Acute
SAFit2 had no effect on UCP1 expression in BAT measured 48 h after SAFit2 administration. Panel A: n = 6;

panel B — E: n= 8 per treatment group. Data are expressed as means + SEM. 2-tailed T-tests for panels B — E.
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Supplementary Figure 5. Repeated administration of the FKBP51 antagonist SAFit2. (A) Administration of
SAFit2 (twice daily at 20 mg per kg) by intraperitoneal injections resulted in high SAFit2 plasma levels and
minimal inter-animal variability on day 10 and day 30 of treatment schedule (n = 24 plasma samples for each
time point). (B) 4 weeks before SAFit2 treatment onset, mice were randomly assigned to either the control diet
or HFD group. Exposure to the HFD resulted in a significant increase in body weight progression (n = 25 per
diet group) (C) At treatment onset, mice were subdivided into treatment groups counterbalanced by body weight,
and therefore within each dietary group there was no difference in body weight. (D) Although insulin tolerance
was significantly impaired by HFD exposure, there was no improvement on account of SAFit2 treatment,
demonstrated by the glucose AUC. (E) SAFit2 treatment had no effect on locomotor activity assessed as total
distance traveled in an open field, although HFD exposure significantly reduced locomotor activity. (F — G) 30-
day administration of SAFit2 had no undesirable behavioral side effects on anxiety-like behavior examined in
both the dark-light transition test and the elevated plus maze test. By contrast, exposure to a HFD decreased the

time spent in the lit compartment of the dark-light test. Panels A — E: n = 12 Vehicle-Control, n = 13 SAFit2-



Control, n= 12 Vehicle-HFD, n = 13 SAFit2-HFD). Data are expressed as means + SEM. P <0.05, "P <0.01,
P < 0.001, Repeated measures ANOVA for panel B, 2-way ANOVA for panels C — G; # significant diet

effect.
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Supplementary Figure 6. Molecular characterization of FKBP51. (A) FKBP51 protein expression was
detectable in eWAT, iWAT, soleus muscle, and EDL muscle, whereas was not detected in liver, kidney, spleen,
pancreas, gut, or BAT. For FKBPS51 tissue expression, n = 6 per tissue. (B) 8 weeks of HFD exposure
significantly increased FKBP51 protein expression in EDL skeletal muscle, n = 6 per group. (C) A tendency for
HFD-induced FKBP51 expression was furthermore detected in eWAT, n = 6 per group. Data are expressed as
relative fold change compared to control diet condition = SEM. **P < 0.01, 2-tailed t tests for panels B — C; #

significant diet effect, T trend for diet.
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Supplementary Figure 7. FKBP51 selectively effects the insulin signaling pathway and glucose uptake.
Insulin signalling assessed by pAKT2, pAS160, and pp70S6K protein expression was not affected by FKBP51
genetic ablation in iWAT (A), eWAT (B), or liver (C). (D) Total GLUT1 and GLUT4 expression EDL muscle
was unaffected by FKBP51 deletion. For quantification of phosphorylated protein, n = 4 per genotype. For
GLUT1/4 expression in EDL muscle n = 3 per group. Data are expressed as relative fold change compared to

wild-type condition £ SEM. 2-tailed t tests for panels A — C. ‘n.d.” denotes ‘not detectable’.
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Supplementary Figure 8. Effects of ectopic overexpression of FKBP51 and AKT2 on glucose uptake. In
C2C12 myotubes, enhanced glucose uptake from AKT2 overexpression was lost by simultaneous FKBP51
overexpression. Confirmation of ectopic overexpression in differentiated C2C12 cells harvested 4 days post-
transfection assessed by FLAG-tagged FKBP51 and HA-tagged AKT?2 antibodies. Data are expressed as relative
fold change compared to control condition + SEM. P < 0.01, P < 0.01, 2-way ANOVA plus Bonferroni

testing; + significant genotype effect, # significant insulin effect.
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Supplementary Figure 9. Fffects of FKBP51 antagonism on 6h glucose tolerance

Acute administration of SAFit2 (20mg per kg, i.p.) had no effect on glucose tolerance measured 6h following

SAFit2 delivery. n = 12/treatment. Data are expressed as means = SEM. 2-tailed T-tests.
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Supplementary Figure 10. Effects of FKBP51 antagonism on insulin signaling pathway and glucose
uptake. (A) SAFit2 treatment increases pAKT?2 in soleus muscle and insulin increases both pAKT2 and pAS160
in soleus muscle. (B) SAFit2 has no effect on pAKT2 in eWAT, whereas insulin increased pAKT2 expression.
(C — D) SAFit2 increased pAKT2 in primary EDL and soleus myotubes from WT mice, and also increased
pAS160 in EDL myotubes. (E — F) By contrast, there was no effect of SAFit2 treatment in cells harvested from
51KO skeletal muscle (EDL or soleus). Data are expressed as relative fold change compared to control condition
+ SEM. For quantification of phosphorylated protein expression in mice, n = 6 per group and in primary
myotubes, n =3 per group. "P <0.05, P <0.01, “P<0.05,"P<0.01, P < 0.001. 2-way ANOVA for panels

A — F; + significant treatment effect, # significant insulin effect.
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Supplementary Figure 11. FKBP52 expression and function account for muscle-specific effects of FKBP51
loss and antagonism. (A) Quantified FKBP52 protein expression in eWAT, iWAT, soleus muscle, and EDL
muscle, n = 6 per tissue. (B) Tissue lysates from 30-day vehicle-treated or SAFit2-treated mice exposed to HFD
were immunoprecipitated with anti-FKBP52 and then analyzed by Western blot using FKBP52, (p)AKT2,
(p)AS160, and PHLPP. Immunoprecipitation reactions revealed that FKBP52 is in complex with AKT2 and
AS160 but not PHLPP. (C) Ectopic overexpression of FKBP51 in C2C12 myotubes decreased pAKT2 and
pAS160 expression. By contrast, simultaneous ectopic overexpression of FKBP51 and FKBP52 prevented the
FKBP51-dependent decreases in expression of pAKT2 and pAS160. Panel A n = 6 per tissue; panel Bn = 3 per
group; panel C n = 4 per group. Data are expressed as relative fold change compared to control condition +

SEM. ‘a.U.” denotes arbitrary units.
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Supplementary Figure 12. Uncropped Images of Western blots from Figure 4. Uncropped Western Blots
from Fig. 4A (A), Fig. 4B (B), Fig. 4C (C)
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16



A (Akt2-IP)

kDa
1704 S o | « PHLPP
130+

R

A (FKBP51-IP)

kDa
1704 —
1307

| — —

A (Input)
kDa

170+
1304

« PHLPP

« PHLPP

kDa

+ AS160

+ AS160

kDa
—— 170 TS .-
130+
70+
557 S w— ~ FKBP51
40-
kDa kDa
1707 -
— — 130+
-
-
704 o
55+ — = FKBP51
40-
kDa kDa
1704

“

+ FKBP51

B &

+ AS160

kDa

701
551

kDa

707
551

kDa

B

L]

« Akt2

« Akt2

« Akt2

Supplementary Figure 14. Uncropped Images of Western blots from Figure 6. Uncropped Western Blots

from Fig. 6A (A)

17



B (Akt2-IP)
kDa kDa kDa kDa
170
1704 W e | « PHLPP o — 130+ . - | - AS160
130+ g
e
704 W . - - AKE2
40+
B (FKBP51-IP)
kDa kDa kDa kDa
1701 AS160
1701 e < PHLPP - 30 - B =
130+ .
—_— ..
- B - == .
> — 55 > —
o « FKBP51 704 A
W— 554
B (Input)
kDa kDa kDa kDa
170+ « PHLPP o « AS160
130+
70 « FKBP51 7
- 551 M- - 5 " A
40- 3

Supplementary Figure 15. Uncropped Images of Western blots from Figure 6. Uncropped Western Blots

from Fig. 6B (B)

18



Supplementary Methods
Indirect Calorimetry

Energy expenditure was assessed using indirect calorimetry (TSE PhenoMaster, TSE Systems, Bad Homburg,
Germany). Briefly, animals were allowed to habituate to the indirect calorimetry cages for 48h before data were
collected. Following 48 h of acclimatization, O2 consumption and CO2 production were measured every 5 min
for a total of 68.5 h. Indirect calorimetry was performed at room temperature (experiment 1, cohort 1). Heat
production (referred to as total energy expenditure (TEE), [kcal 24 h™']) was calculated from O2 consumption
(VO2, [ml h™']) and CO2 production (VCO2, [ml h™']) using the Weir equations '. The respiratory exchange ratio
(RER) was calculated as the ratio of volumes of CO2 produced to volumes of O2 consumed (VCO2/ VO2).
Home-cage locomotor activity was assessed by beam breaks using an ActiMot infrared light beam system within

the calorimetry system.
Assessment of Energy Expenditure Components

The delay in acquisition between the indirect calorimetry measurements and the instantaneous locomotor activity
measurements was corrected for by a deconvolution procedure, which was performed using a two-compartment
gas diffusion model **, taking into account chamber washout characteristics at a cage size of 8 L and a flow rate
of 0.45 L min™". Following deconvolution, total energy expenditure (TEE, kcal 24h™") was decomposed into its
activity-related energy expenditure (AEE) and resting metabolic rate (RMR). RMR was modelled in a time-
dependent manner using a method based on penalized spline regression, allowing for the detection of up to four
RMR frequency components per 24 h (8 knots 24h™") 2. Cases were excluded if the correlation between the
convoluted activity and TEE did not reach an arbitrary cutoff of r > 0.7. Model fit was assessed by visual

inspection of the component analysis residuals.
Pair-Feeding Paradigm

Mice were initially singly-housed one week prior to the experimental onset. On day one of the pair-feeding
paradigm, 51KO mice (n = 9) and WT mice (n = 11) received ad libitum access to HFD (D12331, Research

Diets, New Brunswick, NJ, USA). A second group of WT mice (WT -PF) were pair-fed to the 51KO mice. Each
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day for 6 weeks, mice in the WT-PF group received restricted access to the HFD, defined as the amount
consumed by the 51KO mice 2 days earlier. Food was weighed and replaced daily at 08:00. If residual food
remained in the cages of WT-PF mice, it was removed and weighed prior to the delivery of the next daily food

portion.
Cold-Induced Thermoregulation

51KO and WT males were divided into a control diet (10.5%kcal fromfat,D12329, ResearchDiets, Inc., New
Brunswick, NJ, USA) and a HFD group (n = 11/group). After 5 weeks on their respective diets, cold-induced
thermoregulation was monitored. Initially rectal body temperature was measured for 4 days prior to the cold
exposure paradigm to habituate mice to the rectal thermocouple probe. On the 5th day, rectal temperatures were
monitored at 0, 2, 4, and 6 h following exposure to 4 °C using an Oakton Acorn Temp JKT Thermocouple

Thermometer (Oakton Instruments, 1L, USA).
Intraperitoneal Glucose Tolerance Test (GTT)

An itraperitoneal injection of D- glucose (2 g per kg body weight) was delivered to fasted mice (14 h fast).
Blood glucose levels were measured on blood collected by tail cut at 0, 30, 60, and 120 min intervals following
the glucose load. Glucose levels were measured using a handheld Contour XT glucometer (Bayer Health Care,
Basel, Switzerland). Plasma was also collected from blood at 0 and 30 min to assess fasting insulin and glucose-

stimulated insulin levels, respectively.
Intraperitoneal Insulin Tolerance Test (ITT)

Mice were fasted for ~12 h and subsequently received intraperitoneal injections of 0.5 IU per kg body weight of
insulin. Blood glucose levels were assessed from tail cuts at 0, 30, 60, and 120 min following the insulin load.
Glucose levels were measured using a handheld Contour XT glucometer (Bayer Health Care, Basel,

Switzerland).
Behavioral Analyses

All behavioral tests were performed between 08:00 and 12:00 (Experiment 4). General locomotor activity was

examined in an empty open field arena over 15 min under 15 lux illumination. Anxiety-related behaviors were
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assessed using the elevated plus maze and dark-light transition tests as previously described *. Each test was
videotaped by an overhead camera and analyzed using the automated video-tracking software ANYmaze4.9

(Stoelting, Wood Dale, IL, USA).
Hormone Quantification

Plasma insulin levels were determined using a mouse metabolic magnetic bead panel (Millipore Corp. Billerica,
MA, USA; sensitivity: insulin 14 pg mI'"). For the assessment of fasting insulin levels, blood was collected 14 h
following an overnight fast by tail cut. Similarly, glucose-stimulated insulin levels were measured from plasma

taken from blood collected 30 min following glucose load during the glucose tolerance test.
Preparation of vesicular phospholipid gels

Vesicular phospholipid gels (VPGs) with a phospholipid content of 50% (m/m) were prepared as slow releasing
formulation for SAFit2. Encapsulation of SAFit2 into the gel was done by a direct incorporation method of the
poorly water-soluble substance. Therefore, accurately weighted phospholipid was solved in ethanol (100%) and
a stock solution of SAFit2 (20.0mg mlI" in 100% ethanol) was added. Then the solvent was evaporated for two
days under constant vacuum in a drying oven (25 °C, 10 mbar). The solid mixture was hydrated with buffer and
homogenized by dual asymmetric centrifugation using a Speedmixer™ DAC 150.1 FVZ (Hauschild GmbH &
Co KG, Hamm, Germany) for 45 minutes at 3500 rpm. ' The final SAFit2 concentration in the gel was 10mg g
1

SAFit2 Quantification

The concentration of plasma SAFit2 was quantified following acute administration of the SAFit2 gel and
following intraperitoneal administration on treatment days 10 and 30 by Liquid chromatography/mass
spectrometry (LC/MS/MS). Briefly, plasma was analyzed using the combined high-performance liquid
chromatography/mass spectrometry (HPLC/MS-MS) technique. Analysis was performed using an Agilent 1100
Series (Agilent, Waldbronn, Germany) liquid chromatograph which was interfaced to the ESI source of an
Applied Biosystems API 4000 (ABSciex, Darmstadt, Germany) triple quadrupole mass spectrometer. All

samples were added to Ostro protein precipitation and phospholipid removal plates (Waters, Eschborn,
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Germany). Deuterated clomipramine (Clomi-D3) was used as internal standard. Chromatography was performed
using a gradient elution in an Accucore RP-MS 2,6pm column (2.1 x 50 mm, Thermo Scientific, Dreieich,

Germany) at a flow rate of 0.3 ml min™" and 30°C.
Toxicity Assays

LDH assay To assess membrane disruption and cell death, the release of lactate dehydrogenase (LDH) into the
growth medium of C2C12 cells was measured. The assay (LDH cytotoxicity detection system) was carried out
according to the manufacturer’s protocol (Clontech, Mountain View, CA, USA). As a positive control, 0.02%
Triton X-100 was added to the medium 1-2 h prior to performing the assay; wells containing only medium were

used as a negative control.

MTT assay C2C12 cells were incubated in the presence of 0.5 mg mL™" tetrazole 3-(4,5-dimethylthiazol-2-yl-)-
2,5-diphenyltetrazolium bromide (MTT) for 4 h at 37°C and 5% CO2. The plates were read as described

previously ®.
Western Blot Analysis

To analyze msulin signaling, tissues from 5 h-fasted WT and 51KO mice (n = 4/group) were harvested 5 min
after insulin administration (0.75 IU per kg). To analyze FKBP51 expression, various tissues (brown adipose,
EDL, eWAT, iWAT, kidney, liver, pancreas, and soleus muscle) were harvested from adult C57BL6/N male
mice (n = 6). Tissues were homogenized in lysis buffer containing 62.5 mM Tris-HCl, 2% SDS, and 10%
sucrose supplemented with protease (Sigma, P2714) and phosphatase (Roche, 04906837001) inhibitor cocktails,
and subsequently centrifuged at 12,000 x g to remove cell debris. Lysates were sonicated three times, and protein
concentrations were measured using the BCA assay (BCA Protein Assay Kit, Life Technologies, Darmstadt,
Germany). After dilution, protein samples (40 pg) were heated for 5 min at 95°C in loading buffer. Equal
amounts of proteins were separated by SDS-PAGE and electro-transferred onto nitrocellulose membranes. Non-
specific binding was blocked in Tris-buffered saline, supplemented with 0.05% Tween (P2287; Sigma-Aldrich,
St. Louis, MO, USA) and 5% non-fat milk for 1 h at room temperature. Blots were subsequently incubated with
primary antibody (diluted in TBS/0.05% Tween) overnight at 4 °C. A list of primary antibodies used in this

study is provided below. The following day, blots were washed and probed with the respective horseradish
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peroxidase secondary antibody for 1 h at room temperature. Immuno-reactive bands were visualized either using
ECL detection reagent (Millipore, Billerica, MA, USA, WBKLO0500) or directly by excitation of the respective
fluorophore. Band intensities were evaluated with the ChemiDoc Imaging System (Bio-Rad, Laboratories Inc.,

Hercules, CA, USA).

List of all primary antibodies:

Primary Antibody Dilution Phosphorylation site Company

actin 1:5000 / SCBT, sc-1616

AKT2 1:2000 / CST, #3063

AS160 1:1000 / CST, #2670

p70S6K 1:1000 / CST, #9202

pAKT2 1:1000 S473 CST, # 4058

pAS160 1:1000 T642 CST, #8881

pp70S6K 1:1000 T389 CST, #9234

AIF 1:1000 / Chemicon, #AB16501
HA 1:7000 / Roche, 11667475001
FLAG 1:10000 / Rockland, 600-401-383
GLUT4 1:1000 / CST, #2213

FKBP51 1:1000 / Bethyl, A301-430A
PHLPP1 1:1000 / Millipore, #07-1341
GLUT1 1:1000 / Thermofisher, PA1-1063
FKBP52 1:1000 / Bethyl, A301-427A
UCP1 1:1000 Abcam ab10983

Quantification of Protein Data

The level of each phosphorylated protein was normalized to its respective non-phosphorylated protein. For total

protein content, actin or AIF were used as internal controls.
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Mediobasal hypothalamic FKBP51 acts as a molecular
switch linking autophagy to whole-body metabolism
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The mediobasal hypothalamus (MBH) is the central region in the physiological response to metabolic stress. The
FK506-binding protein 51 (FKBP51) is a major modulator of the stress response and has recently emerged as a
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scaffolder regulating metabolic and autophagy pathways. However, the detailed protein-protein interactions
linking FKBP51 to autophagy upon metabolic challenges remain elusive. We performed mass spectrometry-
based metabolomics of FKBP51 knockout (KO) cells revealing an increased amino acid and polyamine metabo-
lism. We identified FKBP51 as a central nexus for the recruitment of the LKB1/AMPK complex to WIPI4 and TSC2 to
WIPI3, thereby regulating the balance between autophagy and mTOR signaling in response to metabolic chal-
lenges. Furthermore, we demonstrated that MBH FKBP51 deletion strongly induces obesity, while its overexpres-
sion protects against high-fat diet (HFD)-induced obesity. Our study provides an important novel regulatory
function of MBH FKBP51 within the stress-adapted autophagy response to metabolic challenges.

INTRODUCTION
An adequate response to nutritional changes requires a well-coordinated
interplay between the central nervous system and multiple periph-
eral organs and tissues to maintain energy homeostasis. High-caloric
food intake and chronic overnutrition strongly challenge this system
on a cellular and organismic level and are main drivers in the devel-
opment of obesity, a hallmark of the metabolic syndrome (I).
Autophagy is an evolutionarily conserved process that efficiently
degrades cellular components, like unfolded proteins or organelles,
to provide internal nutrients and building blocks for cellular fitness
(2). Dysfunctional autophagy is associated with many diseases, such
as neurodegeneration, liver disease, cancer, and metabolic syndrome
(3-5). In obesity, however, the alterations of autophagy are not fully
explored yet. Autophagic signaling in obese individuals is sup-
pressed in pancreatic B cells, liver, and muscle, whereas other stud-
ies demonstrated enhanced autophagy signaling in adipose tissue
(3, 6, 7). Autophagy initiation is tightly controlled by a series of pro-
teins encoded by autophagy-related genes (ATGs) and regulatory
heteroprotein complexes, including the systemic energy sensor
adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK)
that is in balance with the mechanistic target of rapamycin (mTOR)
(8). Amino acid surplus activates mTOR signaling, which further
suppresses autophagy by inhibiting the UNC51-like kinase 1
(ULK1) complex [composed of ULK1, ATG13, FIP200 (FAK family
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kinase-interacting protein of 200 kDa), and ATG101]. In the course
of nutrient deprivation, elevated AMP activates AMPK to initiate
autophagy via the ULK1 complex and in turn diminishes mTOR
signaling (9, 10). It has recently been shown that the tryptophan-
aspartic acid (WD)-repeat proteins that interact with the phospho-
inositide protein family (WIPI proteins) act as subordinate scaffolders
of the liver kinase B1 (LKB1)/AMPK/TSC2 (tuberous sclerosis
complex 2)/FIP200 network linking AMPK and mTOR signaling to
the control of autophagy upon metabolic stress (11).

In the mediobasal hypothalamus (MBH), the brain’s central region
for metabolic control, the deletion of ATG7 (a ubiquitin E1-like
ligase, downstream of the ULK1 complex) in proopiomelanocortin
(POMC)-expressing neurons resulted in obesity and dampened
sympathetic outflow to white adipose tissue (WAT) (12), while ATG7
deficiency exclusively in agouti-related protein (AgRP)-expressing
neurons resulted in decreased body weight (13). Together, these data
indicate a role of MBH autophagy in the development of obesity,
but key regulatory proteins remain largely elusive.

The FK506-binding protein 51 (FKBP51, encoded by Fkbp5) is
the main modulator of the stress response and is best characterized
as a co-chaperone to HSP90, thereby orchestrating diverse pathways
important to maintain homeostatic control (14-17). We and others
have provided evidence that FKBP51 is associated with type 2 diabetes
and have shed light on its role as a fundamental regulator of obesity
and glucose metabolism (18-22). Following the identification of
FKBP51 as a negative regulator of the serine/threonine kinase AKT
in cancer cells (23), we showed that FKBP51 acts as a modulator of
glucose uptake by mediating the AKT2/PHLPP (PH domain leucine-
rich repeat-containing protein phosphatase)/AS160 (AKT substrate
of 160 kDa) complex specifically in muscle (18). Furthermore, we
demonstrated that FKBP51 induces autophagy through autophagy-
promoting beclin-1 (BECN1) in two ways: (i) FKBP51 limits AKT-
directed inhibitory phosphorylation of BECN1 at $234 and S295
(24, 25), and (ii) it reduces AKT-mediated phosphorylation of S-phase
kinase-associated protein 2 (SKP2) at S72 and thereby lowering its
E3-ligase activity, preventing BECN1 from proteasomal degradation
(26). Autophagy and FKBP51 are involved in the regulatory role of
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adipocyte differentiation and mass development (19, 27-29) and are
up-regulated in the MBH following starvation (13, 30, 31). The data
indicate converging mechanisms of FKBP51-directed protein scaf-
folding and autophagy, and therefore, we hypothesized a subordinate
role of FKBP51 in concert with members of the autophagy signaling
network in shaping central and peripheral autophagy signaling. In
the current study, we set out to identify the molecular interplay of
FKBP51 with cellular autophagic signaling and tested whether
FKBP51 shapes the in vivo whole-body response to an obesogenic
challenge. Our study unravels the tissue specificity of autophagy sig-
naling in response to obesity and reveals FKBP51 as a previously
unknown regulatory link between the stress-induced LKB1/AMPK-
mediated autophagy induction and WIPI protein scaffolds.

RESULTS

FKBP51 deletion increases AMPK and mTOR-associated
amino acid and polyamine biosynthesis

As a first approach to broaden our insights into the contribution of
FKBP51 under basal (1x glucose) and metabolically challenging (2x
glucose) conditions, we performed a multilevel mass spectrometry
(MS)-based metabolomics profiling analysis of human neuroblastoma
SH-SY5Y cells lacking FKBP51 [(FKBP51 knockout (KO)] and wild-type
(WT) controls. FKBP51 KO cells showed an increase in multiple me-
tabolites compared to WT cells to different extents under basal and high
glucose conditions (fig. S1, A to D). Most frequent and pronounced
alterations could be attributed to biosynthetic and metabolic pathways
of various amino acids, including but not limited to arginine, valine,
leucine, and isoleucine biosynthesis and histidine, cysteine, and methi-
onine metabolism (Fig. 1A and fig. S1E). It is well known that amino
acids signal to mTOR and that mTOR itself actively participates in
the sensing of amino acids in the lysosomal lumen. Particularly, the
branched-chain amino acids (BCAAs) leucine, valine, and isoleucine,
all elevated in FKBP51 KO cells (Fig. 1B, top right), can activate
mTOR and thereby block the autophagy pathway (32-34). On the
other hand, the pathway analysis showed increased AMP/adenosine
5'-triphosphate (ATP) ratio and strongly increased levels of poly-
amines and their metabolites in FKBP51 KO cells (Fig. 1B, left and
bottom right). AMP/ATP ratio was strongly reduced in FKBP51 KO
cells under metabolically challenging conditions (fig. S2E).

The overall increase in amino acids most likely results from
ubiquitous protein degradation, in line with enhanced cellular cata-
bolic processes. We performed isotope tracing with '*C-labeled glu-
cose to determine the intracellular flux in FKBP51 KO cells. Here,
we observed no substantial differences between both cell types (fig.
S1F), corroborating the fact that cellular catabolic processes rather
dominate over anabolic processes. To exclude that the observed effects
are specific to a human cell line, we performed the metabolomics
profiling also in mouse Neuro2a (N2a) cells (fig. S2, A to E). While
the effects of amino acid biosynthesis are more pronounced in the
human cell line following FKBP51 deletion, the data nonetheless
point in the same direction and support our hypothesis that FKBP51
affects autophagy and mTOR signaling. We were therefore further
encouraged to disentangle the underlining metabolic pathways.

FKBP51 is essential for homeostatic autophagy following
nutrient deprivation

Because autophagy and FKBP51 expression levels are highly in-
duced after starvation (4, 31), we tested whether deletion of FKBP51,
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in turn, affects the induction of autophagy after nutrient deprivation.
To do so, we exposed FKBP51 KO or WT cells to Hank’s balanced
salt solution (HBSS) for 4 hours to induce cellular starvation.
FKBP51 KO cells showed less phosphorylated AMPK (pAMPK) at
T172 and lower levels of LKB1 compared to WT cells already under
nutrient-rich conditions (Fig. 2A and fig. S3A), while there was a
significant increase in activating phosphorylation of SKP2 at §72
and AKT at S$473 (fig. S3, B and C). These changes in upstream sig-
naling resulted in the slight but not significant accumulation of the
autophagy receptor and substrate p62 (Fig. 2B), which is an impor-
tant measure to determine autophagic activity (35). On the other
hand, we could observe increased levels of pp70S6K at T389 in
FKBP51 KO cells (Fig. 2C). These data imply a reduction of autoph-
agy signaling and increased mTOR signaling after FKBP51 deletion
under basal conditions (36). The deletion of FKBP51 blocked the
starvation-induced increase in LKB1 protein and the activation of
AMPK at T172 (Fig. 2A and fig. S3A) and thereby reduced the level
of autophagy signaling. These data underline the importance of
FKBP51 in the autophagic stress response after starvation and sug-
gest a tight regulation of FKBP51 on AMPK and LKBI1.

Next, we investigated whether FKBP51 up-regulation can enhance
autophagy by moderately overexpressing (OE) Flag-tagged FKBP51 in
N2a cells (fig. S3D). In line with our hypothesis, FKBP51 OE resulted
in highly increased phosphorylation of AMPK at T172 and enhanced
levels of LKB1 (Fig. 2E and fig. S3E), which indicate an increase of
upstream autophagy initiation, further evidenced by increased phos-
phorylation of ULK1 at S555 (fig. S3E). Consequently, there was an
increase in proautophagic phosphorylation of BECN1 at S14 and
$91/594 (in humans at $93/596) through kinases ULK1 and AMPK,
respectively (fig. S3E) (37). Previous literature has shown that in-
creased LKB1/AMPK signaling also activates the TSC1/TSC2 com-
plex, which, in turn, inhibits mTOR activity (38). In line with that,
phosphorylation of TSC2 at S1387 was significantly enhanced
(fig. S3E), and the phosphorylation of AKT at S473, SKP2 at S72,
and the mTOR substrate pp70S6K at T389 was significantly decreased
(Fig. 2F and fig. S2F). In addition, we validated autophagy signaling
by the increase in phosphorylation of ATG16L1 at S278, a recently
described marker for autophagy induction (39), and the decrease in
the autophagy substrate p62 (Fig. 2G and fig. S2G). Last, we as-
sessed autophagic flux by the quantification of LC3B-II (lipidated
microtubule-associated proteins 1A/1B light chain 3B) accumulation
in response to starvation (HBSS) and the autophagy inhibitor
bafilomycin A1 (BafA1) in FKBP51 OE, KO, and FKBP51 KO + OE
N2a cells (Fig. 2, Tand ], and fig. S3, H and I). BafA1 led to a signif-
icant increase in LC3B-II levels in FKBP51 WT and FKBP51 OE
N2a cells, but not in FKBP51 KO and FKBP51 KO + OE N2a cells,
as compared to FKBP51 WT N2a cells during baseline conditions.
Under starvation conditions (HBSS treatment), BafA1l caused a
significant accumulation of LC3B-II in all genotypes; however, this
increase was attenuated in FKBP51 KO N2a cells.

The data from our metabolomic analysis indicated that alteration
in FKBP51 levels might enhance hypusination of the translation
factor elF5A and thereby positively regulate autophagy via nuclear
translocation of transcription factor EB (TFEB) (40). To test this
hypothesis, we measured the translocation of TFEB into the nucleus
using a TFEB-green fluorescent protein (GFP) reporter assay in
N2a cells. Here, we observed reduced baseline levels of nuclear
TFEB in FKBP51 KO N2a cells and diminished nuclear transloca-
tion of TFEB after starvation (HBSS) of FKBP51 KO cells compared
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Fig. 1. FKBP51 associates with amino acids and polyamine biosynthesis pathways. (A) Analysis and regulation of significantly altered pathways of FKBP51 KO and
WT cells. The f{x) axis shows the (median) log;, fold change (FC) of all significantly altered metabolites of the indicated pathway, and the false discovery rate (FDR) (equals
the —logyo-adjusted P value) is shown on the x axis. The size of the circles represents the amount of significantly changed metabolites in comparison to all metabolites of
a particular pathway. tRNA, transfer RNA. (B) FKBP51 deletion increases metabolites of the polyamine pathway, the AMP/ATP ratio, and enhances levels of amino acids
associated with mTOR signaling. Data in (B) are shown as means + SEM and were analyzed by a two-way analysis of variance (ANOVA) and a subsequent Bonferroni mul-
tiple comparison analysis. ala, alanine; AMPK, AMP-activated protein kinase; arg, arginine; asp, asparagine; bio., biosynthesis; CoA, coenzyme A; cys, cysteine; dcSAM,
decarboxylated S-adenosylmethione; gin, glutamine; glu, glutamic acid; gly, glycine; GSH, glutathione (reduced); his, histidine; ile, isoleucine; leu, leucine; LKB1, liver ki-
nase B1; met, methionine; met., metabolism; MTA, 5'-methylthioadenosine; mTORC1, mechanistic target of rapamycin complex 1; NAput, N-acetylputrescine; NAspd,
N-acetylspermidine; NAspm, N- acetylspermine; orn, ornithine pro, proline; phe, phenylalanine; put, putrescine; SAM, S- adenosylmethionine; ser, serine; spd, spermidine;

spm, spermine; TFEB, transcription factor EB; TSC2, tuberous sclerosis complex 2; thr, threonine; trp, tryptophan; tyr, tyrosine; val, valine. *P < 0.05, **P < 0.01.

to the control (Fig. 2, K and L). OE of FKBP51 in WT cells could
further increase nuclear TFEB under basal conditions. The nuclear
TFEB signal could not be further increased by OE under starvation
compared to the WT control (Fig. 2, K and L). We could not detect
any differences in the hypusination of eIF5A (fig. S4, A and B).

Together, these findings demonstrate that FKBP51 regulates au-
tophagy induction, especially after a metabolic challenge. However,
it is still unclear whether FKBP51 shapes the autophagic response
via direct protein-protein interactions to AMPK and LKBI1. Given
the fact that FKBP51 was previously shown to interact with several
signaling molecules within the autophagy pathway (Fig. 3A), we
were encouraged to unravel the underlying molecular mechanism
and identify potential novel interactions of FKBP51 with members
of the autophagy signaling network.
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FKBP51 associates with LKB1/AMPK/WIPI4 and TSC2/WIPI3
heteroprotein complexes to regulate autophagy

and mTOR signaling

A recent study by Bakula and colleagues (11) investigated the role of
the four WIPI proteins on autophagy, and the WIPI protein inter-
actome revealed an association of WIPI4 with FKBP51, AMPKol,
and AMPKy2 (11). WIPI proteins are essential scaffolding proteins
that function as central molecular hubs to link key regulatory ele-
ments of autophagy with proteins that are sensitive to main metabolic
cascades such as amino acid and glucose metabolism (41). On the
basis of our FKBP51 starvation and OE experiments, we hypothesized
that FKBP51 might scaffold WIPI4 and AMPK to induce autophagy
initiation and therefore performed co-immunoprecipitation (co-IP)
studies using N2a cells, with FKBP51-Flag OE.
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Fig. 2. FKBP51 regulates AMPK and mTOR activity following nutrient deprivation. (A) WT or FKBP51 KO cells were starved in HBSS medium for 4 hours to induce
autophagy, followed by quantification of pAMPKo: (T172), (B) p62, and (C) pp70S6K (T389). Representative blots are shown in (D). FKBP51 overexpression (FKBP51 OE) in
N2a cells (see fig. S3D for validation) enhanced autophagy signaling. Quantification of (E) pAMPKa (T172), (F) pp70S6K (T389), (G) p62, and (H) representative blots.
() Quantification of autophagic flux in FKBP51 KO and FKBP51 OE cells in response to starvation. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (J) Representative
blots of autophagic flux measurements. (K) Representative pictures of TFEB nuclear localization/translocation. DAPI, 4',6-diamidino-2-phenylindole. Scale bar, 10 um.
(L) Quantification of TFEB reporter assay. BL, baseline. All data (A to J) are shown as relative fold change compared to control condition; + SEM; *P < 0.05, **P < 0.01,
**%p < 0.001; ##P < 0.01, ###P < 0.001; $$P < 0.01. Two-way ANOVA was performed in (A) to (C) and followed by a Tukey’s multiple comparisons test. One-way ANOVA was
performed for (I) and (L), followed by a Dunnett’s multiple comparison test. The unpaired Student’s t test was performed for (E) to (G). *, significant genotype effect;

$, significant starvation effect; #, significant treatment effect.

These experiments confirmed that FKBP51 associates with WIPI4
but not with WIPI1 and WIPI2 (Fig. 3B), as suggested by Bakula and
colleagues (11). Intriguingly, our experiments revealed a previously
unidentified association of FKBP51 with WIPI3 (Fig. 3B). Next, we
assessed the association of FKBP51 with various isoforms of AMPK

Hausl et al., Sci. Adv. 8, eabi4797 (2022) 9 March 2022

and validated the expected interactions of FKBP51 with AMPKal and
AMPKYy2 and further revealed a interaction with AMPKI (Fig. 3C).
We validated the previously unknown interactions of FKBP51 with
WIPI3, WIPI4, AMPKo, and LKB1 in mouse WT N2a neuroblastoma
cells performing IPs and co-IPs from endogenous proteins (fig. S5A).
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(B) FKBP51 associates with WIPI3 and WIPI4, but not with WIPI1 and WIPI2. WCE, whole-cell extract; IP, immunoprecipitation. (C) Interaction of FKBP51 with AMPK sub-
units. (D) Interaction of FKBP51 with LKB1 and AMPKa in WIPI4 KD cells. (E) Interaction of WIPI4 with AMPKa in FKBP51-lacking cells. (F) FKBP51 interacts with TSC2in
dependency of WIPI3. (G) WIPI3 interacts with TSC2 and TSC1 in the presence or absence of FKBP51. (H) Identified associations of FKBP51 in the regulation of autophagy
and mTOR signaling and the proposed model of interaction. FKBP51 recruits LKB1 to the AMPK-WIPI4 complex and thereby facilitates AMPK activation. Furthermore,

FKBP51 scaffolds TSC2-WIPI3 binding to alter mTOR signaling. AB, antibody.

To investigate the functional relevance of WIPI4 in the association
of FKBP51 with AMPK, we generated WIPI4 knockdown (KD) N2a
cells using small interfering RN A (siRNA) cotransfected with FKBP51-
Flag (fig. S5B). We observed that FKBP51 binding to AMPK was re-
duced in cells lacking WIPI4 (Fig. 3D and fig. S5C). Our precipitation
studies further demonstrated that FKBP51 interacts with LKB1, which
confirmed the finding of a previous interactomics-based screening ex-
periment by Taipale and colleagues (16) and further revealed that this
interaction is independent of WIPI4 (Fig. 3D and fig. S5, D and A).
Furthermore, we could demonstrate that WIPI4 deletion blocked the
phosphorylation effect of FKBP51 OE on pAMPK at T172 (fig. S5E),
suggesting that FKBP51 binds to AMPK in dependency of WIPI4.
In addition, studies in FKBP51 KO cells revealed that the WIPI4

Hausl et al., Sci. Adv. 8, eabi4797 (2022) 9 March 2022

interaction to AMPK depends on the presence of FKBP51 (Fig. 3E),
indicating a subordinate role of FKBP51 as a molecular bridge that
links the autophagy-relevant WIPI network to AMPK signaling.

Last, we assessed the functional relevance of WIPI3-FKBP51
binding. Performing co-IP studies in N2a cells in the presence or
absence of WIPI3 (fig. S5F), we observed that FKBP51 interacts
with TSC2 but not TSC1 (Fig. 3F), which are upstream master reg-
ulators of mTOR (42). Further, we confirmed the association of
FKBP51 with TSC2, which depends on the presence of WIPI3
(Fig. 3F), whereas the interaction of WIPI3 to TSC2 and TSCI is
independent of FKBP51 (Fig. 3G).

Collectively, we demonstrate that FKBP51 regulates autophagy
in concert with the WIPI protein family, specifically WIPI3 and

50f 16

2202 ‘€T YOIBJA UO SI10°00UaI0s" mmm//:sd)y Woly papeo[umo]



SCIENCE ADVANCES | RESEARCH ARTICLE

WIPI4 via interactions with the mTOR and AMPK cascades (Fig. 3H).
The combined interpretation of our molecular and metabolomic
analyses led us to hypothesize that FKBP51 regulates autophagy and
consequently whole-body metabolism in vivo, especially after a
metabolic challenge.

MBH FKBP51 is a regulator of body weight and food intake
We and others have previously shown that FKBP51 acts in a tissue-
specific manner in soleus muscle (SM), epididymal WAT (eWAT),
and the hypothalamus to regulate metabolism (18, 19, 22, 30). How-
ever, the interconnected response of autophagy and FKBP51 to a
metabolic stressor, such as HFD, remains elusive and encouraged
us to investigate the possible relationship between FKBP51 expres-
sion and autophagic flux (the protein turnover through catabolic
autophagy).

Our analysis revealed that C57BL/6N mice showed significantly
increased FKBP51 protein levels (Fig. 4A) and diminished accumu-
lation of the autophagy substrate p62 in the MBH upon 10 weeks of
HFD (58% kcal from fat) (Fig. 4B). HFD per se did not affect the
lipidation of the autophagosome-spiking protein light chain 3
(LC3B-I) to LC3B-II (Fig. 4C), which binds the autophagosome and
is a reliable marker to analyze autophagic flux (35). However, levels
of LC3B-II were similarly increased in both conditions after treat-
ment with chloroquine (50 mg/kg), an inhibitor of lysosomal acidi-
fication and autophagosome-lysosome fusion that, in turn, blocks
degradation of autophagosome cargo (35). In line with the reduced
levels of p62, these results indicate an active central autophagic flux
after HFD.

In peripheral eWAT and SM, however, chloroquine treatment
did increase LC3B-II levels only in chow-fed animals (fig. S6, A and
B), implying reduced or even blocked autophagy signaling under
HED conditions. This hypothesis is supported by an increased ac-
cumulation of p62 in these peripheral tissues with a significant in-
crease in SM (fig. S6C). FKBP51 protein levels were unaffected in
eWAT and slightly but not significantly decreased in SM (fig. S6D).
These data suggested a possible interconnected role of FKBP51 and
autophagy flux, particularly in the MBH. We, therefore, decided to
further test the effects of FKBP51 on autophagy signaling and its
relevance for whole-body metabolism in vivo by manipulating
FKBP51 in the MBH.

First, we injected a Cre-expressing virus into the MBH of FKB-
P51°°% animals (Fig. 4D) to evaluate the effects of central FKBP51
deletion. FKBP51MPMXO animals showed a massive increase in
body weight 6 weeks after surgery, despite their regular chow diet
(Fig. 4E). The bodyweight increase was accompanied by increased
food intake and decreased glucose tolerance (Fig. 4, F and G). These
findings were unexpected, considering the lean phenotype of full-
body FKBP51-deficient mice after prolonged exposure to an HFD
(18, 19) and further highlight the tissue specificity of FKBP51.

Next, we injected an adeno-associated virus (AAV)-mediated
FKBP51 OE virus into the MBH of C57/Bl6 mice (FKBP51MP"OF,
Fig. 4H). FKBP51*™F animals showed no substantial differences
in body weight gain within the first 4 weeks after surgery. Therefore,
we challenged FKBP51*™F animals with a metabolic stressor by
feeding them an HED for 8 weeks. Animals overexpressing FKBP51
displayed significantly reduced body weight gain compared to the con-
trol group (Fig. 41), paralleled by a reduction in food intake (Fig. 4]).
In a second cohort of FKBP51MBH-OF ahimals [with an identical
body weight phenotype (fig. S6E)], we investigated whether glucose
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metabolism was altered and observed improved glucose tolerance
and insulin sensitivity compared to the control group under HFD
but not under normal chow diet (Fig. 4K and fig. S6, F to H). To-
gether, these experiments reveal an essential role of MBH FKBP51 in
central coping mechanisms with an obesogenic stressor and posi-
tion MBH FKBP51 as a key regulator of whole-body metabolism.

MBH FKBP51 fine-tunes autophagy signaling in an inversed
U-shaped manner

Given the opposing phenotypes of FKBP51M* HKO and FKBP51MBH-OF
animals and the discovered regulatory function of FKBP51 in the meta-
bolic control of autophagy, we were interested in the underlying regu-
lation of autophagy signaling. In our KO experiment, viral injection
resulted in a high-deletion rate within the MBH of FKBP51"#H-K0
animals (Fig. 5, A and B). According to our hypothesis, we observed
a reduced binding of LKB1 and AMPK to WIPI4 (Fig. 5C and see
fig. S7A for quantification), which was accompanied by a reduction
in the phosphorylation of AMPK at T172, causing less active AMPK
(Fig. 5D). Downstream of AMPK, we monitored diminished phos-
phorylation of ULKI at $555, BECN1 at S91/594, and TSC2 at
S1387 (fig. S7, B to D). Parallel to the effects of AMPK downstream
proteins, we detected reduced levels of TSC2 binding to WIPI3
(Fig. 5E and see fig. S7E for quantification). Furthermore, we ob-
served increased levels of phosphorylated AKT at S473 and phos-
phorylated ULK1 at S757 (fig. S7, F and G), indicating increased
AKT/mTOR signaling. The increased mTOR activity could be vali-
dated by increased levels of pp70S6K (Fig. 5F). Last, loss of FKBP51
resulted in decreased levels of LC3B-II and the accumulation of p62
(Fig. 5, G and H). Together, these data suggest that FKBP51 dele-
tion reduced autophagy signaling in the MBH via the reduction of
AMPK activity and an increased mTOR signaling, which is in line
with our in vitro data.

Animals overexpressing FKBP51 in the MBH showed an excessive
up-regulation of FKBP51 (Fig. 5, I and J). Co-IP studies indicated
that following the excessive overexpression (OE) of FKBP51, AMPK
binding to WIPI4 was decreased. Furthermore, LKB1 levels were
strongly reduced and binding of LKB1 to WIPI4 vanished (Fig. 5K
and fig. S7A). Consequently, phosphorylation of AMPK at T172 was
significantly reduced (Fig. 5L). Downstream of AMPK, we observed
a decrease in phosphorylation of ULK1 at S555 and no changes of
phosphorylated BECNT1 levels (fig. S7, B and C). Phosphorylation of
TSC2 at S1387 and the binding of TSC2 to WIPI3 were significantly
decreased (Fig. 5M and fig. S7, D and E). Phosphorylation of AKT at
$473 was unchanged (fig. S7F). On the other hand, FKBP51MPHOF
animals showed increased mTOR signaling, indicated by increased
phosphorylation of ULK1 at S757 and elevated levels of pp70S6K
(Fig. 5N and fig. S7G). Last, FKBP51 OE animals showed increased
levels of LC3B-II. However, treatment with chloroquine (50 mg/kg)
did not further increase the LC3B-II levels in FKBP51MBH-OF animals
(Fig. 50), indicating that the fusion of autophagosomes with lyso-
somes is impaired and central autophagic flux is blocked. This
hypothesis is supported by the fact that FKBP51 OE resulted in the
accumulation of the autophagy substrate p62 (Fig. 5P). These data
are in contrast to our previously observed findings and imply that
FKBP51MP7OF animals, despite their highly elevated FKBP51 levels,
have blocked autophagy signaling in the MBH.

The observation that viral overexpression of FKBP51 in the MBH
resulted in a massive overexpressing of FKBP51 led us to hypothesize
that the level of FKBP51 expression directly correlates with the degree
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of autophagy signaling. Therefore, we gradually increased FKBP51 levels ~ decrease in p70S6K phosphorylation. However, upon a stimulus
in N2a cells by the titration of AAV-hemagglutinin tag (HA)-FKBP51.  threshold (at approximately three- to fourfold FKBP51), we observed
Following a moderate increase of FKBP51, we observed a decrease  an inhibitory effect on autophagy with decreased protein level of
in the accumulation of p62 and an increase in BECN1, supporting BECN1 and an increased phosphorylation of p70S6K and enhanced
the activating role of FKBP51. In parallel, we could observe a slight ~ accumulation of p62 (Fig. 5, Q and R, and fig. S7H).
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Our pathway analysis demonstrates that deletion of FKBP51 re-
duces autophagy signaling, and excessive levels of FKBP51 protein
results in a total block of autophagy, causing a substantial shift from
autophagy to mTOR signaling. In conclusion, we suggest that
FKBP51 dose dependently regulates autophagy signaling in an in-
versed U-shaped manner (Fig. 5S).

MBH FKBP51 alters sympathetic outflow and thereby
regulates autophagy signaling in the periphery

The MBH is an established regulatory center for sympathetic out-
flow to peripheral tissues (43). Consequently, we were interested
whether the sympathetic tone of the brain into peripheral tissues
was affected in FKBP51MPH9F animals. To do so, we treated
FKBP51MPH-OF mice with a single dose of the norepinephrine (NE)
synthesis inhibitor a-methyl-p-tyrosine (a-MPT) to block NE
synthesis in the periphery, thereby enabling the assessment of the
catecholamine turnover rate (cTR) (44, 45). MBH FKBP51 OE led
to a reduction in the cTR in muscle and eWAT (Fig. 6, A and B).
Further, inguinal WAT (iWAT) of FKBP51M*"°F animals showed
significant differences in initial NE levels, but not in cTR (fig. S8A).
We also observed a mildly but not significantly decreased cTR in
brown adipose tissue (BAT) (fig. S8B), whereas no effects were de-
tected in the pancreas or heart tissue (fig. S8, C and D). Together,
these data demonstrate that MBH FKBP51 OE dampens the sympa-
thetic outflow especially to muscle and fat tissue and encouraged us
to investigate changes in autophagy signaling in both tissues.

In FKBP51M*"9F animals, we observed increased levels of FKBP51
in SM and eWAT (fig. S8E), which resulted in increased AMPK ac-
tivity (Fig. 6C) by enhanced binding of AMPK and LKB1 to WIPI4
(fig. S8, F and G). Downstream of AMPK, we observed increased
phosphorylation of ULK1, BECN1, and TSC2, indicating enhanced
autophagy initiation in the periphery (fig. S8, H to J). We again as-
sessed mTOR signaling and observed increased binding of TSC2 to
WIPI3 (fig. S8K) and a strong reduction in the phosphorylation of
AKT at $473 and ULK1 at S757 (fig. S8, L and M), which resulted in
reduced levels of pp70S6K (T389) (Fig. 6D). Furthermore, we mon-
itored reduced levels of p62 (Fig. 6, E and F). To verify the increase
in autophagy signaling, we analyzed LC3B-II levels before and after
chloroquine treatment. Here, we detected a true increase in LC3B-II
levels after chloroquine treatment (Fig. 6, G to I). These data implg
an increase in autophagy flux in the periphery of FKBP51MBH-0
animals. This is in line with our hypothesis that moderately elevated
levels of FKBP51 increase autophagy signaling and suggest that the
balance between active mTOR signaling in the MBH and active au-
tophagy signaling in the peri'Phery is one driving factor of the lean
phenotype of the FKBP51M*H-OF animals.

In FKBP51MPHKO mjce, we observed an opposing phenotype
with reduced autophagy signaling in SM, whereas autophagy sig-
naling in eWAT was unaltered. In both tissues, we did not observe
significant changes in FKBP51 protein level (fig. S8N). However, we
could detect less phosphorylation of AMPK at T172 (Fig. 6]) and
reduced binding of AMPK/LKB1 to WIPI4 (fig. S8, O and P). These
findings were accompanied by reduced levels of ULK1, BECN1, and
TSC2 (fig. S8, Q to S). Furthermore, we monitored increased levels
of pp70S6K (T389), pULK1 (S757), and pAKT (S473), suggesting
increased mTOR signaling (Fig. 6K and fig. S8, U and V). Last,
LC3B-II levels were significantly reduced (Fig. 6L) in combination
with elevated levels of p62 in SM (Fig. 6, M and N), which is indic-
ative of reduced autophagy signaling solely in this peripheral tissue.

Hausl et al., Sci. Adv. 8, eabi4797 (2022) 9 March 2022

We could not detect any differences in autophagy signaling in other
peripheral tissues, such as the liver (fig. S9, A and B). In summary,
we suggest that the combined reduction of autophagy in the MBH
and peripheral tissues, such as muscle and adipose tissue, is driving

the observed body weight phenotype in FKBP51M*HX0 mice,

DISCUSSION

In the current study, we examined the role of stress-activated chap-
erone FKBP51 as a molecular master switch linking autophagy and
whole-body metabolism. We here present that FKBP51 actively modu-
lates the response of the AMPK-mTOR network to an HFD by scaf-
folding autophagy-upstream AMPK/LKB1/WIPI4 and TSC2/WIPI3
heteroprotein complexes. We identify a tissue-specific function of
FKBP51 by providing in vivo evidence that hypothalamic FKBP51
acts as a dose-specific mediator of whole-body metabolism.

Metabolomic profiling of neuronal-like cells lacking FKBP51 re-
vealed a substantial increase for several metabolites and amino ac-
ids and suggests a role of FKBP51 in BCAA metabolism. BCAAs are
important regulators of neurotransmitters and protein synthesis as
well as food intake (46, 47). The increase of multiple BCAAs have
been associated with obesity and insulin resistance (48, 49). In our
in vitro metabolomic profiling analysis, isoleucine, leucine, valine,
and tyrosine were strongly elevated in FKBP51 KO cells under normal
and high glucose concentrations, which is indicative of constantly
active mTOR signaling (50). Furthermore, it has been shown that
excess leucine can reduce abdominal fat loss, whereas leucine depri-
vation promotes fat loss via cyclic AMP response element-binding
protein signaling and increased expression of CRH (corticotropin-
releasing hormone) in the hypothalamus. This effect is conveyed by
the activation of the sympathetic nervous system (51). Leucine is an
important regulator of mTOR and negatively affects the biogenesis
of autophagosomes through its metabolite acetyl coenzyme A, which
thereby enhances acetylation of the regulatory-associated protein of
MTOR (RPTOR) via acetyltransferase EP300 in neurons and other
cell types. This cascade of events ultimately leads to autophagy inhi-
bition and mTOR activation (52, 53). At the same time, the increased
levels of polyamines, observed in FKBP51 KO cells, are in contrast
to autophagy inhibition. In particular, spermidine was shown to be
capable of autophagy induction via inhibition of EP300 (54). Neverthe-
less, cell type-specific effects have to be taken into account as studies
suggest an increased expression of EP300 in response to spermidine
supplementation in aged and osteoarthritic chondrocytes (55).

To gain further insight into the underlying mechanisms, we built
on already existing knowledge about FKBP51 regarding its regula-
tory role on single autophagy-related proteins [like BECN1, WIPIs,
and SKP2 (11, 16, 26)], which further positions FKBP51 as a major
upstream regulator of autophagy. AMPK is activated by the phos-
phorylation of T172, which is regulated by LKB1 (56), and increased
LKB1/AMPK signaling activates the TSC1/TSC2 complex, which, in
turn, inhibits mTOR activity (38). Recently, Bakula and colleagues
(11) showed that the WIPI protein family members WIPI3 and WIPI4
are essential scaffolders of the LKB1/AMPK/TSC1/2 signaling net-
work thereby regulating autophagy and mTOR signaling. Here, we
extended this knowledge by revealing that FKBP51 recruits LKBI to
the WIPI4-AMPK regulatory platform to induce AMPK phospho-
rylation at T172, which further increases autophagy initiation by
direct phosphorylation of ULK1 at S555 (10). On the other hand,
FKBP51 associates with the TSC2/WTPI3 heterocomplex to coregulate
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mTOR signaling and thus position FKBP51 as a main regulatory switch
between autophagy initiation and mTOR signaling. Our experiments
in vivo and in vitro led us to propose a model in which physiological
levels of FKBP51 are essential for normal cellular autophagy-mediated
homeostasis. Hereby, the absence of FKBP51 reduces autophagy

Hausl et al., Sci. Adv. 8, eabi4797 (2022) 9 March 2022

signaling and capacity in contrast to excessive, nonphysiological levels
of FKBP51, which block autophagy in favor of mTOR signaling. The
relative amounts of FKBP51 complexed with autophagy regulators
within a cell govern the threshold for a transition from cell homeo-
stasis to impaired autophagy in an inversed U-shaped manner.
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FKBP51 has been shown to act tissue-specific to control adipo-
cyte differentiation, browning (19, 57), and glucose metabolism (18).
Most studies investigated global FKBP51 KO mice and observed a
lean phenotype after an HFD regimen. These observations would
imply that hypothalamic FKBP51 OE increases body weight gain,
whereas deletion reduces body weight. We here observed that the
acute FKBP51 manipulation in the MBH acts in an opposing man-
ner with a central deletion leading to obesity and an overexpres-
sion to a lean phenotype, emphasizing its tissue specificity.
These data suggest that hypothalamic FKBP51 regulates body weight
and food intake in a U-shaped manner, which is supported by the
fact that HFD increases FKBP51 expression and that a modest in-
crease of hypothalamic FKBP51 induces body weight gain (30).

Several studies have already addressed the functional role of hy-
pothalamic autophagy in the regulation of whole-body metabolism.
Mice challenged with a chronic HFD showed impaired autophagy
in the arcuate nucleus, and a deletion of ATG7 in the MBH resulted
in hyperphagia and increased body weight (58). The MBH, howev-
er, is a complex brain region with multiple different nuclei, which
have various opposing roles in the control of whole-body metabo-
lism (1, 59). Here, we targeted FKBP51 nonselectively in various
nuclei within the MBH, which is a limitation of the study. However,
it also raises the question, which nuclei or neuronal subpopulations
are the driving force behind our observed phenotypes. Previous studies
have shown that specific deletion of autophagy in POMC neurons
leads to hyperphagia and obesity (12). These findings are in line with
our data of the FKBP51MP"™ animals, which develop obesity and
hyperphagia on a regular chow diet in combination with decreased
activity of central autophagy. Intriguingly, animals overexpressing
FKBP51 in the MBH have a reduced body weight progression,
increased glucose tolerance, and insulin sensitivity under an HFD
regimen despite the hypothalamic autophagy blockage. The deletion
of autophagy in AgRP neurons resulted in decreased body weight
and food intake in response to fasting (13). The current study, how-
ever, cannot fully address whether the observed effects on obesity
and the sympathetic effect output are purely driven by FKBP51 ma-
nipulation and whether autophagy is required for this effect. Future
studies should emphasize the specific neuronal action of FKBP51 on
autophagy to regulate body weight progression and food intake and
investigate whether a blockade of autophagy can indeed counteract
the effects of FKBP51 overexpression and vice versa.

Last, we suggest that the altered balance between hypothalamic
and peripheral autophagy-mTOR signalir}l{g is a major contributor
to the observed phenotype of FKBP51MPH-OF and FKBP51MPHKO
animals. FKBP51MPHXC animals showed decreased autophagy and
increased mTOR signaling in the periphery (eWAT and SM),
whereas peripheral autophagy signaling in FKBP51%-CF animals
displayed the opposite phenotype. The importance of central-
peripheral mTOR and autophagy signaling has already been studied
intensely. For instance, peripheral mTOR activity was shown to be
involved in the pathogenesis of obesity and is enhanced in muscle and
adipose tissue in obese animals (60, 61), whereas the activation of
central mTOR can reduce food intake and body weight gain (62). In
particular, the mTOR substrate p70S6K was shown to regulate body
weight by mediating the sensitivity of leptin to AMPK via PI3K/AKT1/
mTOR pathway (63, 64). Here, we extend this finding by the fact that
the combination of peripheral and central p70S6K activity is an
important contributor to the development of obesity. One has
to keep in mind, although, that FKBP51 is highly dynamically
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regulated by stressful situations and acts in concert with other chap-
erone proteins in a cell type- and tissue-specific manner. This may
also explain apparent minor inconsistencies in our data and warrants
further investigation.

In conclusion, this study provides a conceptual framework for the
regulatory function of the stress-responsive co-chaperone FKBP51
on autophagy signaling and establishes a physiological role of MBH
FKBP51 in the regulation of food intake and body weight regulation.
We further suggest that FKBP51 is a crucial sensor linking signaling
pathways controlling the stress response, autophagy, and metabolism.
The ability of FKBP51 to regulate autophagy and energy homeostasis
might therefore open new promising treatment avenues for meta-
bolic disorders, such as obesity and type 2 diabetes.

MATERIALS AND METHODS

Antibodies

The following antibodies were used: goat polyclonal anti-actin
(I-19) (sc-1616, Santa Cruz Biotechnology), rabbit polyclonal anti-
FKBP51 (A301-430A, Bethyl Laboratories), rabbit monoclonal
anti-FKBP5 (D5G2, #12210, Cell Signaling Technology), rabbit
monoclonal anti-LKB1 (D60C5, #3047, Cell Signaling Technology),
rabbit polyclonal anti-pAMPKa''7? (#2531, Cell Signaling Tech-
nology), rabbit polyclonal anti-pAMPKa (#2532, Cell Signaling
Technology), rabbit polyclonal anti-SKP2 (L70, #4313, Cell Signal-
ing Technology), rabbit anti-pSKP2%" (was a gift from Cell Signal-
ing Technology), rabbit polyclonal anti-AKT (#9272, Cell Signaling
Technology), rabbit monoclonal anti-pAKT®*”? (D9E, #4060, Cell
Signaling Technology), rabbit polyclonal anti-p62 (#5114, Cell Sig-
naling Technology), rabbit monoclonal anti-LC3B (D11, #3868, Cell
Signaling Technology), rabbit polyclonal anti-pULK1%">” (#6888, Cell
Signaling Technology), rabbit monoclonal anti-pULK1%**® (D1H4,
#5869, Cell Signaling Technology), rabbit monoclonal anti-ULK1
(D8HS5, #8054, Cell Signaling Technology), anti-pBECN1%%%/5%
(in mouse S91/594) (#12476, Cell Signaling Technology), rabbit
polyclonal anti-pBECN1°" (#84966, Cell Signaling Technology),
rabbit polyclonal anti-BECNI1 (#3738, Cell Signaling Technology),
rabbit polyclonal anti-TSC2 (#3612, Cell Signaling Technology), rabbit
polyclonal anti-pTSC2°'**” (#5584, Cell Signaling Technology), rabbit
monoclonal anti—pATG16L18278 (EPR19016, ab195242, Abcam),
rabbit polyclonal anti-WIPI4 (WDR45) (19194-1-AP, Proteintech),
mouse monoclonal anti-WIPI4 (G12, sc-398272, Santa Cruz Bio-
technology), rabbit polyclonal anti-WIPI3 (WDR45L) (SAB2102704,
Sigma-Aldrich), mouse monoclonal anti-WIPI3 (B-7, sc-514194,
Santa Cruz Biotechnology), rabbit polyclonal anti-WIPI2 (#8567, Cell
Signaling Technology), rabbit polyclonal anti-WIPI1 (HPA007493,
Sigma-Aldrich), rabbit polyclonal anti-AMPKal (#2795, Cell
Signaling Technology), rabbit polyclonal anti-AMPKy2 (#2536,
Cell Signaling Technology), rabbit polyclonal anti-AMPKo2 (#2757,
Cell Signaling Technology), rabbit monoclonal anti-AMPKp1
(71C10, #4178, Cell Signaling Technology), rabbit polyclonal anti-
AMPKy1 (#4187, Cell Signaling Technology), rabbit polyclonal
anti-AMPKP2 (#4188, Cell Signaling Technology), rabbit polyclonal
anti-AMPKy3 (#2550, Cell Signaling Technology), rabbit mono-
clonal anti-TSC1 (D43E2, #6935, Cell Signaling Technology), rabbit
polyclonal anti-Flag (600-401-383, Rockland Inc.), rabbit polyclonal
anti-hypusine (ABS1046, Merck Millipore), rabbit monoclonal
anti-eIF5A (D8L8Q, #20765, Cell Signaling Technology), and rabbit
polyclonal anti-TFEB (ab245350, Abcam).
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Animals and animal housing

All experiments and protocols were approved by the committee for
the Care and Use of Laboratory Animals of the Government of Up-
per Bavaria and were performed in accordance with the European
Communities’ Council Directive 2010/63/EU. All animals were kept
singly housed in individually ventilated cages (IVCs) (30 cm by
16 cm by 16 cm; 501 cm?) with ad libitum access to water and food
and constant environmental conditions (12-hour light/12-hour dark
cycle, 23° + 2°C, and humidity of 55%) during all times. All IVCs
had sufficient bedding and nesting material as well as a wooden
tunnel for environmental enrichment. All animals were fed with
a standard research chow diet (Altromin 1318, Altromin GmbH,
Germany) or an HFD (58% kcal from fat; D12331, Research Diets,
New Brunswick, NJ, USA). For all experiments, male C57BL/6N
or male Fkbj_)51°’(/1°X mice [described in (65)] aged between 2 and
5 months were used.

Viral overexpression and knockdown of FKBP51

For overexpression of FKBP51, we injected an AAV vector containing
a CAG-HA-tagged FKBP51-WPRE-BGH-polyA expression cassette
(containing the coding sequence of human FKBP51 National Center
for Biotechnology Information CCDS ID CCDS4808.1) in C57BL/6N
mice. The same vector construct without expression of FKBP51
(CAG-Null/Empty-WPRE-BGH-polyA) was used as a control. Virus
production, amplification, and purification were performed by
GeneDetect. A viral vector containing a Cre-expressing cassette
(pPAAV-CMV-HI-eGFP-Cre-WPRE-SV40, #105545, Addgene) was
used to induce FKBP51 deletion in FKBP51'°!°* mice. Control
animals were injected with a control virus (pAAV-CMV-PI-eGFP-
WPRE-bGH, #105530, Addgene). For both experiments, stereotactic
injections were performed as described previously (66). Briefly, mice
were anesthetized with isoflurane prior surgery, and 0.2 pl of the
abovementioned viruses (titers: 1.6 x 10'271 genomic particles/ml)
was bilaterally injected in the MBH at 0.05 pl/min by glass capillaries
with a tip resistance of 2 to 4 megohm in a stereotactic apparatus.
The following coordinates were used: —1.5 mm anterior to bregma,
0.4 mm lateral from midline, and 5.6 mm below the surface of the
skull, targeting the MBH. After surgery, mice were treated for 3 days
with Metacam via intraperitoneal injections and were housed for 3
to 4 weeks for total recovery before the actual experiments. Successful
overexpression and KD of FKBP51 were verified by Western blot.

Autophagic flux

We investigated the autophagic flux by the injection of chloroquine
(50 mg/kg), an inhibitor of lysosomal acidification and autophagosome-
lysosomal fusion that blocks degradation of autophagosome cargo
(35). We injected C57BL/6N mice in the morning with chloroquine
(50 mg/kg) or saline as control. Multiple tissues were removed and
shock-frozen 4 hours after injection and stored at —80°C until protein
analysis of LC3B-1I normalized to glyceraldehyde-3-phosphate dehy-
drogenase or actin. Lipidation of LC3B in protein homogenates ob-
tained from animals treated with chloroquine (fusion block) was
compared to LC3B lipidation of animals treated with vehicle.

Sample collection

On the day of euthanization, animals were deeply anesthetized with
isoflurane and euthanized by decapitation. Trunk blood was collected
in labeled 1.5-ml EDTA-coated microcentrifuge tubes (Sarstedt) and
kept on ice until centrifugation. After centrifugation (4°C, 8000 rpm
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for 1 min), the plasma was removed and transferred to new, labeled
tubes and stored at —20°C until hormone quantification. For pro-
tein analysis, the MBH, skeletal muscle (SM), and WAT (eWAT)
were collected and immediately shock-frozen and stored at —80°C
until protein analysis.

cTR determination
Catecholamine turnover was measured on the basis of the decline in
tissue NE content after the inhibition of catecholamine biosynthesis
with o-methyl-pL-tyrosine (a-MPT) (200 mg/kg i.p. injection;
Sigma-Aldrich, ST, Quentin, France), as described previously (44).

In the morning, bedding was changed, and C57BL/6N mice were
food-deprived for 3 hours to insure postprandial state and injected
with o-methyl-pr-tyrosine (0-MPT; a tyrosine hydroxylase inhibitor)
to block catecholamine synthesis. Before (time = 0) and 3 hours
after the injection (time = 3 hours), animals were euthanized, and the
tissues were removed, flash-frozen in liquid nitrogen, and stored
at —80°C for monoamine and metabolite analysis.

Catecholamine content at time = 0 [NE (0)] was determined on
a group of animals receiving a saline injection. Because the concen-
tration of catecholamine in tissues declined exponentially, we could
obtain the rate constant of NE efflux (expressed in h — 1). Compre-
hensive analysis of NE was carried out by reverse-phase liquid chro-
matography (LC) with electrochemical detection as described in
(67). The values obtained were expressed as nanogram per milli-
gram wet tissue and were logarithmically transformed for calcula-
tion of linearity of regression, SE of the regression coefficients, and
significance of differences between regression coefficients.

Glucose tolerance and insulin tolerance

Alteration of glucose metabolism in FKBP51"POF and FKBP51MBH*O
mice was investigated by a glucose (glucose tolerance test) and
insulin tolerance (insulin tolerance test) test as described previ-
ously (18).

Hormone assessment

Corticosterone concentrations were determined by radioimmuno-
assay using a corticosterone double antibody '*°I radioimmunoassay
kit (sensitivity: 12.5 ng/ml; MP Biomedicals Inc.) and were used
following the manufacturers’ instructions. Radioactivity of the pellet
was measured with a gamma counter (Packard Cobra II Auto Gamma,
PerkinElmer). Final corticosterone levels were derived from the
standard curve.

Cell lines and transfection

N2a WT, N2a FKBP51 KO, SH-SY5Y WT, and FKBP51 KO (68) cells
were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 1x penicillin-streptomycin
antibiotics at 37°C in a humidified atmosphere with 5% CO2. At
90% confluency, N2a cells were detached from the plate, and 2 x 10° cells
were resuspended in 100 pl of transfection buffer [50 nM Hepes
(pH 7.3), 90 mM NaCl, 5 mM KCl, and 0.15 mM CaCl2]. A total
of 2.5 ug of plasmid DNA or 80 ng of siRNA (siWIPI3, EMU081491
or siWIPI4, EMU007321 or siControl, and SIC001, all Sigma-Aldrich)
was used per transfection. Electroporation was performed using
the Amaxa Nucleofector System 2b (program T-020). For OE experi-
ments, N2a cells were transfected with FKBP51-Flag expression
or TFEB-GFP reporter plasmid using Lipofectamine 2000 (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
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Generation of FKBP51 KO N2a cells

N2a (Sigma-Aldrich) FKBP51 KO cell line was generated with the
Alt-R CRISPR-Cas9 System from Integrated DNA Technologies (IDT)
according to the manufacturer’s instructions. Briefly, RNA oligos
[Alt-R CRISPR-Cas9 crispr RNA (crRNA) against murine FKBP51
and Alt-R CRISPR-Cas9 trans-activating crRNA (tracrRNA)] were
mixed in nuclease-free duplex buffer (IDT) in equimolar concen-
trations yielding a final duplex of 1 pM and then heated at 95°C for
5 min and combined with 1 uM Alt-R S.p. HiFi Cas9 Nuclease V3
diluted in Opti-MEM (Thermo Fisher Scientific). Ribonucleoprotein
(RNP) complexes were assembled at room temperature (RT) for 5 min
and mixed with Lipofectamine RNAiMAX reagent (Thermo Fisher
Scientific) and Opti-MEM (Thermo Fisher Scientific) and incubated
for 20 min at RT to form transfection complexes. Subsequently,
40,000 N2a cells per well were reverse-transfected using complete
culture media without antibiotics in a 96-well tissue culture plate with
a final RNP concentration of 10 nM. After 48 hours (37°C, 5% CO2),
single-cell clones were obtained by array dilution method, expanded,
and analyzed by Western blotting. FKBP51 WT control cells were
identified by immunoblotting after single-cell cloning procedures
and, therefore, underwent the same transfection and isolation pro-
cedure as the FKBP51 KO cells. Predesigned Alt-R CIRSPR Cas9
guide RNAs (IDT) were used for KO generation (protospacer
adjacent motif sequence in italics). Mm.Cas9.FKBP5.1.AA: CGATC-
CCAATCGGAATGTCGTGG.

Treatment of N2a cells

Treatments of N2a cell cultures included glutocorticoid receptor (GR)
stimulation with dexamethasone (Sigma-Aldrich) ranging from 1 to
100 nM for 24 hours, HBSS (Thermo Fisher Scientific)-induced
starvation for 4 hours, and inhibition of autophagosome-lysosome
fusion by BafA1 (100 nM, 4 hours; Alfa Aesar).

Co-immunoprecipitation

IPs of endogenous proteins were performed from protein extracts
(n = 3 to 4 per group) derived from N2a cells, SH-SY5Y WT or
FKBP51 KO cells, SM, eWAT, and MBH. For co-IPs, 500 ug of
lysate was incubated with 2 pg of the appropriate IP antibody [anti-
Flag (FKBP51), anti-FKBP51, anti-WIPI4, and anti-WIPI3] at
4°C overnight. A total of 20 pl of rabbit immunoglobulin G-conjugated
protein G Dynabeads (Invitrogen, 100-03D) were blocked with bo-
vine serum albumin and subsequently added to the lysate-antibody
mixture and allowed to incubate at 4°C for 3 hours to mediate bind-
ing between Dynabeads and the antibody-antigen complex of interest.
Beads were then washed three times with ice-cold phosphate-buffered
saline, and the protein antibody complexes were eluted with 60 ul of
Laemmli loading buffer. Thereafter, the eluate was boiled for 5 min
at 95°C. Then, 2 to 5 pl of each immunoprecipitate were separated
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electro-
transferred onto nitrocellulose membranes. For assessing protein
complexes, immunoblotting against WIPI1-WIPI4, FKBP51, LKBI,
AMPK, TSC1, and TSC2 was performed.

Western blot analysis

Protein extracts were obtained by lysing cells [in radioimmunopre-
cipitation assay buffer (150 mM NaCl, 1% IGEPAL CA-630, 0.5%
sodium deoxycholate, 0.1% SDS, and 50 mM tris (pH 8.0)] freshly
supplemented with protease inhibitor (Merck Millipore, Darmstadt,
Germany), benzonase (Merck Millipore), 5 mM dithiothreitol
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(Sigma-Aldrich, Munich, Germany), and phosphatase inhibitor
cocktail (Roche, Penzberg, Germany). Proteins were separated by
SDS- PAGE and electro-transferred onto nitrocellulose membranes.
Blots were placed in tris-buffered saline supplemented with 0.05%
Tween (Sigma-Aldrich) and 5% nonfat milk for 1 hour at RT and
then incubated with primary antibody (diluted in tris-buffered
saline/0.05% Tween) overnight at 4°C.

Subsequently, blots were washed and probed with the respective
horseradish peroxidase or fluorophore-conjugated secondary anti-
body for 1 hour at RT. The immunoreactive bands were visualized
either using an enhanced chemiluminesence detection reagent
(Millipore, Billerica, MA, USA) or directly by excitation of the
respective fluorophore. Determination of the band intensities was
performed with Bio-Rad, ChemiDoc MP.

LC-MS analysis of amine-containing metabolites
The benzoyl chloride derivatization method was used for amino
acid analysis (69). Briefly, the dried metabolite pellets were resus-
pended in 90 ul of the LC-MS grade water (Milli-Q 7000 equipped
with an LC-Pak and a Millipak filter, Millipore). Then, 20 pl of the
resuspended sample was mixed with 10 pl of 100 mM sodium
carbonate (Sigma-Aldrich), followed by the addition of 10 pl of
2% benzoyl chloride (Sigma-Aldrich) in acetonitrile (Optima-Grade,
Fisher Scientific). Samples were vortexed before centrifugation for
10 min at 21,300g at 20°C. Clear supernatants were diluted 1:10
with LC-MS grade water and transferred to fresh autosampler tubes
with conical glass inserts (Chromatographie Zubehoer Trott) and
analyzed using a Vanquish UHPLC (Thermo Fisher Scientific) con-
nected to a Q-Exactive HF (Thermo Fisher Scientific).

For the analysis, 1 ul of the derivatized sample were injected onto
a 100 x 2.1 mm HSS T3 UPLC column (Waters). The flow rate was
set to 400 pl/min using a buffer system consisting of buffer A [10 mM
ammonium formate (Sigma-Aldrich) and 0.15% formic acid (Sigma-
Aldrich) in LC-MS grade water] and buffer B (acetonitrile, Optima-
grade, Fisher Scientific). The LC gradient was 0% buffer B at 0 min,
0 to 15% buffer B at 0 to 0.1 min, 15 to 17% buffer B at 0.1 to 0.5 min,
17 to 55% buffer B at 0.5 to 7 min, 55 to 70% buffer B at 7 to 7.5 min, 70 to
100% buffer B at 7.5 to 9 min, 100% buffer B at 9 to 10 min, 100 to
0% buffer B at 10 to 10.1 min, and 0% buffer B at 10.1 to 15 min. The
mass spectrometer was operating in positive-ionization mode moni-
toring the mass range, mass/charge ratio of 50 to 750. The heated elec-
trospray ionization (ESI) source settings of the mass spectrometer
were as follows: spray voltage of 3.5 kV, capillary temperature of 250°C,
sheath gas flow of 60 arbitrary units (AU), and auxiliary gas flow of
20 AU at a temperature of 250°C. The S-lens was set to a value of 60 AU.

Data analysis was performed using the TraceFinder software (ver-
sion 4.2, Thermo Fisher Scientific). Identity of each compound was
validated by authentic reference compounds, which were analyzed
independently. Peak areas were analyzed using extracted ion chromato-
gram (XIC) of compound-specific [M + nBz + H]", where n corre-
sponds to the number of amine moieties, which can be derivatized with
abenzoyl chloride (Bz). XIC peaks were extracted with a mass accuracy
(<5 parts per million) and a retention time tolerance of 0.2 min.

Anion-exchange chromatography MS of the analysis
of tricarboxylic acid cycle and glycolysis metabolites
Anion-exchange chromatography was performed simultaneously
to the LC-MS analysis. First, 50 ul of the resuspended sample was
diluted 1:5 with LC-MS grade water and analyzed using a Dionex
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ion chromatography system (ICS-5000, Thermo Fisher Scientific).
The applied protocol was adopted from (70). Briefly, 10 ul of polar
metabolite extract was injected in full-loop mode using an overfill
factor of 3, onto a Dionex IonPac AS11-HC column (2 mm by 250 mm,
4-um particle size, Thermo Fisher Scientific) equipped with a
Dionex IonPac AS11-HC guard column (2 mm by 50 mm, 4 um,
Thermo Fisher Scientific). The column temperature was held at
30°C, while the autosampler was set to 6°C. A potassium hydroxide
gradient was generated by the eluent generator using a potassium
hydroxide cartridge that was supplied with deionized water. The
metabolite separation was carried at a flow rate of 380 ul/min, ap-
plying the following gradient: 0 to 5 min, 10 to 25 mM KOH; 5 to
21 min, 25 to 35 mM KOH; 21 to 25 min, 35 to 100 mM KOH, 25 to
28 min, 100 mM KOH; and 28 to 32 min, 100 to 10 mM KOH. The
column was re-equilibrated at 10 mM for 6 min. The eluting metab-
olites were detected in negative ion mode using ESI MRM (multire-
action monitoring) on a Xevo TQ (Waters) triple quadrupole mass
spectrometer applying the following settings: capillary voltage of
1.5 kV, desolvation temperature of 550°C, desolvation gas flow of
800 liters/hour, and collision cell gas flow of 0.15 ml/min. All peaks
were validated using two MRM transitions, one for quantification
of the compound, while the second ion was used for qualification of
the identity of the compound. Data analysis and peak integration
were performed using the TargetLynx Software (Waters).

Analysis of nuclear translocation of TFEB

Images for assessment of nuclear translocation of TFEB-GFP in
paraformaldehyde-fixed N2a cells were acquired using the VisiScope
CSU-W1 spinning disk confocal microscope and the VisiView Software
(Visitron Systems GmbH). Settings for laser and detector were
maintained constant for the acquisition of each image. For analysis,
at least three images were acquired using the 20x objective. For
quantification of nuclear TFEB- GFP translocation, GFP intensity
was determined in ImageJ by manually drawing a border around
randomly selected, 4’,6-diamidino-2-phenylindole-positive nuclei
of N2a cells with a GFP signal.

Statistical analysis

The data presented are shown as means + SEM, and samples sizes
are indicated in the figure legends. All data were analyzed by the
commercially available software SPSS v17.0 and GraphPad v8.0.
The unpaired Student’s ¢ test was used when two groups were com-
pared. For four-group comparisons, two-way analysis of variance
(ANOVA) was performed, followed by Tukey’s or Dunnett’s multiple
comparisons test, as appropriate. P values of less than 0.05 were
considered statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi4797

View/request a protocol for this paper from Bio-protocol.
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Supplementary figure 1: FKBPS51 deletion alters AMPK and mTOR-associated amino acid
metabolic and biosynthetic pathways.
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Fig. S1: FKBP51 deletion alters AMPK and mTOR-associated amino acid metabolic and
biosynthetic pathways. A) Heatmap of altered amine-containing (Bz) metabolites in SH-SY5Y
cells lacking FKBP51 and WT control cells cultured under normal glucose condition (1x, 4.5 g/l)
and (B) increased glucose condition (2x, 9 g/l). (C) Heatmaps of altered anionic (IC) metabolites
in SH-SYS5Y cells lacking FKBP51 compared to WT control cells under normal and (D) increased
glucose culturing conditions. The fractional differences of each replicate are shown for all
metabolites comparing the genotype and the different glucose conditions. (E) Analysis and
regulation of significantly altered pathways of FKBP51 KO and WT cells under excessive glucose
conditions. The f(x)-axis shows the (median) log2 fold change (FC) of all significantly altered
metabolites of the indicated pathway and the false discovery rate (FDR, equals the —log10 adjusted
p-value) is shown on the x-axis. The size of the circles represents the amount of significantly
changed metabolites in comparison to all metabolites of a particular pathway. (F) Analysis of the
metabolic flux in FKBP51 KO cells compared to WT cells using C13 glucose as tracer. The

enrichment of C13 is displayed for each metabolite investigated.



Fig. S2: FKBPS1 deletion alters AMPK and mTOR-associated amino acid metabolic and
biosynthetic pathways in murine neuroblastoma cells.
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Fig. S2: FKBPS51 deletion alters AMPK and mTOR- associated amino acid metabolic and
biosynthetic pathways in murine neuroblastoma cells. (A, B) Validation of FKPBS5I
responsiveness in WT N2a cells to dexamethasone stimulation. (C) Titration of FKBP51-FLAG
expression construct in FKBP51 WT and KO N2a cells (n=3). (D) FKBP51 deletion and
overexpression (OE) in N2a cells alters metabolites of the polyamine pathway and levels of amino
acids associated with mTOR signaling. (E) AMP/ATP ratio in N2a and SH-SY5Y FKBP51 KO
cells under increased glucose conditions. All data are shown as relative fold change compared to
control condition; + s.e.m.; One-way ANOVA followed by Dunnett’s multiple comparison test for
A, the paired student’s t-test was performed in D and E. * p < 0.05, **p < 0.01, ***p < 0.001;
Abbreviations: AMP, adenosine monophosphate; AMPK, AMP-activated protein kinase; arg,
arginine; ATP, adenosine triphosphate; dex, dexamethasone; dcSAM, decarboxylated S-
adenosylmethione; glc, glucose; gln, glutamine; gly, glycine; ile, isoleucine; leu, leucine; LKB1,
liver kinase B 1; met, methionine; MTA, 5’-methylthioadenosine; mTORCI1, mechanistic target
of rapamycin complex 1; NAput, N-acetylputrescine; NAspd, N-acetylspermidine; NAspm, N-
acetylspermine; orn, ornithine pro; proline; put, putrescine; SAM, S-adenosylmethionine; ser,
serine; spd, spermidine; spm, spermine; TFEB, transcription factor EB; TSC2, tuberous sclerosis

complex 2; val, valine; veh, vehicle.



Fig. S3: In-vitro manipulation of FKBPS51 and its effects on autophagy signaling.
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Fig. S3: In-vitro manipulation of FKBP51 and its effects on autophagy signaling. Wildtype
(WT) or FKBP51 knockout (FKBP51 KO) cells were starved in HBSS medium for 4 h to induce
autophagy. The levels of autophagy markers were determined by immunoblotting. (A)
Quantification of LKB1, (B) pSKP2 (S72), and (C) pAKT (S473). (D) Validation of FKBP51
overexpression (FKBP51 OE) in mouse neuroblastoma cells. (E) FKBP51 OE in N2a cells
enhanced phosphorylation of autophagy markers regulating autophagy initiation. (F)
Quantification of pAKT (S473) and pSKP2 (S72). (G) Phosphorylation of ATGL16L1 at S278.

(H) LC3B-II accumulation in FKBP51 KO+OE N2a cells in response to starvation and in the



presence or absence of BafA1 to assess autophagy flux (I). Representative blots of autophagy flux
assay. All data are shown as relative fold change compared to control condition; & s.e.m.; a two-
way ANOVA was performed in (A-C) and followed by a Tukey’s multiple comparison test. One-
way ANOVA followed by a Dunnett’s multiple comparison test was performed for (I). The
unpaired student’s t-test was performed in (D-L). *p < 0.05, **p <0.01, ***p <0.001; # p <0.05,

## p < 0.01. * = significant genotype effect; # = significant treatment effect.



Fig. S4: FKBP51 does not alter hypusination of elFSA.
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Fig. S4: FKBP51 does not alter hypusination of elF5A.

(A) Hypusination of elF5A is not affected by FKBP51 KO or expression level in N2a cells.

(B) Representative blots of hypusinated elF5A, total elF5A, GAPDH and FKBPS51.



Fig. S5: In-vitro manipulation of FKBP51 and its effects on autophagy signaling.
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WIPI3 KD in N2a cells. All data are shown as relative fold change compared to control condition

and were analyzed with an unpaired t-test.; = SEM; * p <0.05, **p < 0.01, ***p <0.001.



Fig. S6: FKBP51 overexpression in the MBH affects sympathetic outflow to muscle and fat

tissue.
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Fig. S6: FKBPS51 overexpression in the MBH affects sympathetic outflow to muscle and fat

tissue. (A) LC3B-II levels before and after chloroquine treatment (50 mg/kg) in eWAT and (B)

soleus muscle under chow and HFD conditions (C) 10 weeks of HFD increased the accumulation

of the autophagy receptor p62 in SM, but not in eWAT. (D) FKBPS51 expression in soleus muscle

(SM) and epididymal white adipose tissue (eWAT) after 10 weeks of HFD. (E) Overexpression of

FKBP51 in a second cohort of C57/Bl16 animals resulted in a lean body weight phenotype after 10

weeks of HFD. (F-H) Differences in glucose metabolism were investigated by performing a



glucose tolerance test (GTT) and an insulin tolerance test (ITT) under chow and HFD conditions.
For (A, B) a two-way ANOVA was performed followed by a Tukey’s multiple comparisons test
and data are shown as relative fold change compared to control condition. For (C - H) an unpaired
student’s t-test was performed. = SEM; * p < 0.05, **p < 0.01, ***p <0.001; +p < 0.05, ++p <

0.01. * = significant treatment effect; + = significant treatment x diet interaction.



Fig. S7: FKBPS51 regulates autophagy signaling in the MBH.
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Fig. S7: FKBP51 regulates autophagy signaling in the MBH. Pathway analysis of main
autophagy and mTOR regulators in the mediobasal hypothalamus (MBH). FKBPS5I
overexpression is depicted in blue and FKBP51 deletion is depicted in green. (A) Quantification
of LKB1 and AMPK binding to WIPI4. (B) Phosphorylation of ULK1 at S555, (C) pBECNI1 at
S14, (D) pTSC2 at S1387. (E) Quantification of TSC2 binding to WIPI3. (F) Phosphorylation of

AKT at S473, and (G) ULK1 at S757. (H) Quantification of pp70S6K while titrating AAV-HA-



FKBP51 virus into N2a cells. All data are shown as relative fold change compared to control

condition and were analyzed with an unpaired t-test.; = SEM; * p <0.05, **p <0.01, ***p <0.001.



Fig. S8: Effects of hypothalamic FKBPS51 overexpression on peripheral autophagy

signaling.
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Fig. S8: Effects of hypothalamic FKBPS1 overexpression on peripheral autophagy signaling.

(A-D) Representative decrease in tissue NE content after MPT injection (left panel) and turnover

rate (right panel) were determined on inguinal WAT and brown adipose tissue (BAT), pancreas,

and heart. (E-V) Pathway analysis of main autophagy and mTOR marker in the soleus muscle

(SM) and epididymal white adipose tissue (eWAT). FKBP51 overexpression is depicted in blue

and FKBP51 deletion is depicted in green. (E) Quantification of FKBP51 protein level. (F)



Quantification of AMPK and (G) LKB1 binding to WIPI4. (H) Phosphorylation of ULK1 at S555,
(I) pPBECNI1 at S14, (J) TSC2 at S1387. (K) Quantification of TSC2 binding to WIPI3. (L)
Phosphorylation of ULK1 at S757, and (M) AKT1 at S473. (N) FKBP51 level in SM and eWAT
of FKBP5IMBHKO mice. (0) Quantification of AMPK and (P) LKB1 binding to WIPI4. (Q)
Phosphorylation of ULK1 at S555, (R) pPBECNI at S14, (S) TSC2 at S1387. (T) Quantification of
TSC2 binding to WIPI3. (U) Phosphorylation of ULK1 at S757, and (V) AKT1 at S473. All data
are shown as relative fold change compared to control condition and were analyzed with an

unpaired t-test.; £ SEM; * p < 0.05, **p < 0.01, ***p <0.001.

Fig. S9: AMPK and mTOR signaling was not affected in in liver tissue of FKBP51MBH-KO

mice.
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Fig. S10:
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Fig. S10: The stress-responsive FKBP51 controls body weight gain by regulating the balance
between autophagy and mTOR signaling. We identified FKBP51 as a central nexus for the
recruitment of the LKB1/AMPK complex to WIPI4 and TSC2 to WIPI3, thereby regulating the
balance between autophagy and mTOR signaling in response to metabolic challenges. MBH
FKBP51 dose-dependently regulates autophagy both in the brain as well as in peripheral metabolic
tissues. Consequently, deletion of MBH FKBP51 strongly induces obesity, while its

overexpression protects against high-fat diet (HFD) induced obesity.



3.3. The co-chaperone FkbpS5 shapes the acute stress response in the paraventricular

nucleus of the hypothalamus of male mice

Authors:

Alexander S. Hiusl', Lea M. Brix!*, Jakob Hartmann®, Max L. Péhlmann', Juan-Pablo Lopez*, Danusa
Menegaz’, Elena Brivio®>*, Clara Engelhardt', Simone Roeh®, Thomas Bajaj’, Lisa Rudolph*, Rainer
Stoffel*, Kathrin Hafner®, Hannah M. Goss®, Johannes M.H.M. Reul®, Jan M. Deussing’, Matthias Eder’,

Kerry J. Ressler®, Nils C. Gassen®’, Alon Chen*!° and Mathias V. Schmidt"
Affiliations:

! Research Group Neurobiology of Stress Resilience, Max Planck Institute of Psychiatry, 80804 Munich,
Germany

? International Max Planck Research School for Translational Psychiatry (IMPRS-TP), Kraepelinstr. 2-
10, 80804 Munich, Germany

? Department of Psychiatry, Harvard Medical School, McLean Hospital, Belmont, MA, USA

* Department of Stress Neurobiology and Neurogenetics, Max Planck Institute of Psychiatry, 80804
Munich, Germany

7 Electrophysiology Core Unit, Max Planck Institute of Psychiatry, 80804 Munich, Germany

% Department of Translational Research in Psychiatry, Max Planck Institute of Psychiatry, 80804 Munich,
Germany

” Department of Psychiatry and Psychotherapy, Bonn Clinical Center, University of Bonn, 53127 Bonn,
Germany

¥ Neuro-Epigenetics Research Group, Bristol Medical School, University of Bristol, Bristol BSI 3NY,
United Kingdom

? Research Group Molecular Neurogenetics, Max Planck Institute of Psychiatry, 80804 Munich, Germany

" Weizmann Institute of Science, Department of Neurobiology, Rehovot, Israel

Originally published in:

Molecular Psychiatry 26, 3060-3076 (2021)

110



Molecular Psychiatry
https://doi.org/10.1038/541380-021-01044-x

ARTICLE
®

LLLLLLL

The co-chaperone Fkbp5 shapes the acute stress response in the
paraventricular nucleus of the hypothalamus of male mice

Alexander S. Hausl' - Lea M. Brix' - Jakob Hartmann®?3 - Max L. P6himann' - Juan-Pablo Lopez* -
Danusa Menegaz® - Elena Brivio > - Clara Engelhardt’ - Simone Roeh® - Thomas Bajaj’ - Lisa Rudolph® -
Rainer Stoffel* - Kathrin Hafner® - Hannah M. Goss® - Johannes M. H. M. Reul ®2 - Jan M. Deussing ®? -
Matthias Eder® - Kerry J. Ressler ®* - Nils C. Gassen®®’ - Alon Chen*'° - Mathias V. Schmidt®'

Received: 21 November 2019 / Revised: 19 January 2021 / Accepted: 2 February 2021
© The Author(s) 2021. This article is published with open access

Abstract

Disturbed activation or regulation of the stress response through the hypothalamic-pituitary-adrenal (HPA) axis is a
fundamental component of multiple stress-related diseases, including psychiatric, metabolic, and immune disorders. The
FK506 binding protein 51 (FKBPS5) is a negative regulator of the glucocorticoid receptor (GR), the main driver of HPA axis
regulation, and FKBP5 polymorphisms have been repeatedly linked to stress-related disorders in humans. However, the
specific role of Fkbp5 in the paraventricular nucleus of the hypothalamus (PVN) in shaping HPA axis (re)activity remains to
be elucidated. We here demonstrate that the deletion of Fkbp5 in Siml™* neurons dampens the acute stress response and
increases GR sensitivity. In contrast, Fkbp5 overexpression in the PVN results in a chronic HPA axis over-activation, and a
PVN-specific rescue of Fkbp5 expression in full Fkbp5 KO mice normalizes the HPA axis phenotype. Single-cell RNA
sequencing revealed the cell-type-specific expression pattern of Fkbp5 in the PVN and showed that Fkbp5 expression is
specifically upregulated in Crh™ neurons after stress. Finally, Crh-specific Fkbp5 overexpression alters Crh neuron activity,
but only partially recapitulates the PVN-specific Fkbp5 overexpression phenotype. Together, the data establish the central
and cell-type-specific importance of Fkbp5 in the PVN in shaping HPA axis regulation and the acute stress response.

Introduction

Life is full of challenges and appropriate coping with such
events implies proper activation and termination of the
stress response. The hypothalamic-pituitary-adrenal (HPA)
axis is the central orchestrator of the stress response and its
end product glucocorticoids (cortisol in humans, corticos-
terone (CORT) in rodents) mediates the adaptation to acute
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and chronic stressors in peripheral tissues as well as in the
brain [1]. A hallmark of HPA axis regulation is the negative
feedback on the secretion of stress hormones to terminate
the stress response which is controlled by glucocorticoids
via the glucocorticoid receptor (GR).

A critical regulator of GR and therefore key to a suc-
cessful termination of the stress response is FK506 binding
protein 51 (FKBPS5), which is encoded by the FKBPS5 gene
[2]. FKBP5 is an Hsp90-associated co-chaperone that
restricts GR function by reducing ligand binding, delaying
nuclear translocation, and decreasing GR-dependent tran-
scriptional activity [3, 4]. Hence, higher levels of FKBPS5
mRNA are associated with higher levels of circulating cor-
tisol and reduced negative feedback inhibition of the stress
response [5-9]. Consequently, GR-induced FKBPS5 levels
reflect the environmental stress condition, and as such,
FKBP5 expression has been used as a stress-responsive gene
marker [10]. Importantly, FKBP5 polymorphisms have been
consistently associated with stress-related psychiatric dis-
orders such as major depression and PTSD [11-13], where a
demethylation-mediated increase in FKBPS5 expression was
identified as causal in risk-allele carriers [14].

Despite the central importance of FKBPS in stress sys-
tem biology and stress-related disorders, detailed functional
and mechanistic studies are still largely missing. Only a few
human post-mortem studies focus on central tissue in order
to dissect FKBP5 mechanisms [15, 16], while the majority
of studies use peripheral blood mononuclear cells as a
correlate of FKBPS brain activity [17]. Most of the animal
data were obtained from wild-type (WT) or conventional
Fkbp5 knockout mice, thereby lacking cell-type-specific
insights of Fkbp5 function [8, 18]. To tackle this paucity of
information, we here investigate the specific role of Fkbp5
in the paraventricular nucleus of the hypothalamus (PVN)
the key brain region orchestrating the stress response [19].
Interestingly, previous data in rats suggested a potentially
decisive role of Fkbp5 expression in the PVN to drive HPA
axis hyperactivity achieved by a selective breeding
approach [20]. Using site-specific manipulations of Fkbp5,
single-cell RNA expression profiling, and functional
downstream pathway analyzes, our data unravel a key role
of PVN Fkbp5 in shaping the body’s stress system (re)
activity, with important implications for its contribution to
stress-related disorders.

Material and methods

Animals and animal housing

All experiments were performed in accordance with the
European Communities’ Council Directive 2010/63/EU.

The protocols were approved by the committee for the care

SPRINGER NATURE

and use of laboratory animals of the Government of
Upper Bavaria, Germany. The mouse lines Fkbp35'°/%,
Fkbp5PVN="= Fkbp5T™F and CRH-ires-CRE/Ai9 were
generated in house. Experiments were performed on male
mice aged between 3 and 5 months unless stated otherwise
in the results section. During the experimental time, animals
were kept singly housed in individually ventilated cages
IVC; 30cmx 16cmx 16cm; 501 cmz), serviced by a
central airflow system (Tecniplast, IVC Green Line—
GMS500). Animals were maintained on a 12:12 h light/dark
cycle, with constant temperature (23 +2 °C) and humidity
of 55% during all times. Experimental animals received ad
libitum access to water and a standard research diet
(Altromin 1318, Altromin GmbH, Germany) and IVCs had
sufficient bedding and nesting material as well as a wooden
tunnel for environmental enrichment. Animals were allo-
cated to experimental groups in a semi-randomized fashion
and data analysis was performed blinded to the group
allocation.

Generation of Fkbp5 mice

Conditional Fkbp5 knockout mice are derived from
embryonic stem cell clone EPD0741_3_HO03 which was tar-
geted by the knockout mouse project (KOMP). Frozen sperm
obtained from the KOMP repository at UC Davis was used to
generate knockout mice (Fkbp5™!“KOMPIWisiy by in vitro fer-
tilization. These mice designated as FkbpS5™™ are capable to
re-express functional Fkbp5 upon Flp recombinase-mediated
excision of an frt-flanked reporter-selection cassette integrated
into the Fkbp5 gene. Mice with a floxed Fkbp5 gene desig-
nated as Fkbp5' % (Fkbp 5™ (KOMPWisiy \were obtained by
breeding Fkbp5 ™™ mice to Deleter-Flpe mice [21]. Finally,
mice lacking FkbpS in PVN neurons (Fkbp5TYN"") were
obtained by breeding Fkbp5'™°* mice to Siml-Cre mice
[22]. The CRH-ires-CRE/Ai9 mouse line was generated
previously [23]. Genotyping details are available upon
request.

Viral overexpression and rescue of Fkbp5

For overexpression and rescue experiments, stereotactic
injections were performed as described previously [24]. In
brief, mice aged between 10 and 12 weeks were anesthe-
tized with isoflurane, and 0.2 pl of the below-mentioned
viruses (titers: 1.6x 10'>!* genomic particles/ml) were
bilaterally injected in the PVN at 0.05pl/min by glass
capillaries with tip resistance of 2-4 MQ in a stereotactic
apparatus. The following coordinates were used: —0.45 mm
anterior to bregma, 0.3 mm lateral from midline, and 4.8
mm below the surface of the skull, targeting the PVN. After
surgery, mice were treated for 3 days with Metacam via i.p.
injections and were allowed to recover for 3—4 weeks before
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the start of the testing. Successful overexpression or rein-
statement of Fkbp5 was verified by ISH and RNAscope. For
in vivo experiments, we used adeno-associated bicistronic
AAV1/2 vectors. In the overexpression experiments, the
vector contained a CAG-HA-tagged-FKBP51-WPRE-
BGH-polyA expression cassette (containing the coding
sequence of human Fkbp51 NCBI CCDS ID CCDS4808.1).
The same vector constructs without expression of Fkbp5
(CAG-Null/Empty-WPRE-BGH-polyA) was used as a
control. For the Crh specific overexpression of Fkbp5, we
used a viral vector containing an AAV1/2-Cre-dept-HA-
FKBP51 (pAAV-Cre-dependent-CAG-HA-human wildtype
FKBP51 WPRE-BGH-polyA) and a control virus contain-
ing AAV1/2-Cre-dept-GFP (pAAV-Cre-dependent-CAG-
GFP-WPRGE-BGH-polyA). Virus production, amplifica-
tion, and purification were performed by GeneDetect. For the
rescue experiment, a viral vector containing a flippase
expressing cassette (AAV2-eSYN-eGFP-T2A-FLPo, Vector
Biolabs; VB1093) was used to induce endogenous Fkbp5
expression in FkbpS™R7FRT mice. Control animals were
injected with a control virus (AAV2-eSYN-eGFP; Vector
Biolabs; VB1107).

Acute stress paradigm

For acute stress exposure, the restraint stress paradigm was
used, as it was shown to be a reliable and robust stressor in
rodents [25]. One to 2h after lights on each animal was
placed in a restrainer (50 ml falcon tube with holes at the
bottom and the lid to provide enough oxygen and space for
tail movement) for 15 min in their individual home cage.
After 15 min, animals were removed from the tube and the
first blood sample was collected by tail cut. Until the fol-
lowing tail cuts at 30, 60, and 90 min after stress onset, the
animals remained in their home cage to recover. Basal
CORT levels (morning CORT) were collected one week
prior to the acute stress paradigm at 8 a.m.

Combined Dex/CRH test

To investigate the HPA axis function we performed a
combined Dex/CRH test as described previously [8]. On an
experimental day, mice were injected with a low dose of
dexamethasone (0.05 mg/kg, Dex-Ratiopharm, 7633932)
via i.p injections at 9 a.m. in the morning. At this dose Dex
does not cross the blood-brain barrier and acts pre-
dominantly in the periphery [26] Here, the most important
site of action in relation to HPA axis function, especially
when combined with a challenge with the neuropeptide
CRH, is the pituitary. Thus, 6 h after Dex injection, a blood
sample was collected via tail cut (after Dex value), followed
by an injection of CRH (0.15 mg/kg, CRH Ferrin Amp).
Thirty-minute after CRH injection, another blood sample

was obtained (after CRH value). All samples from the acute
stress experiments and the Dex/CRH test were collected in
1.5 ml EDTA-coated microcentrifuge tubes (Sarstedt, Ger-
many). All blood samples were kept on ice and were cen-
trifuged for 15min at 8000 rpm and 4 °C. Plasma was
transferred to new, labeled microcentrifuge tubes and stored
at —20 °C until further processing.

Sampling procedure

On the day of sacrifice, animals were deeply anesthetized
with isoflurane and sacrificed by decapitation. Trunk blood
was collected in labeled 1.5ml EDTA-coated micro-
centrifuge tubes (Sarstedt, Germany) and kept on ice until
centrifugation. After centrifugation (4 °C, 8000 rpm for 1
min) the plasma was removed and transferred to new,
labeled tubes and stored at —20 °C until hormone quanti-
fication. For mRNA analysis, brains were removed, snap-
frozen in isopentane at —40 °C, and stored at —80 °C for
ISH. For protein analysis, brains were removed and placed
inside a brain matrix with the hypothalamus facing upwards
(spacing 1 mm, World Precision Instruments, Berlin, Ger-
many). Starting from the middle of the chiasma opticum, a
I mm thick brain slice was removed. The PVN was further
isolated by cutting the slice on both sides of the PVN along
the fornices (parallel to the 3rd ventricle) as a landmark and
a horizontal cut between the reuniens and the thalamic
nucleus. Finally, the slice containing the third ventricle was
bisected, and the distal part discarded. The remaining part
(containing the PVN) was immediately shocked frozen and
stored at —80 °C until protein analysis [27]. The adrenals
and thymus glands were dissected from fat and weighed.

Hormone assessment

CORT and ACTH concentrations were determined by
radioimmunoassay using a corticosterone double-antibody
125 RIA kit (sensitivity: 12.5 ng/ml, MP Biomedicals Inc.)
and adrenocorticotropic double-antibody hormone I RIA
kit (sensitivity: 10 pg/ml, MP Biomedicals Inc.) and were
used following the manufacturers’ instructions. Radio-
activity of the pellet was measured with a gamma counter
(Packard Cobra II Auto Gamma; Perkin-Elmer). Fifteen-
minute post-stress analysis of ACTH concentrations was
analyzed by using ACTH ELISA (IBL international GmBH,
RES53081) and the ELISA was performed as recommended
by the manufacturer. Final CORT and ACTH levels were
derived from the standard curve.

In situ hybridization (ISH)

ISH was used to analyze mRNA expression of the major
stress markers, Fkbp5, Gr, Crh, and Avp. Therefore, frozen
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brains were sectioned at —20 °C in a cryostat microtome at
20 um, thaw mounted on Super Frost Plus slides, dried, and
stored at —80 °C. The ISH using *>S UTP labeled ribonu-
cleotide probes was performed as described previously
[28, 29]. All primer details are available upon request.
Briefly, sections were fixed in 4% paraformaldehyde and
acetylated in 0.25% acetic anhydride in 0.1 M triethanola-
mine/HCI. Subsequently, brain sections were dehydrated in
increasing concentrations of ethanol. The antisense cRNA
probes were transcribed from a linearized plasmid. Tissue
sections were saturated with 100 pl of hybridization buffer
containing approximately 1.5 x 10® cpm *S labeled ribop-
robe. Brain sections were coverslipped and incubated
overnight at 55°C. On the next day, the sections were
rinsed in 2xSSC (standard saline citrate), treated with
RNAse A (20 mg/l). After several washing steps with SSC
solutions at room temperature, the sections were washed in
0.1xSSC for 1h at 65°C and dehydrated through
increasing concentrations of ethanol. Finally, the slides
were air-dried and exposed to Kodak Biomax MR films
(Eastman Kodak Co., Rochester, NY) and developed.
Autoradiographs were digitized, and expression was deter-
mined by optical densitometry utilizing the freely available
NIH ImageJ software. The mean of four measurements of
two different brain slices was calculated for each animal.
The data were analyzed blindly, always subtracting the
background signal of a nearby structure not expressing the
gene of interest from the measurements. For FkbpS5,
exemplary slides were dipped in Kodak NTB2 emulsion
(Eastman Kodak Co., Rochester, NY) and exposed at 4 °C
for representative pictures; exposure time was adjusted to
average expression level. Slides were developed and
examined with a light microscope with darkfield condensers
to show mRNA expression.

RNAscope analysis and cell counting

For the RNAscope experiments, C57B1/6 male mice were
obtained from The Jackson Laboratory (Bar Harbor, ME,
USA). All procedures conformed to National Institutes of
Health guidelines and were approved by McLean Hospital
Institutional Animal Care and Use Committee. Mice were
housed in a temperature-controlled colony in the animal
facilities of McLean Hospital in Belmont, MA, USA. All
mice were group-housed and maintained on a 12:12 h light/
dark cycle (lights on at 7a.m.). Food and water were
available ad libitum unless specified otherwise. Mice were
12 weeks at the time of tissue collection. Animals were
allowed to acclimate to the room for 1 week before the
beginning of the experiment. During the experiment, mice
were either left undisturbed (ctrl) or subjected to 14h
(overnight) of food deprivation prior to sacrifice. During the
stress procedure, animals were kept in their home cages and
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had free access to tap water. All mice were sacrificed by
decapitation in the morning (08:00 to 08:30 a.m.) following
quick anesthesia by isoflurane. Brains were removed, snap-
frozen in isopentane at —40 °C, and stored at —80 °C.
Frozen brains were sectioned in the coronal plane at —20 °C
in a cryostat microtome at 18 pum, mounted on Super Frost
Plus slides, and stored at —80 °C. The RNA Scope Fluor-
escent Multiplex Reagent kit (cat. no. 320850, Advanced
Cell Diagnostics, Newark, CA, USA) was used for mRNA
staining. Probes used for staining were; mm-Avp-C3, mm-
Crh-C3, mm-Fkbp5-C2, mm-Oxt-C3, mm-Sst-C3, and mm-
Trh-C3. The staining procedure was performed according to
the manufacturer’s specifications. Briefly, sections were
fixed in 4% paraformaldehyde for 15 min at 4 °C. Subse-
quently, brain sections were dehydrated in increasing con-
centrations of ethanol. Next, tissue sections were incubated
with protease IV for 30 min at room temperature. Probes
(probe diluent (cat. no. 300041 used instead of C1-probe),
Fkbp5-C2, and one of the above C3-probes) were hybri-
dized for 2 h at 40 °C followed by four hybridization steps
of the amplification reagents 1-4. Next, sections were
counterstained with DAPI, cover-slipped, and stored at 4 °C
until image acquisition. Images of the PVN (left and right
side) were acquired by an experimenter blinded to the
condition of the animals. Sixteen-bit images of each section
were acquired on a Leica SP8 confocal microscope using a
40x objective (n = 3 animals per marker and condition). For
every individual marker, all images were acquired using
identical settings for laser power, detector gain, and
amplifier offset. Images of both sides were acquired as a z-
stack of 3 steps of 1.0 um each. Fkbp5 mRNA expression
and co-expression were analyzed using Image] with the
experimenter blinded to the condition of the animals. Fkbp5
mRNA was counted manually and each cell containing 1
mRNA dot was counted as positive.

Single-cell sequencing. Tissue dissociation

Single-cell sequencing was performed on PVN tissue dis-
sected from male C57Bl/6 mice aged between 8 and
12 weeks. Therefore, mice were anesthetized lethally using
isoflurane and perfused with cold PBS. Brains were quickly
dissected, transferred to ice-cold oxygenated artificial cer-
ebral spinal fluid (aCSF), and kept in the same solution
during dissection. Sectioning was performed using a
0.5 mm stainless steel adult mouse brain matrice (Kent
Scientific) and a Personna double edge prep razor blade. A
slide (approximately —0.58 mm Bregma to —1.22 mm
Bregma) was obtained from each brain and the extended
PVN was manually dissected under the microscope. The
PVN from five different mice was pooled and dissociated
using the Papain dissociation system (Worthington) fol-
lowing the manufacturer’s instructions. All solutions were
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oxygenated with a mixture of 5% CO, in O,. After this, the
cell suspension was filtered with a 30 um filter (Partec) and
kept in cold and oxygenated aCSF.

Cell capture, library preparation, and high-
throughput sequencing

Cell suspensions of PVN with ~1,000,000 cells/uL. were
used. Cells were loaded onto two lanes of a 10X Genomics
Chromium chip per factory recommendations. Reverse
transcription and library preparation was performed using the
10X genomics single-cell v2.0 kit following the 10X geno-
mics protocol. The library molar concentration and fragment
length were quantified by qPCR using KAPA Library Quant
(Kapa Biosystems) and Bioanalyzer (Agilent high sensitivity
DNA kit), respectively. The library was sequenced on a
single lane of an Illumina HiSeq4000 system generating 100
bp paired-end reads at a depth of ~340 million reads per
sample.

Quality control and identification of cell clusters

Pre-processing of the data was done using the 10X geno-
mics cell ranger software version 2.1.1 in default mode. The
10X genomics supplied reference data for the mmlO
assembly and corresponding gene annotation was used for
alignment and quantification. All further analysis was per-
formed using SCANPY version 1.3.7 [30]. A total of 5.113
cells were included after filtering gene counts (<750 and
>6.000), UMI counts (>25.000), and the fraction of mito-
chondrial counts (>0.2). Combat [31] was used to remove
chromium channels as batch effects from normalized data.
The 4.000 most variable genes were subsequently used as
input for Louvain cluster detection. Cell types were deter-
mined using a combination of marker genes identified from
the literature and gene ontology for cell types using the
web-based tool: mousebrain.org (http://mousebrain.org/
genesearch.html).

Western blot analysis

Protein extracts were obtained by lysing cells in RIPA buffer
(150 mM NaCl, 1% IGEPAL CA-630, 0.5% Sodium deox-
ycholate, 0.1% SDS 50 mM Tris (pHS8.0)) freshly supple-
mented with protease inhibitor (Merck Millipore, Darmstadt,
Germany), benzonase (Merck Millipore), 5mM DTT (Sigma
Aldrich, Munich, Germany), and phosphatase inhibitor
cocktail (Roche, Penzberg, Germany). Proteins were sepa-
rated by SDS-PAGE and electro-transferred onto nitrocellu-
lose membranes. Blots were placed in Tris-buffered saline,
supplemented with 0.05% Tween (Sigma Aldrich) and 5%
non-fat milk for 1 h at room temperature, and then incubated
with primary antibody (diluted in TBS/0.05% Tween)

overnight at 4 °C. The following primary antibodies were
used: Actin (1:5000, Santa Cruz Biotechnologies, sc-1616),
GR (1:1000, Cell Signaling Technology, #3660), p-GR
Ser211 (1:500, Sigma, SAB4503820), p-GR Ser226
(1:1000, Sigma, SAB4503874), p-GR 203 (1:500, Sigma,
SAB4504585), FKBP51 (1:1000, Bethyl, A301-430A).

Subsequently, blots were washed and probed with the
respective  horseradish  peroxidase or fluorophore-
conjugated secondary antibody for 1h at room tempera-
ture. The immuno-reactive bands were visualized either
using ECL detection reagent (Millipore, Billerica, MA,
USA) or directly by excitation of the respective fluorophore.
Determination of the band intensities was performed with
BioRad, ChemiDoc MP. For quantification of phosphory-
lated GR, the intensity of phosphor-GR was always referred
to as the signal intensity of the corresponding total GR.

Chromatin preparation for chromatin
immunoprecipitation (ChIP) analysis

The GR ChIP was performed as previously described [32].
We added 1 mM AEBSF or 0.1 mM PMSF, 5mM Na*-
Butyrate (NaBut), and PhosSTOP phosphatase inhibitor
cocktail tablets (1 per 10 ml; Roche, Burgess Hill, UK) to
all solutions unless otherwise stated. Briefly, hypothalamus
tissues from four mice were cross-linked for 10 min in 1%
formaldehyde in PBS. Crosslinking was terminated by
adding glycine (5 min, final concentration 200 uM) and
centrifuged (5 min, 6000 g, 4 °C). Pellets were washed three
times with ice-cold PBS. Next, the pellets were re-
suspended in ice-cold Lysis Buffer [SOmM Tris-HCI pH
8, 150 mM NaCl, 5mM EDTA pH 8.0, 0.5% v/v Igepal,
0.5% Na-deoxycholate, 1% SDS, 5SmM NaBut, 2 mM
AEBSF, 1 mM Na3VO04, complete ultra EDTA-free pro-
tease inhibitor tablets and PhosSTOP phosphatase inhibitor
cocktail tablet (both 1 per 10 ml, Roche, Burgess Hill, UK)]
and rotated for 15min at 4 °C. Samples were aliquoted,
sonicated (high power; 2 x 10 cycles; 30 s ON, 60s OFF)
using a water-cooled (4 °C) Bioruptor Pico (Diagenode,
Liege, Belgium) and centrifuged (10 min, 20,000 g, 4 °C).
Supernatants (containing the sheared chromatin) were
recombined and re-aliquoted into fresh tubes for subsequent
ChIP analysis and for assessment of Input DNA (i.e., the
starting material). Chromatin was sonicated to a length of
~500 base pairs.

For ChIP analysis

Aliquots of chromatin were diluted ten-times in ice-cold
Dilution Buffer [SO mM Tris-HCI pH 8.0, 150 mM NaCl, 5
mM EDTA pH 8.0, 1% v/v Triton, 0.1% Na-deoxycholate 5
mM NaBut, ] mM AEBSF, complete ultra EDTA-free pro-
tease inhibitor tablets and PhosSTOP phosphatase inhibitor
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cocktail tablet (both 1 per 10ml, Roche)]. 10pul of GR
antibody (ProteinTech, USA) was added to each sample, and
tubes were rotated overnight at 4 °C. Protein A-coated
Dynabeads® (Life Technologies) were washed once in ice-
cold 0.5% BSA/PBS before blocking overnight at 4 °C. Pre-
blocked beads were washed once in ice-cold Dilution buffer,
re-suspended in the antibody:chromatin mix, and allowed to
incubate for 3h at 4 °C to allow binding of beads to anti-
body:chromatin complexes. After 3h, the samples were
placed in a magnetic stand to allow the beads (with the
Bound fraction bound) to separate from the liquid
“Unbound” fraction. Beads carrying the Bound chromatin
were washed three times with ice-cold RIPA buffer [10 mM
Tris-HCI pH 7.5, 1 mM EDTA pH 7.5, 0.1% SDS, 0.5 mM
EGTA, 1% Triton, 0.1% Na-Deoxycholate, 140 mM
NaCl + inhibitors] and washed twice with ice-cold Tris-
EDTA buffer. Bound DNA was eluted in two steps at room
temperature; first with 200 pl Elution buffer 1 (10 mM Tris-
HCI pH 7.4, 50mM NaCl, 1.5% SDS) and second with
100 ul Elution buffer 2 (10 mM Tris-HCI pH 7.4, 50 mM
NaCl, 0.5% SDS). Crosslinks were reversed by the addition
of NaCl (final concentration 200 mM) and overnight incu-
bation at 65 °C. The next day, samples were incubated first
with RNase A (60 pg/ml, 37 °C, 1 h), followed by incubation
with proteinase K (250 pg/ml, 37 °C, 3.5 h). DNA was pur-
ified using a QIAquick PCR purification kit (Qiagen) as per
the manufacturer’s instructions. Input samples were incubated
overnight at 65 °C with 200 mM NaCl to reverse crosslinks,
incubated with RNase A and proteinase K (overnight), and
DNA was purified using a Qiagen PCR purification kit. All
samples (bounds and inputs) were diluted to a standardized
concentration with nuclease-free water and analyzed by
gPCR as described below using primers/probes (forward:

'"TGTCAATGGACAAGTCATAAGAAACC; reverse:
5'-GAATCTCACATCCAATTATATCAACAGAT; probe:

'“TTCCATTTTCGGGCTCGTTGACGTC). The binding
of GR was expressed as a percentage of input DNA, i.e., %
Input, which is a measure of the enrichment of steroid
receptor bound to specific genomic sequences.

gPCR analysis

Mastermix for gPCR was prepared to contain 900 nM for-
ward and reverse primers, 200 nM probe, 1X TagMan fast
mastermix (Life Technologies, Paisley, UK), and nuclease-
free water. Primers and dual-labeled probes with 6-FAM as
the fluorescent dye and TAMRA are the quencher were
designed using Primer Express software (Version 3.0.1,
Life Technologies). Standard curves were performed for
each primer pair and the qPCR efficiency was calculated
using the equation: £ = ((10 — 1/slope) — 1) x 100 (where E
is qPCR efficiency and the slope is the gradient of the
standard curve). Only primer pairs with efficiencies greater
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than 90% were used. Quantitative PCR was performed
using a StepOne Plus machine (Life Technologies, Paisley,
UK). Taq enzymes were activated at 95 °C for 20 s, then 40
cycles of 95°C (1s) to 60°C (20s) were performed to
amplify samples.

Electrophysiology

A separate cohort of CRH-ires-CRE/Ai9 mice (Fkbp5“RH OF
n=4, Control n=4) was used for electrophysiology
experiments. Mice underwent surgery as described above.
After 3—4 weeks of recovery, mice were anesthetized with
isoflurane and decapitated. The brain was rapidly removed
from the cranial cavity and, using a vibratome (HM650V,
Thermo Scientific), 350 um-thick coronal slices containing
the PVN were cut in an ice-cold carbonated gas (95%
0,/5% CO,)-saturated solution consisting of (in mM): 87
NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH,PO,, 0.5 CaCl,, 7
MgCl,, 10 glucose, and 75 sucrose. Slices were incubated in
carbonated physiological saline for 30min at 34°C
and, afterward, for at least 30 min at room temperature
(23-25°C). The physiological saline contained (in mM):
125 NaCl, 2.5 KCl, 25 NaHCO;, 1.25 NaH,PO,, 2 CaCl,, 1
MgCl,, and 10 glucose. Using infrared video microscopy,
somatic whole-cell voltage-clamp recordings from control
and FKBP51-overexpressing PVN neurons (identified by
fluorescence imaging; seal resistance >1 G(); holding
potential —70 mV, corrected for a liquid junction potential
of 10mV) were performed with an EPC 10 amplifier
(HEKA) at room temperature in physiological saline
(2-3 ml/min flow rate) containing picrotoxin (100 uM) and
TTX (1 uM). Patch pipettes (3—4 MQ open tip resistance)
were filled with a solution consisting of (in mM): 125
CsCH;3S03, 8 NaCl, 10 HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3
Na-GTP, and 20 Na,-phosphocreatine (pH adjusted to 7.2
with CsOH). Five minutes after a break-in to the cell,
AMPA receptor-mediated miniature excitatory postsynaptic
currents (MEPSCs) were recorded for 5 min. Offline ana-
lysis of mEPSCs was conducted using the Mini Analysis
Program (Synaptosoft). Recordings, where series resistance
changed by more than 10%, were excluded from the
analysis.

Statistical analysis

The data presented are shown as means + SEM and sample
sizes are indicated in the figure legends. All data were
analyzed by the commercially available software SPSS 17.0
and GraphPad 8.0. When two groups were compared, the
unpaired student’s r-test was applied. If data were not nor-
mally distributed the non-parametric Mann—Whitney test
(MW-test) was used. For four group comparisons, a two-
way analysis of variance (ANOVA) was performed,
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Fig. 1 Loss of Fkbp5 in the PVN alters HPA axis physiology. A
Cre-LoxP based generation of the Fkbp5TVN~"~ mouse line. B Vali-
dation of Fkbp5 mRNA expression in the PVN via in situ hybridiza-
tion (ISH) and RNAscope (for mRNA quantification see
Supplementary Fig. 1A). C FkbpSPVN'/' mice (n=16) presented
reduced body weight, lowered adrenal weights, and increased thymus
weights under non-stressed conditions compared to their WT litter-
mates (n=15). D Corticosterone levels were significantly reduced

followed by a posthoc test, as appropriate. P values of less
than 0.05 were considered statistically significant. The
sample size was chosen such that with a type 1 error of 0.05
and a type 2 error of 0.2 the effect size should be at least
1.2-fold of the pooled standard deviation. All data were
tested for outliers using the Grubbs test.

Results
Loss of Fkbp5 in the PVN alters HPA axis physiology

To study the effects of Fkbp5 in the PVN, we first gen-
erated PVN-specific conditional Fkbp5 knockout mice
(Fkbp5PYN="") by crossing Fkbp5'°*°* mice (generated
in-house; for details see methods) with the Siml1-Cre
mouse line, which expresses Cre recombinase in Siml™"
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following a 15 min restraint stress until at least 60 min after stress
onset. E A combined Dex/CRH test showed a significantly pro-
nounced response to a low dose of dexamethasone as well as a
dampened response to CRH injection. Data are received from mice
between 16 and 20 weeks of age and are presented as mean + SEM.
All data were analyzed with a student’s #-test. *p <0.05, **p <0.01,
and ***p <0.001.

neurons mostly concentrated within the PVN (Fig. 1A).
The successful deletion of Fkbp5 in the PVN was
assessed by mRNA and protein analysis (Fig. 1B and
Supplementary Fig. 1). Under basal conditions, adult
mice (1620 weeks of age) lacking FkbpS in the PVN
showed significantly lower body-, and adrenal weights
and higher thymus weights compared to their WT litter-
mates (Fig. 1C). Interestingly, Fkbp5TYN""" mice in
young adolescence (8 weeks of age) showed no sig-
nificant differences in body weight, adrenal, or thymus
weights (Supplementary Fig. 2), indicating an age-
dependent phenotype of FkbpS5S in the HPA-axis’
response.

As PVN Fkbp5 mRNA levels are highly responsive to an
acute stressor [10], we hypothesized that Fkbp5T¥N""" mice
have an altered stress response following an acute chal-
lenge. Under basal conditions during the circadian trough,
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no differences in corticosterone secretion were detected in
young and adult mice (Supplementary Figs. 1 and 2).
However, already after 15 min of restraint stress adult and
young Fkbp5TYN~"" mice displayed significantly reduced
plasma corticosterone levels compared to the control group
(Fig. 1D). The dampened stress response was persistent for
60 min in adult mice, while the effect has vanished in young
mice already 30 min after stress onset (Fig. 1D and Sup-
plementary Fig. 2). Levels of the adrenocorticotropic hor-
mone (ACTH) were not altered under basal or acute stressed
conditions (Supplementary Fig. 1).

To further investigate the effect of Fkbp5 on GR sensi-
tivity, we performed combined dexamethasone (Dex, a
synthetic GC)—corticotropin-releasing hormone (CRH) test
on adults Fkbp5*¥N~"~ mice. The combined Dex/CRH test
is a method to analyze HPA axis (dys)function in depressed
individuals or animals, measuring the responsiveness of the
body’s stress response system through suppression (by Dex
injection) and stimulation (by CRH injection) of the HPA
axis [33]. The injection of a low dose of Dex (0.05 mg/kg)
resulted in a reduction in blood corticosterone levels com-
pared to the evening corticosterone levels in both groups.
Interestingly, mice lacking Fkbp5 in the PVN showed 1.5-
fold lower levels of corticosterone compared to their WT
littermates. Following CRH stimulation (0.15 mg/kg)
Fkbp5TYN="" mice showed a significantly lower reaction to
CRH than control mice (Fig. 1E). These data indicate that
specific deletion of Fkbp5 in the PVN dampens HPA axis
response and enhances GR sensitivity.

Overexpression of Fkbp5 in the PVN induces a
stress-like phenotype in C57BI/6 mice under basal
conditions

Chronic or acute stress upregulates Fkbp5 in distinct brain
regions, such as the PVN [10]. Therefore, we were inter-
ested to explore whether selective overexpression of Fkbp5
in the PVN would be sufficient to affect body physiology
and stress system regulation. To do so, we bilaterally
injected 200 nl of an adeno-associated virus (AAV) con-
taining an Fkbp5 overexpression vector into the PVN of
10-12 weeks old C57Bl/6 mice (Fkbp5T¥N %F Fig. 2A, B).
The AAV-mediated overexpression resulted in a (fourfold)
increase in Fkbp5 mRNA and protein levels (Fkbp5) in the
PVN (Supplementary Fig. 3).

Intriguingly, Fkbp5 overexpression altered the physiol-
ogy of stress-responsive organs. Fkbp5TVN ©F animals
showed a significantly reduced thymus weight and
increased adrenal weights compared to their littermates
(Fig. 2C), the hallmark of chronically stressed animals
[34, 35]. Furthermore, overexpression of Fkbp5 affected the
circadian rhythm of corticosterone secretion, indicated by
increased blood corticosterone levels in the morning as well
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as the evening (Fig. 2D). Consequently, ACTH levels of
Fkbp5™¥N ©E animals were also increased under non-
stressed conditions (Supplementary Fig. 3). Next, we ana-
lyzed distinguished stress markers under basal conditions in
order to determine whether consequences of PVN-specific
Fkbp5 overexpression are also detectable at the molecular
level. Nric3 and Crh mRNA expression in the PVN were
increased in FkbpSPVN OF animals under basal conditions;
however, to a lesser extent than the increase of Fkbp5
mRNA due to viral overexpression. Ayp mRNA levels were
not altered (Supplementary Fig. 3). Together, these results
are comparable to chronically stressed animals and
demonstrate that local overexpression of Fkbp5 in the PVN
is sufficient to mimic a stress-like phenotype without phy-
sically challenging the animals.

In accordance with the knock-out studies of the
FkbpS5T¥YN~="" animals, we investigated the endocrinology of
Fkbp5TYNOF animals after an acute challenge. As expected,
we detected higher blood corticosterone levels in Fkbp5t¥N
©F mice 15 and 30 min after stress onset compared to the
stressed controls (Fig. 2E). However, we could not detect
any difference in ACTH release after stress (Supplementary
Fig. 3). No differences between both groups were observed
60 and 90 min after restraint stress (Fig. 2E and Supple-
mentary Fig. 3). These data show that FkbpS5T¥N ©F mice
have a hyperactive HPA axis response and are more vul-
nerable to acute stress exposure.

To further assess GR sensitivity in Fkbp5 overexpressing
animals, we again tested the response to a combined Dex/
CRH test. While control animals showed a decline (<5 ng/
ml) in blood corticosterone levels 6 h after Dex injection,
Fkbp5T¥N °E mice showed almost no response to Dex
treatment (Fig. 2F). Interestingly, the subsequent CRH
injection resulted in a higher corticosterone release in
Fkbp5T¥N %F mice compared to controls (Fig. 2F). These
results suggest that excess levels of Fkbp5 in the PVN lead
to a decreased GR sensitivity and thereby to an altered HPA
axis response. Taken together, animals overexpressing
Fkbp5 in the PVN show a hyperactive function of the HPA
axis under basal and acute stress conditions, thereby
mimicking the physiological hallmarks of chronic stress
exposure and HPA axis hyperactivity, as observed in mul-
tiple stress-related diseases [36].

Reinstatement of endogenous Fkbp5 in the PVN of
global Fkbp5 knock-out animals normalizes the
body’s stress response

Global loss of Fkbp5 results in a more sensitive GR and
better-coping behavior of mice after stress [8, 17, 28, 34],
and our results demonstrated that Fkbp5 in the PVN is
necessary for an undisturbed stress system function. Thus,
we were encouraged to test whether the reinstatement of
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Fig. 2 The overexpression of Fkbp5 in C57Bl/6 mice induces a
stress-like phenotype under basal conditions. A Overexpression of
Fkbp5 in the PVN was achieved by bilateral viral injections. B Vali-
dation of Fkbp5 mRNA overexpression in the PVN by ISH (see
Supplementary Fig. 3A for mRNA quantification). C Fkbp5™¥N OF
mice (n=20) showed significantly increased adrenal weights and a
reduced thymus weight under non-stressed conditions compared to the
controls (n=20). D Fkbp5 overexpression resulted in heightened
corticosterone levels during the day. E Fifteen and 30 min after stress

native Fkbp5 expression only in the PVN is sufficient to
push the HPA axis activity of global Fkbp5 knock-out
animals to a wildtype level. Therefore, we injected an Flp
recombinase expressing virus into 12-14 weeks old
Fkbp5™ ™ mice. These mice carry an FRT flanked reporter
selection (stop) cassette within the Fkbp5 locus, leading to a
disruption of the Fkbp5 function. We compared FkbpS5/F™
mice to WT littermates and observed a similar HPA-axis
phenotype to the well-established Fkbp5 full KO lines ([8]
and Supplementary Fig. 4). An Flp removes the stop cas-
sette from the Fkbp5 locus, resulting in endogenous Fkbp5
re-expression (Fig. 3A, B, Supplementary Fig. 5). In
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onset, Fkbp5T¥N OF mice displayed significantly higher corticosterone

levels. F FkbpSPVN ©E mice showed significantly elevated corticos-
terone 6 h after dexamethasone treatment. The following CRH injec-
tion further significantly increased the corticosterone release compared
to controls. Data are presented as mean + SEM. All data were received
from mice between 14 and 20 weeks of age and analyzed a with
student’s t-test. *p<0.05, **p<0.01, ***p<0.001, ns. not
significant.

parallel to the two previous mouse models, we assessed
body physiology, basal corticosterone levels, and the acute
stress response. Interestingly, mice with re-instated Fkbp5
expression (FkbpStVN Resevey showed significantly higher
adrenal weights as compared to their control littermates
(Fig. 3C). Furthermore, we observed that the reinstatement
of Fkbp5 in the PVN resulted in significantly increased
blood CORT levels in the morning under basal conditions
(Fig. 3D), with no effect on thymus weights, evening
CORT, and ACTH levels (Supplementary Fig. 5). ISH
analysis revealed significantly higher levels of Crh mRNA,
but no changes in Nric3 and Avp mRNA expression in the
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Fig. 3 The reinstatement of endogenous Fkbp5 in the PVN of
global Fkbp5 knock-out animals. A Experimental procedure. B
Validation of successful Fkbp5 rescue by ISH (see Supplementary
Fig. 5A for mRNA quantification) and comparable WT Fkbp5
expression. C The reinstatement of Fkbp5 in the PVN resulted in
increased adrenal weights and elevated morning corticosterone levels

PVN under basal conditions (Supplementary Fig. 5). Next,
we monitored blood corticosterone levels after 15 min of
restraint stress. Here, we observed significantly higher
corticosterone levels 15 and 60 min after stress onset
(Fig. 3E). No differences were detected in the combined
Dex/CRH test (Supplementary Fig. 5), which suggests that
a PVN-driven over-activation of the HPA axis might be
necessary for desensitization of GRs in the PVN and the
pituitary. These rescue experiments underline the impor-
tance of Fkbp5 in the acute stress response and demonstrate
that Fkbp5 in the PVN is necessary and sufficient to reg-
ulate HPA axis (re)activity.

Fkbp5 manipulation directly affects GR
phosphorylation

It is well known that ligand-binding induced phosphorylation
of GR plays an important role in response to hormone sig-
naling [37]. The main phosphorylation sites involved in
hormone signaling of GR are Serine(Ser)”” (mouse S'?),
Ser’!! (mouse Ser’?), and Ser’” (mouse Ser’**) and are
associated with GR activity [37, 38]. Here, we tested the
hypothesis that the co-chaperone Fkbp5 regulates phosphor-
ylation of GR in Fkbp5t¥N~"" and FkbpS5P¥N °F mouse lines.
To do so, we dissected the PVN of FkbpSPVN_/_ and
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under basal conditions D. Furthermore, Fkbp5 re-instated animals
displayed a significantly higher corticosterone response after restraint
stress E. For comparison of FkbpSF‘VFn and WT see control experi-
ments in Supplementary Fig. 4. Data are presented as mean = SEM.
All data were received from mice between 16 and 20 weeks of age and
analyzed a with student’s r-test. *p <0.05.

FikbpS*¥N °F mice and measured the phosphorylation levels
of Ser”®, Ser?'!, and Ser”>* under basal and stress conditions.

Under basal conditions, animals lacking Fkbp5 in the
PVN showed significantly less GR phosphorylation at
Ser’® (Fig. 4A). Furthermore, Fkbp5TYN"'" animals dis-
played higher phosphorylation of GR at Ser”** and Ser*!! in
comparison to their WT littermates (Fig. 4B, C). Under
stressed conditions, deletion of Fkbp5 had the same effects
on pGR>™!! and pGR3*™>* as we observed under basal
conditions (Fig. 4B, C). Levels of pGR%™% were found to
be unchanged in the Fkbp5T¥YN""" after acute stress com-
pared to the basal levels. However, pGR5™% levels of the
control group increased after stress (Fig. 4A).

Intriguingly, FkbpSTYN ©F animals showed exactly the
opposing phenotype at all three phosphorylation sites with
less pGr®®** and pGr®*™®'! and higher phosphorylation at
Ser’® under basal conditions (Fig. 4E-G). In parallel to the
unstressed condition, the overexpression of Fkbp5 resulted
in less GR phosphorylation at Ser’!! and higher levels of
pGR52% compared to their control group after stress
(Fig. 4E, F). Interestingly, levels of pGR5™* were
unchanged after stress (Fig. 4G). Notably, total GR levels
were not significantly altered in both experimental groups
and conditions (Fig. 4D, H). Despite the altered GR phos-
phorylation, we could not detect any significant changes in
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Fig. 4 Fkbp5 manipulation affects phosphorylation of the gluco-
corticoid receptor (GR). A Animals lacking Fkbp5 in the PVN
showed significantly lower phosphorylation at pGRSer203 and higher
levels of (B) pGR>™!! and (C) pGRS®?* compared to the control
animals. D Fkbp5PVN’/’ mice showed no differences in total GR. E
Fkbp5PVN ©F animals showed the opposite effect on GR phosphor-
ylation with higher phosphorylation on pGr3¢?%. F In addition, we
observed significantly lower phosphorylation at the GR sites Ser®'!

GR enrichment at the glucocorticoid response element
(GRE) in the Crh gene after acute stress (Supplementary
Fig. 6), which may be due to the use of an antibody that
recognizes all GR molecules irrespective of its
phosphorylation state.

Overall, our data demonstrate that Fkbp5 manipulation in
the PVN affects GR phosphorylation at all three major
phosphorylation sites and thereby affects GR activity.

Fkbp5 in the PVN acts in a complex cellular context

To further unravel the expression profile of Fkbp5 in the
PVN and to detect cellular populations that might be
mediating the effects of Fkbp5 on HPA axis control, we
used a single-cell RNA sequencing dataset consisting of
5113 single cells isolated from the PVN of C57B1/6 male
mice [39]. The single-cell expression data reveal a complex
cellular composition, with the majority of cells identified as
neurons (38%), ependymal cells (25%), and astrocytes
(14%) (Fig. SA-C). Fkbp5 was found to be differentially
and cell-type specifically expressed, with the biggest
Fkbp5* cell population found in GABAergic neurons
(42%). A significant expression of Fkbp5 was also detected
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and (G) Ser®. H Fkbp5 overexpression had no effect on total GR
protein level. Representative blots are shown in (D) and (H). Group
size for (A)—-(H): 6 vs. 6. Data were received from animals between 16
and 20 weeks of age and are presented as relative fold change to
control condition, mean + SEM, and were analyzed with a two-way
ANOVA. *significant genotype effect, (*p <0.05, **p <0.01, ***p <
0.001). +significant genotype x stress interaction (*p <0.05), *sig-
nificant stress effect (p <0.05, #p <0.01).

in neuronal populations known to be directly involved in
HPA axis regulation, most prominently in Crh positive
neurons (Fig. 5D). However, it is important to point out that
the expression levels of Fkbp5 are relatively low. Unfor-
tunately, lowly expressed genes may not be detected using
this technique [40] and therefore many Fkbp5 positive cells
may have remained undetected in this dataset. To circum-
vent this problem, we next performed a targeted co-
expression study of Fkbp5 with five major markers that are
characteristic of the stress response oxytocin (Oxt), soma-
tostatin (Sst), vasopressin (Avp), thyrotropin-releasing hor-
mone (7rh), and Crh under basal and stress conditions
(Fig. SE, Supplementary Fig. 7). We observed a strong but
not complete co-localization of Fkbp5 expression with these
neuropeptide-expressing cellular populations in the PVN
under basal conditions. Interestingly, a detailed quantifica-
tion of the change in co-expression following stress
revealed that there was a significant increase in Crh-Fkbp5
co-localization only in the Crh-expressing neurons (Fig. SE,
F and Supplementary Fig. 8).

These data reveal the complex cell-type-specific
expression pattern of Fkbp5 under stress and basal condi-
tions in the PVN. The significant increase of FKBP51 in
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Fig. 5 Single-cell RNA sequencing of cells in the PVN of C57Bl/6
male mice under non-stressed conditions. A Single-cell sequencing
depicted several different cell types. With the majority being neurons
(38%), ependymal cells (25%), and astrocytes (14%). Fkbp5™ cells are
highlighted. B Diversity of Fkbp5™ cell population. C Neurons could
be divided mostly into GABAergic (66%) and glutamatergic (Glut,
11%) cells. Furthermore, the well-known stress markers corticotropin-
releasing hormone (Crh, 6%), somatostatin (Sst, 5%), oxytocin (Oxt,

Crh positive neurons after an acute stress challenge
encouraged us to specifically manipulated FKBP51 in Crh
positive neurons.

Crh-specific overexpression of Fkbp5 in the PVN
alters HPA axis physiology and CRH neuronal
activity

Based on the observed increase in Crh-Fkbp5 co-
localization post-stress (Fig. SE, F and Supplementary
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2%), and vasopressin (Avp, 1%) could be detected under basal con-
ditions. D Fkbp5™ cells of selected neuronal subpopulations under
basal conditions. E RNAscope validation of Fkbp5 mRNA expression
in Crh+neurons. F Quantity of Fkbp5™ cells, as well as Fkbp5
mRNA levels, are significantly increased after stress. Data are were
received from animals between 8 and 12 weeks of age and are pre-
sented as mean + SEM. For (E): data were analyzed with student’s #-
test. ***p <0.001.

Fig. 8), we were interested whether a Crh-specific Fkbp5
overexpression in the PVN could drive the stress-like phe-
notype observed in the unspecific PVN overexpression
(Fig. 2) and whether this neuron-specific manipulation
alters CRH neuronal activity. Therefore, we bilaterally
injected 200nl of an AAV containing a Cre-dependent
Fkpb5 overexpression vector into the PVN of adult
(26 weeks) CRH-ires-CRE/Ai9 mice expressing tdTomato
specifically in CRH neurons (Fkbp5“RH OF) (Fig. 6A). Cre-
dependent AAV mediated overexpression resulted in a
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Fig. 6 The Crh-specific overexpression of Fkbp5 in the PVN. A
Crh-specific overexpression of Fkbp5 in the PVN was achieved by
bilateral injections of a Cre-dependent Fkbp5 overexpression virus in
the PVN of CRH-ires-CRE/Ai9 mice. B Validation of Crh-specific
Fkbp5 mRNA overexpression in the PVN by ISH and RNAscope.
Arrowheads pointing at viral Fkbp5 expressing Cri™ neurons (For
mRNA quantification see Supplementary Fig. 9D). C FkbpSCRH OE
mice showed significantly increased adrenal weights (n=10) and
reduced thymus weights (n =9) under non-stressed conditions com-
pared to the controls (n = 10). D Corticosterone levels were mildly,

fourfold increase of Fkbp5 mRNA level in the PVN and
Crh specificity of Fkbp5 overexpression was successfully
confirmed by RNAscope (Fig. 6B and Supplementary
Fig. 9E). Under basal conditions, Fkbp5CRH OF mice dis-
played significantly increased adrenal weights and reduced
thymus weights compared to the control group (Fig. 6C),

but not significantly increased in Fkbp5RH OF at 15, 30, and 60 min
post-stress (Fkbp5CRH OE ;; = 10; Control n=9). E FkbpSCRH OF mice
displayed a decrease in CRH neuronal mEPSC frequency accom-
panied by an increased amplitude (Fkbp5CRH OF Jimouse = 43 Mneuron =
29; Control nyouse =45 Mneuron = 25), which is reflected in two repre-
sentative recording traces. Data are presented as mean + SEM. All data
were received from animals between 30 and 34 weeks of age and
analyzed with the student’s #-test. *p <0.05, **p <0.01, ***p <0.001,
T=0.05<p<0.1, n.s. not significant.

indicative of chronic hyperactivity of the HPA axis. Sur-
prisingly, the circadian rhythm of corticosterone secretion
(Supplementary Fig. 9A), as well as stress-induced corti-
costerone level (Fig. 6D), were unaffected by the Crh-
specific Fkbp5 overexpression. Further, basal and 15 min
post-stress ACTH level and DEX/CRH corticosterone level
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remained unaffected in FkbpS“R" °F mice (Supplementary
Fig. 9B-D). To further assess the impact of Fkbp5 over-
expression on neuronal activity in Crh positive (Crh™)
neurons in the PVN, we recorded AMPA receptor-mediated
mEPSC:s in these cells using cell patch-clamp recordings in
a separate cohort. Fkbp5 overexpression decreased the fre-
quency of mEPSC frequency while increasing amplitude
(Fig. 6E). This data shows that the Fkbp5 expression level
in Crh™" neurons can steer CRH neuronal activity within the
PVN, whereas the baseline- and stress phenotype of
Fkbp5°RHOE mice is mostly unaffected by the manipulation,
identifying Crh™ neurons as one important but not the only
driver of the observed stress-like Fkbp5T'N OF phenotype.

Discussion

FKBP5 was first associated with stress-related disorders in
2004 [13] and has been studied extensively over the past 15
years with regard to stress regulation and sensitivity.
However, detailed cell-type and region-specific manipula-
tions of Fkbp5 in the brain are still lacking. In this study, we
highlight the importance of this co-chaperone in the reg-
ulation of the acute stress response through the combined
analysis of deletion, overexpression, and rescue of Fkbp5
exclusively in the PVN.

Fkbp5 is a stress-responsive gene and past research has
shown that its main effects occur after chronic or acute
stress [8, 18, 28, 32, 41]. Given that deletion of Fkbp5 in the
PVN mimics the previously described phenotype of Fkbp5
KO mice [28, 41], with regard to their basal neuroendocrine
profile and HPA axis function, our data illustrate that the
functional contribution of Fkbp5 to HPA axis activity is
centered in the PVN. In addition, reinstatement of native
basal Fkbp5 expression in the PVN of Fkbp5 KO mice was
sufficient to normalize HPA axis function. Interestingly, the
phenotype of intensified HPA axis suppression due to the
loss of Fkbp5 in the PVN emerges only in adult animals,
excluding developmental effects and underlining the pre-
viously reported importance of Fkbp5 in aging [42, 43].

Further, our results highlight the essential role of Fkbp5
in stress adaptation, as PVN-specific Fkbp5 excess is suf-
ficient to reproduce all physiological and endocrinological
hallmarks of a chronic stress situation [29, 44]. Interest-
ingly, the results of our Fkbp5t¥N OF cohort are comparable
to the neuroendocrine effect of GR deletion in the PVN [45]
and are in line with the high PVN-specific FKBP5 expres-
sion in rats with a hyperactive HPA axis [20]. The con-
sequence of a heightened Fkbp5 expression in the PVN is
twofold. Firstly, it leads to direct changes in GR sensitivity
and downstream GR signaling directly in the PVN. Sec-
ondly, PVN Fkbp5 overexpression dramatically affects GR
sensitivity and feedback at the level of the pituitary, as
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demonstrated by the inability of a low Dex dose (that does
not cross the blood-brain barrier and acts predominantly at
the level of the pituitary [26]) to suppress corticosterone
secretion. This secondary effect is likely due to the constant
overproduction of CRH in the PVN and very similar to the
effects of HPA hyperactivity observed in many depressed
patients [33, 46].

Mechanistically, we explored the role of Fkbp5 in
modulating GR phosphorylation. The status of GR phos-
phorylation at Ser?!!, Ser?®, and Ser®* is associated with
transcriptional activity, nuclear localization, and ability to
associate with GRE containing promoters [37]. Whereas
higher levels of phosphorylation at Ser’!! are associated
with full transcriptional activity and localization in the
nucleus, increased phosphorylation of Ser”” is linked to a
transcriptionally inactive form of GR within the cytoplasm
and thereby less active GR [38, 47, 48]. In our experiments,
overexpression of Fkbp5 resulted in dephosphorylation at
Ser*!! and higher phosphorylation at Ser’®, suggesting that
the GR is mostly located in the cytoplasm and less active.
Deletion of Fkbp5 showed the opposing effect, indicating a
more active GR in Fkbp5T¥YN""" animals. Unfortunately, we
were not able to analyze the GR phosphorylation in our
Fkbp5PVNREe animals due to technical and breeding issues
and therefore can only speculate that FKBPSPYN Rescue apj
mals might have elevated levels of pGRSer203 and
decreased levels of pGRSer211 and pGRSer234. It has
previously been reported that GR phosphorylation is regu-
lated by several kinases, including CDKS5 and ERK
[37, 49], and Fkbp5 has also been shown to be associated
with CDKS in the brain [50]. Therefore, we hypothesize
that Fkbp5 also interacts with CDKS to phosphorylate GR
at multiple phosphorylation sites, thereby directly affecting
ligand-dependent GR activity.

Given the complexity of the different cell types with
highly specialized functions in the brain, it is essential to
gain a deeper understanding of the cellular architecture of
the PVN and the specific function of Fkbp5 in this context.
Previously, it was assumed that Fkbp5 is quite widely
expressed in most cell types of the nervous system [51].
However, our current data suggest that while Fkbp5 is
indeed expressed in the PVN, it is enriched in specific sub-
populations, including for example GABAergic neurons,
Crh™ neurons, and microglia, but largely absent in others,
such as astrocytes and endothelial cells. Interestingly, when
quantifying Fkbp5 regulation, we identified a highly
selective regulation of Fkbp5 in Crh' neurons, further
supporting the central role of Fkbp5-controlled GR feed-
back in this neuronal subpopulation.

To further disentangle the role of Fkbp5 within Crh
positive neurons in the acute stress response and HPA-axis
feedback regulation, we selectively overexpressed Fkbp5 in
Crh" cells within the PVN and assessed baseline- and
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stress-induced phenotypes paralleled by selective patch-
clamp recordings from Crh* Fkbp5 over-
expression enhanced the amplitude of mEPSCs in Crh™
cells indicating a postsynaptic and, thus, the direct effect of
our Fkbp5 manipulation on excitatory neurotransmission
onto these neurons. This effect, which was accompanied by
a diminished rate of mEPSC, potentially arises from
accelerated recycling of internalized AMPA receptors to the
postsynaptic density [52] and suggests an increased activity
of Crh'-cells. However, Fkbp5 overexpression only par-
tially recapitulating the HPA-axis phenotype observed in
the Fkbp5T¥N OF mice. The unselective Fkbp5 over-
expression in Fkbp5TYN OF animals targeted a broad range
of Fkbp5 expressing cell populations within the PVN,
amongst which are oxytocin and vasopressin. Their essen-
tial contribution to the initiation and termination of the
HPA-axis is well established, with vasopressin (together
with CRH) inducing ACTH release from the pituitary [53]
and oxytocin enhancing the negative feedback helping to
dampen the stress response [54]. Hence, our data suggest
that Fkbp5 might play an essential role in at least one fur-
ther neuronal subpopulation of the PVN driving the
observed stress-like phenotype of Fkbp5T¥N 9F mice in
concert with CRH neurons.

The current study also comes with a number of limita-
tions. Importantly, only male animals were used and the
conclusions should therefore only be drawn with respect to
male HPA axis regulation. Furthermore, given the fact that
we did not observe differences in ACTH levels after stress,
we cannot exclude that Fkbp5 manipulations in the PVN
also drive changes in adrenal sensitivity, e.g., via alterations
of sympathetic adrenal innervation [55]. Furthermore, the
time course of CRH and ACTH release is quite different
from the CORT response, so our measures may have missed
a differential regulation. In fact, a modest increase in cir-
culating ACTH at certain times of the circadian rhythm can
indeed lead to adrenal hypertrophy and increased sensitiv-
ity, thereby contributing to increased CORT secretion even
following comparable ACTH levels. Finally, the lack of
ACTH data in the Dex/CRH test was technically unavoid-
able but also limits the conclusions with regard to the
involved mechanism.

In summary, this study is the first to specifically
manipulate Fkbp5 in the PVN and underlines its central
importance in shaping HPA axis regulation and the acute
stress response. The results have far-reaching implications
for our understanding of stress physiology and stress-related
disorders.

neurons.
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Supplementary Figure 1: Corticosterone and ACTH levels of Fkbp5°'N/- mice (16-20 weeks of age).

(A) Validation of the Fkbp5 deletion in Fkbp5°YN'/- animals (Fkbp5°YN'- n = 16; Fkbp5'*'** n =15). (B)

Fkbp5 deletion in the PVN has no effect on basal CORT levels (Fkbp5°'N/ n = 16; Fkbp5'**/'**n =15). (C)

ACTH levels under basal,15 and 30 minutes after stress onset were unaltered (Fkbp5"/N/ n = 9-16;

Fkbp5'™/°x n =12-15). (D) mRNA changes of stress responsive genes within the PVN under basal

conditions (Fkbp5”"N/" n = 16; Fkbp5'>/'** n =15). (E) Fkbp5 protein levels under basal and stress

conditions (Fkbp5°"N'/" n = 6; Fkbp5'*/™ n = 6 for stressed and non-stressed group). All data were

received from mice between 16 and 20 weeks of age and are presented as mean + SEM and were

analyzed with a student’s t-test (A-D) or with a two way ANOVA (E). n.d. = not detectable; n.s. = not

significant; T=0.05<p <0.1; ¥*** = p < 0.001.
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Supplementary Figure 2: Young mice with Fkbp5 deletion in the PVN. (A) Animals with an age of 8-
10 weeks had no alterations in body physiology. (B) Morning and evening corticosterone levels were
unchanged. (C) FKBP51°YN/- animals had significantly lower corticosterone levels 15 minutes after
stress onset compared to the control group (group size for A-C: Fkbp5°N/ n = 9; Fkbp5'o'** n =9). All
data were received from mice between 8 and 10 weeks of age and are presented as mean + SEM.

Data were analyzed with a student’s t-test. n.s. = not significant; T=0.05< p <0.1; * = p < 0.05.
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Supplementary Figure 3: Overexpression of Fkbp5 in the PVN affected ACTH and mRNA levels. (A)
Fkbp5 overexpression resulted in a significant increase of Fkbp5 mRNA (n (control) = 12 vs n
(Fkbp5PVN ©F) = 18). (B) ACTH levels were significantly higher in Fkbp5°'N %t mice under basal
conditions (n = 20 vs. 20) and unchanged 30 minutes after stress onset (n = 12 vs. 12) compared to
their controls. (C) We did not detect any differences in corticosterone levels 60 minutes after stress
onset (n = 20 vs. 20). (D) mRNA levels of N1c3 and Crh and Avp under basal conditions (n = 20 vs. 20).
(E) Viral overexpression resulted in a 4-fold Fkbp5 protein upregulation (n = 6 vs. 6 for stress and
non-stressed groups). All data were received from mice between 14-20 weeks of age and are
presented as mean + SEM and were analyzed with a student’s t-test (A-D) or with a two way ANOVA

(E). n.s. = not significant; * = p < 0.05, *** = p < 0.001.
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Supplementary Figure 4: Validation of the Fkbp57/F* mouse line in comparison to wildtype
littermates. (A) Adrenal and thymus weights on sacrifice day. (B) Morning and evening
corticosterone levels. (C) ACTH under basal conditions and 15 minutes after stress onset. (D)
Corticosterone after 15 minutes of restrain stress. (E) Combined Dex/CRH test. For all groups, n
(wildtype) = 12 vs. n (Fkbp57F) = 11). All data were received from mice of 16-24 weeks of age and
are presented as mean + SEM and were analyzed with a student’s t-test. n.s. = not significant; T =

0.05<p<0.1; **=p<0.01, *** = p<0.001.
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Supplementary Figure 5: Corticosterone and ACTH levels of Fkbp5~e'® mice. (A) Validation of Fkbp5
mRNA expression compared to Fkbp5™/ . (B) Fkbp5 reinstatement had no effect on thymus weights.
(C) ACTH hormone levels were unaltered under basal and 15 minutes after stress. (D) Evening
corticosterone. (E) Rescue of endogenous Fkbp5 in global knock-out animals had no significant effect
on the Dex/CRH test. (F) mRNA levels of stress responsive genes under basal conditions. Group sizes
for A-F: Fkbp5Res<ie n = 10; Fkbp57™/ ™ n =9). All data were received from mice between 16 and 20
weeks of age and are presented as mean + SEM and were analyzed with a student’s t-test. n.s. = not

significant; n.d. = not detectable; * = p < 0.05.
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Supplementary Figure 6: GR to GRE binding within the Crh gene after stress. Mice were sacrificed
30 minutes after stress onset. Every n consists of a pool of 4 individual hypothalami. All data were
received from mice aged between 12-16 weeks and are indicated as mean + SEM and were analyzed

with a student’s t-test; (n = 4 vs. 4); n.s. = not significant.
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Supplementary Figure 7: RNAscope analysis of Fkbp5 expression in stress response neuronal cell
populations of C57BI/6 under basal and stressed conditions. In comparison to single-cell
sequencing, RNAscope revealed a significant higher co-localization ratio of Fkbp5 in oxytocin (Oxt),
corticotropin-releasing hormone (Crh), vasopressin (Avp), somatostatin (Sst) and thyronine releasing

hormone (Trh) neurons. Overnight food deprivation increased Fkbp5 mRNA in all cell populations.
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Supplementary Figure 8: Quantification of Fkbp5 co-localization in stress response markers under
basal and stress conditions. Under basal conditions Fkbp5 mRNA signal was detected in 83% of Oxt+
neurons, 68% in Avp+ and 84% of Sst+ neurons. We monitored a non-significant increase in Fkbp5
mRNA expression in all neuronal populations. Each n represents an average of the detected Fkbp5+
cells within six z-stacks of 1um each (3 per PVN side). Data were received from animals between 8-12
weeks of age and are presented as mean = SEM and were analyzed with a student’s t-test. n.s. = not

significant.
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= 10; Nater crt = 11) compared to controls (n = 10) (D) Fkbp5 mMRNA expression level. All data are

presented as mean + SEM and were analyzed with a student’s t-test. n.s. = not significant; *** = p <
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4. General discussion

The co-chaperone FKBP51 is a highly stress-inducible protein to finetune the impact of glucocorticoids
via a negative feedback loop on the GR. Alterations of FKBP51 signaling and SNPs within the FKBP5
gene are associated with a dysfunctional HPA axis and mental disorders like PTSD and MD 3. During
the last decade, multiple new interaction partners of FKBP51 were discovered besides GR, and FKBP51
emerged as a novel regulator controlling metabolism. In addition, polymorphisms within FKBP5 have
been associated with traits of T2D '5*!3*, However, the underlying molecular and region-specific
mechanisms of FKBP51 are still largely unknown. This thesis investigated the nucleus and tissue-

specific role of FKBP51 in regulating whole-body metabolism and the acute stress response.

The first study illustrated that total loss of FKBP51 improved the metabolic phenotype of adult mice
and protected against diet-induced body weight gain, accompanied by improved glucose metabolism.
We could pinpoint the beneficial phenotype of FKBP51 deficient mice to enhanced insulin signaling
and increased energy expenditure. Mechanistically, we discovered an active role of FKBP51 within the
PI3K-AKT2-AS160 signaling pathway to regulate glucose uptake in skeletal muscle. Next, we
antagonized FKBPS51 acutely and chronically with SAFit2, a selective FKBPS51 antagonist, to
investigate the therapeutic potential of FKBP51. These experiments revealed that SAFit2 is able to
restore the beneficial phenotype of FKBP51 deficient mice and demonstrated that effects on glucose

metabolism are independent of the reduction of body weight.

The second study addressed the function of hypothalamic FKBP51 in the control of whole-body
metabolism. We manipulated FKBP51 expression by viral deletion and overexpression in the MBH and
revealed a novel role of central FKBP51 in managing body weight. Whereas deletion of hypothalamic
FKBP51 led to massive obesity within a few weeks after surgery under a regular chow diet,
overexpression resulted in a lean phenotype under HFD conditions. We suggested that differences in
food intake and altered sympathetic outflow to peripheral tissues caused these changes in body weight.
Acute FKBP51 manipulation impacted metabolism differently than total loss of FKBP51 and

emphasized the tissue-specificity of FKBP51. Mechanistically, we discovered a new regulatory role of
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FKBP51 on autophagy signaling in response to metabolic stressors by altering the balance between the

two central energy sensors in the MBH, AMPK and mTORCI1 (Chapter 3.2).

The third study investigated the function of FKBP51 within the PVN and demonstrated the fundamental
role of FKBP51 within the acute stress response (Chapter 3.3). We showed that loss of FKBP51 in the
PVN increased GR sensitivity, while FKBP51 overexpression resulted in a stress-like phenotype with a
chronic increase in glucocorticoids. Next, we studied the expression profile of FKBP51 within the PVN
and revealed a distinct pattern of FKBP51 expression under baseline and stress conditions, with the
highest FKBP51 induction in CRH" neurons after acute stress. Surprisingly, CRH-specific
overexpression of FKBP51 did not affect the HPA axis response after acute challenges, suggesting a

rather collective action of FKBP51 in multiple neuronal subpopulations within the acute stress response.

In summary, this thesis extends the knowledge about the hypothalamic- and muscle-specific action of
FKBP51 in regulating the acute stress response and whole-body metabolism. The novel data provide
substantial evidence of the importance of FKBP51 on stress and metabolic relevant pathways, such as

the insulin and autophagy pathways, to regulate systemic homeostasis.
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4.1. FKBP51 in the control of metabolism

4.1.1. Total loss of FKBP51 improves metabolic health in mice

FKBP51 is a stress-inducible co-chaperone acting as a primary regulator of the HPA axis by altering
GR sensitivity. GR is widely expressed in relevant metabolic tissues and regulates molecular processes
like gluconeogenesis, lipolysis, and proteolysis “°. Therefore, it seems plausible that FKBP51 might also
play a role in regulating metabolism. First studies on conventional FKBP51 knockout (KO) mice, which
carry a deletion of FKBP51 in all tissues from conception, on chronic social defeat stress (CSDS)
demonstrated that FKBP51 KO mice are leaner than their WT littermates under a regular chow diet *’.
However, research on FKBP51’s role in metabolism is still rare, and the focus, so far, was on the stress
response. In the central part of this thesis, we therefore attempted to investigate the role of FKBP51 in

controlling whole-body metabolism.

First, we characterized FKBP51 KO mice under chow and high-fat diet (HFD) conditions (Chapter 3.1).
We could demonstrate that FKBP51 KO mice are protected from high-fat diet-induced weight gain with
improved glucose tolerance on chow and HFD conditions. Furthermore, the beneficial health of FKBP51
KO mice was accompanied by increased lean and reduced fat mass. There are multiple causes for body
weight loss, but the most obvious is a shift in energy homeostasis, a tightly regulated balance between
energy intake and energy expenditure (Chapter 1.3). Intriguingly, we could not observe any effects of
FKBP51 deletion on food intake (Chapter 3.1). Thus, we suggested that changes in energy expenditure
are a critical factor contributing to the reduced body weight of FKBP51 KO mice. Indeed, loss of
FKBP51 resulted in an increased total energy expenditure (TEE), which was assessed by indirect

calorimetry.

A recent study by Stechschulte and colleagues, which also investigated the role of FKBP51 in energy
homeostasis in a non-related strain of conventional FKBP51 KO mice, strengthens our findings. They
observed similar beneficial effects of FKBP51 KO mice on a standard chow diet and a robust resistance
to HFD induced body weight gain. The authors concentrated on the role of FKBP51 in adipose tissue

and discovered that FKBP51 KO mice exhibit reduced WAT mass accompanied by smaller adipocytes
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compared to WT littermates **!>>, Small adipocytes are a vital characteristic of healthy adipose tissue

because they counteract metabolic decline and lower the susceptibility to developing diabetes 4.

Adipose tissue has a profound influence on energy storage and systemic metabolic homeostasis. During
obesity, adipose depots expand massively in 2 ways: 1) existing adipocytes increase in size (so-called
hypertrophy) or 2) preadipocytes differentiate into new adipocytes (so-called hyperplasia) '*%.
Interestingly, FKBP51 is highly induced in the early stages of adipocyte differentiation, and loss of
FKBP51 completely inhibits adipocyte differentiation in-vitro '35, The key transcriptional factor of
adipocyte differentiation is PPARY, which is highly activated upon fat expansion to promote the terminal
stage of preadipocyte differentiation and lipid storage in mature adipocytes '*®. Stechschulte et al. built
on this knowledge and concluded that FKBP51 KO mice were resistant to WAT expansion caused by a

deficiency in adipogenesis, which they confirmed by showing reduced expression of PPARYy responsive

genes %7,

The study further revealed significantly higher levels of BAT mass as a decisive characteristic of
FKBP51 KO mice and an increased rate of WAT browning (beige fat cells). BAT and beige fat cells
derive from different cell lineages and are known to burn energy through thermogenesis. A crucial driver
of thermogenesis is the uncoupling protein 1 (UCP1), which is highly expressed in brown or beige fat
cells 138, Our study and the study by Stechschulte observed significantly increased thermogenic genes,
such as PGC-1a (PPARY coactivator 1-alpha), UCP-1, and PRDM16 (PR domain containing 16), which

might explain the increased energy expenditure '’

. However, the underlying molecular mechanism
causing increased UCP-1 expression and higher rates of BAT mass was not yet investigated and should

be addressed in future studies.

In addition to the adipose-specific effects of FKBP51 observed by Stechschulte et al., we could identify
a unique role of FKBP51 in skeletal muscle. In FKBP51 KO mice, reduced scaffolding of PHLPP to
AKT resulted in hyperactivation of AKT2 and AS160. Hyperactivation of the AKT2-AS160 complex
resulted in enhanced GLUT4 translocation and thereby increased glucose uptake in muscle tissue
(Chapter 3.1). Furthermore, we could reveal that deletion of FKBP51 did not affect insulin release under

fasted and glucose-stimulated conditions, suggesting a hormone-independent role of FKBPS51. These
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observations and the hyperactive insulin pathway in skeletal muscle, one of the major tissues regulating
insulin-induced glucose utilization, indicate that the enhanced glucose metabolism in FKBP51 KO mice

accounts for the improved insulin sensitivity.

Overall, these data suggest a prominent role of FKBP51 in whole-body metabolism with a critical
regulatory role in glucose metabolism, adipogenesis, and browning of WAT. Furthermore, the data
indicate that the observed effects cause the lean phenotype of FKBP51 KO mice despite the lack of food
intake alterations and that peripheral FKBP51 might be the driving factor of the metabolic phenotype of

FKBP51 KO mice.
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4.1.2. Hypothalamic FKBP51 manipulation affects food intake and body weight control

The effects of FKBP51 in the brain on metabolism are barely studied despite its high upregulation after
metabolic challenges, such as food deprivation and HFD -2, We were encouraged to gain a deeper
understanding of the central role of FKBP51 and investigated the function of FKBP51 in the MBH
(Chapter 3.2), one of the critical areas integrating peripheral signals to regulate energy homeostasis

(Chapter 1.3.2).

To test the hypothesis that hypothalamic FKBP51 regulates whole-body metabolism, we used an AAV
viral approach to delete and overexpress FKBP51 in the MBH. We demonstrated that central FKBP51
deletion (FKBP51MBH-KO) regulted in massive obesity on a standard research diet, whereas FKBP51
overexpression (FKBP51MBH-0E) protected against induced weight gain following an HFD regimen. In
contrast to our experiments with conventional FKBP51 KO animals (Chapter 3.1), we observed changes
in food intake. In fact, we monitored reduced food intake in FKBP51MBH-OF mice and increased food
intake in FKBP51MBHXO mice (Chapter 3.2). As an underlying mechanism, we hypothesized that
FKBP51 regulates food intake and sympathetic outflow by balancing the two primary energy sensors
AMPK and mTOR, and thereby autophagy signaling (see 4.2.2 for detailed mechanism). Intriguingly,
we observed reduced AMPK and increased mTOR signaling in the MBH of FKBP51MBH-KO and
FKBP51MBH-OE mice despite opposing phenotypes on food intake and body weight. The different

behavioral outcomes may derive from several reasons.

First, the hypothalamus is a very heterogeneous brain region with multiple nuclei controlling different
metabolic functions within the body. In our experiments, however, we targeted FKBP51 in all neurons
within the MBH. These neuronal populations have opposing functions on food intake and energy
expenditure. There is evidence that autophagy or mTOR signaling have antagonistic roles in different
neuronal subpopulations. In more detail, whereas neuron-specific deletion of autophagy signaling in
POMC neurons results in hyperphagia and obesity!*®, deletion of autophagy in AgRP neurons is
associated with lean mice and reduced food intake in response to fasting '*. In contrast, mice fed with
a chronic HFD showed impaired autophagy in the arcuate nucleus, and a deletion of ATG7 in the MBH

resulted in hyperphagia and increased body weight gain'*?. In addition, while chronic activation of
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mTOR in POMC neurons caused hyperphagic obesity ">, activation of mTOR in multiple nuclei of the

MBH reduced food intake and body weight gain '®°, Second, we observed profound differences in
peripheral autophagy and mTOR signaling in adipose tissue and skeletal muscle between FKBP51MBH-
KO and FKBP51MBHOE mice. While FKBP51MBHOE mice showed increased autophagy and reduced
mTOR signaling, FKBP51MBHKO mjce displayed an opposing phenotype. Fat and muscle are crucial
mediators of whole-body metabolism and dysregulation of mTOR or autophagy in either of those tissues
alone can alter body weight in mice. In fact, increased mTOR signaling in skeletal and adipose tissue is

161

associated with obesity and insulin resistance '°'. We attributed the molecular changes in peripheral

IMBH-OE mice. We did not monitor sympathetic

tissues to dampened sympathetic outflow in FKBP5
outflow in FKBP51MBH-KO mice, but several studies indicate that obesity and hyperphagia are associated
with increased sympathetic nervous system activity 27164, Thus, it might be worth speculating that
FKBP51MBHKO mice have increased sympathetic nervous system activity and that the combined
inhibition of central and peripheral autophagy is contributing to the obese phenotype. Third,
hypothalamic FKBP51 manipulation may affect different pathways in the MBH, and subsequent
changes in food intake alone can have a tremendous effect on circulating adipose tissue hormones, such
as leptin and insulin '®. Both hormones are stimulated by the SNS and act in the MBH to mediate
changes in food intake ¥. Several studies demonstrated that leptin and insulin affect the AMPK and
mTOR (p70S6K) signaling pathways in the hypothalamus. For instance, leptin inhibits AMPK in the

IMBH-KO mice showed a hyperactive

arcuate nucleus to reduce food intake '®. Interestingly, FKBP5
insulin pathway within the MBH, which might affect insulin sensitivity and glucose uptake in the brain.
Stechschulte and colleagues found that conventional FKBP51 KO mice have elevated adiponectin
levels, which is known to activate AMPK in the ARC to promote food intake '57-1%, We did not assess
these hormones in our study, but central FKBP51 manipulation is likely to directly or indirectly affect
signaling hormones or associated downstream signaling pathways to alter central hormone

responsiveness. These hormonal changes might be a crucial factor contributing to the obese and lean

phenotype of FKBP51MBHKO mice and FKBP51MBH-CE mice, respectively.

Our results highlight the decisive role of FKBP51 in the MBH to regulate body weight but also raises

the question of which nucleus or neuronal subpopulation is the main driver. It was recently shown that

143



FKBP51 is expressed in POMC neurons within the ARC, but the study did not find any differences in
body weight on chow diet '*’. These findings are not surprising given the stress-responsive nature of
FKBP51. Therefore, the biological relevance of FKBP51 in POMC neurons might be more pronounced
after a metabolic challenge, such as an HFD. In addition, FKBP51 manipulation in a single neuronal
population may not be sufficient to provoke long-lasting changes in whole-body metabolism. This
hypothesis is in line with our study in Chapter 3.3, where we demonstrated that FKBP51 overexpression
in all neurons within the PVN resulted in a stress-like phenotype with hypercortisolemia, but CRH-
specific overexpression alone was not sufficient to recapitulate this phenotype. Preliminary experiments
from our lab suggested that FKBP51 is not only expressed in POMC but also AgRP neurons and has a
very distinct expression pattern within several nuclei of the hypothalamus, including the VMH and
lateral hypothalamus. Both nuclei are known to regulate food intake and sympathetic nervous system
activity #>%*. Therefore, it might be possible that manipulation of FKBP51 in different or multiple

neuronal subpopulations under certain environmental conditions is necessary to trigger a metabolic

phenotype.

In our third study, where we addressed the PVN-specific role of FKBP51 in regulating the acute stress
response, we observed that the conditional deletion of FKBP51 in Sim1* neurons reduced body weight
on a standard research diet (Chapter 3.3). This finding might be due to decreased corticosterone
signaling. Despite high corticosterone levels, a PVN-specific overexpression had no effect on body
weight, arguing against a corticosterone-mediated body weight phenotype. The study, however, aimed
to explore the stress system and not the consequences of FKBP51 PVN deletion on metabolism.

Nevertheless, these findings are exciting and should be explored in more detail in the future.

In summary, we present profound evidence that hypothalamic FKBP51 significantly affects food intake,
sympathetic outflow to peripheral tissues, and thus whole-body metabolism in mice. Future studies are
needed to investigate whether FKBPS51 drives the observed phenotype via the AMKP-mTOR axis or an

additional pathway not yet discovered.
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4.2. Underlying molecular mechanism regulated by FKBP51
4.2.1. FKBPS5I1 regulates AKT in skeletal and adipose tissue

In 2009, Pei et al. identified FKBP51 as a negative regulator of all 3 isoforms of AKT (AKT1, AKT2,
and AKT3) by scaffolding the recruitment of the phosphatase PHLPP to AKT 2. Within the AKT-
PHLPP complex, PHLPP dephosphorylates AKT at Ser473 to reduce AKT stability and activity '8,
This milestone study further demonstrated that downregulation of FKBP51 diminished the interaction
of PHLPP with AKT and thereby increased AKT activity 2. In general, AKT activity is regulated by
the phosphorylation and dephosphorylation status at Serd73 and Thr308. Whereas Thr308
phosphorylation is required for AKT activity, phosphorylation of Ser473 is not. In fact, phosphorylation
of AKT at Ser473 stabilizes and strengthens the duration of Thr308 phosphorylation. Importantly,
PHLPP interacts with AKT independent of FKBP51'%®. Thus, the role of FKBP51 might be of regulatory
nature by regulating the overall efficiency of PHLPP-AKT signaling. Pei and colleagues identified the
mechanism in cancer cells, but all three AKT isoforms are widely expressed throughout the body and

regulate several signaling pathways important for metabolic control.

We used this knowledge in our first study and investigated the potential role of FKBPS51 in muscle
tissue, the main tissue for glucose utilization, as a possible underlying mechanism causing the beneficial
glucose metabolism of FKBP51 KO mice (Chapter 3.1). We found that AKT2 signaling is increased in
skeletal muscle of FKBP51 KO mice, which was caused by hyperactivation of AKT2, and resulted in
heightened translocation of GLUT4 to the plasma membrane and elevated glucose uptake into muscle
cells. A crucial molecule in regulating GLUT4 trafficking from the intracellular compartment to the
plasma membrane is AS160, which is activated by AKT2 '®. Our co-immunoprecipitation studies
revealed that FKBP51 is in complex with PHLPP, AKT2, and AS160 (Chapter 3.1, Figure 8), building
a heterocomplex to inactivate AKT2 signaling and GLUT4 vesicle translocation to the membrane. In
parallel to our KO studies, we treated obese WT mice with the FKBP51 antagonist SAFit2, which
disrupted the PHLPP-AS160-AKT2 heterocomplex and improved glucose metabolism (Chapter 3.1).
We further demonstrated that this AKT2 hyperactivation of the PHLPP-AS160-AKT2 heterocomplex

is limited to muscle tissue.
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Independent of our results, Stechschulte and colleagues used the FKBP51-PHLPP-AKT-axis and found
an unknown role of FKBP51 in controlling adipogenesis and lipolysis in WAT via the p38 kinase.
Naturally, activated p38 translocates to the nucleus and phosphorylates GRa at Ser220 and Ser234 to
induce lipogenesis genes. Simultaneously, active p38 kinase inhibits PPARy by phosphorylation at
Ser112 to reduce adipogenesis. Stechschulte showed that FKBP51 diminishes p38 kinase activity via
two mechanisms: 1) FKBP51 directly binds to PPARy and GRa via Hsp90, which hinders both receptors
from translocating to the nucleus, and 2) via the suppression of the p38 activator AKT 53157170,
Consequently, in vivo FKBP51 knockout activated p38 kinase in WAT, which resulted in increased
lipolysis and reduced adipogenesis and lipid storage in adipose tissue '*’. The authors claim that these
mechanisms inhibit fat expansion in FKBP51 KO mice under chow and HFD conditions. This

mechanism could also be responsible for phosphorylation changes of GR in the PVN, as we observed

in our study (Chapter 3.3, Figure 8).

The above-described mechanisms raise the question of why FKBPS51 acts in a tissue-specific manner.
FKBP51 is a co-chaperone with strong competition for target binding sites. For instance, the most
critical “competitor” for FKBP51 is FKBP52, which is best known as a positive regulator of GR 2*. Our
data suggest that the FKBP52 expression level might be significant for the differences in FKBP51
mediated inhibition of AKT2 in muscle cells. FKBP51 and FKBP52 show a distinct expression profile
across WAT and skeletal muscle. While FKBP51 is highly expressed in muscle and low in adipose
tissue, FKBP52 is highly expressed in fat and low in muscle. Both proteins co-immunoprecipitated with
AKT and AS160, but FKBP52 has not the ability to interact with PHLPP1. Moreover, FKBP52
overexpression abolished the effects of FKBPS51 overexpression on AKT2 signaling, indicating that high
FKBP52 levels in WAT block FKBP51 mediated AKT?2 inhibition. Thus, the balance between FKBP51
and FKBP52 is essential for the physiological outcome in muscle, fat, and most probably other tissues.
Importantly, FKBP52 might not be the only molecular counterpart of FKBP51. Thus, the role of

competing proteins should be accounted for more frequently in the future.
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4.2.2. FKBPS51 regulates autophagy by balancing AMPK and mTOR signaling

Our second study (Chapter 3.2) demonstrated that hypothalamic FKBP51 regulates autophagy and
metabolism in a dose-dependent manner. Autophagy is controlled by the systemic energy sensors
AMPK and mTOR, which work in coordination to regulate anabolic and catabolic pathways in response
to nutritional challenges. Nutrient depletion activates AMPK by LKB1 mediated phosphorylation of
T172 7!, Increased LKB1/AMPK signaling activates the TSC1/TSC2 complex, which in turn inhibits
mTOR activity '7?. Bakula and colleagues established that the WIPI protein family members WIPI3 and
WIPI4 are essential scaffolders of the LKB1/AMPK/TSC1/2 signaling network in response to metabolic
stress '3, The authors revealed that glucose starvation signals via the LKB1/AMPK-related kinase
circuit to WIPI4. The study further illustrated that WIPI3 interacts with the activated TSC1/TSC2

complex and, therefore, is a crucial scaffold for the AMPK-induced inhibition of mTORC1.!7*174,

FKBP51 is highly induced upon starvation within the hypothalamus, and our second study manifested
that FKBP51 is essential in starvation-induced autophagy. Furthermore, our co-immunoprecipitation
studies exposed that FKBP51 directly interacts with LKB1, AMPK (subunits a1, y2 and 1), WIPI4,
WIPI3, and TSC2. These results align with previous reports that proposed interactions of FKBP51 with
LKB1?* and WIPI4'™. Mechanistically, our data suggest that FKBP51 recruits LKB1 to the WIPI4-
AMPK regulatory platform to induce AMPK phosphorylation at T172. In addition, FKBP51 associates
with the TSC2/WIPI3 heterocomplex to co-regulate mTOR signaling. Finally, we demonstrate that
FKBP51 expression directly correlates with the degree of autophagy signaling in an inverted u-shaped
manner. Whereas moderate FKBPS51 induces autophagy, exaggerated expression and deletion of

FKBP51 level inhibit it while supporting AKT1/mTORCI signaling (Chapter 3.2, Figure 8).

A study by Gassen and colleagues in 2014 deciphered an additional mechanism in which FKBP51
regulates autophagy signaling in response to antidepressant treatment. The authors showed that FKBP51
regulates the activity and expression level of Beclinl by FKBP51 mediated inhibition of AKT, which
facilitates inhibitory phosphorylation of BECN1 and reduces SKP2 activity. Interestingly, the authors

could show that dexamethasone enhanced autophagy in wildtype cells and FKBP51 deletion blocks this
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effect 2%, Thus, it is possible that FKBP51 mediates the effects of stress on autophagy via the AMPK-

mTOR or PHLPP-AKT axis.
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Figure 8: Possible underlying molecular mechanism contributing to the observed effects of FKBP51 on
metabolism. FKBP51 regulates metabolism in a tissue-specific manner. Within the mediobasal hypothalamus,
FKBP51 regulates autophagy in an inversed u-shaped manner and the activity of the sympathetic nervous system
to regulate food intake and body weight. In the periphery, FKBP51 acts in muscle tissue to mediate glucose uptake
by regulating the insulin signaling pathway. In adipose tissue, FKBP51 regulates the induction of GR and PPARYy
mediated translation of lipolysis and adipogenesis genes. Consequently, in-vivo deletion of FKBP51 resulted in

improved glucose uptake in muscle and reduced adipogenesis and lipid storage in fat resulting in a lean phenotype.
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In summary, this thesis provides further compelling data that position FKBP51 as a central regulatory
switch between autophagy initiation and mTOR signaling. We and others have demonstrated that
FKBP51 interacts with several heterocomplexes within the autophagy pathway, which are critical to
nutrient sensing and cellular energy homeostasis. In addition, FKBP51 is in complex with AKT and
PHLPP within the insulin signaling pathway, which favors mTOR signaling. Thus, FKBP51 fine-tunes
the AMPK-mTOR-AKT regulatory network on multiple levels upon stress exposure, which can be in
the form of either metabolic, physiological, or psychological stress. Importantly, FKBP51 expression

itself is controlled by stress hormones.

The balance between autophagy and mTOR signaling is vital for cellular health, and stress can cause
dysregulation of this homeostasis, which is associated with a range of (patho-) physiological conditions,
including infectious disease, cancer, neurodegeneration, psychiatric disorders, obesity, and diabetes.
Consequently, a better grasp of the newly discovered interactions under different gene and
environmental conditions is crucial to further understand the complex interaction between metabolic

and mental diseases.
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4.3. Translation to humans - FKBP51 a marker for psychiatric and metabolic disorders?

Preclinical studies present accumulating evidence of the importance of FKBP51 in regulating metabolic
and stress-related pathways and diseases. In fact, animal data indicate that FKBP51 is highly upregulated
after metabolic stress, such as a HFD, especially in muscle and adipose tissue, and that central FKBP51
levels are associated with an increased body weight gain '?>!76, Thus, reducing FKBP51 expression
under some circumstances might be beneficial. However, to fully elaborate on its potential as a drug
target, the most critical question is whether our and other data are transferable to humans. Unfortunately,
only a handful of studies investigated the molecular mechanism of FKBP51 regarding metabolic

disorders in humans. These studies mainly concentrated on human adipose tissue and revealed that SNPs

within the human FKBP5 gene are associated with T2D and linked to insulin resistance 7717,

Several SNPs within the FKBPS5 gene (e.g., rs1360780) are associated with increased FKBP51 protein
levels. A study by Hartmann and colleagues exhibited that obese individuals carrying the rs1360780
gene had reduced weight loss after bariatric surgery. More importantly, the study showed that these
patients did not differ in basal body weight compared to the non-allele carrier '*°. In addition, Pereira et
al. reported that FKBP51 is highly induced in the adipose tissue upon dexamethasone treatment and that
increased FKBP51 protein levels are correlated with the magnitude of insulin resistance. At the same
time, the study did not find any differences in body weight under baseline conditions. Sidibeh and
colleagues demonstrated that FKBP51 was increased in fat tissue of patients with T2D '8, These data
support the hypothesis that elevated FKBP51 is crucial in body weight regulation and glucose
metabolism, especially after environmental stimuli, such as metabolic stress, chronic stress, or

psychological trauma.

Numerous studies have already identified complementary biology between stress and energy
metabolism. Although acute stress often triggers a protective and adaptive mechanism to prepare for the
future, chronic stress evokes cellular changes with potentially harmful consequences. Not surprisingly,
chronic stress is a major risk factor in the development of various diseases, such as PTSD, depression,

obesity and associated diseases, such as T2D '#!, The association of SNPs within the FKBP5 gene (e.g.,
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rs1360780) with depression and PTSD was already shown in multiple independent studies. In more
detail, those SNPs are associated with higher FKBP51 expression in blood cells, elevated cortisol, GR
resistance and consequently an impaired HPA axis reactivity *°. However, clinical studies investigating
the effect of FKBP5 polymorphism and the prevalence of traits of the metabolic syndrome in large

cohorts of patients suffering from mental illness diseases are still elusive.

Genetic studies revealed a positive correlation between FKBPS51 expression and antidepressant
treatment response . A significant metabolic problem associated with many psychiatric therapies is
unwanted body weight changes during medication. While antidepressants might improve mental health,
they might also cause adverse effects on multiple biological pathways, such as inflammation or oxidative
stress, caused by medication-induced weight gain 82, In addition, weight gain can further impact the
self-esteem and psychological health of individuals already suffering from mental disorders. As a

182 Several conventional

consequence, patients might relapse or develop resistance to treatment
antidepressants, such as paroxetine, are associated with a substantial increase in body weight 83, A study
by Gassen et al. demonstrated that FKBP51 deletion positively affects paroxetine treatment. More
importantly, they have monitored body weight during a 3-week paroxetine treatment and discovered
that FKBP51 deletion significantly reduced paroxetine-induced body weight gain compared to wild-
type mice ¥. Unfortunately, the study did not assess other metabolic parameters, such as blood glucose
and triglyceride levels, all elevated upon paroxetine treatment '*3. Nevertheless, FKBP51 expression
might play a crucial role in body weight control during antidepressant treatment and might function as
a marker to predict unwanted body weight changes upon treatment. Thus, co-medication of FKBP51

antagonists with antidepressants, at least in some cases, might be a potential option to stabilize body

weight during psychiatric therapies and prevent relapse or treatment resistance.

Taken together, the current literature presents profound evidence that alterations in FKBP51 expression
might contribute to an increased risk for a vast number of mental disorders. However, little data on the
effect of FKBP51 polymorphisms on metabolic diseases are available. Longitudinal human studies
examining FKBP51 polymorphisms with obese patients comorbid with mental illnesses or vice versa

would be exciting and could further advance the field.

151



4.4. FKBP51 - a therapeutic option for stress-related and metabolic disorders?

Since the whole-body deletion of FKBP51 had no adverse effects on general health nor any
physiological parameter in mice, the publication of the next generation of the induced-fit FKBP51
antagonists, SAFit2 and SAFitl was very exciting 2’. The most promising antagonist is SAFit2, which
is able to cross the BBB and therefore acts in the brain as well as in the periphery. So far, our and other
preclinical studies present promising data on body weight reduction, glucose metabolism, and chronic
pain without any side effects during or after the treatment with SAFit2 '8#185 In this thesis, we
investigated whether FKBP51 antagonism by SAFit2 affects the health of FKBP51 deficient mice. To
do so, we administered SAFit2 over different time frames, namely 24-h, 10-day, and 30-day periods.
Chronic treatment with SAFit2 resulted in reduced body weight and improved glucose tolerance and
recapitulated the effects of complete FKBP51 deletion in mice. Furthermore, during our acute SAFit2
treatment, we observed that the glucose tolerance improvement was independent of the body weight

changes (Chapter 2 and 3.1).

Given the newly discovered role of central FKBP51 in developing obesity, targeting FKBP51 only in
the periphery could be an exciting approach. The most promising target organs in the periphery are
muscle and adipose tissue, which show the highest FKBP51 expression 177, Therefore, tissue-specific
drug delivery might be a feasible strategy and would prevent unwanted inhibition of FKBP51 in the
brain. For instance, FKBPS51 antagonists could be packed in nanoparticles with the physical and
chemical properties that enable them to target specific organs %6, However, current FKBP51 antagonists

are still too big and must be reduced in size to be functionally packed in any suitable delivery system.

The difficulties in the breakthrough of FKBP51 as a ready-to-use drug target might lie in its own abilities
as a co-chaperone, assisting tens, maybe hundreds of proteins interactions, which might differ from
organ to organ. In addition, inhibiting FKBP51 and potentially interacting proteins might cause side
effects not yet discovered. For example, it was also shown that FKBP51 deletion is associated with
muscle loss, and FKBP51 KO mice show delayed muscle regeneration '7°. Furthermore, FKBP51 is a
multi-domain protein, and each domain regulates different protein cascades adding to the complexity of

developing a suitable antagonist for each specific pathway. Consequently, it should be noted that there
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is still a long way to go. Laboratories and researchers focusing on FKBP51 must further gather a
substantial amount of animal and human data to fill missing knowledge gaps. In addition, it will be

essential to develop new generations of FKBP51 antagonists in the future.

Taken together, FKBP51 might have the potential as a drug target, but research also showed that the
current antagonists might not yet be sufficient. Importantly, there is accumulating evidence that the
relevance of FKBP51 in the development of certain diseases is dependent on the combined appearance
of genotype (specific carriers of FKBP5 polymorphisms) and environmental factors, such as stress.
Therefore, further data collection in multiple preclinical and clinical studies will be necessary to capture
these gene x environment connections scientifically. These data will provide novel molecular and
physiological insights, which can advance current FKBP51 antagonists and might fully deploy

FKBP51’s potential as a drug target for stress-related or metabolic diseases.

4.5. Conclusion

FKBP51 is a multifunctional protein that emerged as a regulator of various physiological and molecular
processes in maintaining body homeostasis. This thesis emphasizes the tissue specificity of FKBP51
and provides compelling evidence of the importance of FKBP51 in the regulation of the acute stress
response, body weight control, and glucose metabolism. Furthermore, it presents FKBP51 as a complex
co-chaperone beyond the well-established function as a negative GR regulator. The newly discovered
ability of FKBP51 to regulate the activity of AKT, AMPK, and mTOR, here and elsewhere 28-3%:152.157.187
might open promising treatment avenues for metabolic disorders, such as obesity, T2D, psychiatric
diseases, and cancer. In the future, it will be necessary to advance the knowledge of FKBP51 with a
particular emphasis on tissue specificity, human clinical studies, and advancements in the development
of FKBP51 antagonists to carefully target single pathways more accurately. However, only the
combined analysis and interpretation of preclinical and clinical data together with advanced FKBP51

antagonists can finally route the way to success.
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