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Editorial 
Immunophilins, Protein Chemistry and Cell Biology of a Promising New Class of Drug Targets – 

Part II 
 The origin of the family of proteins known as Immunophilins can be traced back to the year 1969, when the first specific 
ligand was discovered. By that time, an employee of a pharmaceutical company took with him soil samples from the Alps as 
part of a program of the company to analyze the presence of microorganisms able to produce new compounds of pharmaceuti-
cal interest, in particular antibiotics [1]. From those samples was isolated a fungus (Tolypocladium inflatum) that shows the 
ability to prevent the growth of other fungi. The active principle was identified as a cyclic undecapeptide, cyclosporine A [2], 
and its chemical synthesis was then published [3]. The studies showed that cyclosporine A has immunosuppressive effect in 
various experimental models [4, 5], which provided an extraordinary advance on the tissue and organ transplantation field since 
it was born by the end of the XIX century. At the beginning of the 80's, cyclosporin A became a sort of miracle treatment to 
avoid organ rejection.  

 After the discovery of cyclosporine A as an effective immunosuppressant, several alternative treatments were also estab-
lished, including a macrolide lactone derivate known as FK506 (also called tacrolimus o fujimycin), which was isolated from 
Streptomyces tsukubaensis and firstly described in 1987 [6-8]. It was reported that FK506 is also effective in a wide variety of 
models of experimental transplantation and autoimmunity. Therefore, in addition to its obvious clinical importance, the discov-
ery of FK506 yielded new insights into the mechanisms underlying the activation of T cells and its use is likely to impart even 
more important scientific information. The third classic drug also able to exert significant immunosuppressive actions is ra-
pamycin, a macrolide discovered as a product of the bacterium Streptomyces hygroscopicus in a soil sample from Easter Island 
[9-11]. Soon after the discovery of these three drugs, scientists focused their studies on the identification of their intracellular 
molecular targets, and defined a new family of proteins known as immunophilins.  

 Today, the immunophilin family has been subdivided into three main categories according to the type of ligand they recognize, 
i.e., cyclophilins or CyPs, when they bind cyclosporine A (brand names are Gengraf, Neoral, and Sandimmune)), FKBPs or 
FK506-binding proteins when the bind FK506 (trade names Prograf, Advagraf, and Protopic) and also rapamycin (brand name 
Rapamune), and a third additional and still not well characterized CsA- and FK506-binding proteins subfamily. The two most 
relevant functional properties of immunophilins are the chaperone activity and the peptidyl prolyl isomerase enzymatic activity, 
which results inhibited upon complexing with the immunosuppressive drug. Beyond the fact that immunophilins are the cellular 
targets of immunosuppressive drugs, they also play several cardinal roles in the biology of the cell, which comprises various and 
versatile actions ranging from chaperoning client proteins for proper folding to neurotrophic or antiapoptotic actions. 

 The primary aim of the articles published in the present hot topic of Current Molecular Pharmacology titled Immunophilins, 
a promising class of drug targets for alternative therapies, is to contribute to a better understanding of the properties and poten-
tial uses of this important family of proteins as novel pharmacological targets. Due to the length of the articles, this issue has 
been split into two parts. In the part I, the first article by David LeMaster and Griselda Hernandez from the Department of Bio-
medical Sciences, University at Albany, analyzes the conformational dynamics of the most evolutionary and structurally similar 
domains to the archetypical immunophilin FKBP12, i.e. the FK1 domains of FKBP51 and FKBP52 and the low molecular 
weight immunophilin FKBP12.6, with the purpose to elucidate the relevance of these domains in both the therapeutic design of 
specific drugs and for gaining insight into how these small domains might participate in the collective transitions that occur 
within the signalling complexes in which they function.  

 Xixi Feng, Sebstian Pomplun, and Felix Hausch from the Max-Planck Institute of Psychiatry of Munich summarize recent 
advances in the development of FKBP ligands, which resulted in the first highly selective ligand for FKBP51 such as SAFit2, 
which allowed the proof-of-concept in mice for FKBP51 inhibitors as potentially novel antidepressants. Finally, the authors 
discuss pending issues that need to be addressed for the further development of FKBP51-directed drugs. 

 Amaravadhi Harikishore and Ho Sup Yoon from The Nanyang Technological University of Singapore focused their article 
on the molecular characteristics of canonical and non-canonical immunophilin family members from human and Plasmodium 
falciparum and P. vivax, and also analyze recent progresses on immunophilin inhibitor development, as well as future perspec-
tives on structure-based design of non-immunosuppressive immunophilin ligands with potential pharmacological activities 
against infectious diseases.  

 Mingming Tong and Yu Jiang from The University of Pittsburgh School of Medicine provide a general comprehensive out-
line for the structures and diverse functions of FKBPs found in mammalian cells, including their participation in processes such 
as cancer neuroregeneration, neurodegenerative diseases, cell development, apoptosis, signalling cascade pathways, calcium 
channel regulation, etc. 

 Thomas Ratajczak from The University of Western Australia, analyzes the relevance of immunophilins as members of the 
steroid receptor-Hsp90 heterocomplex, the discovery of immunophilins, structural properties, both Hsp90-dependent and 
Hsp90-independent biological actions, as well as it is discussed how these immunophilins become superb candidates for diverse 
drug-targeting approaches in several diseases. 
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 In the second part of this issue, M. Lagadari, S.A. De Leo, M.F. Camisay, M.D. Galigniana and A.G. Erlejman from The 
University of Buenos Aires describe a novel molecular mechanism of regulation for NF-�B signalling cascade by FKBP51 and 
FKBP52, and postulate that the antagonistic actions of these proteins may be responsible for the pleiotropic effects of NF-�B in 
different cell types and tissues according to the expression balance exhibited for both immunophilins. 

 Naihsuan Guy, Yenni Garcia, and Marc Cox from The University of Texas at El Paso postulate the development of FKBP52-
specific small molecule inhibitors as a highly targeted strategy with potential for the treatment of any disease that is dependent on 
given functional steroid receptor signaling pathway. They discuss that the proline-rich loop overhanging the FKBP52 FK1 cata-
lytic domain is a key interaction surface within the receptor-chaperone complex highly attractive for a therapeutic approach to dis-
rupt FKBP52 regulation of receptor activity in steroid hormone receptor-dependent physiology and disease. 

 Gabriel Fries, Nils Gassen, Ulrike Schmidt, and Theo Rein from the the Max-Planck Institute of Psychiatry of Munich ana-
lyze FKBP51 polymorphisms as emerging factors involved in stress-related mental disorders, mostly based on the inhibitory 
action of this immunophilin on the glucocorticoid receptor activity in the nervous system. They analyze the regulation of the 
feedback loops that command the biological response due to the onset of stressing and traumatic stimuli, and the relation of 
these events with the development and treatment of major depression syndromes.  

 Anna D’Angelillo, Stefania Staibano, Maria Romano and Simona Romano from The Federico II University of Naples re-
view recent literature related to the FK506-binding protein of 51-kDa in the mechanisms that switch the TGF-� from a tumor 
suppressor to a pro-metastatic invader in processes that enable cancer cells to disseminate from primary tumors and spread to 
distant locations, therefore acquiring resistance to therapy and self-renewal capability. 

 Paul Lavin and Margaret Mc Gee from The University College Dublin summarize current understanding of the role of cy-
clophilins in cancer by reviewing the function of these immunophilins during mammalian cell division and HIV-1 infection, 
and highlight common processes involving members of the ESCRT (Sorting Complex Required for Transport) machinery, and 
Rab GTPase protein families. 

 Finally, Lana McClements, Stephanie Annett, Anita Yakkundi and Tracy Robson from the School of Pharmacy, Queen’s 
University Belfast, focus on the different roles of immunophilins as therapeutic and biomarker factors for age-related vascular 
diseases, since many genes within this family are associated with age-related diseases such as cardiovascular diseases,, athero-
sclerosis, type II diabetes, chronic kidney disease, neurodegeneration, cancer and age-related macular degeneration, in addition 
to the ageing process itself. 

 In this special issue of Current Molecular Pharmacology, several aspects of the biology of immunophilins have been ad-
dressed and with the purpose of providing an updated overview of the field. It is clear that we still have more questions than 
answers, a state of the art that keeps feeding our thoughts proposing new hypothesis or models and, above all, stimulating us to 
overcome the new rising challenges shown in the course of our careers. I hope that the high enthusiasm showed by all our con-
tributors to make this endeavor possible will be appreciated by the readers. In this regard, wish to acknowledge the valuable 
viewpoint of all contributing authors and hope that this assemblage of perspectives will be a valuable resource for researchers 
in this and other related fields.  
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Abstract: The fine regulation of signalling cascades is a key event required to maintain the appropri-
ate functional properties of a cell when a given stimulus triggers specific biological responses. In this 
sense, cumulative experimental evidence during the last years has shown that high molecular weight 
immunophilins possess a fundamental importance in the regulation of many of these processes. It was 
first discovered that TPR-domain immunophilins such as FKBP51 and FKBP52 play a cardinal role, 
usually in an antagonistic fashion, in the regulation of several members of the steroid receptor family via its interaction 
with the heat-shock protein of 90-kDa, Hsp90. These Hsp90-associated cochaperones form a functional unit with the mo-
lecular chaperone influencing ligand binding capacity, receptor trafficking, and hormone-dependent transcriptional activ-
ity. Recently, it was demonstrated that the same immunophilins are also able to regulate the NF-�B signalling cascade in 
an Hsp90 independent manner. In this article we analize these properties and discuss the relevance of this novel regulatory 
pathway in the context of the pleiotropic actions managed by NF-�B in several cell types and tissues. 
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INTRODUCTION 

 The ability of a cell to identify the moment when it 
should differentiate, grow, divide or die depends on extracel-
lular signals such as hormones, small molecules of varied 
nature, proteins attached to neighboring cells, or small pep-
tides, and also how the cell process this information. Recep-
tors are the transmitters of those extracellular signals, most 
likely to the nucleus, through cascades of reactions and in-
teractions between proteins as well as metabolic reactions. 
Signalling cascades of the cell can be considered as a steady-
state homeostatic system that results of a highly dynamic 
inflow and outflow of biological information. The concept of 
treating signalling cascades as highly dynamic steady-state 
systems was first introduced by Boon Chock and Earl 
Stadtman to the regulation of metabolic enzymes [1]. Such 
pioneer concept can also be applied to those biological cas-
cades related to the various processes of the cell since most 
of them are also related to some type of enzymatic activity 
catalyzing protein modifications, i.e. phosphorylation, 
dephosphorylation, acetylation, isomerization, methylation, 
etc., which ultimately lead to establish a sort of steady-state 
condition of a whole chain of reactions able to be regulated 
separately at many steps [2]. These regulatory systems con-
trol the cell cycle, cell differentiation, and cell proliferation 
processes as a response to specific signal inputs.  
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 Molecular chaperones and their cochaperones are respon-
sible for the interaction of multiple key components of those 
signalling pathways able to regulate growth, differentiation, 
and development. The molecular relationships between these 
proteins and various signalling proteins and their partners 
appear to be decisive for the appropriate biological action of 
signal transduction cascades, and the relative expression of 
these proteins is important for the regulation of the response 
since insufficient or excessive amounts could generate an 
aberrant control of essential cell processes such as prolifera-
tion, division, development and/or growth [3]. Both genetic 
and molecular interactions between regulatory proteins and 
the various components of the signalling pathways show us 
that the cross-talk between these proteins can regulate prolif-
eration and development by preventing or enhancing cell 
growth and cell death as the levels of these molecular chap-
erones change in response to various stimuli. In this article 
we will focus on the recently discovered regulatory action by 
FKBP51 and FKP52, two Hsp90-binding chaperones be-
longing to the immunophilin family, on the biological prop-
erties of the transcription factor NF-�B. 

IMMUNOPHILINS 

 Immunophilins are endogenous proteins with peptidyl-
prolyl-(cis/trans)-isomerase (PPIase) activity, i.e., the re-
versible cis/trans enzymatic interconvertion of Xaa-Pro 
bonds. These proteins are grouped in a common family of 
proteins whose signature domain is the PPIase domain. In 
turn, they are classified into two major subfamilies according 
to their capacity to bind immunosuppressant ligands [4], 
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whose binding site is the PPIase domain. When immunophil-
ins bind the cyclic undecapeptide cyclosporine A (CsA), they 
are called cyclophilins (or CyPs), and those that are able to 
bind the cyclic macrolide tacrolimus (or FK506) are named 
FK506-binding proteins (or FKBPs). Many members of the 
FKBP subfamily also bind the drug sirolimus (or rapamy-
cin). There is a third subfamily of immunophilins referred to 
as Parvulins that show certain homology with the PPIase 
domain of the other subfamilies and may show enzymatic 
activity, but they are not able to bind immunosuppressive 
drugs. The most relevant parvulin in humans is Pin1, which 
recognizes a specific motif of a phosphorylated serine or 
threonine residue preceding a proline [5]. 

 Immunophilins were first described as intracellular recep-
tors for immunosuppressive drugs. Even though most of 
them bind these drugs, only the low molecular weight im-
munophilins FKBP12 and CyPA, the archetypal members of 
each subfamily, are related to the immunosuppressive effect 
when the FK506•FKBP12 or CsA•CyPA complex inhibits 
the phosphatase activity of calcineurin, a PP2B class of 
Ser/Thr protein-phosphatase. The inhibition of such activity 
prevents the dephosphorylation and subsequent activation of 
the transcription factor NFAT (Nuclear Factor of Activated 
T cells), which remains cytoplasmic. Therefore, the produc-
tion of interleukins and interferon-� is prevented (see [6] for 
a recent review).  

 High molecular weight immunophilins have a more com-
plex architecture and are not related to the immunosupres-
sion process (Fig. 1). The archetype of this subfamily is the 
52-kDa FK506-binding protein, FKBP52 [7]. In addition to 
the active PPIase domain (also called FKBD1 or FK1 do-
main in FKBP proteins), which resembles the structure of the 
immunosuppressive factor FKBP12, there are other addi-
tional domains only present in the high molecular weight 
subfamily. The best studied is the TPR domain formed by 
sequences of 34 amino acids repeated in tandem through 
which they bind to Hsp90 via the MEEVD C-terminal con-
served sequence of this chaperone [8] (Fig. 1). TPR-domain 
immunophilins such as FKBP51 and FKBP52 are abundant 
and ubiquitous proteins that were first discovered associated 
to steroid receptors. The four more classical TPR domain 
immunophilins that have been relatively well characterized 
due to their association with these receptors are FKBP52 
(gene name FKBP4), FKBP51 (gene name FKBP5), the cy-
clophilin CyP40 (gene name PPID), and the FKBP-like pro-
tein phosphatase PP5 (gene name PPP5C). All of them have 
their counter-part in plants [9], are highly ubiquitous, and are 
also able to form complexes (many of them still to be charac-
terized) with several factors, although their biological func-
tions and many aspects of their molecular mechanism of 
action are poorly understood.  

 Another important TPR-domain immunophilin is 
FKBP37 (gene name AIP), also known as XAP2/AIP. It was 
first discovered associated to AhR (aryl-hydrocarbon recep-
tor, or “dioxane” receptor), where the immunophilin favors 
the biological actions of the receptor [10, 11]. FKBP37 is 
also able to interact and repress the biological activity of 
other member of the nuclear receptor superfamily, PPAR� 
(peroxisome proliferator-activated receptor-�), an Hsp90-

binding transcription factor [12] that modulates lipid metabo-
lism, inflammation, and blood pressure [13]. 

 There are two more relevant TPR-domain immunophilins 
whose biological roles have been elucidated more recently. 
One is FKBP38, which shows a mitochondrial localization 
signal and has been related to apoptosis (see [14] for a recent 
review). In spite of its almost identical three-dimensional 
structure of the PPIase domain with the immunosuppressive 
immunophilins FKBP12, FKBP38 lacks enzymatic activity 
and does not bind immunosuppressive drugs. However it 
provides a scaffold platform to facilitate protein-protein in-
teractions. This is particularly important for the case of anti-
apoptotic factors [15] such as the proto-oncogene Bcl-2 (B-
cell lymphoma 2). This contributes to tumorigenesis and 
chemoresistance [16]. 

 The other relevant TPR-domain immunophilin is 
FKBP36 because it is crucial to spermatogenesis since it is 
able to interact with components of the synaptonemal com-
plex [17], and is also a natural inhibitor of GADPH activity 
[18]. GADPH is involved in the mechanism of vesicle trans-
port from the endoplasmic reticulum to the Golgi and is also 
recruited by Rab2 to the vesicular-tubular clusters of the 
reticulum where it helps to form vesicles. Consequently, 
FKBP36 shows the additional potential to affect vesicle traf-
ficking and the secretory pathways [18]. To date, there are 
no compounds able to recognize specifically this immuno-
philin. 

 In the mid-1990s, a 92 residue member of the parvulins 
was identified in Escherichia coli, forming the prototype of 
the third family of PPIases [19]. Soon after, human isoen-
zymes were described and the small subfamily of parvulins 
was born. It has only three members in humans: Pin1, Par14, 
and Par17 [20]. Pin1 is the best studied and its name is often 
used as synonym of parvulin itself. They are also able to 
accelerate protein folding in vitro, but they show unique 
specificity for prolines preceded by phosphorylated Ser or 
Thr residues. Thus, Pin1 possesses the potential to regulate 
several phosphorylation signalling cascades by modifying 
the conformation of the target protein around its phosphory-
lation site, making Ser or Thr residues less or more accessi-
ble for dephosphorylation (see a recent reviewed in [21]). In 
this sense, Pin1 may act as a molecular timer to make the 
first move or bring to an end signalling cascades at certain 
time points of the cell cycle [22]. Pin1 is prevalently overex-
pressed in human cancers and its expression levels correlate 
with poor clinical outcome [23].  

 Pin1 inhibitors may simultaneously block multiple onco-
genic signalling pathways and thereby overcome cancer-cell 
resistance to inhibition of specific kinases or phosphatases 
[21]. The best known Pin1 inhibitors include the natural 
product juglone, the small molecule PiB and others of pep-
tidic nature (see [24] for a recent review), but their specific-
ity and potency remain a major concern, and further design 
and optimization of novel small molecule Pin1 inhibitors are 
required. Even though recent efforts have been made to ob-
tain better compounds with higher cell membrane permeabil-
ity and better affinity for this immunophilin [25, 26], the 
specificity of these novel small molecules still remains to be 
proved. 
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NF-�B 

 Nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-�B) constitutes a family of highly related tran-
scription factors able to regulate the expression of a great 
number of genes related to several processes such as in-
flammatory responses, cell growth, immune responses, cell 
development, synaptic plasticity, memory, cancer processes, 
etc [27]. This family of transcription factors belongs to the 
rapid-acting set of cell factors able to be activated by a large 
variety of signals and stressful situations; that includes cyto-
kines, reactive oxygen species, bacterial and viral antigens, 
cell injuries, ionizing radiation, UV light, beta-adrenergic 
agonists, cocaine, etc. Since NF-�B was discovered in 1986 
as a transcription factor able to bind to the enhancer element 
of the immunoglobulin � light-chain of activated B cells 
[28], it became clear that in addition to having a crucial role 
in innate immunity, it is also able to regulate many other 
basic functions of the cell such as inflammatory responses, 
immune development, chronic inflammation, autoimmunity 
diseases, cancer promotion, cell development, programmed 
cell death, proliferation control, tumorigenesis, etc. (see [29-

31] for recent comprehensive updates). NF-�B is actually 
regarded as a family of structurally related homologues that 
comprise p50 (NF-�B1), p52 (NF-�B2), p65 (Rel A), Rel B, 
and c-Rel. All of them share a conserved DNA-binding and 
dimerization domain. Potentially, they may associate in dif-
ferent combinations such as they can form up to fifteen types 
of dimers. Nonetheless, the physiological existence of all of 
these potential dimers has not been demonstrated to date, the 
p50•p65/RelA heterodimer being unquestionably the most 
abundant in all cell types [32]. On the other hand, the NF-�B 
family may be divided from the transcriptional perspective 
into two groups based on the occurrence of the CT-
transactivation domains, which are only present in RelA, 
RelB, and c-Rel [32]. 

 NF-�B proteins bind to members of the inhibitory-�B 
family (or I�B) that serve as regulators of biological activity. 
The members of the I�B subfamily are the classical I�B pro-
teins (I�B�, I�B�, and IkB�), NF-�B precursor proteins 
(p100 and p105), and the nuclear I�Bs (I�B�, Bcl-3, and 
I�BNS). I�B proteins show an NT-signal receiving domain 
(SRD), a central domain (ARD), and a CT-PEST sequence 

 
 
Fig. (1). Structures of FKBPs, Hsp90, I�B and NF-�B.  
The upper part of the figure depicts the structural domains of FKBP51 and FKBP52 compared to FKBP12, the archetypical immunophilin 
responsible for immunosuppression that was the first protein well characterized of this family. The PPIase domain (also named FK1 domain) 
is responsible for the rotamase enzymatic activity and is also the binding site for the immunosuppressive macrolide FK506, which inhibits 
that activity. The PPIase-like domain (also named FK2) is the nucleotide-binding domain. The TPR domains (absents in FKBP12) are the 
responsible for interactions with Hsp90. This chaperone (shown in the middle of the figure) has two isoforms, � and �, the later being the 
active form for most signalling cascade factors. It shows four domains �NBD, nucleotide binding domain; CL, charged linker; MD, middle 
domain; DD, dimerization domain. The lower part of the figure depicts the structures of the two most frequent subunits of NF-�B and the 
domains of its inhibitor, I�B. Abbreviations are as follows: NTD, N-terminal domain; CTD, C-terminal domain; NLS, nuclear localization 
signal; RHR, Rel-homology region; TAD, C-terminal transactivation domain; ARD, ankyrin repeat–containing domain; DD, dimerization 
domain; PEST, signal–receiving domain C-terminal Pro-, Glu-, Ser-, and Thr-rich sequence; SRD, N-terminal signal–receiving domain. All 
these structures correspond to human proteins. 
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(Pro-, Glu-, Ser-, and Thr-rich domain). I�B� was originally 
described as disrupting factor of preformed NF-�B•DNA 
complexes that favors the dissociation of those complexes 
[33, 34]. Inasmuch as the expression of I�B� is in turn regu-
lated by NF-�B [35]; I�B is able to regulate both NF-�B 
activation and inactivation. 

NF-�B SIGNALLING CASCADE 

 In the canonical activation pathway of NF-�B (Fig. 2A), 
excitatory signals activate Toll-like receptors (TLRs), tumor 
necrosis factor receptor (TNFR) or interleukin-1 receptors 
(IL-1R). Archetypal stimulating molecules are lipopolysac-
charides (LPS), tumor necrosis factor � (TNF�), and inter-
leukin-1 � (IL-1�), respectively [29]. This leads to the acti-
vation of the I�B kinase (IKK) complex, which phosphory-
lates I�B�. This complex is formed by IKK� and IKK� 
subunits and at least one non-catalytic accessory protein, the 
IKK� subunit, also known as NEMO (NF-�B Essential 
Modulator) [36] (Fig. 2A). In turn, this I�B kinase complex 
associates to additional factors and interacts with other up-
stream signalling molecules and kinases. The phosphoryla-
tion of I�B favors its release from the p50•RelA/p65 dimer 
followed by proteasomal degradation of the inhibitor factor. 
Thus, the free heterodimer is retrotransported to the nucleus. 

 An alternative NF-�B activation pathway known as the 
“non-canonical pathway” (Fig. 2B) originates from different 
types of receptors [37], including CD40, RANK (Receptor 
Activator for Nuclear Factor kappa B), BAFFR (B-cell Acti-
vation Factor), LT�R (Lymphotoxin �-Receptor) or TNFR 
type II. In this pathway, NF-�B is activated by the kinase 
NIK, which phosphorylates and activates predominantly 
IKK�, whose activity phosphorylates p100. This favors p100 
ubiquitination and its partial degradation to generate the p52 
subunit, that usually associates to RelB [38].  

 Besides the canonical (Fig. 2A) and the alternative path-
ways (Fig. 2B), a third manner for NF-�B activation also 
exists and is named the “atypical activation pathway” (Fig. 
2C). Actually, there is more than one, but the most typical is 
the activation of the IKK complex after genotoxic stress via 
the ATM kinase (Ataxia-Telangiectasia Mutated protein-
kinase) leading to ubiquitination of IKK�/NEMO [39]. 

 In all the above-described pathways, following the libera-
tion of the NF-�B dimers by activation of IKKs, their steady 
state localization is normally shifted to the nucleus and the 
Rel Homology Domains (RHD) (Fig. 1) are free to bind cog-
nate DNA-sequences in the enhancer elements of target gene 
promoters. Depending on the accessibility of the genome 
regulated by epigenetic mechanisms and the cell type, hun-
dreds of different target genes can be transcriptionally acti-
vated and regulated by additional transcription factors. This 
may either enhances or reduces the NF-�B biological action. 
The level of complexity and crosstalks between NF-�B with 
other signalling pathways and transcription factors are some 
of the reasons that explain the pleiotropic actions of this fac-
tor. 

 There is general consensus that NF-�B proteins bind as a 
homo- or heterodimer to a 10-base-pair DNA sequence 
(which was first identified in the enhancer region of the im-
munoglobulin �-light-chain gene of mature B cells [33, 40]). 

The first structure of a Rel-homology region was discovered 
from the structure of a p50 homodimer bound to an idealized 
�B target DNA sequence [41-43]. Various structures of NF-
�B dimers bound to DNA have been reveled to date, show-
ing a common pattern of structures that resemble a butterfly, 
where the dimer represents the wings around a cylindrical 
DNA structure [42]. NF-�B seems to encircle the target 
DNA. The analysis of different types of these structures has 
shown plasticity for these sequences of NF-�B homo/ 
heterodimers. The canonical p50•RelA/p65 heterodimer rec-
ognizes the binding sequence through the p50 subunit bound 
to a 5-GGPyN half-site and via RelA/p65 binding to another 
5-GGPyN site. Importantly, I�B is one of the proteins in-
duced by RelA/p65, which implies the existence of a self-
regulated NF-�B feedback that helps to restore the original 
cytoplasmic localization of NF-�B [35]. 

THE FKBP•NF-�B CONNECTION 

 As it was advanced before, all Rel factors form homodi-
mers or heterodimers with the sole exception of Rel B, which 
forms only heterodimers. The relative abundance of different 
NF-�B proteins may vary in different tissues and cell types, 
whereas the p50•RelA/p65 heterodimer is highly ubiquitous 
and also the most frequent in most cell types and tissues 
[44]. In unstimulated cells, even though p50•RelA/p65 het-
erodimers are retained in the cytosol by I�B and translocate 
to the nucleus of the NF-�B via the dynein/dynactin motor 
complex [45] upon cell stimulation, both cytoplasmic and 
nuclear complexes undergo a dynamic nuclear-cytoplasmic 
shuttling [40, 46, 47]. This allows a low basal transcriptional 
activity of NF-�B given the fact that the I�B/NF-�B complex 
is also subject to dynamic dissociation/reassociation events. 
This nuclear-cytoplasmic shuttling of NF-�B resembles that 
observed for steroid receptors, where the inactive cytoplas-
mic form of these ligand-dependent transcription factors 
must translocate to the nucleus upon cell stimulation with 
steroid hormones [48-50]. 

 In previous studies, our laboratory and others have re-
ported that the 51-kDa and 52-kDa FK506-binding proteins 
FKBP51 and FKBP52 are responsible in a mutually exclu-
sive fashion for the retrotransport mechanism of GR [51, 52] 
and MR [53, 54]. Both FKBPs are also regulators of the 
ligand-dependent transcriptional activity for those receptors 
[54-56] and other members of the family such as PR [57, 
58], AR [59, 60] and, to a minor degree, ER� [58, 61]. These 
Hsp90-binding immunophilins are highly homologous and 
share 60% homology and 75% similarity [62]. As shown in 
Fig. (1), they are structurally characterized by the presence 
of two key sequences: the TPR domain, through which they 
bind to Hsp90, and the peptidyl-prolyl isomerase (PPIase) 
domain [63], where the macrolide FK506 and also the 
dynein/dynactin motor complex bind. Both domains are 
essential for the retrotransport mechanism of steroid 
receptors [50, 64], the first because of its interaction with the 
chaperone and the second due to its capacity to bind motor 
proteins. Nonetheless, the enzymatic activity of the PPIase 
domain does not appear to be essential. Upon steroid 
binding, FKBP51 is released from the receptor•Hsp90 
heterocomplex and is replaced by FKBP52, which recruits 
dynein/dynactin motor proteins favoring the transport of the 
receptor to the nucleus on microtubule tracks [65] (Fig. 3). 
While FKBP52 favors steroid binding and transcriptional 
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favors steroid binding and transcriptional activity, FKBP51 
impairs both effects. 

 Both transcription factors, steroid receptors and NF-�B, 
show similar requirements for subcellular redistribution upon 
the onset of a given activating stimulus. A recent investiga-
tion showed that FKBP51 and FKBP52 affect the nuclear 
translocation of RelA/p65 and also influence the transcrip-
tional activity of NF-�B [66]. FKBP51 delays the nuclear 
translocation of p50•RelA/p65 and also shows inhibitory 
action on transcriptional activity, an effect related to its inca-
pacity to interact with dynein/dynactin [55], whereas 
FKBP52 shows a strong stimulatory effect on transcription. 
In contrast to steroid receptors, these biological actions for 
NF-�B are Hsp90-independent for NF-�B. This is confirmed 
by the fact that point mutants in the TPR domains of the 
FKBPs unable to bind Hsp90 show similar effects as the 
wild type immunophilins [66]. This Hsp90-independence 
indicates an innovative mechanism of regulation in diver-
gence with the steroid receptors, where their ligand-
dependent activation and transcriptional activity are mostly 

Hsp90-dependent. However Hsp90 has been associated to 
NF-�B activation by its role on IKK regulation, as it is de-
scribed below. Importantly the PPIase activity of FKBP52 
appears to be exceptional for this stimulatory action, whereas 
that enzymatic activity is not required for the FKBP51 in-
hibitory action. A similar independent effect on the PPIase 
activity was described for the regulation of the GR by 
FKBP51 [55, 67], whereas a PPIase-dependent mechanism is 
implicated for FKBP52 [55, 68]. 

 One interesting extrapolation of these effects is that the 
biological action of NF-�B may be regulated in different 
tissues and cell types by the overall expression balance of 
both immunophilins, which could contribute in part to the 
pleiotropic actions of NF-�B. Moreover, our assays showed 
that Hsp70 is also a RelA/p65-interactor, which is in agree-
ment with a very recent report in neurons [69] where the 
nuclear translocation of both RelA/p65 and Hsp70 was pos-
tulated to occur as a protein-protein complex. Interestingly, 
the up-regulation of Hsp70 was also reported to induce nu-
clear translocation of RelA/p65 in rat liver cells [70]. Never-

 
Fig. (2). Canonical, non-canonical, and atypical NF-�B signalling pathways. 
A) In the canonical NF-�B signalling pathway, lipopolysaccharides (LPS), tumor necrosis factor � (TNF�) or interleukin-1 (IL-1) activate 
Toll-like receptors (TLRs), tumor necrosis factor receptor (TNFR), and interleukin-1 receptor (IL-1R), respectively, leading to the activation 
of the IKK complex. This kinase phosphorylates I�B�, a prerequisite for its subsequent polyubiquitination followed by proteasomal degrada-
tion. NF-�B homo- or heterodimers are then translocated to the nucleus and activate gene transcription. B) In the non-canonical NF-�B sig-
nalling pathway, activation of CD40, receptor activator for nuclear factor �B (RANK), B-cell activation factor (BAFFR), or lymphtoxin �-
receptor (LT�R), leads to activation of IKK� by the NF-�B-inducing kinase (NIK). IKK� phosphorylates the p100 subunit leading to its 
polyubiquitination and subsequent partial proteosomal processing to yield the p52 subunit. p52•RelB heterodimers can then activate tran-
scription of target genes. C) In the atypical NF-�B signalling pathway, genotoxic stress leads to a translocation of IKK� (also called NEMO) 
to the nucleus, where it is sumoylated and subsequently ubiquitinated. This process is mediated by the ataxia telangiectasia mutated (ATM) 
checkpoint kinase. IKK� and ATM return to the cytosol where they are able to activate IKK�. 
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theless, the RelA/p65 and Hsp70 interaction not always leads 
to positive effects on NF-�B activation. The initial reports 
showed interactions that involve stress-induced situations 
where the effects of heat-shock proteins reduce the inflam-
matory responses [71]. In this scenery, it was proposed that 
overexpressed Hsp70 is able to interact with NF-�B, sug-
gesting that Hsp70 may substitute I�B by anchoring NF-�B 
to the cytoplasm. Only increased accumulation of the chap-
erone could result in an inhibition complex of NF-�B [72]. It 
was also reported that Hsp70 shows similar effects on vari-
ous intracellular immune pathways and signalling in the 
brain [73], although it cannot be ruled out that the biological 
actions may be cell- and stimulus-dependent. Also, it has 
been shown that Hsp70 interacts with the IKK complex to 
decrease NF-�B signalling [74] as well as with other mem-
bers of the inflammatory signalling cascade preventing their 
actions [75, 76]. 
 The I�B/NF-�B cytosolic complex is subject to dynamic 
dissociation/reassociation events. Experiments with IKK� 
knockout mice [77] demonstrated defective cell proliferation 
and differentiation and have also shown that IKK� is dispen-
sable for I�B degradation. Moreover IKK� has been re-
ported to be required for the termination of NF-�B activation 
[78]. A physical interaction between FKBP51 and the IKK 
complex has been demonstrated, most likely via the IKK� 
subunit bound to Hsp90 [79, 80], but the biological function 
of FKBP51 on IKK signalling is still unclear [80] (Fig. 3). 
While down-modulation of Hsp90� and Hsp90� likewise 
resulted in reduced kinase activity, it has been shown that 
FKBP51 is not a constitutively associated component of the 
IKK complex [80], and its down-modulation interfered with 
neither TNF�-induced IKK activity nor I�B� degradation 
and RelA/p65 translocation. Actually, the experimental evi-
dence shows that the prevailing complex for the IKK•Hsp90 
complex to generate an activated state is the one that recruits 
Cdc37 rather than FKBP51 [80] (Fig. 3), both factors being 
transiently associated with NF-�B [80]. Importantly, in the 
same study it was also reported that TNF� is unable to mod-
ify the association of IKK with those interacting factors. In 
short, the role of FKBP51 on NF-�B signalling cascade re-
mained elusive to date. It is unlikely that both Hsp90-
interacting factors, Cdc37 and FKBP51, are part of the same 
IKK complex since it has been demonstrated that the binding 
of a TPR protein to Hsp90 precludes the binding of Cdc37 
and vice versa, perhaps due to the fact that both proteins bind 
to adjacent domains of the chaperone [81]. Because FKBP51 
is able to associate to IKK, and because Cdc37 is essential 
for the maturation of de novo synthesized IKKs into enzy-
matically competent kinases, but not for assembly of an IKK 
holocomplex, it could be possible that the role of FKBP51 is 
more related to the assembly process with IKK in similar 
fashion as the Hsp90 co-chaperone Hop (Heat-shock organ-
izing protein) is intermediary for GR•Hsp90 assembly, but it 
is not present in mature complexes [82]. 

 Figure 3 depicts the proposed novel mechanism for the 
regulation of NF-�B biological actions by FKBP51 and 
FKBP52. These immunophilins affect NF-�B activation at 
different levels, i.e. nuclear transport, nuclear retention, and 
transcriptional activity. It is important to emphasize that en-
dogenous FKBP51 was found constitutively associated to the 
promoter regions of an NF-�B target gene, whereas FKBP52 

replaces FKBP51 in stimulated cells. Moreover, while 
FKBP51 represses NF-�B transcription, FKBP52 greatly 
enhances this activity in a mechanism that involves its PPI-
ase enzymatic activity (and is therefore impaired by PPIase 
inhibitory drugs) (Fig. 3). 

 A crucial nuclear mechanism for gene expression is the 
modification of the chromatin environment of the respective 
genes. It has been shown that when NF-�B is activated, his-
tone phosphorylation can be mediated by nuclear IKK� that 
is recruited to the promoter sites of NF-�B-regulated genes 
[83, 84]. Among a number of chromatin remodelers is the 
PPIase protein Pin1 [85], an immunophilin-like protein that 
also targets RelA/p65 [86]. Because PPIase-induced confor-
mational changes have functional effects on target proteins, 
the action of Pin1 on RelA/p65 is reflected in a more effi-
cient nuclear accumulation of RelA/p65 and also a greater 
stability by preventing its ubiquitin-mediated proteolysis 
[86]. In certain types of cancer cells, Pin1 is usually up-
regulated [87-89] whereas the E3-ubiquitin-ligase of 
RelA/p65, SOCS1 is down-regulated [90-92] or mutated 
[93], all of which may contribute to the constitutive activa-
tion of NF-�B in those cancers. A similar mechanism can be 
proposed here for the expression balance of FKBP51 and 
FKBP52, in particular for the latter immunophilin that shows 
an important stimulatory action dependent on its PPIase ac-
tivity. 

FUTURE PERSPECTIVES 

 Given the role played in the initiation and progression of 
cancer, the NF-�B signalling pathway is a potent node of 
pharmacological interference in the clinic. Because NF-�B is 
also an essential protein in the immunological response 
against cancer, there has been a reluctance to use NF-�B-
targeting inhibitors for the treatment of such malignancies. 
Nevertheless, combining classical chemotherapeutics with 
inhibitors of NF-�B activation seems to result in a promising 
synergistic strategy [94, 95]. Elevated NF-�B activity and/or 
higher half-life persistence in the nucleus of cancer cells 
(like that observed with FKBP52) provide a survival mecha-
nism by up-regulating anti-apoptotic genes, thereby repre-
senting a major causative factor for drug resistance [96].  

 The development of immunophilin ligands appears to 
have promising perspectives in the coming years [97]. Thus, 
the ability to regulate the functions of a specific protein us-
ing cell-permeable small molecules like those that bind 
FKBPs is an unquestionably powerful method, not only to 
study biological systems, but also a desired alternative to be 
used in therapeutic treatments. In line with this aim, it has 
recently been reported the synthesis of two novel compounds 
named SAFit1 and SAFit2, that are highly selective inhibi-
tors of FKBP51 [98]. This new class of ligands achieves 
selectivity for this immunophilin by an induced-fit mecha-
nism that is much less favorable for FKBP52. By using these 
ligands, it was confirmed and original report showing that 
the selective inhibition of FKBP51 enhances neurite elonga-
tion in neuronal cultures [99] and, even more importantly, 
that these drugs improve neuroendocrine feedback in vivo as 
well as stress-coping behavior [98]. 

 Ideally, the biological function of certain nuclear factors 
could be regulated if we can influence the mechanisms by 
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which they reach their sites of action. In this sense, because 
NF-�B is active in many cancer cells and its persistent local-
ization in the nucleus strengthens or directly leads to tumor 
development. Therefore, based on the model shown in Fig. 
(3), it is tempting to think that targeting specifically the PPI-
ase activity of FKBP52 (essential for its enhancement action 
on NF-�B effects) could be a promising novel regulatory 
approach to prevent NF-�B activity. 
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Abstract: Steroid hormone receptors are ligand-dependent transcription factors that require the dynamic, ordered assem-
bly of multimeric chaperone complexes to reach a functional conformation. Heat shock protein (Hsp) 70 and Hsp90 serve 
as the central chaperones that mediate this process in conjunction with a variety of co-chaperones. Many of these co-
chaperones represent potential therapeutic targets for the disruption of Hsp90 client protein function. FKBP52 is an 
Hsp90-associated co-chaperone that has emerged as a promising therapeutic candidate due to its functional specificity for 
a small subset of Hsp90 client proteins including androgen (AR), glucocorticoid (GR), and progesterone (PR) receptors. 
Given its Hsp90-client protein specificity, the targeting of FKBP52 should be more specific and less toxic than the Hsp90-
targeting drugs. Additionally, the fkbp52-deficient mice display specific phenotypes related to androgen, progesterone, 
and glucocorticoid insensitivity suggesting minimal off-target effects. Finally, the fact that FKBP52 is already a validated 
target of the clinically approved immunosuppressive drug, FK506 (Tacrolimus), indicates that FKBP52 is a “druggable” 
protein. Thus, the development of FKBP52-specific small molecule inhibitors is predicted to be a highly targeted strategy 
with potential for the treatment of any disease that is dependent on a functional AR, GR, and/or PR signaling pathway. 
Much progress has been made in understanding the residues and domains critical for FKBP52 function. The proline-rich 
loop overhanging the FKBP52 FK1 catalytic domain is functionally important and likely represents an interaction surface 
within the receptor-chaperone complex. Thus, the targeting of FKBP52 proline-rich loop interactions is the most attractive 
therapeutic approach to disrupt FKBP52 regulation of receptor activity in steroid hormone receptor-dependent physiology 
and disease. 

Keywords: Androgen receptor, FKBP4, FKBP52, glucocorticoid receptor, immunophilin, progesterone receptor, prostate can-
cer, steroid hormone receptor.  

INTRODUCTION 

 The proper folding and activity of steroid hormone recep-
tors requires no less than twelve proteins and at least three 
distinct chaperone/receptor complexes. Many of these chap-
erones and co-chaperones are attractive targets for the treat-
ment of a variety of diseases. The heat shock protein 90 
(Hsp90)-associated 52-kDa FK506-binding protein 
(FKBP52) is of particular interest as FKBP52 is a known 
positive regulator of androgen (AR), progesterone (PR), and 
glucocorticoid receptor (GR) activity, and serves as an at-
tractive therapeutic target for any disease that depends on a 
functional AR, PR, and/or GR signaling pathway. Much 
progress has been made in understanding the mechanisms by 
which FKBP52 regulates receptor signaling and the resulting 
roles it plays, not only in hormone-dependent processes, but 
also in endocrine-independent functions, including cell archi-
tecture, neurodifferentiation, and metal transport. This re-
view summarizes the current understanding of chaperone-
dependent SHR folding, FKBP52 interactions within the  
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receptor-chaperone complex, FKBP52 contributions to 
health and disease, and FKBP52’s potential as a therapeutic 
candidate for hormone-dependent and hormone-independent 
diseases. Furthermore, based on the progress that has been 
made in understanding residues and/or domains critical for 
function, we discuss the most promising strategies for the 
therapeutic targeting of FKBP52. 

CHAPERONE-MEDIATED STEROID HORMONE 
RECEPTOR MATURATION 

 Steroid hormones are small lipophilic molecules whose 
functions are mediated by intracellular receptor proteins 
termed steroid hormone receptors (SHRs) including AR, PR, 
GR, mineralocorticoid (MR), and estrogen receptors (ER). 
These receptors are ligand-regulated transcription factors 
that are required to be in continuous interactions with mo-
lecular chaperones and co-chaperones to establish and main-
tain their functionally mature conformations necessary for 
hormone binding and the subsequent control of a diverse 
array of physiological processes and/or promotion of disease 
states. The activation and maturation of the SHRs depend on 
interactions within the Hsp90-mediated chaperoning path-
way, which is an ordered, dynamic, and cooperative series of 
events that involves multiple chaperone and co-chaperone 
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components. The heat shock proteins Hsp40, Hsp70, and 
Hsp90 in addition to the co-chaperones Hsp70/Hsp90 organ-
izing protein (Hop) and p23 are minimally required for effi-
cient SHR folding and maintenance of receptor hormone 
binding ability in vitro. Furthermore, SHRs must chrono-
logically cycle through three distinct complexes, each with 
different chaperone and co-chaperone compositions, to reach 
their final active conformations (Fig. 1) [1-12]. While this 
review focuses on FKBP52 as a therapeutic target, it is im-
portant to point out that the chaperone-dependent folding, 
activation and regulation of SHRs presents a variety of op-
portunities for therapeutic intervention. Thus, we also dis-
cuss the chaperone-dependent folding and activation path-
way, and other potential targets for the disruption of SHR 
folding in detail below.  

EARLY COMPLEX 

 Little is known about the SHR folding process prior to 
nascent chain folding as the receptors emerge from the ribo-
some. However, in vitro receptor-chaperone complex assem-
bly studies suggest Hsp40 and Hsp70 binding as the first step 
in the recognition of PR and GR, respectively, in the Hsp90-
dependent chaperoning pathway through binding to a single 

site in the receptor ligand binding domain (LBD), yet the 
exact binding site has not been identified [4, 13]. Regardless 
of the exact details, an early primary role for Hsp70 in recep-
tor maturation is clear. The nascent SHRs are bound by 
Hsp70 in an ATP-dependent manner. The J-domain of 
Hsp40 stimulates Hsp70 ATPase activity leading to a con-
formational change that results in a tight association of 
Hsp70 with the substrate [4, 14]. Thus, the early complex of 
the chaperoning pathway consists of Hsp70 and Hsp40 com-
ponents that prime the receptor for a second ATP-dependent 
interaction with Hsp90 to form the intermediate complex [4, 
15]. A surveillance system in eukaryotic cells also functions 
at this stage in the folding cycle to modulate “protein triage” 
decisions that regulate the balance between protein folding 
and degradation for chaperone substrates [16]. 

PROTEIN QUALITY CONTROL: UBIQ-
UITIN/PROTEASOMAL SYSTEM 

 Carboxyl terminus of Hsp70-interacting protein (CHIP) 
is a tetratricopeptide repeat (TPR)-containing co-chaperone 
that functions as a U-box dependent E3 ubiquitin ligase [17, 
18]. It binds to both Hsp70 and Hsp90 through its TPR do-
main and inhibits the folding activity of the chaperones by 

 
Fig. (1). Chaperone-mediated steroid hormone receptor folding. Receptors associate with chaperones and co-chaperones as they cycle 
through early, intermediate, asymmetric intermediate, and mature complexes offering a variety of opportunities for therapeutic intervention. 
Early complex assembly is initiated upon Hsp40 binding to the nascent receptor polypeptide residing in the cytosol. Hsp40 recruits Hsp70 
where the fate of the nascent polypeptide is determined to proceed with the intermediate complexes or towards proteasomal degradation. The 
carboxyl terminus of Chip is an E3 ubiquitin ligase that, along with BAG proteins, directs misfolded receptors towards the ubiquitin and 
proteasomal degradation pathways. In the intermediate complex SGTA binds to Hsp70. Hsp70 then recruits HIP and HOP forming a bridge 
for Hsp90’s binding into the complex. As the nascent polypeptide travels through the asymmetrical complex the immunophilins (I) bind in a 
competitive fashion to Hsp90 allowing for a conformational change. Further, the mature complex forms as HIP, HOP, and SGTA dissociate 
and p23 binds to stabilize the receptor-Hsp90 complex in the mature conformation to which hormone can bind with high affinity. The recep-
tor is then able to translocate to the nucleus, dimerize and bind to hormone response elements to initiate gene transcription. 
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confining the chaperone in an ATP-bound conformational 
state [16, 18]. CHIP plays a pivotal role in the conversion of 
the chaperone complex from a protein-folding apparatus to a 
protein-degradation machine by promoting the ubiquitination 
of chaperone substrates and stimulates their degradation by 
targeting them to the ubiquitin/proteasome pathway [16, 19]. 
In addition, biochemical studies have demonstrated that 
CHIP participates in triage decisions based on stochastic 
sampling of chaperone-bound substrate complexes [20]. 
CHIP randomly samples the chaperone-bound substrates and 
the ones that cannot be folded efficiently and/or correctly 
would consequently stay in the chaperoning cycle longer and 
eventually be ubiquitinated and targeted for degradation 
[20]. In addition to CHIP, the co-chaperone Bcl-2-associated 
athanogene 1 (BAG-1) has also been reported to act as a 
coupling factor between the Hsp70 chaperone system and the 
protein degradation machinery [21, 22]. BAG-1 binds to 
Hsp70 via its C-terminal BAG domain while its N-terminal 
ubiquitin-like domain associates with the ATPase domain of 
the chaperones leading to the release of the ubiquintylated 
substrate and, at the same time, serves as a physical link be-
tween the Hsp70 and the 26S proteasome [21, 23-25]. Thus, 
BAG-1 plays a dual role, both as a scaffolding factor at the 
proteasome and as a substrate release factor of Hsp70. It is 
worth noting that CHIP cooperates with BAG-1 in targeting 
Hsp70 substrates to the ubiquitin/proteasome system [26]. 
CHIP associates with Hsp70 via its TPR domain and medi-
ates ubiquitin attachment to the aberrantly folded substrate 
bound to the chaperone by recruiting and binding of the E2 
ubiquitin-conjugating enzyme to its C-terminal U-box. At 
the same time, BAG-1 binds the Hsp70 via its BAG domain 
and utilizes its ubiquitin-like domain for releasing of the 
ubiquitylated substrate from the chaperone and targets it to 
the 26S proteasome where their de-ubiquitylation, unfolding, 
and degradation occur [26]. Interestingly, recent biochemical 
assays indicated that S100 proteins bind to TPR domains and 
interfere with CHIP/Hsp70 interactions leading to suppres-
sion of CHIP-dependent ubiquitination and degradation [27]. 
Therefore, the association of the S100 proteins with CHIP 
provides a Ca2+-dependent regulatory mechanism for the 
ubiquitination and degradation of intracellular proteins by 
the CHIP-proteasome pathway. 

INTERMEDIATE COMPLEX  

 Those substrates deemed suitable for continued folding, 
as described above, are shuttled to intermediate complexes. 
Hsp70-interacting protein (Hip) facilitates intermediate com-
plex formation by interacting with Hsp70 through its N-
terminal TPR domain, which prevents dissociation of ADP 
from Hsp70. Since ADP-bound Hsp70 binds substrate with 
higher affinity, the binding of Hip with Hsp70 enhances the 
interaction of SHR with Hsp90 and Hop [1, 28-32]. Hop is 
another member of the TPR-containing co-chaperone family, 
which contains a specialized and conserved TPR-clamp do-
main consisting of TPR1, TPR2A, and TPR2B. Hop func-
tions as a scaffold protein between the Hsp90 dimer and 
Hsp70 by their binding to its TPR2A and TPR1/ TPR2B 
motifs, respectively, enabling the client transfer between the 
chaperones [1, 6, 33, 34]. Recent studies have shown one 
Hop bound to Hsp90 dimer is sufficient to stabilize the dimer 
in an open conformation. In this intermediate complex, Hop 

binding to the TPR-acceptor site introduces a steric hin-
drance that prevents the other C-terminal TPR-acceptor site 
on the Hsp90 dimer to be bound.  

 Apart from the C-terminal TPR-acceptor motif, a novel 
site for TPR co-chaperone interaction near the N-terminal 
ATP binding domain of Hsp90 has recently been discovered 
[35]. This TPR-acceptor motif on the Hsp90 dimer is prefer-
entially occupied by TPR-containing co-chaperones contain-
ing a PPIase domain and the interaction leads to the forma-
tion of an asymmetric Hsp90 intermediate complex [36-38]. 
GCUNC-45 is such an example of a PPIase that binds to 
Hsp90 via its TPR domain forming an asymmetric interme-
diate complex during PR chaperoning. Yeast two-hybrid 
analyses have revealed that GCUNC-45 directly interacts 
with a novel TPR-acceptor site near the N-terminus of Hsp90 
[35]. The primary function of N-terminal domain (NTD) of 
Hsp90 is to bind ATP, which then induces an interaction 
between the NTDs of the Hsp90 dimer. This dimerization is 
further facilitated by the binding of activator of Hsp90 AT-
Pase homologue 1 (Aha1) to the middle domain (MD) of the 
chaperone leading to the repositioning of a catalytic loop of 
this domain that interacts with the � phosphate of ATP bound 
in the NTD [39, 40]. Mutational analyses have revealed that 
the GCUNC-45 binding motif on Hsp90 was generated by a 
spatial positioning of noncontiguous residues in the ATP 
binding domain [41]. Thus, it is suggested that binding of 
GCUNC-45 to the novel TPR-acceptor site near the N-
terminus of Hsp90 may result in a spatial re-orientation be-
tween the NTD and MD leading to inhibition of ATPase 
activity of the chaperone by blocking the binding of Aha1 to 
MD, even though the two proteins do not share a common 
binding site [35, 41]. Thus, GCUNC-45 enters the chaperon-
ing pathway at the intermediate stage forming an asymmetric 
intermediate complex with Hsp90/Hop intermediate complex 
and blocks progression of the PR complex to the next step 
with the purpose of allowing time for additional needed 
chaperoning events to occur. This confined regulation event 
by GCUNC-45 can be reversed in the presence of another 
PPIase TPR-containing co-chaperone, such as FKBP52, 
whose structure and function will be discussed in further 
detail below. PR assembly studies have demonstrated that 
GCUNC-45 functions upstream of FKPB52 during the chap-
eroning [35]. In addition, FKBP52 can reverse the confined 
inhibition by GCUNC-45 and promotes the progression of 
the PR chaperoning cycle toward the hormone binding com-
petent mature state by competitively binding with GCUNC-
45 for the novel TPR binding site near the N-terminus of 
Hsp90 [35, 41]. What induces the displacement of GCUNC-
45 is unknown; it could be a response to specific signals 
and/or imbalance in intracellular homeostasis during the re-
ceptor chaperoning. It has recently been reported that S100 
proteins, which are a subfamily of the EF-hand type calcium 
(Ca2+)-sensing proteins, compete with Hsp90 for the TPR 
domain of FKBP52 and cyclophilin 40 (Cyp40), which is 
another TPR-containing PPIase protein that is able bind to 
the N-terminal TPR acceptor site, in a Ca2+-dependent man-
ner [41, 42]. Given that GCUNC-45, FKBP52, and Cyp40, 
but not Hop, bind to S100 suggests that only a selective sub-
group of TPR co-chaperones is able to bind to the N-terminal 
TPR-acceptor site. S100 proteins regulate this subgroup of 
co-chaperones by binding to the TPR domain to competi-
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tively inhibit the FKBP52-Hsp90 and Cyp40-Hsp90 interac-
tions. Interestingly, studies have shown that S100 proteins 
can also regulate the Hsp70/Hop/Hsp90 intermediate com-
plex in a Ca2+-dependent manner by binding to the TPR 
domains of Hop, hence disrupting the Hop-Hsp70 and Hop-
Hsp90 interactions [43]. No matter what the details, it is un-
deniable that the presence of two Hsp90 sites for TPR pro-
tein interaction provides additional flexibility and control in 
modulating the Hsp90 co-chaperones and its clients during 
the chaperoning process. 

 Small glutamine-rich tetratricopeptide repeat-containing 
protein alpha (SGTA) is a co-chaperone that interacts di-
rectly with Hsp70, but weakly with Hsp90, via its C-terminal 
TPR domain and predominantly precipitates with Hsp70 
from cell lysates [44, 45]. Interestingly, SGTA lacks a PPI-
ase domain, which is a common feature among the related 
TPR proteins. Studies have shown that interaction with 
SGTA enhances Hsp70’s and/or Hsp90’s substrate binding 
affinity and the ATPase activity of the chaperones by favor-
ing their ADP-dependent association with client molecules 
[44, 46, 47]. Studies by Buchanan et al. demonstrated that 
the binding of dihydrotestosterone (DHT) induces the disso-
ciation of SGTA from the hinge region of AR, and con-
versely, its overexpression decreases the capacity of the 
hormone to mediate receptor transport to the nucleus [48]. In 
agreement with their experiments, our lab has reported that 
SGTA associates not just with AR, but also with GR and PR 
to regulate receptor activity. Furthermore, knock-
down/deletion of SGTA enhances receptor activity, whereas 
the overexpression of the co-chaperone suppresses receptor 
activity [45]. Taken together, the data suggest that SGTA 
participates in the Hsp70/Hsp90-mediated intermediate com-
plex and plays a quality control role in the chaperone-
dependent receptor maturation. It suggests that SGTA enters 
the chaperoning pathway at the intermediate stage forming 
an intermediate complex and/or asymmetrical intermediate 
complex with Hsp70, Hsp90, Hop, and receptor substrate by 
interacting with the hinge region of the receptor and binding 
to Hsp70 via its TPR domain. However, the binding of 
SGTA to the hinge region affects receptor nuclear transport 
since the receptor nuclear targeting sequence overlaps with 
the SGTA binding site [49]. Thus, this putative model pro-
vides an explanation for the fact that SGTA is a negative 
regulator of the receptors and its overexpression suppresses 
receptor activity, abrogates the regulation of receptor func-
tion by FKBP52, and decreases ligand-mediated receptor 
transport to nucleus. 

MATURE COMPLEX 

 Biophysical studies using fluorescence resonance energy 
transfer (FRET) have shown that, once the temporary inhibi-
tion of Hsp90 ATPase activity imposed during the asymmet-
rical intermediate complex has been removed, ATPs quickly 
bind and secure the nucleotides by closing the ATP lids re-
sulting in conformational changes in Hsp90 leading to the 
closing of the NTDs [50, 51]. This structural modification 
reduces the affinity of Hop for the assembly resulting in the 
exiting of the adaptor protein and its associated Hsp70. At 
the same time, Aha1 binds the MD to facilitate the domain 
repositioning and interaction with NTDs [39]. The dimerized 
N-terminal conformation recruits the p23 co-chaperone and 

one of several TPR-containing PPIases (e.g. FKBP52) [52]. 
p23 is a small acidic protein containing an unstructured C-
terminal tail, which is essential for its intrinsic chaperone 
activity [53, 54]. Additionally, it is a conformation-specific 
co-chaperone that binds exclusively to the closed conforma-
tion of Hsp90 [55, 56]. Furthermore, p23 facilitates the 
maturation of client proteins (e.g. SHRs) by stabilizing the 
closed conformation of Hsp90 [7, 52, 53]. In fact, studies 
have shown that the presence of p23 can partially inhibit 
Hsp90 ATP hydrolysis, which is indispensable for the re-
lease of the client protein, such as SHRs [10, 57-61]. It is 
worth noting that it is in this active Hsp90/p23/TPR-
containing PPIase mature complex that the SHR is capable 
of high affinity hormone binding. Upon ligand binding, the 
receptor dimerizes and translocates to the nucleus, which 
then binds to the hormone response element (HRE), which in 
turn, recruits other co-regulators resulting in regulation of 
various physiological functions such as development, differ-
entiation, metabolic homeostasis, and reproduction. Ligand 
binding to the receptor has long been thought to be the trig-
ger that stimulates release of the receptor from the chaperone 
complex allowing receptor translocation to the nucleus. 
However, studies have shown that ligand-bound GR is able 
to undergo dynamic cycling with the chaperone machinery, 
which is essential for receptor trafficking to, and within, the 
nucleus [62, 63]. In the absence of ligand binding, the mature 
complex stays active until the hydrolysis of ATP followed 
by the dissociation of the NTDs of Hsp90 leading to the re-
lease of p23, the TPR-containing PPIase, and the folded cli-
ent protein from the chaperone [37, 64]. Finally, the free 
hormone receptors re-enter the chaperoning cycle by binding 
to Hsp40 and Hsp70 for refolding. 

THE FKBP52 CO-CHAPERONE 

 FKBP52 has been identified as one of the TPR-
containing PPIase co-chaperones that are involved, together 
with Hsp90 and p23, in the mature SHR/chaperone complex. 
It is in this form of the complex that the SHRs are capable of 
high affinity hormone binding and consequently translocate 
to the nucleus to modulate transcriptional activity. While 
FKBP52 is not an absolute requirement for SHR hormone 
binding and signaling in vitro [9, 65, 66], it is required for 
efficient AR, GR, and PR hormone binding and activity at 
low concentrations of hormone [67, 68]. Thus, it is assumed 
that receptor activity in vivo is dependent on FKBP52 at 
physiological hormone concentrations. FKBP52 belongs to a 
family of immunophilins that is characterized by a conserved 
PPIase domain, which has peptidyl-prolyl cis/trans isomerase 
activity and also serves as a binding site for the immunosup-
pressive drug, FK506 [69]. Sequence data, hydrophobic clus-
ter analysis, and crystallographic structures of overlapping 
FKBP52 fragments suggested the protein is composed of 
four distinct domains (Fig. 2a) [70-73]. The first two con-
secutive FKBP domains, FK1 and FK2, are structurally simi-
lar to the PPIase domain of FK506-binding protein 12 
(FKBP12); which includes a functional site for PPIase activ-
ity (FK1) and a PPIase-like domain that lacks PPIase activity 
(FK2) [74]. Three TPR motifs occupy the third structural 
domain [75] while the fourth C-terminal domain (C-
Terminal Tail) contains a motif important for binding Hsp90 
and putative calmodulin (CaM) binding sites [71]. In the 
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following sections, we will discuss the current understanding 
of FKBP52 structural features and how those features con-
tribute to FKBP52 interactions and functions within the 
SHR/chaperone complex. 

C-TERMINAL TAIL 

 The C-terminal 60 amino acids, more specifically a 20-
amino acid consensus sequence motif within this region, play 
an important role for Hsp90 binding. Within this consensus 
sequence motif is an 11-amino acid conserved region 
(charge-Y motif), which can be found in other human TPR-
containing Hsp90 co-chaperones. The charge-Y motif is de-
fined by the sequence -+-+X�YXXMF, where - represents 
Glu or Asp, + represent Lys or Arg, � represents a hydro-
phobic amino acid, and X represents any amino acid [76]. In 
addition to the charged-Y motif, the extreme C-terminal 30 
amino acids also have a significant impact on Hsp90 binding 
[76]. Thus, the C-terminal regions outside the core TPR re-
gions are important for optimum FKBP52 binding to Hsp90. 
The extreme C-terminus of FKBP52 (amino acid 400-458) 
also contains two predicted CaM binding sites, which en-
ables the protein to bind to CaM-Sepharose in a Ca+2-
dependent manner [71]. Amino acid sequence analysis re-
vealed the presence of PEST sequences within the predicted 
sites, which are generally present in CaM-binding proteins 
[71, 77]. However, the biological function of these CaM 
binding sites is still unknown. 

TPR DOMAIN 

 The core TPR domain (amino acids 264-400) is com-
posed of three tandem repeats of a degenerate 34-amino acid 
motif. Crystallographic data have shown that each TPR motif 
adopts a helix-loop-helix conformation and adjacent units 
stack in parallel to form a saddle-shaped domain with a con-
cave binding pocket that mediates protein-protein interac-
tions [78-80]. It is in this conformation that the TPR domain 
interacts with the MEEVD sequence in the extreme C-
terminus of Hsp90. Mutagenesis studies have shown that 
peptide bonding is mediated through electrostatic interac-
tions by which the basic residues of the TPR domain interact 
with the terminal aspartate of the pentapeptide [81]. The im-
portance of the interaction is evident by the fact that a single 
mutation (K354A) within the TPR can significantly reduce 
FKBP52 binding to Hsp90 and abolished FKBP52-mediated 
potentiation of receptor function. In addition, FKBP52 do-
main truncation mutants demonstrated the TPR domain in-
teraction with Hsp90 alone is necessary but not sufficient for 
FKBP52 regulation of SHR function [82]. Thus, the core 
TPR domain is required for binding to Hsp90, but is inade-
quate for functional interaction with SHR/Hsp90 complexes 
[83]. In fact, additional contacts involving charged and hy-
drophobic residues upstream of the Hsp90 MEEVD se-
quence are required for enhancement of the affinity and 
specificity of the interaction [47, 81]. The MEEVD pen-
tapeptide is located at the extreme C-terminus of Hsp90 is 
not the only interaction site for TPR domain-containing pro-
teins. As discussed above, recent studies have identified a 
novel region for TPR co-chaperone interaction at the N-
terminal ATP binding domain of Hsp90 [35, 41]. Mutational 
analyses demonstrated that an acidic motif can be generated 
by a spatial positioning of noncontiguous residues (E42, 

N46, D49, D52, L51, and D88) within and/or near the ATP 
binding pocket of Hsp90, which are necessary for the bind-
ing of TPR domain-containing proteins [41]. As aforemen-
tioned, recent biochemical studies have demonstrated S100 
proteins compete with Hsp90 for FKBP52 TPR domain in a 
Ca2+-dependent manner, hence regulating the immuno-
philin-Hsp90 complex formation [42].  

FK2 DOMAIN 

 A direct functional role for the FK2 domain (amino acids 
167 to 253) has not been identified. It is a required domain to 
maintain the overall size and structure of the large FKBPs. 
Despite the fact that it is structurally similar to FKBP12, it 
only has 26% sequence identity (44% similarity) and mar-
ginal to no PPIase and drug-binding activities [74, 84]. Evo-
lutionarily, FK2 appears to result from a duplication event of 
the FK domain. Mutagenesis and FKBP51/FKBP52 chimeric 
protein studies demonstrated that there is a unique interac-
tion between the FK2 and TPR domains that is important for 
full SHR potentiating ability [85]. Furthermore, deletion of 
three residues (D195, H196, and D197) within the FK2 do-
main of FKBP51, a closely related protein that often antago-
nizes FKBP52-mediated functions, resulted in abnormal in-
tegration of FKBP51 into progesterone receptor (GR) com-
plexes [84]. Thus, specific residues and/or regions likely 
exist within FK2 that contribute directly to receptor regula-
tion and possibly influence interactions with the components 
of the receptor-chaperone complex or the receptor itself. 
Further studies are needed to define those critical residues 
and/or regions within FK2 that are required for regulation of 
receptor activity. Interestingly, FK2 contains a consensus 
ATP/GTP-binding sequence located between amino acids 
199 and 222, which can be phosphorylated in vitro in the 
presence of CaM in an ATP-dependent manner [86, 87], 
although the ability of FKBP52 to bind and hydrolyze nu-
cleotide has not been demonstrated. In fact, sequence and 
structural comparison data have demonstrated that FK2 dis-
plays structural similarity to the TPR-containing homolog 
FKBP38, which is PPIase-inactive under basal conditions 
but can be allosterically activated by CaM [88-91]. The fact 
that FKBP52 contains a putative CaM-binding motif at the 
extreme C-terminus suggests that a similar allosteric activa-
tion mechanism for the FK2 domain of FKBP52 exists. 

FK LINKER 

 The crystal structures of FKBP52 revealed a 9-amino 
acid long (amino acids 138-167) flexible and solvent-
accessible hinge region that connects the FK1 and the FK2 
domains termed the FK linker [92]. Within this linker region 
there is a consensus casein kinase II (CKII) phosphorylation 
site (TEEED). FKBP52 is phosphorylated by CKII at T143, 
which is a major phosphorylation site both in vivo and in
vitro [93]. In silico modeling and structural analyses revealed 
that T143 phosphorylation destabilizes the FK linker region 
and induces the allosteric rearrangement of the FK1 domain 
[92-94]. FK1, as will be discussed in more detailed in the 
following section, particularly the integrity of proline-rich 
loop that overhangs the PPIase pocket, is a functionally im-
portant interaction surface that is required for FKBP52-
mediated potentiation of SHR response to hormone. Phos-
phorylation of T143 destabilizes the conformation of the 
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linker resulting in a widening of the architecture and intro-
duces a steric hindrance by disrupting the hydrogen-bonding 
network within the region causing a re-orientation within the 
linker [94]. Subsequently, weakening the FK1-FK2 contacts 
introduces a remodeling of the FK1 catalytic domain by 
twisting a short �-helix that forms one side of the PPIase 
active site [94]. Interestingly, tyrosine phosphorylation of 
FKBP52 influences adeno-associated virus type 2 (AAV) 
second-strand DNA synthesis by binding to single-stranded 
D-sequence-binding protein within the virus’ terminal re-
peats limiting high-efficiency transgene expression, which 
may have important implications for the optimal use of AAV 
vectors in human gene therapy [95, 96]. In addition to the 
T143 phosphorylation site, a conserved negatively charged 
motif that was predicted to be a complementary nuclear lo-
calization signal (NLS) recognition sequence also localizes 
within the FK linker region [67]. FKBP52 is primarily local-
ized in the nucleus with a minority co-localizing with micro-
tubules in the cytoplasm. Biochemical studies have shown 
that antibodies raised against the NLS impede the hormone-
mediated translocation of glucocorticoid receptor (GR) in the 
nucleus [67]. This suggests that the sequence is required for 
anterograde movement of FKBP52 to the cytoplasm where is 
associates with the Hsp90 heterocomplex to facilitate the 
passage of the untransformed receptor through the nuclear 
pore. 

FK1 DOMAIN 

 The FK1 domain is located within the first 138 amino 
acids in the N-terminus of FKBP52. Unlike the FK2 domain, 
FK1 contains a functional PPIase catalytic pocket located 
between amino acids 4-137 that has enzymatic activity com-
parable to that of FKPB12 [70, 74]. In vitro studies demon-
strated that FKBP52 selectively potentiates hormone-
dependent gene activation and hormone-binding affinity of 
AR, PR, and GR through interaction with the receptor LBD 
[82, 97, 98]. Interestingly, it is not the enzymatic activity of 
the FK1 that is required for receptor potentiation but the in-
tegrity of the PPIase pocket. Furthermore, gain-of-function 
mutagenesis studies identified a proline-rich loop that over-
hangs the catalytic pocket that is critically involved in recep-
tor interactions and enhanced hormone-mediated receptor 
activity [85]. Structural comparison of the corresponding 
loop of FKBP52 and FKBP51 revealed the most divergent 
regions in the domains between the two proteins are the �3 
bulge and �4-�5 loop (Fig. 2b). The �3 bulge occurs when 
there is a discontinuity in �-strand 3. In FKBP51, P76 (K76 
in FKBP52) enforces a shift of the �3 bulge toward the �2-
�3 loop, which forces E75 closer to the PPIase active site 
compared to D75 in FKBP52, thus, compromising FK1 ar-
chitecture (Fig. 2b) [92, 99]. The same principle applies to 
the FD67DV double mutation, which abolishes FKBP52–
dependent potentiation of GR and AR (Fig. 2b). Substantial 
structural differences between FKBP51 and FKBP52 are also 
found at the tip of the �4-�5 loop; FKBP52 has a proline at 
amino acid position 119 while FKBP51 has a leucine (Fig. 
2b). P119 of FKBP52 projects outward to form a hydropho-
bic notch alone, while with the trans configuration adopted 
by the P119-P120 peptide bond in the �4-�5 loop forms an 
important functional interface that contributes to the enhanc-
ing effects of FKBP52 (Fig. 2b) [85, 92]. On the contrary, 

L119 in FKBP51 projects inward and the cis conformation 
formed by the L119-P120 bond impairs the potentiation of 
steroid receptor activity (Fig. 2b) [85, 92]. Gain-of-function 
mutagenesis studies corroborate this structural data; the 
FKBP51 mutation L119P conferred significant receptor po-
tentiating ability, whereas the converse P119L mutation in 
FKBP52 decreased receptor potentiation. Interestingly, when 
a second residue, A116, in the �4-�5 loop was also mutated, 
the FKBP51-A116V/L119P double mutant potentiated hor-
mone signaling similar to that of wild type FKBP52 [85]. 
These results all emphasize the importance of architectural 
integrity of the proline-rich loop in acting as a critical inter-
face for regulating receptor interactions and activity. 

FKBP52 IN STEROID HORMONE-REGULATED 
PHYSIOLOGY AND DISEASE 

 Biochemical and cellular studies demonstrated that 
FKBP52 associates with the SHR chaperone complex to spe-
cifically potentiate the activities of AR, GR, and PR. The 
physiological significance of these findings has been cor-
roborated in fkbp52-deficient (52KO) mouse models as phe-
notypes related only to androgen, glucocorticoid and proges-
terone insensitivity have been characterized to date (Fig. 3) 
[97, 100]. These studies firmly established FKBP52 as a 
relevant factor in AR, GR and PR-related physiology and 
disease. 

PHENOTYPES IN FKBP52-DEFICIENT MICE 

 The observed reproductive phenotypes observed in the 
52KO mice are attributed to the loss of steroid receptor ac-
tivities. Male 52KO mice are infertile and display abnormal 
virilization with persistent nipples, ambiguous external geni-
talia, and dysgenic seminal vesicles and prostate [97, 100], 
which are consistent with androgen insensitivity in these 
tissues. Despite the androgen insensitivity, the testicular 
morphology, descent, histology, and spermatogenesis de-
velop normally with unimpaired androgen production and 
release from the testes [97], which might suggest that testos-
terone levels produced locally within the testis is high 
enough to compensate for significantly reduced AR activity. 
Alternatively, it is possible that a factor present within the 
testis can complement for the loss of FKBP52. Despite no 
observable defect in spermatogenesis, sperm isolated from 
the organ displayed abnormal tail morphology and reduced 
motility, which is not androgen-dependent [101]. These find-
ings may reflect FKBP52’s ability to bind to dynein motor 
proteins [67].  

 In contrast to what is observed in 52KO male mice, 
52KO females have no gross morphological abnormalities 
and display normal ovulation and fertilization, yet they are 
completely infertile [102]. The infertility is the result of 
failure in embryonic implantation and decidualization [98, 
102-104]. The estrogen receptor (ER) and PR are critical 
factors mediating embryonic implantation. Interestingly, 
the absence of FKBP52 leads to a selective failure of recep-
tor function resulting in female mice sterility. In fact, 
FKBP52 does not alter ER function in cellular studies and 
52KO mice show no signs of estrogen insensitivity. Rather, 
the implantation and decidualization failures result from an 
inability of the uterus to mount a decidualization response 
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to progesterone due to progesterone insensitivity and uter-
ine defects [102]. This implantation failure is also a result 
of an increased uterine oxidative stress and a reduced level 
of the antioxidant peroxiredoxin-6 (PRDX6) [104, 105]. 
Furthermore, the loss of FKBP52 promotes the growth of 
endometriotic lesions due to increased cell proliferation, 
inflammation, and angiogenesis [106]. These events are 
largely dependent upon progesterone actions, and, along 
with the corroborative data from both molecular and cellu-

lar studies, this confirms that FKBP52 is required for full 
PR activity in vitro and in vivo. Taken together, these data 
firmly establish a critical role for FKBP52 in reproductive 
development and success in both male and female mice, 
and these roles can be traced to support of AR and PR 
functions. 

 Due to the partial embryonic lethality in null 52KO mice 
[107], heterozygous fkbp52-deficient (52+/-) mice were gen-

Fig. (2). Structure of FKBP52 and the putative FKBP52 regulatory surfaces on AR. (a) A composite of two partial structures for human 
FKBP52 (protein databank number 1Q1C and 1P5Q) showing the locations of the functional domains of FKBP52. The individual domains as 
well as regions of functional importance are individually colored. The TPR domain (green) mediates binding to Hsp90 via the MEEVD motif 
at the extreme C-terminus of Hsp90. The FK2 domain (red) is structurally similar to FK1, but lacks PPIase activity and the ability to bind to 
the immunosuppressive ligand FK506. The FK linker (teal), which connects the FK1 (blue) and FK2 (red) domains, contains a casein kinase 
II (CKII) phosphorylation sequence that, when phosphorylated, abrogates FKBP52 function due to the re-orientation of FK1 domain confor-
mation. The FK1 domain (blue) is the primary regulatory domain for SHRs that displays FK506 binding and PPIase activity. FK1 is also 
important for FKBP52-mediated receptor potentiation. In particular, the proline-rich loop (yellow), also known as the �4-�5 loop, overhang-
ing the PPIase pocket of the FK1 domain is crucial for receptor regulation and has been proposed to serve as a functionally important interac-
tion surface. (b) A ribbon model of the FKBP52 FK1 domain is shown. The �4-�5 loop (yellow) and the �3 bulge (orange), and their respec-
tive residues (same colors), are structurally the most divergent regions at the periphery of the PPIase pocket between FKBP52 and its 
paralog, FKBP51. Mutational changes in the residues in and/or around the loop and bulge, such as residues F67/D68 (purple), can induce 
conformational changes in the pocket resulting in the obstruction of FKBP52-mediated receptor activity. (c) The left panel is a surface ren-
dering of the AR ligand binding domain showing the relative locations of the putative FKBP52 regulation sites including BF3 (blue), the H1-
H3 loop (green), and AF2 (purple). The right panel is a ribbon representation of the AR ligand binding domain, with dihydrotestosterone 
(teal) bound, showing the location of the mutated residues in relation to the BF3 surface. F673 (yellow) and P723 (orange) are within the 
BF3 surface and C806 (red) is buried directly below the surface. Mutations of these residues within the BF3 surface result in increased de-
pendence on FKBP52 for function. This is also the site to which the recently characterized inhibitor of FKBP52-regulated AR activity, 
MJC13, is predicted to bind. 
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erated to determine the in vivo roles for the co-chaperone in 
GR-mediated physiology. 52+/- mice manifested phenotypes 
associated with defective GR signaling including increased 
susceptibility to high-fight diet induced hepatic steatosis, 
hyperglycemia, and hyperinsulinemia. They also displayed 
glucocorticoid resistance and behavioral alterations under 
basal and chronic stress conditions [108, 109].  

 As previously discussed, FKBP52 does not alter ER 
function in cellular studies and 52KO mice do not manifest 
signs of estrogen insensitivity. However, studies have re-
ported that FKBP52 expression levels are associated with 
ER�, which implicates FKBP52 as a potential factor in 
breast cancer [110]. Treatment of breast cancer cells with 
estradiol resulted in an increased half-life of FKBP52 
mRNA, and both FKBP52 gene and protein expression have 
been reported to be significantly up-regulated and in ER�-
positive cell lines as compared with ER�-negative cell lines 
[110, 111]. Furthermore, the FKBP52 gene is epigenetically 
silenced by methylation in ER-negative, but not in ER-
positive, breast cancer cells [112]. Taken together, these 
studies have identified FKBP52 as a relevant factor in ER�-
positive breast cancer. In addition, recent studies suggest an 
increased reliance on AR signaling in triple negative breast 
cancer [113]. Given the known roles for FKBP52 in AR sig-

naling, these studies implicate FKBP52 as a potential target 
in triple negative breast cancer. 

FKBP52 IN Hsp90-INDEPENDENT PHYSIOLOGY 
AND DISEASE 

 Apart from the well-established roles of FKBP52 in SHR 
function, FKBP52 has been identified in complex with a 
variety of other client-Hsp90 heterocomplexes, such as those 
containing kinases, aryl hydrocarbon receptor, and heat 
shock transcription factor to name a few. However, many of 
these associations are passive and transient, and have no 
functional impact on client activity. It is likely that Hsp90 
continuously samples the available pool of TPR-containing 
PPIase co-chaperones and the co-chaperone that ultimately 
functionally interacts is dependent on the client protein pre-
sent within the complex. In addition to the Hsp90-dependent 
client proteins, FKBP52 is also involved in various endo-
crine-independent processes (Table 1 and Fig. 3). As previ-
ously discussed, FKBP52 belongs to a family of immuno-
philins, which can be targeted by immunosuppressive mole-
cules. This drug-immunophilin complex then docks and in-
hibits the activity of calcineurin leading to immunosuppres-
sion, although FK506 binding to FKBP52 does not inhibit 
calcineurin [114, 115]. Over the past decade, there has been 

 
Fig. (3). FKBP52-regulated Hsp90-dependent and independent physiology and disease. The Hsp90-dependent roles for FKBP52 are largely 
mediated through FKBP52-Hsp90 complex regulation of AR, GR and PR signaling, which is independent of FKBP52 PPIase activity. 
FKBP52 is an essential player in SHR/Hsp90-regulated physiological development and reproductive success. The left side of the diagram 
depicts receptor-specific phenotypes that are due to defective AR, GR, and PR signaling in the absence of FKBP52. Given the positive role 
of FKBP52 in these receptor signaling pathways FKBP52 may also serve as an attractive therapeutic target for any disease that is dependent 
upon functional AR, GR, and PR signaling pathways (e.g. prostate cancer). Apart from the established roles of FKBP52 in SHR functions, 
the co-chaperone is also involved in various Hsp90-independent biological functions, several of which have been shown to require FKBP52 
PPIase activity. The right side of the illustration shows that the absence of FKBP52 could contribute to neurodegenerative tauopathies (Alz-
heimer’s Disease, Pick’s Disease, fronto-temporal dementia and Parkinsonism linked to chromosome 17 (FTDP), progressive supranuclear 
palsy), disruptions in Cu and Ca2+ homeostasis and immune system, and inhibition of AAV DNA synthesis resulting in inefficient transgene 
expression from recombinant AAV vectors used in gene therapy. 
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a growing interest to understand the role of immunophilins, 
including FKBP52, in the nervous system. FKBP52 is ubiq-
uitously expressed and especially abundant in the central 
nervous system. Thus, it is not surprising that FKBP52 is 
involved in neurodegenerative tauopathies including Alz-
heimer’s Disease (AD), Pick’s Disease, fronto-temporal de-
mentia and Parkinsonism linked to chromosome 17 (FTDP), 
and progressive supranuclear palsy [116, 117]. Tauopathies 
is defined by the neuropathological characteristic of aberrant 
aggregation of insoluble hyperphosphorylated microtubule-
associated protein (MAP) tau within the neurons termed neu-
rofibrillary tangles (NFTs), which are also referred to as 
paired helical filaments (PHF) [118]. Recent studies have 
reported that FKBP52 interacts directly with the hyperphos-
phorylated form of tau, which has antagonistic effects on 
tubulin polymerization and microtubule assembly [119, 120]. 
It is worth noting that FKBP52 regulation of microtubule 
assembly is likely dependent on PPIase activity, which is in 
contrast to that observed with FKBP52 regulation of SHR 
activity. The �-Synuclein (�-Syn) protein is a key player in 
the pathogenesis of Parkinson’s disease. Knockdown of 
FKBP52 reduced the number of �-Syn aggregates and pro-
tected against cell death, whereas overexpression of FKBP52 
accelerated both aggregation of �-Syn and cell death [121]. 
Finally, FKBP52 expression is enhanced in regenerating 
neurons, which stimulates neurite outgrowth and promotes 
neuronal differentiation suggesting a protective or regenera-
tive role following injury [122, 123].  

 Copper (Cu) is an essential nutrient, and, as a result, cells 
have developed elaborated systems for Cu storage and trans-

port. In humans, disruption of the tightly regulated cellular 
Cu homeostasis affects normal tissue development and leads 
to anemia, neutropenia, cancer, and several neurodegenera-
tive diseases including AD [124, 125]. The amyloid precur-
sor protein (APP) plays a central role in the development of 
AD through the generation of peptides called beta-amyloid 
(A�) by proteolysis of the precursor protein. Cu contributes 
to the neuropathology of AD by interacting with copper 
binding domain (CuBD) of APPs and A� peptides causing 
the formation of amyloid plaques and disrupting metal ion 
homeostasis [126-128]. There are several lines of evidence 
that have linked the protective effects of FKBP52 with intra-
cellular Cu homeostasis. First, FKBP52, more specifically its 
FK1 domain, interacts directly with APP and Cu metallo-
chaperone Atox1, which is a protein that delivers copper to 
the copper transporting ATPases [129, 130]. Second, muta-
tions of FKBP52 modulate the toxic effects and level of A� 
peptides in Drosophila [130]. Third, mutations in the copper 
transport genes Ctr1A and Atox1, which directly regulate 
intracellular copper levels, modify A�-induced phenotypes 
in Drosophila [130]. Fourth, dietary fluctuation in the Cu 
levels influences the protective effects of FKBP52 on A� 
[130]. Finally, cells isolated from 52KO mice show in-
creased levels of Cu compared to wild type cells and overex-
pression of FBP52 causes efflux of copper [131]. 

 S100A1 and S100A2 belong to the S100 family of cal-
cium (Ca2+)-binding proteins that are linked to regulation of 
various intracellular processes and are often expressed in a 
cell- and tissue-specific fashion [132, 133]. Cellular data has 
linked S100A1 to neuronal cell dysfunction/death that occurs 

Table 1. Alternative FKBP52 interacting proteins.  

Interactors Experimental Approach Physiological Implications References 

Dynein Co-IP Intracellular trafficking of steroid 
receptor complexes 

[68, 137] 

p53 Co-IP Cancer [186] 

HSF-1 Co-IP Cellular stress [187] 

TRPCs Co-IP B- and T-cell activation; neuronal 
survival and growth 

[136] 

FAP48 Yeast two-hybrid T-cell activation [140, 141, 188] 

PHAX Yeast two-hybrid Refsum disease, lupus [189] 

IRF-4 Yeast two-hybrid Immune regulation [138] 

AAV DNA EMSA Gene therapy [95] 

Atox1 Yeast two-hybrid Copper transport [131] 

Tau Co-IP Tauopathy [120] 

PRDX6 Co-IP Embryonic implantation [105] 

AAP Co-IP Alzheimer’s disease [130] 

RET51 Yeast two-hybrid Parkinson’s disease [139] 

Tubulin Co-IP Neuronal differentiation [119] 

S100A1 & A2 Co-IP Ca2+-dependent signaling [42] 
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in AD by altering APP expression, destabilizing the intracel-
lular Ca2+ homeostasis, and increasing sensitivity to A� 
toxicity [134]. Based on the biochemical evidence, FKBP52 
is a novel target for S100A1 and S100A2. Both proteins in-
teract with the FKBP52 TPR domain leading to dissociation 
of the immunophilin/Hsp90 complex in a Ca2+-dependent 
manner [42]. S100A1 and S100A2 proteins are not the only 
proteins that associate with and/or regulate FKBP52 func-
tions in a Ca2+-dependent manner. Ca2+ homeostasis has 
been suggested to regulate intracellular FKBP52 functions 
leading to affects on the phosphorylation of tau and pathol-
ogy in AD. Interestingly, a Drosophila orthologue of 
FKBP52, termed dFKBP59, was found to interact with the 
Ca2+ channel transient receptor potential-like (TRPL) pro-
tein in photoreceptor cells and to influence Ca2+ influx 
[135]. Subsequent studies revealed that FKBP52 similarly 
interacts with a subset of rat transient receptor potential 
channel (TRPC) proteins that form Ca2+ channels in the 
mammalian brain [136]. Although the functional importance 
of the CaM-binding motifs in the C-terminal tail of FKBP52 
is not known [137], these roles for FKBP52 in multiple 
Ca2+-dependent functions suggest that the interaction of 
FKBP52 with CaM may be yet another CA2+-dependent 
mechanism by which FKBP52 could functionally affect a 
wide variety of CaM-dependent physiological processes in-
cluding inflammation, metabolism, intracellular movement, 
smooth muscle contraction, and the immune response.  

 FKBP52 has also been found to interact directly with the 
interferon regulatory factor 4 (IRF-4) [138], which regulates 
gene expression in B and T lymphocytes; controls proto-
oncogene RET by forming a complex with tyrosine kinase 
receptor RET51, which is involved in the development and 
maintenance of the nervous system [139]; and FKBP-
associated protein 48 [140], which influences proliferation of 
Jurkat T cells [141]. Each of these interactions was found to 
be disrupted by FK506 and to target the FKBP52 PPIase 
domain to specific proline sites in each partner protein. Phe-
notypes potentially related to these interactions have not yet 
been assessed in 52KO mice. Not only does FKBP52 interact 
with proteins, but also directly binds AAV DNA and regu-
lates replication of the viral genome [95, 142]. The relevant 
DNA binding site in FKBP52 has not been identified.  

FKBP52 AS A NOVEL TARGET FOR PROSTATE 
CANCER TREATMENT 

 The importance of FKBP52 as a regulator for not just 
hormone-dependent, but also hormone-independent diseases 
is becoming increasingly clear. FKBP52 is often overex-
pressed in malignant hepatoma, T cell leukemia, ER�-
positive breast cancer cell lines, pre-invasive and breast can-
cer tissues, and hormone-dependent cancers [141, 143-147]. 
Furthermore, the prostate dysgenesis observed in 52KO mice 
along with enhanced FKBP52 expression in several prostate 
cancer cell lines and prostate biopsy samples establish the 
protein as a critical regulator of AR-mediated prostate devel-
opment [97, 100, 148, 149]. Androgens play an important 
regulatory role in the development and progression of pros-
tate cancer (PCa) by binding to the hormone binding pocket 
in the C-terminal LBD core of AR [150, 151]. The AR LBD 
consists predominantly of 12 �-helices. Upon ligand binding, 
helix 12 is reorganized to an agonist conformation termed 

activation function 2 (AF2) for co-regulator binding [152, 
153] (Fig. 2c). The primary treatment for locally advanced 
and metastatic PCa is androgen deprivation therapy (ADT), 
in which the anti-androgens including Bicalutamide, Enzalu-
tamide, and ARN-509 bind to the LBD of AR [154]. These 
anti-androgens inhibit AR action by competing for androgen 
binding and displacing helix 12 to prevent formation of a 
productive AF2 pocket [155]. Most tumors respond to the 
treatment initially. However, as the cancers progress they 
become resistant to the therapy, in which the condition is 
termed castration-resistant prostate cancer (CRPC) [156-
158]. Preclinical and clinical studies suggest that acquired 
resistance to conventional ADT is caused by restoration of 
the AR pathway by AR overexpression and mutations, cross-
talk between AR and other signaling pathways, and/or by-
passing AR blockade through up-regulation of GR [159-
164]. As a result, researchers have focused their efforts on 
the development of a new class of AR inhibitors termed nu-
clear receptor alternative-site modulators (NRAMs) targeting 
alternative sites on AR and receptor regulatory proteins in-
cluding receptor-associated chaperones, co-chaperones (e.g. 
FKBP52), co-activators (e.g. �-Catenin), and AR inhibitors 
for which the binding sites are currently unknown [165]. In 
line with this idea, our lab has recently identified a small 
molecule termed MJC13 that specifically inhibits FKBP52 
regulation of AR by blocking the hormone-dependent disso-
ciation of the AR-Hsp90-FKBP52 heterocomplex resulting 
in a loss of AR nuclear translocation and an inhibition of 
androgen-dependent gene expression and proliferation in 
prostate cancer cells [166].  

FKBP52-SPECIFIC TARGETING OF THE AR BF3 
SURFACE 

 FKBP52 interacts with Hsp90, and, although the specific 
Hsp90 contact site on the surface of the receptor LBD has 
not been determined, a seven-amino acid segment located 
just upstream of the receptor LBD was found to be required 
for stable interaction with the Hsp90 MD [62]. Furthermore, 
the fact that FKBP52 regulation has been localized to the 
receptor LBD and its regulation is receptor-specific suggest 
that FKBP52 directly interacts with the receptor LBD within 
the Hsp90 heterocomplex. Thus, we propose a model in 
which Hsp90 brings the FKBP52 FK1 domain, more specifi-
cally the proline-rich loop, in close proximity to the receptor 
LBD, which leads to a direct interaction and regulation of 
receptor hormone binding and subcellular localization. Im-
portantly, recent studies have identified a surface region on 
the AR LBD that, when mutated, displays increased func-
tional dependence on FKBP52 and this surface overlaps with 
the binding function 3 (BF3) surface (Fig. 2c) [166, 167]. 

 BF3 is a recently characterized hydrophobic binding 
pocket on the AR LBD that is located near, but distinct from, 
the AF2, which acts as a major docking site for short hydro-
phobic peptide motifs featured in AR co-activators and me-
diates AR functional amino/carboxy (N/C)-terminal interac-
tions (Fig. 2c) [167-172]. The role of BF3 in vivo is currently 
unknown, however, mutational and functional analyses of 
the surface have confirmed its role in AR activity [173]. 
Small molecule docking to the BF3 surface resulted in an 
allosteric modification that prevents the interactions of AF2 
with co-activators [167]. In fact, in vitro studies along with 
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computational molecular dynamic simulations revealed a 
structural connection between BF3 and AF2. A series of 
residues within BF3, the boundary of BF3/AF2, and AF2 are 
structurally interconnected and allosterically coupled [173]. 
Importantly, the experiments demonstrated that BF3 muta-
tions function as allosteric elicitors of conformational 
changes in the AR LBD by altering AF2 propensity to reor-
ganize into hydrophobic sub-pockets that accommodate the 
N-terminal domain and co-activator peptides, and inhibit co-
regulator binding [173]. This induced conformation conse-
quently may either potentiate or silence AR function. In fact, 
residues in the BF3 pocket have been identified as muta-
tional target sites for PCa and/or androgen insensitivity syn-
drome (AIS) patients (McGill Androgen Receptor Gene Mu-
tations Database: http://androgendb.mcgill.ca/). The impor-
tance of BF3 as a regulatory surface for AR activity was 
further highlighted in recent studies by Jehle et al. [174] in 
which a novel hexapeptide repeat sequence, GARRPR, was 
identified in the N-terminus of the co-chaperone Bag-1L that 
is involved in the modulation of AR activity by binding to 
the BF3 pocket. Thus, the AR BF3 surface may serve as a 
promiscuous regulatory surface for a number of co-
regulators, including FKBP52. 

 The proline-rich loop that overhangs the FKBP52 PPIase 
catalytic pocket in the FK1 domain is required for receptor 
regulation and is hypothesized to serve as an interaction sur-
face with the receptor LBD. Our lab has recently identified 
several residues (F673, P723, and C806) on the AR LBD 
that display increased dependence on FKBP52 (also termed 
FKBP52 hypersensitivity) for function when mutated. This 
region directly corresponds to the AR BF3 regulatory surface 
(Fig. 2c) [97, 166]. The small molecule FKBP52-specific 
inhibitor MJC13 binds the AR LBD, but does not compete 
with hormone and SRC-2 binding. In addition, mutations 
within the BF3 surface differentially affect MJC13 activity. 
Thus, several lines of evidence suggest that MJC13 targets 
the AR BF3 surface to inhibit regulation of AR by FKBP52. 
This interaction prevents hormone-induced AR/Hsp90/ 
FKBP52 heterocomplex dissociation and nuclear transloca-
tion, thus effectively blocking AR-dependent gene expres-
sion and androgen-stimulated proliferation in various human 
prostate cancer cell lines [166]. Taken together, our recent 
findings suggest that the AR BF3 surface is a putative 
FKBP52 regulatory and/or interaction surface and the target-
ing of this surface for the treatment of prostate cancer is an 
attractive option with fewer side effects. In fact, early pre-
clinical studies for MJC13 suggest an excellent drug safety 
profile with no toxicity observed at maximum soluble con-
centrations, and impressive effects on tumor growth in a 
22Rv1 prostate cancer xenograft model [175, 176]. Given 
the unique mechanism of action, MJC13 and other co-
chaperone targeting drugs may be able to escape the acquired 
resistance that is seen with conventional ADT in subsets of 
patients, depending on the mechanism of resistance. MJC13 
and the N-terminal Hsp90 inhibitors lack the ability to inhibit 
the constitutive activity of AR splice variants found to be up-
regulated in CRPC [177]. This is not surprising given the 
fact that the splice variants lack the Hsp90-binding site in the 
hormone binding domain. However, MJC13 does not target 
FKBP52 directly, but targets the putative FKBP52 regulatory 
site in the AR hormone binding domain. 

TARGETING FKBP52 PROLINE-RICH LOOP IN-
TERACTIONS 

 Figure 4 illustrates known and predicted FKBP52 inter-
actions and possible therapeutic targeting strategies to dis-
rupt FKBP52 regulation of AR. While the targeting of the 
FKBP52 regulatory surface on AR (BF3) is a promising 
therapeutic strategy that allows for AR-specific targeting, the 
direct targeting of FKBP52 offers numerous advantages over 
MJC13 that would lead to a more potent and effective drug. 
First, the AR BF3 surface represents a less than ideal drug 
binding site, and, as a result, the effective MJC13 concentra-
tions in cellular assays are in the low micromolar concentra-
tion range [166]. In contrast, the FKBP52 PPIase pocket not 
only represents an ideal hydrophobic drug binding pocket, 
but is a known ‘druggable target’ as the immunosuppressive 
drug Tacrolimus is already FDA-approved for use in the 
clinic. Also, given the conservation within the FKBP PPIase 
pocket, drugs targeting the FKBP52 PPIase pocket would 
likely target FKBP52 and the closely related FKBP51 pro-
tein simultaneously. While FKBP52, but not FKBP51, is 
largely considered the relevant steroid hormone receptor 
regulator, more recent evidence suggests that both FKBP51 
and FKBP52 are positive regulators of AR in prostate cancer 
cells [178]. In addition, FKBP52 is a known positive regula-
tor of AR, GR and PR, and the direct targeting of FKBP52 
would target the activity of all three receptors simultane-
ously. Increasing evidence suggests that many factors (e.g. 
growth factors, cytokines, and angiogenic factors) implicated 
in prostate cancer progression are targets of the GR signaling 
pathway [179, 180]. In addition, recent evidence suggests 
that GR signaling confers resistance to current anti-androgen 
treatments [159]. Furthermore, recent studies by Cluning et
al. showed that H1-H3 loop of GR LBD is not a direct inter-
action site for FKBP52, however, mutations within the loop 
can affect FKBP52-mediated receptor activities [181]. Thus, 
mechanistically, the H1-H3 loop acts as a regulatory surface 
that promotes conformational changes in BF-3, which is in 
close proximity and allosterically affects FKBP52-mediated 
receptor activities (Fig. 2c). While very little work has been 
done to characterize a role for PR in prostate cancer, data 
suggests that PR expression is elevated in metastatic disease, 
and that PR antagonist are potential treatments for prostate 
cancer [182, 183]. Finally, FKBP52 directly regulates NF�B 
transcriptional activity [184] and inhibition of NF�B was 
recently demonstrated to restore CRPC responsiveness to 
ADT [185]. Thus, the direct targeting of the FKBP52 
proline-rich loop with small molecules will lead to a more 
potent drug with the potential to simultaneously hit a variety 
of targets known to have, or suspected of having, a role in 
prostate cancer progression. Previous studies demonstrated 
the functional importance of the FKBP52 proline-rich loop, 
which establishes this site as the most attractive target site 
for disrupting FKBP52 interactions with the SHRs. While 
this surface does not represent an ideal hydrophobic drug 
binding pocket, the PPIase catalytic pocket does. In addition, 
the available co-crystal structure of FKBP12, a related fam-
ily member, bound to FK506 suggests that molecules docked 
within the PPIase pocket could re-orient proline-rich loop 
conformation leading to the disruption of interactions at this 
surface (unpublished observations).  
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CONCLUSION 

 In conclusion, the Hsp90-associated FKBP52 co-
chaperone has become increasingly associated with aberrant 
SHR signaling in disease. FKBP52 is a TPR-containing co-
chaperone that plays a critical role in the chaperone-
dependent folding of SHRs to their functionally mature con-
formations that are competent for hormone binding. Given 
the functional roles of FKBP52 in receptor-specific pheno-
types, and its direct participation in the aberrant AR hyperac-
tivity observed in prostate cancer, FKBP52 has emerged as a 
novel therapeutic target with the potential to treat castration-
resistant PCa; thereby filling a major unmet need in PCa 
treatment. FKBP52 acts as a specific positive regulator of 
AR, PR, and GR functions through the interaction of the 
proline-rich loop with the LBD of the SHRs. Thus, in addi-
tion to PCa, the therapeutic targeting of FKBP52 proline-rich 
loop interactions represents an attractive treatment option for 
a number of diseases associated with the AR, GR and PR 
signaling pathways including benign prostatic hyperplasia, 

obesity/metabolic syndrome, stress and depression, and 
Cushing’s Syndrome. In addition, drugs targeting FKBP52 
regulation of SHR activity may have utility as male and/or 
female contraceptives. 
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Fig. (4). FKBP52-receptor interactions and therapeutic targeting strategies. Both known (solid arrow) and predicted (dashed arrow) FKBP52-
Hsp90-receptor interactions are illustrated in addition to possible strategies for therapeutically disrupting chaperone-cochaperone regulation 
of AR-mediated transcription for the treatment of prostate cancer. FKBP52 is a known positive regulator of AR function that associates with 
the EEVD motif in the C-terminus of Hsp90 by way of a TPR domain. In addition, the FKBP52 FK1 domain, the PPIase pocket and the 
proline-rich loop in particular, comprise a functionally important interaction surface that is predicted to interact with the AR hormone bind-
ing domain. The prevailing hypothesis is that Hsp90 brings FKBP52 in close proximity to the receptor allowing the FKBP52 FK1 domain to 
directly contact the receptor hormone binding domain. Our recent data suggest that this contact site is the AR BF3 surface. As detailed, sev-
eral drug classes already exist for the inhibition of Hsp90 (geldanamycin and derivatives) and FKBP52 (FK506 also called Tacrolimus). Gel-
danamycin is currently in phase III clinical trials for the treatment of various cancers, but has proven ineffective in prostate cancer. Tac-
rolimus is currently used clinically to suppress the immune system during organ transplantation, and the immunosuppressive effects would 
be undesirable in a prostate cancer drug. However, the success of Tacrolimus in the clinic indicates that FKBP52 is a “druggable” protein. 
Targeting of the FKBP52 TPR domain, which would theoretically disrupt FKBP52 interactions with Hsp90, is a possible approach. How-
ever, the TPR motif is highly conserved and any molecule that targets the FKBP52 TPR would also likely target a large number of other TPR 
proteins. The targeting of the proposed FKBP52/�-catenin binding site on the AR hormone binding domain is also an attractive option. This 
approach is represented by the compound termed MJC13 and derivatives that were recently developed by our laboratory. Directly targeting 
the FKBP52 proline-rich loop represents the most promising approach as FKBP52 is a “druggable” protein and the proline-rich loop has 
been found to be critical for FKBP52 regulation of AR activity. 



Therapeutic Targeting of the FKBP52 Co-Chaperone Current Molecular Pharmacology, 2016, Vol. 9, No. 2    121

REFERENCES 
[1] Chen, S.; Smith, D.F. Hop as an adaptor in the heat shock protein 

70 (hsp70) and hsp90 chaperone machinery. J. Biol. Chem., 1998, 
273, 35194-35200. 

[2] Dittmar, K.D.; Hutchison, K.A.; Owens-Grillo, J.K.; Pratt, W.B. 
Reconstitution of the steroid receptor.Hsp90 heterocomplex assem-
bly system of rabbit reticulocyte lysate. J. Biol. Chem., 1996, 271, 
12833-12839. 

[3] Freeman, B.C.; Felts, S.J.; Toft, D.O.; Yamamoto, K.R. The p23 
molecular chaperones act at a late step in intracellular receptor ac-
tion to differentially affect ligand efficacies. Genes Dev., 2000, 14, 
422-434. 

[4] Hernandez, M.P.; Chadli, A.; Toft, D.O. Hsp40 binding is the first 
step in the hsp90 chaperoning pathway for the progesterone recep-
tor. J. Biol. Chem., 2002, 277, 11873-11881. 

[5] Hutchison, K.A.; Stancato, L.F.; Owens-Grillo, J.K.; Johnson, J.L.; 
Krishna, P.; Toft, D.O.; Pratt, W.B. The 23-kda acidic protein in re-
ticulocyte lysate is the weakly bound component of the hsp 
foldosome that is required for assembly of the glucocorticoid re-
ceptor into a functional heterocomplex with hsp90. J. Biol. Chem., 
1995, 270, 18841-18847. 

[6] Johnson, B.D.; Schumacher, R.J.; Ross, E.D.; Toft, D.O. Hop 
modulates hsp70/hsp90 interactions in protein folding. J. Biol. 
Chem., 1998, 273, 3679-3686. 

[7] Johnson, J.; Beito, T.; Krco, C.; Toft, D. Characterization of a 
novel 23-kilodalton protein of unactive progesterone receptor com-
plexes. Mol. Cell. Biol., 1994, 14, 1956-1963. 

[8] Johnson, J.; Toft, D. A novel chaperone complex for steroid recep-
tors involving heat shock proteins, immunophilins, and p23. J. Biol. 
Chem., 1994, 269, 24989-24993. 

[9] Kosano, H.; Stensgard, B.; Charlesworth, M.C.; McMahon, N.; 
Toft, D. The assembly of progesterone receptor-hsp90 complexes 
using purified proteins. J. Biol. Chem., 1998, 273, 32973-32979. 

[10] McLaughlin, S.H.; Sobott, F.; Yao, Z.P.; Zhang, W.; Nielsen, P.R.; 
Grossmann, J.G.; Laue, E.D.; Robinson, C.V.; Jackson, S.E. The 
co-chaperone p23 arrests the hsp90 atpase cycle to trap client pro-
teins. J Mol Biol, 2006, 356, 746-758. 

[11] Smith, D.F. Dynamics of heat shock protein 90-progesterone recep-
tor binding and the disactivation loop model for steroid receptor 
complexes. Mol Endocrinol, 1993, 7, 1418-1429. 

[12] Smith, D.F.; Sullivan, W.P.; Marion, T.N.; Zaitsu, K.; Madden, B.; 
McCormick, D.J.; Toft, D.O. Identification of a 60-kilodalton 
stress-related protein, p60, which interacts with hsp90 and hsp70. 
Mol. Cell. Biol., 1993, 13, 869-876. 

[13] Murphy, P.J.; Morishima, Y.; Chen, H.; Galigniana, M.D.; Mans-
field, J.F.; Simons, S.S., Jr.; Pratt, W.B. Visualization and mecha-
nism of assembly of a glucocorticoid receptor.Hsp70 complex that 
is primed for subsequent hsp90-dependent opening of the steroid 
binding cleft. J Biol Chem, 2003, 278, 34764-34773. 

[14] Fan, C.Y.; Lee, S.; Cyr, D.M. Mechanisms for regulation of hsp70 
function by hsp40. Cell Stress Chaperones, 2003, 8, 309-316. 

[15] Hernandez, M.P.; Sullivan, W.P.; Toft, D.O. The assembly and 
intermolecular properties of the hsp70-hop-hsp90 molecular chap-
erone complex. J. Biol. Chem., 2002, 277, 38294-38304. 

[16] Connell, P.; Ballinger, C.A.; Jiang, J.; Wu, Y.; Thompson, L.J.; 
Hohfeld, J.; Patterson, C. The co-chaperone chip regulates protein 
triage decisions mediated by heat-shock proteins. Nat Cell Biol, 
2001, 3, 93-96. 

[17] Jiang, J.; Ballinger, C.A.; Wu, Y.; Dai, Q.; Cyr, D.M.; Hohfeld, J.; 
Patterson, C. Chip is a u-box-dependent e3 ubiquitin ligase: Identi-
fication of hsc70 as a target for ubiquitylation. J Biol Chem, 2001, 
276, 42938-42944. 

[18] Ballinger, C.A.; Connell, P.; Wu, Y.; Hu, Z.; Thompson, L.J.; Yin, 
L.Y.; Patterson, C. Identification of chip, a novel tetratricopeptide 
repeat-containing protein that interacts with heat shock proteins and 
negatively regulates chaperone functions. Mol. Cell. Biol., 1999, 
19, 4535-4545. 

[19] Meacham, G.C.; Patterson, C.; Zhang, W.; Younger, J.M.; Cyr, 
D.M. The hsc70 co-chaperone chip targets immature cftr for pro-
teasomal degradation. Nat. Cell Biol., 2001, 3, 100-105. 

[20] Stankiewicz, M.; Nikolay, R.; Rybin, V.; Mayer, M.P. Chip par-
ticipates in protein triage decisions by preferentially ubiquitinating 
hsp70-bound substrates. FEBS J., 2010, 277, 3353-3367. 

[21] Takayama, S.; Bimston, D.N.; Matsuzawa, S.; Freeman, B.C.; 
Aime-Sempe, C.; Xie, Z.; Morimoto, R.I.; Reed, J.C. Bag-1 modu-

lates the chaperone activity of hsp70/hsc70. EMBO J., 1997, 16, 
4887-4896. 

[22] Luders, J.; Demand, J.; Hohfeld, J. The ubiquitin-related bag-1 
provides a link between the molecular chaperones hsc70/hsp70 and 
the proteasome. J Biol Chem., 2000, 275, 4613-4617. 

[23] Luders, J.; Demand, J.; Papp, O.; Hohfeld, J. Distinct isoforms of 
the cofactor bag-1 differentially affect hsc70 chaperone function. J. 
Biol. Chem., 2000, 275, 14817-14823. 

[24] Luders, J.; Demand, J.; Schonfelder, S.; Frien, M.; Zimmermann, 
R.; Hohfeld, J. Cofactor-induced modulation of the functional 
specificity of the molecular chaperone hsc70. Biol. Chem., 1998, 
379, 1217-1226. 

[25] Sondermann, H.; Scheufler, C.; Schneider, C.; Hohfeld, J.; Hartl, 
F.U.; Moarefi, I. Structure of a bag/hsc70 complex: Convergent 
functional evolution of hsp70 nucleotide exchange factors. Science, 
2001, 291, 1553-1557. 

[26] Demand, J.; Alberti, S.; Patterson, C.; Hohfeld, J. Cooperation of a 
ubiquitin domain protein and an e3 ubiquitin ligase during chaper-
one/proteasome coupling. Curr. Biol., 2001, 11, 1569-1577. 

[27] Shimamoto, S.; Kubota, Y.; Yamaguchi, F.; Tokumitsu, H.; Koba-
yashi, R. Ca2+/s100 proteins act as upstream regulators of the 
chaperone-associated ubiquitin ligase chip (c terminus of hsc70-
interacting protein). J. Biol. Chem., 2013, 288, 7158-7168. 

[28] Frydman, J.; Hohfeld, J. Chaperones get in touch: The hip-hop 
connection. Trends Biochem. Sci., 1997, 22, 87-92. 

[29] Hohfeld, J.; Minami, Y.; Hartl, F.U. Hip, a novel cochaperone 
involved in the eukaryotic hsc70/hsp40 reaction cycle. Cell, 1995, 
83, 589-598. 

[30] Irmer, H.; Hohfeld, J. Characterization of functional domains of the 
eukaryotic co-chaperone hip. J. Biol. Chem., 1997, 272, 2230-2235. 

[31] Prapapanich, V.; Chen, S.; Nair, S.C.; Rimerman, R.A.; Smith, 
D.F. Molecular cloning of human p48, a transient component of 
progesterone receptor complexes and an hsp70-binding protein. 
Mol Endocrinol, 1996, 10, 420-431. 

[32] Prapapanich, V.; Chen, S.; Toran, E.J.; Rimerman, R.A.; Smith, 
D.F. Mutational analysis of the hsp70-interacting protein hip. Mol. 
Cell Biol., 1996, 16, 6200-6207. 

[33] Gaiser, A.M.; Brandt, F.; Richter, K. The non-canonical hop pro-
tein from caenorhabditis elegans exerts essential functions and 
forms binary complexes with either hsc70 or hsp90. J. Mol. Biol., 
2009, 391, 621-634. 

[34] Schmid, A.B.; Lagleder, S.; Grawert, M.A.; Rohl, A.; Hagn, F.; 
Wandinger, S.K.; Cox, M.B.; Demmer, O.; Richter, K.; Groll, M.; 
Kessler, H.; Buchner, J. The architecture of functional modules in 
the hsp90 co-chaperone sti1/hop. EMBO J., 2012, 31, 1506-1517. 

[35] Chadli, A.; Graham, J.D.; Abel, M.G.; Jackson, T.A.; Gordon, 
D.F.; Wood, W.M.; Felts, S.J.; Horwitz, K.B.; Toft, D. Gcunc-45 is 
a novel regulator for the progesterone receptor/hsp90 chaperoning 
pathway. Mol Cell Biol., 2006, 26, 1722-1730. 

[36] Ebong, I.O.; Morgner, N.; Zhou, M.; Saraiva, M.A.; Daturpalli, S.; 
Jackson, S.E.; Robinson, C.V. Heterogeneity and dynamics in the 
assembly of the heat shock protein 90 chaperone complexes. Proc. 
Natl. Acad. Sci. U S A., 2011, 108, 17939-17944. 

[37] Li, J.; Richter, K.; Buchner, J. Mixed hsp90-cochaperone com-
plexes are important for the progression of the reaction cycle. Nat. 
Struct. Mol. Biol., 2011, 18, 61-66. 

[38] Southworth, D.R.; Agard, D.A. Client-loading conformation of the 
hsp90 molecular chaperone revealed in the cryo-em structure of the 
human hsp90:Hop complex. Mol. Cell, 2011, 42, 771-781. 

[39] Meyer, P.; Prodromou, C.; Liao, C.; Hu, B.; Mark Roe, S.; 
Vaughan, C.K.; Vlasic, I.; Panaretou, B.; Piper, P.W.; Pearl, L.H. 
Structural basis for recruitment of the atpase activator aha1 to the 
hsp90 chaperone machinery. EMBO J., 2004, 23, 511-519. 

[40] Prodromou, C.; Panaretou, B.; Chohan, S.; Siligardi, G.; O'Brien, 
R.; Ladbury, J.E.; Roe, S.M.; Piper, P.W.; Pearl, L.H. The atpase 
cycle of hsp90 drives a molecular 'clamp' via transient dimerization 
of the n-terminal domains. EMBO J., 2000, 19, 4383-4392. 

[41] Chadli, A.; Bruinsma, E.S.; Stensgard, B.; Toft, D. Analysis of 
hsp90 cochaperone interactions reveals a novel mechanism for tpr 
protein recognition. Biochemistry, 2008, 47, 2850-2857. 

[42] Shimamoto, S.; Kubota, Y.; Tokumitsu, H.; Kobayashi, R. S100 
proteins regulate the interaction of hsp90 with cyclophilin 40 and 
fkbp52 through their tetratricopeptide repeats. FEBS Lett., 2010, 
584, 1119-1125. 

[43] Shimamoto, S.; Takata, M.; Tokuda, M.; Oohira, F.; Tokumitsu, 
H.; Kobayashi, R. Interactions of s100a2 and s100a6 with the 



122    Current Molecular Pharmacology, 2016, Vol. 9, No. 2 Guy et al. 

tetratricopeptide repeat proteins, hsp90/hsp70-organizing protein 
and kinesin light chain. J. Biol. Chem., 2008, 283, 28246-28258. 

[44] Angeletti, P.C.; Walker, D.; Panganiban, A.T. Small glutamine-rich 
protein/viral protein u-binding protein is a novel cochaperone that 
affects heat shock protein 70 activity. Cell Stress Chaperones, 
2002, 7, 258-268. 

[45] Paul, A.; Garcia, Y.A.; Zierer, B.; Patwardhan, C.; Gutierrez, O.; 
Hildenbrand, Z.; Harris, D.C.; Balsiger, H.A.; Sivils, J.C.; Johnson, 
J.L.; Buchner, J.; Chadli, A.; Cox, M.B. The cochaperone sgta 
(small glutamine-rich tetratricopeptide repeat-containing protein 
alpha) demonstrates regulatory specificity for the androgen, gluco-
corticoid, and progesterone receptors. J. Biol. Chem., 2014, 289, 
15297-15308. 

[46] Tobaben, S.; Thakur, P.; Fernandez-Chacon, R.; Sudhof, T.C.; 
Rettig, J.; Stahl, B. A trimeric protein complex functions as a syn-
aptic chaperone machine. Neuron., 2001, 31, 987-999. 

[47] Scheufler, C.; Brinker, A.; Bourenkov, G.; Pegoraro, S.; Moroder, 
L.; Bartunik, H.; Hartl, F.U.; Moarefi, I. Structure of tpr domain-
peptide complexes: Critical elements in the assembly of the hsp70-
hsp90 multichaperone machine. Cell, 2000, 101, 199-210. 

[48] Buchanan, G.; Greenberg, N.M.; Scher, H.I.; Harris, J.M.; Mar-
shall, V.R.; Tilley, W.D. Collocation of androgen receptor gene 
mutations in prostate cancer. Clin. Cancer Res., 2001, 7, 1273-
1281. 

[49] Buchanan, G.; Ricciardelli, C.; Harris, J.M.; Prescott, J.; Yu, Z.C.; 
Jia, L.; Butler, L.M.; Marshall, V.R.; Scher, H.I.; Gerald, W.L.; 
Coetzee, G.A.; Tilley, W.D. Control of androgen receptor signaling 
in prostate cancer by the cochaperone small glutamine rich tetratri-
copeptide repeat containing protein alpha. Cancer Res., 2007, 67, 
10087-10096. 

[50] Hessling, M.; Richter, K.; Buchner, J. Dissection of the atp-induced 
conformational cycle of the molecular chaperone hsp90. Nat. 
Struct. Mol. Biol., 2009, 16, 287-293. 

[51] Mickler, M.; Hessling, M.; Ratzke, C.; Buchner, J.; Hugel, T. The 
large conformational changes of hsp90 are only weakly coupled to 
atp hydrolysis. Nat Struct Mol Biol, 2009, 16, 281-286. 

[52] Harst, A.; Lin, H.; Obermann, W.M. Aha1 competes with hop, p50 
and p23 for binding to the molecular chaperone hsp90 and contrib-
utes to kinase and hormone receptor activation. Biochem. J., 2005, 
387, 789-796. 

[53] Weaver, A.J.; Sullivan, W.P.; Felts, S.J.; Owen, B.A.; Toft, D.O. 
Crystal structure and activity of human p23, a heat shock protein 90 
co- chaperone. J. Biol. Chem., 2000, 275, 23045-23052. 

[54] Weikl, T.; Abelmann, K.; Buchner, J. An unstructured c-terminal 
region of the hsp90 co-chaperone p23 is important for its chaperone 
function. J. Mol. Biol., 1999, 293, 685-691. 

[55] Chadli, A.; Bouhouche, I.; Sullivan, W.; Stensgard, B.; McMahon, 
N.; Catelli, M.G.; Toft, D.O. Dimerization and n-terminal domain 
proximity underlie the function of the molecular chaperone heat 
shock protein 90. Proc. Natl. Acad. Sci.U S A., 2000, 97, 12524-
12529. 

[56] Grenert, J.P.; Johnson, B.D.; Toft, D.O. The importance of atp 
binding and hydrolysis by hsp90 in formation and function of pro-
tein heterocomplexes. J. Biol. Chem., 1999, 274, 17525-17533. 

[57] Ma, L.; Benson, G.V.; Lim, H.; Dey, S.K.; Maas, R.L. Abdominal 
b (abdb) hoxa genes: Regulation in adult uterus by estrogen and 
progesterone and repression in mullerian duct by the synthetic es-
trogen diethylstilbestrol (des). Dev. Biol., 1998, 197, 141-154. 

[58] Obermann, W.M.; Sondermann, H.; Russo, A.A.; Pavletich, N.P.; 
Hartl, F.U. In vivo function of hsp90 is dependent on atp binding 
and atp hydrolysis. J Cell Biol, 1998, 143, 901-910. 

[59] Panaretou, B.; Prodromou, C.; Roe, S.M.; O'Brien, R.; Ladbury, 
J.E.; Piper, P.W.; Pearl, L.H. Atp binding and hydrolysis are essen-
tial to the function of the hsp90 molecular chaperone in vivo. 
EMBO J., 1998, 17, 4829-4836. 

[60] Richter, K.; Walter, S.; Buchner, J. The co-chaperone sba1 con-
nects the atpase reaction of hsp90 to the progression of the chaper-
one cycle. J. Mol. Biol., 2004, 342, 1403-1413. 

[61] Siligardi, G.; Hu, B.; Panaretou, B.; Piper, P.W.; Pearl, L.H.; Pro-
dromou, C. Co-chaperone regulation of conformational switching 
in the hsp90 atpase cycle. J. Biol. Chem. 2004, 279, 51989-51998. 

[62] Pratt, W.B.; Galigniana, M.D.; Harrell, J.M.; DeFranco, D.B. Role 
of hsp90 and the hsp90-binding immunophilins in signalling pro-
tein movement. Cell Signal, 2004, 16, 857-872. 

[63] Echeverria, P.C.; Mazaira, G.; Erlejman, A.; Gomez-Sanchez, C.; 
Piwien Pilipuk, G.; Galigniana, M.D. Nuclear import of the gluco-

corticoid receptor-hsp90 complex through the nuclear pore com-
plex is mediated by its interaction with nup62 and importin beta. 
Mol. Cell. Biol., 2009, 29, 4788-4797. 

[64] Pratt, W.B.; Morishima, Y.; Osawa, Y. The hsp90 chaperone ma-
chinery regulates signaling by modulating ligand binding clefts. J. 
Biol. Chem., 2008, 283, 22885-22889. 

[65] Cheung, J.; Smith, D.F. Molecular chaperone interactions with 
steroid receptors: An update. Mol. Endocrinol., 2000, 14, 939-946. 

[66] Dittmar, K.D.; Demady, D.R.; Stancato, L.F.; Krishna, P.; Pratt, 
W.B. Folding of the glucocorticoid receptor by the heat shock pro-
tein (hsp) 90-based chaperone machinery. The role of p23 is to sta-
bilize receptor.Hsp90 heterocomplexes formed by 
hsp90.P60.Hsp70. J. Biol. Chem., 1997, 272, 21213-21220. 

[67] Czar, M.J.; Lyons, R.H.; Welsh, M.J.; Renoir, J.M.; Pratt, W.B. 
Evidence that the fk506-binding immunophilin heat shock protein 
56 is required for trafficking of the glucocorticoid receptor from the 
cytoplasm to the nucleus. Mol. Endocrinol., 1995, 9, 1549-1560. 

[68] Galigniana, M.D.; Radanyi, C.; Renoir, J.M.; Housley, P.R.; Pratt, 
W.B. Evidence that the peptidylprolyl isomerase domain of the 
hsp90-binding immunophilin fkbp52 is involved in both dynein in-
teraction and glucocorticoid receptor movement to the nucleus. J. 
Biol. Chem., 2001, 276, 14884-14889. 

[69] Galat, A. Peptidylprolyl cis/trans isomerases (immunophilins): 
Biological diversity-targets-functions. Curr. Top. Med. Chem., 
2003, 3, 1315-1347. 

[70] Lebeau, M.C.; Massol, N.; Herrick, J.; Faber, L.E.; Renoir, J.M.; 
Radanyi, C.; Baulieu, E.E. P59, an hsp 90-binding protein. Cloning 
and sequencing of its cdna and preparation of a peptide-directed 
polyclonal antibody. J. Biol. Chem., 1992, 267, 4281-4284. 

[71] Massol, N.; Lebeau, M.C.; Renoir, J.M.; Faber, L.E.; Baulieu, E.E. 
Rabbit fkbp59-heat shock protein binding immunophillin (hbi) is a 
calmodulin binding protein. Biochem. Biophys. Res. Commun., 
1992, 187, 1330-1335. 

[72] Pirkl, F.; Fischer, E.; Modrow, S.; Buchner, J. Localization of the 
chaperone domain of fkbp52. J. Biol. Chem., 2001, 276, 37034-
37041. 

[73] Wu, B.; Li, P.; Liu, Y.; Lou, Z.; Ding, Y.; Shu, C.; Ye, S.; Bartlam, 
M.; Shen, B.; Rao, Z. 3d structure of human fk506-binding protein 
52: Implications for the assembly of the glucocorticoid recep-
tor/hsp90/immunophilin heterocomplex. Proc. Natl. Acad. Sci. 
USA, 2004, 101, 8348-8353. 

[74] Chambraud, B.; Rouviere-Fourmy, N.; Radanyi, C.; Hsiao, K.; 
Peattie, D.A.; Livingston, D.J.; Baulieu, E.E. Overexpression of 
p59-hbi (fkbp59), full length and domains, and characterization of 
pplase activity. Biochem. Biophys. Res. Commun., 1993, 196, 160-
166. 

[75] Barent, R.L.; Nair, S.C.; Carr, D.C.; Ruan, Y.; Rimerman, R.A.; 
Fulton, J.; Zhang, Y.; Smith, D.F. Analysis of fkbp51/fkbp52 chi-
meras and mutants for hsp90 binding and association with proges-
terone receptor complexes. Mol. Endocrinol., 1998, 12, 342-354. 

[76] Cheung-Flynn, J.; Roberts, P.J.; Riggs, D.L.; Smith, D.F. C-
terminal sequences outside the tetratricopeptide repeat domain of 
fkbp51 and fkbp52 cause differential binding to hsp90. J. Biol. 
Chem., 2003, 278, 17388-17394. 

[77] Barnes, J.A.; Gomes, A.V. Pest sequences in calmodulin-binding 
proteins. Mol. Cell. Biochem., 1995, 149-150, 17-27. 

[78] Blatch, G.L.; Lassle, M. The tetratricopeptide repeat: A structural 
motif mediating protein-protein interactions. Bioessays., 1999, 21, 
932-939. 

[79] Goebl, M.; Yanagida, M. The tpr snap helix: A novel protein repeat 
motif from mitosis to transcription. Trends. Biochem. Sci., 1991, 
16, 173-177. 

[80] Radanyi, C.; Chambraud, B.; Baulieu, E. The ability of the im-
munophilin fkbp59-hbi to interact with the 90-kda heat shock pro-
tein is encoded by its tetratricopeptide repeat domain. Proc. Natl. 
Acad. Sci. USA, 1994, 91, 11197-11201. 

[81] Russell, L.C.; Whitt, S.R.; Chen, M.S.; Chinkers, M. Identification 
of conserved residues required for the binding of a tetratricopeptide 
repeat domain to heat shock protein 90. J Biol Chem., 1999, 274, 
20060-20063. 

[82] Riggs, D.L.; Roberts, P.J.; Chirillo, S.C.; Cheung-Flynn, J.; Prapa-
panich, V.; Ratajczak, T.; Gaber, R.; Picard, D.; Smith, D.F. The 
hsp90-binding peptidylprolyl isomerase fkbp52 potentiates gluco-
corticoid signaling in vivo. EMBO J., 2003, 22, 1158-1167. 



Therapeutic Targeting of the FKBP52 Co-Chaperone Current Molecular Pharmacology, 2016, Vol. 9, No. 2    123

[83] Pirkl, F.; Buchner, J. Functional analysis of the hsp90-associated 
human peptidyl prolyl cis/trans isomerases fkbp51, fkbp52 and 
cyp40. J. Mol. Biol., 2001, 308, 795-806. 

[84] Sinars, C.R.; Cheung-Flynn, J.; Rimerman, R.A.; Scammell, J.G.; 
Smith, D.F.; Clardy, J. Structure of the large fk506-binding protein 
fkbp51, an hsp90-binding protein and a component of steroid re-
ceptor complexes. Proc. Natl. Acad Sci. USA, 2003, 100, 868-873. 

[85] Riggs, D.L.; Cox, M.B.; Tardif, H.L.; Hessling, M.; Buchner, J.; 
Smith, D.F. Noncatalytic role of the fkbp52 peptidyl-prolyl 
isomerase domain in the regulation of steroid hormone signaling. 
Mol. Cell Biol., 2007, 27, 8658-8669. 

[86] Callebaut, I.; Renoir, J.M.; Lebeau, M.C.; Massol, N.; Burny, A.; 
Baulieu, E.E.; Mornon, J.P. An immunophilin that binds m(r) 
90,000 heat shock protein: Main structural features of a mammalian 
p59 protein. Proc. Natl. Acad Sci. USA, 1992, 89, 6270-6274. 

[87] Le Bihan, S.; Renoir, J.M.; Radanyi, C.; Chambraud, B.; Joulin, V.; 
Catelli, M.G.; Baulieu, E.E. The mammalian heat shock protein 
binding immunophilin (p59/hbi) is an atp and gtp binding protein. 
Biochem. Biophys. Res. Commun., 1993, 195, 600-607. 

[88] Blackburn, E.A.; Walkinshaw, M.D. Targeting fkbp isoforms with 
small-molecule ligands. Curr. Opin. Pharmacol., 2011, 11, 365-
371. 

[89] Edlich, F.; Maestre-Martinez, M.; Jarczowski, F.; Weiwad, M.; 
Moutty, M.C.; Malesevic, M.; Jahreis, G.; Fischer, G.; Lucke, C. A 
novel calmodulin-ca2+ target recognition activates the bcl-2 regu-
lator fkbp38. J. Biol. Chem., 2007, 282, 36496-36504. 

[90] Edlich, F.; Weiwad, M.; Erdmann, F.; Fanghanel, J.; Jarczowski, 
F.; Rahfeld, J.U.; Fischer, G. Bcl-2 regulator fkbp38 is activated by 
ca2+/calmodulin. EMBO J., 2005, 24, 2688-2699. 

[91] Maestre-Martinez, M.; Haupt, K.; Edlich, F.; Jahreis, G.; Jar-
czowski, F.; Erdmann, F.; Fischer, G.; Lucke, C. New structural 
aspects of fkbp38 activation. Biol. Chem., 2010, 391, 1157-1167. 

[92] Bracher, A.; Kozany, C.; Hahle, A.; Wild, P.; Zacharias, M.; 
Hausch, F. Crystal structures of the free and ligand-bound fk1-fk2 
domain segment of fkbp52 reveal a flexible inter-domain hinge. J. 
Mol. Biol., 2013, 425, 4134-4144. 

[93] Miyata, Y.; Chambraud, B.; Radanyi, C.; Leclerc, J.; Lebeau, M.C.; 
Renoir, J.M.; Shirai, R.; Catelli, M.G.; Yahara, I.; Baulieu, E.E. 
Phosphorylation of the immunosuppressant fk506-binding protein 
fkbp52 by casein kinase ii: Regulation of hsp90-binding activity of 
fkbp52. Proc. Natl. Acad Sci. USA, 1997, 94, 14500-14505. 

[94] Cox, M.B.; Riggs, D.L.; Hessling, M.; Schumacher, F.; Buchner, 
J.; Smith, D.F. Fk506-binding protein 52 phosphorylation: A poten-
tial mechanism for regulating steroid hormone receptor activity. 
Mol. Endocrinol., 2007, 21, 2956-2967. 

[95] Qing, K.; Hansen, J.; Weigel-Kelley, K.A.; Tan, M.; Zhou, S.; 
Srivastava, A. Adeno-associated virus type 2-mediated gene trans-
fer: Role of cellular fkbp52 protein in transgene expression. J. Vi-
rol., 2001, 75, 8968-8976. 

[96] Qing, K.; Li, W.; Zhong, L.; Tan, M.; Hansen, J.; Weigel-Kelley, 
K.A.; Chen, L.; Yoder, M.C.; Srivastava, A. Adeno-associated vi-
rus type 2-mediated gene transfer: Role of cellular t-cell protein ty-
rosine phosphatase in transgene expression in established cell lines 
in vitro and transgenic mice in vivo. J. Virol., 2003, 77, 2741-2746. 

[97] Cheung-Flynn, J.; Prapapanich, V.; Cox, M.B.; Riggs, D.L.; Su-
arez-Quian, C.; Smith, D.F. Physiological role for the cochaperone 
fkbp52 in androgen receptor signaling. Mol. Endocrinol., 2005, 19, 
1654-1666. 

[98] Tranguch, S.; Cheung-Flynn, J.; Daikoku, T.; Prapapanich, V.; 
Cox, M.B.; Xie, H.; Wang, H.; Das, S.K.; Smith, D.F.; Dey, S.K. 
Cochaperone immunophilin fkbp52 is critical to uterine receptivity 
for embryo implantation. Proc. Natl. Acad Sci. USA, 2005, 102, 
14326-14331. 

[99] Mustafi, S.M.; LeMaster, D.M.; Hernandez, G. Differential con-
formational dynamics in the closely homologous fk506-binding 
domains of fkbp51 and fkbp52. Biochem. J., 2014, 461, 115-123. 

[100] Yong, W.; Yang, Z.; Periyasamy, S.; Chen, H.; Yucel, S.; Li, W.; 
Lin, L.Y.; Wolf, I.M.; Cohn, M.J.; Baskin, L.S.; Sanchez, E.R.; 
Shou, W. Essential role for co-chaperone fkbp52 but not fkbp51 in 
androgen receptor-mediated signaling and physiology. J. Biol. 
Chem., 2007, 282, 5026-5036. 

[101] Hong, J.; Kim, S.T.; Tranguch, S.; Smith, D.F.; Dey, S.K. Defi-
ciency of co-chaperone immunophilin fkbp52 compromises sperm 
fertilizing capacity. Reproduction, 2007, 133, 395-403. 

[102] Yang, Z.; Wolf, I.M.; Chen, H.; Periyasamy, S.; Chen, Z.; Yong, 
W.; Shi, S.; Zhao, W.; Xu, J.; Srivastava, A.; Sanchez, E.R.; Shou, 

W. Fk506-binding protein 52 is essential to uterine reproductive 
physiology controlled by the progesterone receptor a isoform. Mol. 
Endocrinol., 2006, 20, 2682-2694. 

[103] Tranguch, S.; Smith, D.F.; Dey, S.K. Progesterone receptor re-
quires a co-chaperone for signalling in uterine biology and implan-
tation. Reprod. Biomed. Online, 2006, 13, 651-660. 

[104] Tranguch, S.; Wang, H.; Daikoku, T.; Xie, H.; Smith, D.F.; Dey, 
S.K. Fkbp52 deficiency-conferred uterine progesterone resistance 
is genetic background and pregnancy stage specific. J. Clin. Invest., 
2007, 117, 1824-1834. 

[105] Hirota, Y.; Acar, N.; Tranguch, S.; Burnum, K.E.; Xie, H.; Ko-
dama, A.; Osuga, Y.; Ustunel, I.; Friedman, D.B.; Caprioli, R.M.; 
Daikoku, T.; Dey, S.K. Uterine fk506-binding protein 52 (fkbp52)-
peroxiredoxin-6 (prdx6) signaling protects pregnancy from overt 
oxidative stress. Proc. Natl. Acad Sci. U S A., 2010, 107, 15577-
15582. 

[106] Hirota, Y.; Tranguch, S.; Daikoku, T.; Hasegawa, A.; Osuga, Y.; 
Taketani, Y.; Dey, S.K. Deficiency of immunophilin fkbp52 pro-
motes endometriosis. Am. J. Pathol., 2008, 173, 1747-1757. 

[107] Sanchez, E.R. Chaperoning steroidal physiology: Lessons from 
mouse genetic models of hsp90 and its cochaperones. Biochim. 
Biophys. Acta, 2012, 1823, 722-729. 

[108] Wadekar, S.A.; Li, D.; Sanchez, E.R. Agonist-activated glucocorti-
coid receptor inhibits binding of heat shock factor 1 to the heat 
shock protein 70 promoter in vivo. Mol. Endocrinol., 2004, 18, 
500-508. 

[109] Warrier, M.; Hinds, T.D., Jr.; Ledford, K.J.; Cash, H.A.; Patel, 
P.R.; Bowman, T.A.; Stechschulte, L.A.; Yong, W.; Shou, W.; Na-
jjar, S.M.; Sanchez, E.R. Susceptibility to diet-induced hepatic 
steatosis and glucocorticoid resistance in fk506-binding protein 52-
deficient mice. Endocrinology, 2010, 151, 3225-3236. 

[110] Ward, B.K.; Mark, P.J.; Ingram, D.M.; Minchin, R.F.; Ratajczak, 
T. Expression of the estrogen receptor-associated immunophilins, 
cyclophilin 40 and fkbp52, in breast cancer. Breast Cancer Res. 
Treat., 1999, 58, 267-280. 

[111] Kumar, P.; Mark, P.J.; Ward, B.K.; Minchin, R.F.; Ratajczak, T. 
Estradiol-regulated expression of the immunophilins cyclophilin 40 
and fkbp52 in mcf-7 breast cancer cells. Biochem. Biophys. Res. 
Commun., 2001, 284, 219-225. 

[112] Ostrow, K.L.; Park, H.L.; Hoque, M.O.; Kim, M.S.; Liu, J.; Argani, 
P.; Westra, W.; Van Criekinge, W.; Sidransky, D. Pharmacologic 
unmasking of epigenetically silenced genes in breast cancer. Clin. 
Cancer Res., 2009, 15, 1184-1191. 

[113] Cochrane, D.R.; Bernales, S.; Jacobsen, B.M.; Cittelly, D.M.; 
Howe, E.N.; D'Amato, N.C.; Spoelstra, N.S.; Edgerton, S.M.; Jean, 
A.; Guerrero, J.; Gomez, F.; Medicherla, S.; Alfaro, I.E.; McCul-
lagh, E.; Jedlicka, P.; Torkko, K.C.; Thor, A.D.; Elias, A.D.; Prot-
ter, A.A.; Richer, J.K. Role of the androgen receptor in breast can-
cer and preclinical analysis of enzalutamide. Breast Cancer Res., 
2014, 16, R7. 

[114] Barik, S. Immunophilins: For the love of proteins. Cell. Mol. Life 
Sci., 2006, 63, 2889-2900. 

[115] Kang, C.B.; Hong, Y.; Dhe-Paganon, S.; Yoon, H.S. Fkbp family 
proteins: Immunophilins with versatile biological functions. Neu-
rosignals, 2008, 16, 318-325. 

[116] Haelens, A.; Tanner, T.; Denayer, S.; Callewaert, L.; Claessens, F. 
The hinge region regulates DNA binding, nuclear translocation, 
and transactivation of the androgen receptor. Cancer Res., 2007, 
67, 4514-4523. 

[117] Hernandez, F.; Avila, J. Tauopathies. Cell Mol. Life Sci., 2007, 64, 
2219-2233. 

[118] Cao, W.; Konsolaki, M. Fkbp immunophilins and alzheimer's dis-
ease: A chaperoned affair. J. Biosci., 2011, 36, 493-498. 

[119] Chambraud, B.; Belabes, H.; Fontaine-Lenoir, V.; Fellous, A.; 
Baulieu, E.E. The immunophilin fkbp52 specifically binds to tubu-
lin and prevents microtubule formation. FASEB J., 2007, 21, 2787-
2797. 

[120] Chambraud, B.; Sardin, E.; Giustiniani, J.; Dounane, O.; Schu-
macher, M.; Goedert, M.; Baulieu, E.E. A role for fkbp52 in tau 
protein function. Proc. Natl. Acad. Sci. USA, 2010, 107, 2658-
2663. 

[121] Gerard, M.; Deleersnijder, A.; Daniels, V.; Schreurs, S.; Munck, S.; 
Reumers, V.; Pottel, H.; Engelborghs, Y.; Van den Haute, C.; 
Taymans, J.M.; Debyser, Z.; Baekelandt, V. Inhibition of fk506 
binding proteins reduces alpha-synuclein aggregation and parkin-
son's disease-like pathology. J. Neurosci., 2010, 30, 2454-2463. 



124    Current Molecular Pharmacology, 2016, Vol. 9, No. 2 Guy et al. 

[122] Brecht, S.; Schwarze, K.; Waetzig, V.; Christner, C.; Heiland, S.; 
Fischer, G.; Sartor, K.; Herdegen, T. Changes in peptidyl-prolyl 
cis/trans isomerase activity and fk506 binding protein expression 
following neuroprotection by fk506 in the ischemic rat brain. Neu-
roscience, 2003, 120, 1037-1048. 

[123] Quinta, H.R.; Maschi, D.; Gomez-Sanchez, C.; Piwien-Pilipuk, G.; 
Galigniana, M.D. Subcellular rearrangement of hsp90-binding im-
munophilins accompanies neuronal differentiation and neurite out-
growth. J. Neurochem., 2010, 115, 716-734. 

[124] Bush, A.I. Metals and neuroscience. Curr. Opin. Chem. Biol., 
2000, 4, 184-191. 

[125] Tapiero, H.; Townsend, D.M.; Tew, K.D. Trace elements in human 
physiology and pathology. Copper. Biomed. Pharmacother., 2003, 
57, 386-398. 

[126] Barnham, K.J.; Bush, A.I. Metals in alzheimer's and parkinson's 
diseases. Curr. Opin. Chem. Biol., 2008, 12, 222-228. 

[127] Drago, D.; Bolognin, S.; Zatta, P. Role of metal ions in the abeta 
oligomerization in alzheimer's disease and in other neurological 
disorders. Curr. Alzheimer Res., 2008, 5, 500-507. 

[128] Kong, G.K.; Adams, J.J.; Cappai, R.; Parker, M.W. Structure of 
alzheimer's disease amyloid precursor protein copper-binding do-
main at atomic resolution. Acta. Crystallogr. Sect. F. Struct. Biol. 
Cryst. Commun., 2007, 63, 819-824. 

[129] Veldhuis, N.A.; Valova, V.A.; Gaeth, A.P.; Palstra, N.; Hannan, 
K.M.; Michell, B.J.; Kelly, L.E.; Jennings, I.; Kemp, B.E.; Pearson, 
R.B.; Robinson, P.J.; Camakaris, J. Phosphorylation regulates cop-
per-responsive trafficking of the menkes copper transporting p-type 
atpase. Int. J. Biochem. Cell Biol., 2009, 41, 2403-2412. 

[130] Sanokawa-Akakura, R.; Cao, W.; Allan, K.; Patel, K.; Ganesh, A.; 
Heiman, G.; Burke, R.; Kemp, F.W.; Bogden, J.D.; Camakaris, J.; 
Birge, R.B.; Konsolaki, M. Control of alzheimer's amyloid beta 
toxicity by the high molecular weight immunophilin fkbp52 and 
copper homeostasis in drosophila. PLoS One, 2010, 5, e8626. 

[131] Sanokawa-Akakura, R.; Dai, H.; Akakura, S.; Weinstein, D.; Fa-
jardo, J.E.; Lang, S.E.; Wadsworth, S.; Siekierka, J.; Birge, R.B. A 
novel role for the immunophilin fkbp52 in copper transport. J. Biol. 
Chem., 2004, 279, 27845-27848. 

[132] Santamaria-Kisiel, L.; Rintala-Dempsey, A.C.; Shaw, G.S. Cal-
cium-dependent and -independent interactions of the s100 protein 
family. Biochem. J., 2006, 396, 201-214. 

[133] Wright, N.T.; Cannon, B.R.; Zimmer, D.B.; Weber, D.J. S100a1: 
Structure, function, and therapeutic potential. Curr. Chem. Biol., 
2009, 3, 138-145. 

[134] Zimmer, D.B.; Chaplin, J.; Baldwin, A.; Rast, M. S100-mediated 
signal transduction in the nervous system and neurological dis-
eases. Cell Mol. Biol. (Noisy-le-grand), 2005, 51, 201-214. 

[135] Goel, M.; Garcia, R.; Estacion, M.; Schilling, W.P. Regulation of 
drosophila trpl channels by immunophilin fkbp59. J. Biol. Chem., 
2001, 276, 38762-38773. 

[136] Sinkins, W.G.; Goel, M.; Estacion, M.; Schilling, W.P. Association 
of immunophilins with mammalian trpc channels. J. Biol. Chem., 
2004, 279, 34521-34529. 

[137] Silverstein, A.M.; Galigniana, M.D.; Kanelakis, K.C.; Radanyi, C.; 
Renoir, J.M.; Pratt, W.B. Different regions of the immunophilin 
fkbp52 determine its association with the glucocorticoid receptor, 
hsp90, and cytoplasmic dynein. J. Biol. Chem., 1999, 274, 36980-
36986. 

[138] Mamane, Y.; Sharma, S.; Petropoulos, L.; Lin, R.; Hiscott, J. Post-
translational regulation of irf-4 activity by the immunophilin 
fkbp52. Immunity, 2000, 12, 129-140. 

[139] Fusco, D.; Vargiolu, M.; Vidone, M.; Mariani, E.; Pennisi, L.F.; 
Bonora, E.; Capellari, S.; Dirnberger, D.; Baumeister, R.; Marti-
nelli, P.; Romeo, G. The ret51/fkbp52 complex and its involvement 
in parkinson disease. Hum. Mol. Genet., 2010, 19, 2804-2816. 

[140] Chambraud, B.; Radanyi, C.; Camonis, J.H.; Shazand, K.; 
Rajkowski, K.; Baulieu, E.E. Fap48, a new protein that forms spe-
cific complexes with both immunophilins fkbp59 and fkbp12. Pre-
vention by the immunosuppressant drugs fk506 and rapamycin. J. 
Biol. Chem., 1996, 271, 32923-32929. 

[141] Krummrei, U.; Baulieu, E.E.; Chambraud, B. The fkbp-associated 
protein fap48 is an antiproliferative molecule and a player in t cell 
activation that increases il2 synthesis. Proc. Natl. Acad Sci. USA, 
2003, 100, 2444-2449. 

[142] Zhong, L.; Li, W.; Yang, Z.; Chen, L.; Li, Y.; Qing, K.; Weigel-
Kelley, K.A.; Yoder, M.C.; Shou, W.; Srivastava, A. Improved 
transduction of primary murine hepatocytes by recombinant adeno-

associated virus 2 vectors in vivo. Gene Ther., 2004, 11, 1165-
1169. 

[143] Desmetz, C.; Bascoul-Mollevi, C.; Rochaix, P.; Lamy, P.J.; 
Kramar, A.; Rouanet, P.; Maudelonde, T.; Mange, A.; Solassol, J. 
Identification of a new panel of serum autoantibodies associated 
with the presence of in situ carcinoma of the breast in younger 
women. Clin. Cancer Res., 2009, 15, 4733-4741. 

[144] Gougelet, A.; Bouclier, C.; Marsaud, V.; Maillard, S.; Mueller, 
S.O.; Korach, K.S.; Renoir, J.M. Estrogen receptor alpha and beta 
subtype expression and transactivation capacity are differentially 
affected by receptor-, hsp90- and immunophilin-ligands in human 
breast cancer cells. J. Steroid Biochem. Mol. Biol., 2005, 94, 71-81. 

[145] Liu, Y.; Li, C.; Xing, Z.; Yuan, X.; Wu, Y.; Xu, M.; Tu, K.; Li, Q.; 
Wu, C.; Zhao, M.; Zeng, R. Proteomic mining in the dysplastic 
liver of whv/c-myc mice--insights and indicators for early hepato-
carcinogenesis. FEBS J., 2010, 277, 4039-4053. 

[146] Shipp, C.; Watson, K.; Jones, G.L. Associations of hsp90 client 
proteins in human breast cancer. Anticancer Res, 2011, 31, 2095-
2101. 

[147] Yang, W.S.; Moon, H.G.; Kim, H.S.; Choi, E.J.; Yu, M.H.; Noh, 
D.Y.; Lee, C. Proteomic approach reveals fkbp4 and s100a9 as po-
tential prediction markers of therapeutic response to neoadjuvant 
chemotherapy in patients with breast cancer. J. Proteome. Res., 
2012, 11, 1078-1088. 

[148] Lin, J.F.; Xu, J.; Tian, H.Y.; Gao, X.; Chen, Q.X.; Gu, Q.; Xu, G.J.; 
Song, J.D.; Zhao, F.K. Identification of candidate prostate cancer 
biomarkers in prostate needle biopsy specimens using proteomic 
analysis. Int. J. Cancer, 2007, 121, 2596-2605. 

[149] Periyasamy, S.; Hinds, T., Jr.; Shemshedini, L.; Shou, W.; Sanchez, 
E.R. Fkbp51 and cyp40 are positive regulators of androgen-
dependent prostate cancer cell growth and the targets of fk506 and 
cyclosporin a. Oncogene, 2010, 29, 1691-1701. 

[150] Gelmann, E.P. Molecular biology of the androgen receptor. J. Clin. 
Oncol., 2002, 20, 3001-3015. 

[151] Weatherman, R.V.; Fletterick, R.J.; Scanlan, T.S. Nuclear-receptor 
ligands and ligand-binding domains. Annu. Rev. Biochem., 1999, 
68, 559-581. 

[152] Heemers, H.V.; Tindall, D.J. Androgen receptor (ar) coregulators: 
A diversity of functions converging on and regulating the ar tran-
scriptional complex. Endocr. Rev., 2007, 28, 778-808. 

[153] Pereira de Jesus-Tran, K.; Cote, P.L.; Cantin, L.; Blanchet, J.; 
Labrie, F.; Breton, R. Comparison of crystal structures of human 
androgen receptor ligand-binding domain complexed with various 
agonists reveals molecular determinants responsible for binding af-
finity. Protein Sci., 2006, 15, 987-999. 

[154] Leibowitz-Amit, R.; Joshua, A.M. Targeting the androgen receptor 
in the management of castration-resistant prostate cancer: Ration-
ale, progress, and future directions. Curr. Oncol., 2012, 19, S22-31. 

[155] Matias, P.M.; Donner, P.; Coelho, R.; Thomaz, M.; Peixoto, C.; 
Macedo, S.; Otto, N.; Joschko, S.; Scholz, P.; Wegg, A.; Basler, S.; 
Schafer, M.; Egner, U.; Carrondo, M.A. Structural evidence for 
ligand specificity in the binding domain of the human androgen re-
ceptor. Implications for pathogenic gene mutations. J. Biol. Chem., 
2000, 275, 26164-26171. 

[156] Agoulnik, I.U.; Weigel, N.L. Androgen receptor action in hor-
mone-dependent and recurrent prostate cancer. J. Cell Biochem., 
2006, 99, 362-372. 

[157] Mohler, J.L.; Gregory, C.W.; Ford, O.H., 3rd; Kim, D.; Weaver, 
C.M.; Petrusz, P.; Wilson, E.M.; French, F.S. The androgen axis in 
recurrent prostate cancer. Clin. Cancer Res., 2004, 10, 440-448. 

[158] Seruga, B.; Ocana, A.; Tannock, I.F. Drug resistance in metastatic 
castration-resistant prostate cancer. Nat. Rev. Clin. Oncol., 2011, 8, 
12-23. 

[159] Arora, V.K.; Schenkein, E.; Murali, R.; Subudhi, S.K.; Wongvipat, 
J.; Balbas, M.D.; Shah, N.; Cai, L.; Efstathiou, E.; Logothetis, C.; 
Zheng, D.; Sawyers, C.L. Glucocorticoid receptor confers resis-
tance to antiandrogens by bypassing androgen receptor blockade. 
Cell, 2013, 155, 1309-1322. 

[160] Balbas, M.D.; Evans, M.J.; Hosfield, D.J.; Wongvipat, J.; Arora, 
V.K.; Watson, P.A.; Chen, Y.; Greene, G.L.; Shen, Y.; Sawyers, 
C.L. Overcoming mutation-based resistance to antiandrogens with 
rational drug design. Elife, 2013, 2, e00499. 

[161] Chen, C.D.; Welsbie, D.S.; Tran, C.; Baek, S.H.; Chen, R.; Ves-
sella, R.; Rosenfeld, M.G.; Sawyers, C.L. Molecular determinants 
of resistance to antiandrogen therapy. Nat. Med., 2004, 10, 33-39. 



Therapeutic Targeting of the FKBP52 Co-Chaperone Current Molecular Pharmacology, 2016, Vol. 9, No. 2    125

[162] Joseph, J.D.; Lu, N.; Qian, J.; Sensintaffar, J.; Shao, G.; Brigham, 
D.; Moon, M.; Maneval, E.C.; Chen, I.; Darimont, B.; Hager, J.H. 
A clinically relevant androgen receptor mutation confers resistance 
to second-generation antiandrogens enzalutamide and arn-509. 
Cancer Discov., 2013, 3, 1020-1029. 

[163] Korpal, M.; Korn, J.M.; Gao, X.; Rakiec, D.P.; Ruddy, D.A.; 
Doshi, S.; Yuan, J.; Kovats, S.G.; Kim, S.; Cooke, V.G.; Monahan, 
J.E.; Stegmeier, F.; Roberts, T.M.; Sellers, W.R.; Zhou, W.; Zhu, P. 
An f876l mutation in androgen receptor confers genetic and pheno-
typic resistance to mdv3100 (enzalutamide). Cancer Discov., 2013, 
3, 1030-1043. 

[164] Yokoyama, N.N.; Shao, S.; Hoang, B.H.; Mercola, D.; Zi, X. Wnt 
signaling in castration-resistant prostate cancer: Implications for 
therapy. Am. J. Clin. Exp. Urol., 2014, 2, 27-44. 

[165] Moore, T.W.; Mayne, C.G.; Katzenellenbogen, J.A. Minireview: 
Not picking pockets: Nuclear receptor alternate-site modulators 
(nrams). Mol. Endocrinol., 2009, 24, 683-695. 

[166] De Leon, J.T.; Iwai, A.; Feau, C.; Garcia, Y.; Balsiger, H.A.; 
Storer, C.L.; Suro, R.M.; Garza, K.M.; Lee, S.; Kim, Y.S.; Chen, 
Y.; Ning, Y.M.; Riggs, D.L.; Fletterick, R.J.; Guy, R.K.; Trepel, 
J.B.; Neckers, L.M.; Cox, M.B. Targeting the regulation of andro-
gen receptor signaling by the heat shock protein 90 cochaperone 
fkbp52 in prostate cancer cells. Proc. Natl. Acad Sci. USA, 2011, 
108, 11878-11883. 

[167] Estebanez-Perpina, E.; Arnold, L.A.; Nguyen, P.; Rodrigues, E.D.; 
Mar, E.; Bateman, R.; Pallai, P.; Shokat, K.M.; Baxter, J.D.; Guy, 
R.K.; Webb, P.; Fletterick, R.J. A surface on the androgen receptor 
that allosterically regulates coactivator binding. Proc Natl Acad Sci 
USA, 2007, 104, 16074-16079.  

[168] Christiaens, V.; Bevan, C.L.; Callewaert, L.; Haelens, A.; Verrijdt, 
G.; Rombauts, W.; Claessens, F. Characterization of the two coac-
tivator-interacting surfaces of the androgen receptor and their rela-
tive role in transcriptional control. J. Biol. Chem., 2002, 277, 
49230-49237. 

[169] Estebanez-Perpina, E.; Moore, J.M.; Mar, E.; Delgado-Rodrigues, 
E.; Nguyen, P.; Baxter, J.D.; Buehrer, B.M.; Webb, P.; Fletterick, 
R.J.; Guy, R.K. The molecular mechanisms of coactivator utiliza-
tion in ligand-dependent transactivation by the androgen receptor. 
J. Biol. Chem., 2005, 280, 8060-8068. 

[170] He, B.; Kemppainen, J.A.; Wilson, E.M. Fxxlf and wxxlf se-
quences mediate the nh2-terminal interaction with the ligand bind-
ing domain of the androgen receptor. J. Biol. Chem., 2000, 275, 
22986-22994. 

[171] Heery, D.M.; Kalkhoven, E.; Hoare, S.; Parker, M.G. A signature 
motif in transcriptional co-activators mediates binding to nuclear 
receptors. Nature, 1997, 387, 733-736. 

[172] Hur, E.; Pfaff, S.J.; Payne, E.S.; Gron, H.; Buehrer, B.M.; Flet-
terick, R.J. Recognition and accommodation at the androgen recep-
tor coactivator binding interface. PLoS Biol., 2004, 2, E274. 

[173] Grosdidier, S.; Carbo, L.R.; Buzon, V.; Brooke, G.; Nguyen, P.; 
Baxter, J.D.; Bevan, C.; Webb, P.; Estebanez-Perpina, E.; Fernan-
dez-Recio, J. Allosteric conversation in the androgen receptor 
ligand-binding domain surfaces. Mol. Endocrinol., 2012, 26, 1078-
1090. 

[174] Jehle, K.; Cato, L.; Neeb, A.; Muhle-Goll, C.; Jung, N.; Smith, 
E.W.; Buzon, V.; Carbo, L.R.; Estebanez-Perpina, E.; Schmitz, K.; 
Fruk, L.; Luy, B.; Chen, Y.; Cox, M.B.; Brase, S.; Brown, M.; 
Cato, A.C. Coregulator control of androgen receptor action by a 

novel nuclear receptor-binding motif. J. Biol. Chem., 2014, 289, 
8839-8851. 

[175] Liang, S.; Bian, X.; Sivils, J.; Neckers, L.M.; Cox, M.B.; Xie, H. 
Quantification of a new anti-cancer molecule mjc13 using a rapid, 
sensitive, and reliable liquid chromatography-tandem mass spec-
trometry method. Am.J. Mod.Chromatogr., 2014, 1, 1-11. 

[176] Liang, S.; Sivils, J.; Neckers, L.; Cox, M.B.; Xie, H. Solution for-
mulation development and efficacy of mjc13 in a preclinical model 
of castrate-resistant prostate cancer. Pharm. Develop. Technol., in 
press. 

[177] Shafi, A.A.; Cox, M.B.; Weigel, N.L. Androgen receptor splice 
variants are resistant to inhibitors of hsp90 and fkbp52, which alter 
androgen receptor activity and expression. Steroids, 2013, 78, 548-
554. 

[178] Ni, L.; Yang, C.S.; Gioeli, D.; Frierson, H.; Toft, D.O.; Paschal, 
B.M. Fkbp51 promotes assembly of the hsp90 chaperone complex 
and regulates androgen receptor signaling in prostate cancer cells. 
Mol. Cell Biol., 2010, 30, 1243-1253. 

[179] Kassi, E.; Moutsatsou, P. Glucocorticoid receptor signaling and 
prostate cancer. Cancer Lett., 2011, 302, 1-10. 

[180] Reynolds, A.R.; Kyprianou, N. Growth factor signalling in 
prostatic growth: Significance in tumour development and thera-
peutic targeting. Br J Pharmacol, 2006, 147(Suppl. 2), S144-152. 

[181] Cluning, C.; Ward, B.K.; Rea, S.L.; Arulpragasam, A.; Fuller, P.J.; 
Ratajczak, T. The helix 1-3 loop in the glucocorticoid receptor lbd 
is a regulatory element for fkbp cochaperones. Mol. Endocrinol., 
2013, 27, 1020-1035. 

[182] Bonkhoff, H.; Fixemer, T.; Hunsicker, I.; Remberger, K. Proges-
terone receptor expression in human prostate cancer: Correlation 
with tumor progression. Prostate, 2001, 48, 285-291. 

[183] Check, J.H.; Dix, E.; Wilson, C.; Check, D. Progesterone receptor 
antagonist therapy has therapeutic potential even in cancer re-
stricted to males as evidenced from murine testicular and prostate 
cancer studies. Anticancer Res., 2010, 30, 4921-4923. 

[184] Erlejman, A.G.; De Leo, S.A.; Mazaira, G.I.; Molinari, A.M.; 
Camisay, M.F.; Fontana, V.; Cox, M.B.; Piwien-Pilipuk, G.; Galig-
niana, M.D. Nf-kappab transcriptional activity is modulated by 
fk506-binding proteins fkbp51 and fkbp52: A role for peptidyl-
prolyl isomerase activity. J. Biol. Chem., 2014, 289, 26263-26276. 

[185] Jin, R.; Yamashita, H.; Yu, X.; Wang, J.; Franco, O.E.; Wang, Y.; 
Hayward, S.W.; Matusik, R.J. Inhibition of nf-kappa b signaling 
restores responsiveness of castrate-resistant prostate cancer cells to 
anti-androgen treatment by decreasing androgen receptor-variant 
expression. Oncogene, 2014, 15, 302. 

[186] Galigniana, M.D.; Harrell, J.M.; O'Hagen, H.M.; Ljungman, M.; 
Pratt, W.B. Hsp90-binding immunophilins link p53 to dynein dur-
ing p53 transport to the nucleus. J. Biol. Chem., 2004, 279, 22483-
22489. 

[187] Bharadwaj, S.; Ali, A.; Ovsenek, N. Multiple components of the 
hsp90 chaperone complex function in regulation of heat shock fac-
tor 1 in vivo. Mol. Cell Biol., 1999, 19, 8033-8041. 

[188] Neye, H. Mutation of fkbp associated protein 48 (fap48) at proline 
219 disrupts the interaction with fkbp12 and fkbp52. Regul. Pept., 
2001, 97, 147-152. 

[189] Chambraud, B.; Radanyi, C.; Camonis, J.H.; Rajkowski, K.; Schu-
macher, M.; Baulieu, E.E. Immunophilins, refsum disease, and lu-
pus nephritis: The peroxisomal enzyme phytanoyl-coa alpha-
hydroxylase is a new fkbp-associated protein. Proc. Natl. Acad. 
Sci. USA, 1999, 96, 2104-2109. 

 
 

Received: November 14, 2014 Revised: January 28, 2015 Accepted: May 17, 2015 



Send Orders for Reprints to reprints@benthamscience.ae 

126 Current Molecular Pharmacology, 2016, 9, 126-140  

 1874-4672/16 $58.00+.00 © 2016 Bentham Science Publishers 

The FKBP51-Glucocorticoid Receptor Balance in Stress-Related Mental 
Disorders 

Gabriel R. Fries1,2*, Nils C. Gassen1, Ulrike Schmidt3 and Theo Rein1*  

1Department of Translational Research in Psychiatry, Max Planck Institute of 
Psychiatry, Munich, Germany; 2Translational Psychiatry Program, Depart-
ment of Psychiatry and Behavioral Sciences, The University of Texas Health 
Science Center at Houston (UTHealth) Medical School, Houston, TX, USA; 
3Department of Clinical Research, RG Molecular Psychotraumatology, Max 
Planck Institute of Psychiatry, Munich, Germany 

Abstract: The immunophilin FK506 binding protein 51 (FKBP51) has emerged as one of 
the most intensely investigated proteins in stress-related mental disorders. It was origi-
nally characterized as Hsp90 cochaperone and part of the receptor-chaperone heterocom-

plex that governs the activity of steroid receptors. It turned out that the presence of FKBP51 in this heterocomplex leads to 
diminished activity of the corticosteroid receptors. In particular, based on its inhibitory action on the glucocorticoid receptor 
(GR), FKBP51 was included in a candidate gene approach to discover gene polymorphisms that might be relevant for the de-
velopment and treatment of major depression. The discovery that polymorphisms in the gene coding for FKBP51 were linked 
to the treatment response of depressed patients intensified the research on the role of FKBP51 in stress-related diseases 
worldwide. It has become evident that FKBP51 is not only a regulator of GR action, but also a GR target. The function of this 
ultrashort intracellular feedback loop is critically important for cellular and physiological stress regulation as it does not only 
calibrate the function of GR, but also the levels of FKBP51. Given the pleiotropic functions of FKBP51, its levels might be 
equally important for mental disorders as GR function and hence for the development of potential FKBP51 drug targets.  

Keywords: FKBP51, glucocorticoid receptor, HPA axis, mental disorders, stress. 

FKBP51 AS REGULATOR OF THE GLUCOCORTI-
COID RECEPTOR 

 About 25 years ago, FKBP51 and its close homologue 
FKBP52 were first discovered as components of the steroid 
hormone receptor (SHR)-chaperones heterocomplex [1-4]. 
As members of the FKBP protein family, they bind the im-
munosuppressant drug FK506, which inhibits their peptidyl-
prolyl isomerase (PPIase) activity [5]. In addition to the 
eponymous FK506 binding domain, the large FKBPs contain 
an interaction domain for Hsp90, the so called tetratricopep-
tide repeat (TPR) domain [6]. This domain interacts with the 
N-terminal MEEVD motif of Hsp90 [7], thereby enabling 
them to access the Hsp90-based folding platform [8]. There 
is also evidence that other domains of FKBP51 and FKBP52 
contribute to the interaction with steroid receptors [9, 10].  

 The first hint for the GR-inhibitory function of FKBP51 
came from observations in Squirrel Monkeys. These 
neotropical primates have high circulating levels of cortisol, 
but they show no phenotypic signs of cortisol excess because 
the high cortisol levels compensate for the low affinity of 
their GR [11-13]. It became clear that the lower hormone 
binding affinity of the Squirrel Monkey GR is not caused by  
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the changes in GR sequence but by other cellular factors 
[14]. After higher levels of FKBP51 were found in Squirrel 
Monkeys, several studies demonstrated this immunophilin to 
inhibit GR function [15-19]. FKBP51 reduces GR hormone 
binding affinity and delays nuclear translocation of GR after 
hormone binding [15, 16, 18]. The inhibitory action of 
FKBP51 on GR nuclear translocation has also been con-
firmed in neuronal cell cultures [20]. 

 It is not known whether specific actions of FKBP51 in 
the receptor chaperone heterocomplex account for this in-
hibitory action or whether FKBP51 simply displaces other 
GR function-promoting TPR domain containing proteins 
from the complex such as its close homologue FKBP52 [17-
19]. Likely, displacement of FKBP52 from transport com-
plexes also accounts for the inhibitory effect of FKBP51 on 
nuclear translocation. FKBP52 interacts with the 
dynein/dynactin motor complex thereby expediting nuclear 
translocation of GR and also of the closely related mineralo-
corticoid receptor (MR) [18, 21, 22]. It has been shown that 
the GR heterocomplex-dynein interaction can be disrupted 
by overexpressing FKBP51 [18].  

 In addition, the immunophilins FKBP51 and FKBP52 
exert functionally divergent effects in numerous other cellu-
lar processes [17-19, 23-27]. Therefore, it appears reasonable 
to unravel their mechanism of action by comparing their 
biochemical functions and structures. The PPIase activities 
of FKBP51 and FKBP52 are comparable [6]. Furthermore, 
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while the N-terminal PPIase domain of both FKBP51 and 
FKBP52 appears to be essential for their differential effects, 
the enzymatic activity of isomerizing peptidylprolyl bonds is 
not required [18, 28]. Isothermal titration calorimetry re-
vealed a difference in the affinity of Hsp90 binding between 
FKBP51 and FKBP52 [6]. This difference, however, is not 
reflected in the abundance of the two FKBPs in Hsp90-based 
receptor complexes [17, 29]. As mentioned above, evidence 
has been provided for direct interactions between the FKBPs 
and their client steroid receptors [9]. 

 Crystal structure analyses revealed a high structural simi-
larity between FKBP51 and FKBP52 [30-32]. There are dif-
ferences on the orientation of the domains that might be im-
portant for their differential functions. Interestingly, a recent 
study reported a differential conformational flexibility in the 
FK506 binding domains of FKBP51 and FKBP52, pointing 
to a mechanistic contribution of intramolecular movements 
[33]. Single amino acid differences have also been assessed 
for their functional contribution, including a comparison of 
the Squirrel Monkey FKBP51 with human FKBP51 [16, 34]. 
While no single amino acid alone accounts for the functional 
differences between FKBP51 and FKBP52, a major effect 
could be ascribed to the amino acids shaping the domain 
structure at the PPIase pocket [28]. Today, FKBP51 and 
FKBP52 are mostly viewed as scaffolding proteins that 
partly interfere with each other’s function by competing for 
binding to several proteins. 

 Taken together, even though the exact mechanism re-
mains to be elucidated, it is now firmly established that 

FKBP51 functions as inhibitor of GR (see Fig. 1 for a model 
summary). 

THE GLUCOCORTICOID RECEPTOR AS REGULA-
TOR OF FKBP51 
 Induction of FKBP51 mRNA by glucocorticoids had 
already been reported before the GR-inhibitory function of 
FKBP51 was established [35-37]. The glucocorticoid-
responsiveness of FKBP51 has been demonstrated in numer-
ous studies and also applies to brain regions important to 
stress-related mental disorders [38-40]. Glucocorticoid re-
sponsive elements (GREs) have been identified and charac-
terized by electromobility shift and reporter gene assays in 
intronic regions of Fkbp5, the gene coding for FKBP51 [41]. 
Quantitative chromatin immunoprecipitation scans and 
analyses of enhancer activity pointed to the fact that binding 
of GR at about 34 kb upstream and 87 kb downstream of the 
transcription start site (TSS) is essential to trigger activation 
of the FKBP5 locus [42]. It has further been suggested that, 
at these sites, the GR acts on the chromatin structure at the 
TSS through long distance interactions [42]. More recently, 
GRE-TSS long distance interactions were proven by the use 
of the chromatin conformation capture technique [43].  

 Similarly to glucocorticoids, other steroids except estro-
gens also activate transcription of the FKBP5 gene [41, 44-
48]. The regulation by these other steroids most likely also 
involves long distance interactions of regulatory factors at 
the DNA [45, 47]. Thus, like with several other genes, the 
action of GR is intertwined with the activity status of the 
other steroid receptors.  

 
Fig. (1). FKBP51 reduces GR’s hormone binding affinity and nuclear translocation. This model depicts a very simplified version of the het-
erocomplex of GR and the associated chaperones and cochaperones. The TPR acceptor site of Hsp90 can be occupied by a variety of differ-
ent TPR proteins (complex top middle). In the case of FKBP52 (left hand side), the GR adopts a conformation that allows for hormone bind-
ing with high affinity. In addition, through its interaction with the dynein/dynactin transport complex, there is efficient nuclear translocation 
of GR in the presence of FKBP52. Conversely, when FKBP51 is at the TPR site of Hsp90, GR binds to the hormone with reduced affinity 
and nuclear translocation is delayed due to the lack of interaction of FKBP51 with the transport complex. GR, glucocorticoid receptor; TPR, 
tetratricopeptide repeat; Dyn, dynein. 
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 Even though FKBP51 and FKBP52 are highly homolo-
gous on the protein level, most likely due to their emergence 
by gene duplication from a common, ancestral invertebrate 
gene, their genomic organization is quite different [49, 50]; 
FKBP52, in contrast to its functional antagonist FKBP51, 
appears not to be regulated by steroid hormones.  

 Since FKBP5 is a GR-regulated gene, the glucocorti-
coid-mediated increase of its mRNA has been suggested as 
a marker for glucocorticoid sensitivity, potency and 
bioavailability [51]. In most cases, this should be quite use-
ful, but we propose that dynamic data should be available 
for correct interpretation. In the absence of dynamic data, 
for example in case only certain tissues were assessed for 
expression levels at one time point, the interpretation is 
much more difficult. The mutual interaction of FKBP51 
and GR forms an ultrashort intracellular feedback loop. 
Therefore, high levels of FKBP51 can obviously be inter-
preted either as indication of a highly active GR (FKBP51 
as target of GR) or as indication of a less active GR 
(FKBP51 as inhibitor of GR). In any case, this feedback 
loop is important for regulation of the stress hormone axis, 
i.e. the hypothalamic-pituitary-adrenal (HPA) axis (Fig. 2); 
the correct function of this feedback loop has been shown 
to be of high physiological relevance. The impact of GR on 
FKBP51 is regulated by disease-associated single nucleo-
tide polymorphisms (SNPs) in interaction with environ-
ment-directed DNA methylation [43, 52]. In turn, the ac-
tion of FKBP51 on GR depends on the abundance of other 
TPR proteins competing for access to the Hsp90-based GR-
chaperone heterocomplex [17, 18] (Fig. 2, Table 1). 

 It should be mentioned that dynamic data are also prefer-
able for other GR targets; their dynamics also reflects the his-
tory of previous stress experiences, which has been nicely 
exemplified in rats by two recent publications [53, 54]. The 
authors could show that the previous exposure to chronic  
 

 
Fig. (2). The HPA axis is intertwined with the GR-FKBP51 ul-
trashort feedback loop. Upon perception of stress, CRH is released 
from the hypothalamic brain region, which stimulates the release of 
ACTH from the pituitary resulting in the release of cortisol from the 
adrenal glands. HPA axis activity is balanced by the negative feed-
back loop via GR on CRH and ACTH. The corticosteroid receptor 
hypothesis of depression postulates malfunction of GR as cause for 
dysregulated HPA axis [79], which may also apply for other stress-
related disease. The activity of GR, in turn, is balanced by the ul-
trashort negative feedback loop with FKBP51. GR is a transcrip-
tional activator of FKBP51, which acts as inhibitor of GR function. 
This feedback loop is further calibrated by genetic and epigenetic 
features shaping GR’s effect on FKBP51 expression [52, 88, 179] 
and by TPR proteins competing with FKBP51 for Hsp90 binding 
and thus control of the GR heterocomplex [17, 18].  

 

restraint stress changes the transcriptional response of GR 
target genes to a subsequent acute challenge to glucocorti-
coids.  

 

Table 1. Tetratricopeptide repeat (TPR) proteins and their effect on GR. While evidence has been provided for most TPR proteins 
for competitive binding to Hsp90 and thus the receptor heterocomplex [17], this remains to be shown for the multi-TPR 
protein ANT-1.  

TPR protein Effect on GR Citations 

carboxyl terminus of Hsc70-interacting protein (CHIP) promotes degradation of GR [180] 

cyclophilin-40 (Cyp40) No clear effect [17, 19] 

FK506 binding protein 51 (FKBP51) 
lowers hormone binding affinity and transcrip-

tional activity 
[15, 16, 18] 

FK506 binding protein 52 (FKBP52) enhances hormone binding affinity [19, 181] 

Hsp organizer protein (HOP) enhances heterocomplex formation [182] 

protein phosphatase 5 (PP5) lowers GR's transcriptional activity [183, 184] 

small glutamine-rich tetratricopeptide (SGTA) lowers GR's activity [185] 

Androgen Receptor N-terminal domain transactivating protein-1 (ANT-1)  Enhancement of GR-dependent transcription  [186] 

tetratricopeptide repeat protein 2 (TPR2) modulates GR signaling [187] 

hepatitis virus B X-associated protein 2 (XAP2) inhibits GR mediated transcription [188] 
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ANIMAL MODELS 

 Different laboratories developed FKBP51 as well as 
FKBP52 knock-out (KO) mice and initial studies did not 
reveal obvious defects in male or female FKBP51 KO mice 
[55-58]. This appeared surprising especially in the case of 
male fertility [59] - in light of the reported positive role of 
FKBP51 for the function of the androgen receptor [60-62]. It 
should be noted, though, that evidence has also been pro-
vided that FKBP51 might inhibit, rather than stimulate, the 
androgen receptor under certain experimental conditions 
[17]. In any case, the absence of an overt endocrine or be-
havioral phenotype under baseline conditions renders the 
animals suitable for investigating the role of FKBP51 in 
stress-related phenotypes. 

 Analysis of the HPA axis revealed no differences be-
tween FKBP51 KO and wildtype mice in their levels of cor-
ticosterone under basal conditions [63]. However, loss of 
FKBP51 attenuated the reactivity of the HPA axis in re-
sponse to an acute stressor or in the dexamethasone (Dex) / 
corticotropin-releasing hormone (CRH) test [63]. These 
changes in HPA axis reactivity are fully consistent with the 
known inhibitory effect of FKBP51 on GR. Moreover, this 
study uncovered that deletion of FKBP51 resulted in a more 
active coping behavior after an acute stressor of sufficient 
intensity [63] which, as we showed in a recent follow-up 
study, was associated with prevention of stress-induced syn-
apsin loss in the prefrontal cortex [64]. Another study as-
sessed the vulnerability of FKBP51 KO mice to a different 
stressor, i.e. to chronic social defeat stress [65]. Analysis of 
physiological, neuroendocrine, behavioral and gene expres-
sion alterations revealed a lower vulnerability of FKBP51 
KO mice to chronic social defeat stress in comparison to 
wild-type animals and a more active stress-coping behavior 
[65]. Thus, also this study confirms the pivotal role of 
FKBP51 in regulating GR sensitivity and HPA axis balance.  

 Since stress hormones can promote wakefulness and en-
hanced HPA axis overactivity has been linked to sleep dis-
turbance [66], FKBP51 KO mice were analyzed for their 
sleep pattern [67]. In comparison to wild-type mice, FKBP51 
KO mice displayed increased nocturnal wake periods. After 
stress exposure, i.e. social defeat or restraint stress, FKBP51 
deletion led to less pronounced rebound sleep. Of note how-
ever, sleep profiles in FKBP51 KO mice were nearly oppo-
site to those in human depressed subjects. This pro-resilience 
sleep phenotype in mice may result from the reduced HPA 
reactivity caused by FKBP51 deletion [67]. In addition, this 
study verified in brain tissue that loss of FKBP51 enhanced 
hormone binding affinity of GR, as it would have been pre-
dicted by previous cellular and biochemical studies. 

 Investigation of older mice (aged 11-14 months and the 
same mice later at the age of 18-22 months) revealed that the 
loss of FKBP51 modulated age-dependent anxiety deter-
mined by the elevated plus maze [68]. However, this effect 
did not become apparent in the light-dark maze, another be-
havioral paradigm assessing anxiety-related behavior [68]. 
Of note, a recent study found that older mice show increased 
FKBP51 levels and decreased Fkbp5 methylation, suggesting 
that epigenetic mechanisms might underlie the glucocorti-
coid-mediated psychological stress-resilience processes seen 
in aging [69]. 

 It should be mentioned that the FKBP51 KO mice used 
in these studies also carry a gene duplication of glyoxalase-1 
and thus also exhibit higher levels of this enzyme [70]. 
Glyoxalase-1 is involved in the detoxification of methyl-
glyoxal [71] and its dysfunction has been linked to several 
disease states [71, 72]. However, so far-studies did not pro-
vide evidence for a significant influence of the increased 
levels of glyoxalase-1 in the FKBP51 KO mice. For exam-
ple, even though glyoxalase-1 has been reported to play a 
role in anxiety [73], no changes in anxiety-related behavior 
was observed in the FKBP51 KO mice under basal condi-
tions [63, 65]. 

 In addition to gene deletion, FKBP51 knock-down has 
also been used to analyze its behavioral effects in mice. 
FKBP51 has been identified as an important component of 
the neuropsin signaling pathway in the enhancement of anxi-
ety-like behavior [74]. The authors further showed that 
stress-induced anxiety was blocked by silencing FKBP51 
expression in the amygdala with RNAi [74]. 

 Finally, overexpression of FKBP51 in the hypothalamus 
with an adeno-associated virus vector has been used to dem-
onstrate that elevated hypothalamic FKBP51 might promote 
obese phenotypes [75]. Similarly, higher expression of 
FKBP51 in the hypothalamus has been linked to increased 
body weight gain [76]. These findings are also relevant for 
stress-related mental disorders as obesity has been reported 
to increase the risk for depression [77]. The results obtained 
from manipulating FKBP51 expression in mice are summa-
rized in Table 2. 

STRESS-RELATED MENTAL DISORDERS 

 Malfunctioning of the HPA axis is one of the most consis-
tent findings in stress-related neuropsychiatric conditions in-
cluding cognitive dysfunction, posttraumatic stress disorder 
(PTSD), major depression, bipolar disorder (BD), schizophre-
nia, anxiety disorders and suicidality [78, 79]. Several studies 
in animal models manipulating GR expression in various ways 
documented the crucial role of GR function in HPA axis activ-
ity and brain function [80-87]. This plethora of findings inten-
sified the interest in proteins potentially regulating GR activ-
ity. Based on the results of these studies, a candidate gene 
association study in depression was undertaken [88]. In addi-
tion to the GR and the MR, several molecular chaperones 
were included in this study, among them FKBP51 as a then-
newly established inhibitor of GR [15, 16]. This gene associa-
tion study discovered single nucleotide polymorphisms 
(SNPs) of FKBP5 linked to HPA axis reactivity and to the 
response to antidepressant treatment. Thus, it motivated a 
wealth of additional clinical studies on FKBP51 which we 
survey in the following section. 

CLINICAL EVIDENCE FOR THE ROLE OF THE GR-
FKBP51 SYSTEM IN MENTAL DISORDERS 

 Most of the relevant clinical studies are based on genetic 
association findings, but evidence also extends to functional 
reports. Genetic variants and even epigenetic modifications 
of the FKBP5 gene have been consistently correlated with 
FKBP5 expression and function in humans [88-91]. For ex-
ample, the most studied FKBP5 gene SNP, rs1360780, has 
been shown to regulate gene expression and HPA axis activ-
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ity in different populations [88, 92]. Polymorphisms in the 
FKBP5 gene were also shown to modulate the recovery from 
psychosocial stress, in which subjects homozygous for the 
SNPs rs4713916, rs1360780 and rs3800737 displayed an 
incomplete normalization of stress-induced cortisol secretion 
[93]. Furthermore, a male-specific effect of the rs3800374 
SNP on the response to acute psychosocial stress was found 
in healthy adults [94]. 

 Moreover, a growing body of evidence suggests that 
FKBP5 modifications are associated also with personality 
traits [95] and with the integrity and reactivity of specific 
brain regions, both in patients and in non-clinical human 
populations [96-100]. Altogether, human studies suggest a 
key role of genetic variants of the FKBP5 gene in modulat-
ing HPA axis activity and the effects of stress and adversities 
throughout life, ultimately contributing to mediation of the 
susceptibility to psychiatric disorders like PTSD [43]. To 
increase intelligibility, we discuss the clinical evidences 
separately for the different types of disorders in the follow-
ing sections. 

Childhood Traumatic Events 

 One of the main findings regarding the role of the 
FKBP5-GR system in humans is its interaction with early-
life adversities and modulation of the HPA axis and behav-
ioral features. As recently shown, the severity of childhood 
maltreatment was associated with attenuated cortisol levels 
among carriers of the rs1360780 CC genotype [101]. In addi-
tion, carriers of the risk allele (T) of this SNP showed a more 
pronounced cortisol response to a social laboratory stressor 
[101]. Along these lines, a genetic profile that combined four 
stress-related genes, including FKBP5, positively predicted 
cortisol levels, and was further shown to interact with life 
stress to predict hippocampal and amygdala volumes [102]. 
Furthermore, childhood trauma was also reported to interact 
with different variants of the FKBP5 gene to increase the 
risk for attempting suicide in later life [103]. In addition, the 
FKBP5 SNP rs1360780 was not only related to cortisol reac-
tivity, but has also been shown to interact with an insecure-
resistant attachment in children, further corroborating 
FKBP5’s role in stress-linked gene-environment interactions 
[104]. Altogether, these data support a key role of gene vs. 
environment interactions in the modulation of HPA axis 

function, suggesting a possible role of epigenetic mecha-
nisms in this scenario.  

 Accordingly, a recent study described an epigenetic 
mechanism mediating the combined effects of environmental 
exposure in early life and genetic variants of the FKBP5 
gene in the risk of developing psychiatric disorders [43]. 
This study showed that genetic variants in FKBP5 can in-
duce altered chromatin conformations resulting in a differen-
tial FKBP5 gene expression in response to childhood abuse, 
ultimately altering DNA methylation and the responsiveness 
of FKBP5 to GR activation.  

 As described in the next sections, these mechanisms are 
suggested to mediate the risk for different stress-related psy-
chiatric disorders such as PTSD.  

Posttraumatic Stress Disorder (PTSD) 

 Contrary to what is observed in patients with depression, 
an enhanced negative feedback inhibition of cortisol along 
with an increased glucocorticoid sensitivity was frequently 
noticed in PTSD [105]. Accordingly, PTSD patients have 
been shown to present a reduced FKBP5 expression, consis-
tent with an enhanced GR responsiveness [99, 106]. Moreo-
ver, low FKBP5 mRNA expression was associated with an 
increased risk for a high intensity of PTSD symptoms, along 
with high GR number and high glucocorticoid-induced 
leucine zipper (GILZ) mRNA expression [107].  

 Of note, an up-regulation of FKBP5 expression after a 
traumatic event predicted the manifestation of PTSD four 
months later [108], thereby suggesting that FKBP5 contrib-
utes to mediation of PTSD susceptibility. The role of FKBP5 
in PTSD is also supported by studies showing that elevated 
blood FKBP5 mRNA expression is observed in response to 
cognitive behavior therapy in patients [99, 109], in which an 
increase in FKBP5 expression predicted an improvement in 
PTSD symptoms [99]. 

 As with other disorders, the strongest evidence linking 
PTSD and FKBP5 comes from genetic studies. Specifically, 
lifetime PTSD has been associated with the FKBP5 
rs9470080 polymorphism which interacts with trauma expo-
sure and modulates the risk for PTSD [110, 111]. This par-
ticular SNP, along with other genetic markers, was later 
added to a clinical screening instrument to improve the accu-

Table 2. Summary of the phenotypes observed upon manipulating FKBP51 expression in mice. 

FKBP51 altered mice Phenotype  Citations 

No overt phenotype under basal  

conditions 
[55-58] 

KOs show more active coping of stress [63-65] 

increased noctural wake [67] 

FKBP5 KO 

modulated age-dependend anxiety [68] 

FKBP5 knock-down enhancement of anxiety-like behavior [74] 

ectopic FKBP51 in the hypothalamus  obesity  [75] 
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racy of predicting PTSD [112]. Along these lines, other ge-
netic variants of FKBP5 have been assessed for their role in 
predicting PTSD risk [113]. The SNPs rs3800373 and 
rs1360780, for instance, have been associated with higher 
peri- and posttraumatic dissociation in children with an acute 
medical injury risk (risk factors for subsequent PTSD devel-
opment) [107]. Moreover, polymorphisms in the FKBP5 
gene were able to propose biologically distinct subtypes of 
PTSD-as PTSD patients that were carriers of the risk allele 
of rs9296158 exhibited GR supersensitivity [89]. Recently, 
the FKBP5 genotype was also associated with moderation of 
the long-term effectiveness of psychotherapy, in which carri-
ers of the rs1360780 risk allele were at increased risk of 
symptom relapse, whereas non-carriers showed continuous 
symptom reduction [114]. 

 Yehuda and colleagues [115] further explored the poten-
tial role of FKBP5 as a biomarker of PTSD and found that 
symptom improvement following psychotherapy was associ-
ated with a decrease in the methylation of the FKBP5 gene 
exon 1. In addition, FKBP5 promoter methylation correlated 
with measures of cortisol and glucocorticoid sensitivity [115] 
thus suggesting a role for epigenetic alterations in this locus 
in the pathobiology of PTSD. 

 Finally, consistent findings support the idea that genetic 
markers interact with early childhood events, thereby modu-
lating the risk for developing PTSD. Binder and colleagues 
[116] reported that four SNPs of the FKBP5 gene 
(rs9296158, rs3800373, rs1360780, and rs9470080) interact 
with the severity of child abuse and predict adult PTSD 
symptoms, whereas rs9470080 moderated the risk of PTSD 
associated with childhood abuse in African Americans, as 
shown in another study [117]. 

Depression 

 Among the several disorders that have been associated 
with the GR-FKBP5 system, mood disorders, particularly ma-
jor depression, are currently placed at the top of the list. The 
FKBP5 gene has been extensively analyzed regarding re-
sponse to treatment, severity of depressive symptoms, and 
recurrence of depressive episodes. Thus, a growing body of 
evidence suggests that this gene is associated with depression.  

 In PTSD, suicide attempts, and overt aggressive behav-
ior, variants of the FKBP5 gene have been shown to interact 
with childhood adversities thereby moderating the suscepti-
bility to depression [103, 116, 118]. Specifically, the 
rs1360780 TT genotype appears to interact with childhood 
physical abuse and was reported to increase the severity of 
depressive symptoms in adults [119]. In addition, patients 
homozygous for the minor alleles of some FKBP5 polymor-
phisms have been found to be particularly sensitive to the 
effects of traumatic events triggering the onset of depression 
[120].  

 FKBP5 SNPs have been associated with major depres-
sive disorder (MDD) in different populations [121-126]. In 
addition, a recent study has found a relationship between a 
FKBP5 polymorphism and dysfunctional attitudes predispos-
ing for depression [127]. Patients with MDD have also been 
shown to exhibit increased FKBP51 protein and mRNA lev-
els in the frontal cortex [124]. In lymphocytes of depressed 

patients, another study also found higher levels of FKBP51 
compared to controls [128]. In addition, this study deter-
mined higher levels of GR in the cytoplasm, likely reflecting 
FKBP51’s action on GR, i.e. reducing hormone binding af-
finity and impeding nuclear translocation. 

 Furthermore, evidence suggests a relationship between 
FKBP5 polymorphisms and the occurrence of depressive 
symptoms in patients with Alzheimer’s disease [129], kidney 
transplant recipients [130], and patients with advanced gas-
tric cancer [131]. Likewise, the rs1360780 T allele was more 
frequently observed in MDD patients with comorbid anxiety 
disorders than in those without [132]. Interestingly, depres-
sive symptoms during pregnancy have been associated with 
reduced FKBP5 mRNA expression in peripheral blood 
[133]. Altogether, the onset of depressive symptoms appears 
to be modulated by genetic polymorphisms involving the 
GR-FKBP5 system. 

 As mentioned above, FKBP5 genetic variants have been 
suggested to modulate the treatment response in depressed 
patients. Specifically, the FKBP5 rs1360780 minor T allele 
has been associated with increased intracellular FKBP51 
protein expression, a rapid response to antidepressant treat-
ment and an increased recurrence of depressive episodes 
[88]. This particular SNP was later associated with GR resis-
tance in peripheral blood mononuclear cells and reduced 
cortisol and ACTH suppression following dexamethasone 
administration [134]. Of note, while the treatment-
association of the FKBP5 rs1360780 polymorphism has been 
replicated later [135, 136], other FKBP5 SNPs have also 
been associated with antidepressant response in other popu-
lations, including the rs3800373 [136], rs352428 [137], and 
rs4713916 [122, 138, 139]. Accordingly, successful antide-
pressant treatment has been associated with a reduction in 
the levels of FKBP51 (-11%) in depressed patients [140]. It 
is also relevant to point out that other studies failed to find an 
association between FKBP5 and response to treatment in 
depressed patients [139, 141-144], which might be explained 
by potential differences in linkage disequilibrium and haplo-
type structure in the FKBP5 locus between different popula-
tions [142] or, possibly, by different treatment strategies. In 
addition, a meta-analysis suggested that this association 
might depend on ethnicity [145].  

Bipolar Disorder (BD) 

 Evidence has accumulated for a role of the GR-FKBP5 
system in the pathophysiology of BD. Genetic analyses in-
volving FKBP5 and BD are still scarce in comparison to the 
large body of evidence regarding the interrelation of FKBP5 
with depression and PTSD. Moreover, the results hitherto 
available are contradictory. An association was found be-
tween BD and the NR3C1, the gene encoding the GR, in an 
isolated northern Swedish population [146], whereas this 
particular study did not detect an association of BD with 
FKBP5. Accordingly, a recent study also found no associa-
tion between five FKBP5 polymorphisms (rs1360780, 
rs9470080, rs4713916, rs9296158 and rs9394309) and BD in 
a Polish sample [123]. Nonetheless, haplotypes of the 
FKBP5 gene have been associated with suicidality in BD 
[147], and an interesting association of FKBP5 has been de-
scribed for BD in a family sample with bipolar pedigrees and 
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affected offspring [148]. This study reported a significant 
overtransmission of the major allele of the rs4713902 poly-
morphism in families with bipolar offsprings and suggested 
that genetic variation within FKBP5 may influence at-
tempted suicide and number of depressive episodes in BD 
patients [148].  

 Gene expression analyses indicate that the mRNA levels 
of FKBP5 and BAG1 (another co-chaperone known to impair 
the folding of GR [149, 150]) are increased in the prefrontal 
cortex of patients with BD when compared with controls, 
even though no differences were seen in FKBP51 protein 
levels [151]. This finding was also confirmed by a system-
atic review of genome-wide gene expression studies in BD 
[152].  

 A recent study of our group also found increased 
FKBP51 protein levels in peripheral blood mononuclear cells 
from BD patients, which were associated with reduced ex 
vivo GR responsiveness and increased methylation levels in 
intronic loci at the FKBP5 gene [153]. Interestingly, unaf-
fected siblings presented lower FKBP5 protein levels than 
patients, even though no differences were found in mRNA 
levels. These data collectively suggest that epigenetic modu-
lation of the FKBP5 gene, along with increased FKBP51 
protein levels, is associated with the GR resistance and HPA 
axis dysregulation in BD patients [153, 154]. Thus, genetic 
variations of the FKBP5 gene might influence the suscepti-
bility to BD, but additional studies are required to substanti-
ate the role of FKBP5 polymorphisms in this disorder. 

Psychosis 

 Dysregulated HPA axis has been consistently reported 
in patients with psychotic disorders including differences in 
cortisol levels and abnormalities in GR sensitivity [155]. Of 
note, cortisol secretion may increase dopaminergic activity 
in specific brain regions associated with the development 
of positive psychotic symptoms [155, 156]. Accordingly, 
FKBP5 has been associated with psychotic disorders upon 
controlling for environmental exposures (i.e. cannabis use 
and parental separation) suggesting that FKBP5’s contribu-
tion may vary due to etiological factors [157]. An interac-
tion was found between two SNPs in the FKBP5 gene 
(rs9296158 and rs4713916) and childhood trauma on psy-
chotic symptoms in adults which suggests FKBP5 to mod-
erate the psychosis-inducing effects of childhood trauma 
[155]. Moreover, increased FKBP5 mRNA and protein 
levels were found in the prefrontal cortex of patients with 
schizophrenia and BD, whereas BAG1 mRNA and protein 
levels were decreased in both groups compared to controls 
[151]. These results further support a dysregulation of the 
glucocorticoid signaling pathway in psychotic illnesses. Of 
note, in comparison to other psychiatric disorders, the 
amount of data on the association between FKBP51 and 
psychosis is still very preliminary and does not allow any 
generalization yet. The same accounts for addiction, suicide 
and anxiety disorders. 

Addiction 

 Drugs of abuse, such as cocaine and heroin, are known to 
stimulate several hormonal systems that are activated by 
stress, and addicted subjects appear to present abnormal pat-

terns of HPA axis activity [158, 159]. Accordingly, the 
FKBP5 rs1360780 SNP has been nominally associated with 
heroin addiction in an African American population [158]. 
This was replicated by another study in independent cohorts 
that further expanded the results to include the rs3800373 
polymorphism in heroin addiction [160]. A role for FKBP5 
in alcohol addiction has also been proposed since this gene 
was found to be differentially expressed in post mortem hip-
pocampal tissue from alcohol addicts in comparison to con-
trols [161]. Collectively, addictive disorders seem to present 
alterations in the GR-FKBP5 system that deserve a deeper 
investigation in future studies.  

Suicide 

 The HPA axis activity has been shown to predict future 
suicidal behavior [162]. This finding has prompted the as-
sessment of the GR-FKBP5 system in suicide victims. A 
genetic study found an association between haplotypes in the 
FKBP5 gene and completed suicide [163], and a more recent 
study has reported reduced gene and protein expression of 
FKBP5 and GR in the amygdala of suicide victims compared 
with controls [164]. Moreover, significant associations were 
found between the FKBP5 rs1360780 T and rs3800373 G 
alleles and suicidal events (defined as new-onset or worsen-
ing suicidal ideation or behavior) in depressed adolescents 
[141]. In addition, an interaction between FKBP5 and child-
hood trauma has been reported to increase the risk for at-
tempting suicide in African-Americans [103]. Altogether, 
these studies suggest a role for FKBP5 in the genetic predis-
position to suicidal behavior [165]. 

PERSPECTIVES 

FKBP52 and other TPR Proteins in Clinical Studies 

 A high number of cofactors regulate GR, but clinical 
studies largely focused on FKBP51 in the aftermath of the 
first clinical report linking FKBP5 to a stress-related disorder 
[88]. Even though the wealth of data surveyed here docu-
ment a significant contribution of FKBP51 to the patho-
physiology of stress-related diseases, we propose to take also 
other GR regulatory proteins into consideration, in particular 
the TPR proteins that compete with FKBP51 for access to 
the Hsp90-based receptor heterocomplex. Among the TPR 
proteins, FKBP52 is of particular interest, as it has been 
shown to functionally antagonize FKBP51 in several cellular 
processes. Given this antagonism, it appears reasonable to 
speculate that the status of FKBP51 (expression level) in 
comparison to FKBP52 and possibly also other factors might 
be more informative than the status of FKBP51 by itself. For 
example, high levels of FKBP51 are expected to have a sig-
nificant impact on GR function and stress-related patho-
physiology when the levels of FKBP52 and/or maybe of 
other TPR cofactors are low, but only a moderate impact 
when these levels are also high.  

FKBP51 as Relay of Glucocorticoid Action 

 The ultrashort feedback loop of FKBP51 and GR obvi-
ously is important for calibration of the pleiotropic actions of 
GR [166]. While the action of FKBP51 on GR and other 



The FKBP51-Glucocorticoid Receptor Balance Current Molecular Pharmacology, 2016, Vol. 9, No. 2    133

steroid receptors has been known for several years, important 
additional functions of FKBP51 were discovered more re-
cently [10, 26, 167-172]. This means that, in turn, GR or in 
extension the HPA axis, calibrates FKBP51 activity. In prin-
ciple, all of the actions of FKBP51 are potentially under the 
control of the GR (Fig. 3). This has been demonstrated, for 
instance, for the very recently discovered role of FKBP51 in 
triggering autophagy [173]. In addition, evidence has been 
provided that synthetic glucocorticoids need FKBP51 to act 
on Akt1 [64, 173]. 

 Given the adaptive nature of the ultrashort negative feed-
back loop intertwining GR and FKBP51, which apparently 
includes epigenetic programming [52], conclusions from the 
baseline levels of FKBP51 expression in a particular sample 
are hard to draw. For example, if increased levels of FKBP51 
are observed in patients, are they adaptive or causal?  

 The two corticosteroid receptors GR and MR act in con-
cert to shape glucocorticoid action [174]. Accordingly, their 
balance has been identified as crucial parameter in mental 
health [78, 174]. FKBP51 has been found to not only inhibit 
GR, but also MR [17, 27]. Thus, considering for example 
higher levels of FKBP51, one would expect lower binding 
affinities of both GR and MR, and as a consequence through 
HPA axis balancing higher levels of circulating glucocorti-
coids. In other words, it is not obvious that the balance of 
GR and MR activity would change, and in which direction. 
Nevertheless, fewer details are known for the effect of 
FKBP51 on MR, in particular to what degree the binding 
affinity is changed and what the cell type-specific effects 
might be. Future research should address this question.  

Consideration as a Drug Target 

 Since FKBP51 has been proposed as a promising drug 
target [26, 68, 175, 176], the question of FKBP51 as friend 
or foe has decisive repercussions for rational drug design. 
For example, the corticosteroid receptor hypothesis of de-
pression [79] would suggest to “inhibit” FKBP51’s inhibi-
tory function on GR and MR to restore receptor function. 
Assuming for a moment that it is possible to obtain an in-
hibitor of FKBP51, the question arises which of FKBP51´s 
molecular functions should be targeted. Strong evidence has 

been provided that FKBP51 promotes recovery from depres-
sion [88, 173]. Even though a bulk of data links this effect of 
FKBP51 to autophagy, it is currently not clear which of the 
pleiotropic effects of FKBP51 contribute in addition.  

 Thus, it should be taken into consideration that HPA 
axis-controlled FKBP51 activity might be equally or even 
more important for mental health than FKBP51-controlled 
HPA activity. Therefore, we hypothesize that a ligand of 
FKBP51 that does not affect the non-GR functions of 
FKBP51, but specifically blocks FKBP51’s inhibitory action 
on GR would be a promising tool for understanding and pos-
sibly also treating mental disorders (Fig. 4). This would en-
hance GR’s hormone binding affinity and likely also activity 
in regulating transcriptional processes, which would lead to 
resetting of the HPA axis. Higher GR activity would lead to 
an enhanced production of FKBP51, thus increasing 
FKBP51’s non-GR directed functions, which could be bene-
ficial for treating depression [88, 173]. While this remains a 
hypothesis, much more research is required to pinpoint the 
mechanisms of action and amino acids of FKBP51 involved 
in its various actions. This knowledge is necessary for a ra-
tional design of FKBP51 ligands able to specifically disrupt 
the FKBP51-GR feedback.  

 Very recently, the development of a specific ligand of 
FKBP51 has been published [177]. This ligand binds to the 
FK506 binding site and inhibits the PPIase activity of 
FKBP51. Moreover, binding of this ligand appears to have 
repercussions on GR-dependent functions: the ligand exerts 
neuritotrophic effects in cellular assays; intriguingly, the new 
compound exhibits antidepressant-like effects in the forced 
swim test. This very promising development warrants further 
investigations into the additional molecular and physiologi-
cal effects of FKBP51 as outlined above. In light of the still 
obscure, if any, physiological function of the PPIase activity 
of FKBP51, we speculate that protein interactions will be the 
key to understand the mechanism of this novel ligand.  

 An alternative approach might arise from the report of 
an Hsp90 ligand that reduces Hsp90’s chaperone function, 
at least in part by displacing immunophilins from Hsp90, 
and likely from GR chaperone heterocomplexes, as well 
[178]. The authors further demonstrate that this novel 

 
Fig. (3). FKBP51 relays several effects of stress on pathway molecules and physiology. Numerous non-GR binding partners of FKBP51 have 
been identified (box “FKBP51 targets”), and several of them also have been functionally characterized [10, 26, 167-172]. At the same time, 
many of these FKBP51 interactors and their physiological effects are also linked to stress. Therefore, it is possible that stress exerts at least 
some of its effects via FKBP51 [63, 65, 173]. In this view, the HPA axis functions to calibrate the level of FKBP51 to meet various physio-
logical requirements. It is possible that GR or other stress factors act on targets of FKBP51 also independently of FKBP51; further research 
will sort out which target effects actually require FKBP51. 
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Hsp90 inhibitor does not evoke a cellular heat shock re-
sponse, in contrast to other Hsp90 inhibitors. Finally, it 
leads to a reduction in the levels of GR, FKBP51 and 
FKBP52. Altogether, the net outcome on molecular stress 
pathways and physiology is difficult to predict and remains 
to be determined.  

CONCLUSION 

 Accumulating evidence suggests a role for the GR-
FKBP5 system in modulating not only the HPA axis and 
thereby several stress-related features, but also other physio-
logical processes of significant clinical relevance, such as 
autophagy. This system is undoubtedly very complex and 
relies on several other protein players possibly counteracting 
or amplifying its function such as the closely-related 
FKBP52. Interestingly, GR actions on FKBP51 and FKBP51 
actions on GR appear to interact with each other and add 
another level of complexity to this system. The effects of 
genetic variants on the FKBP5 gene in modulating the sus-
ceptibility and phenotypical characteristics of stress-related 
disorders further suggest this system to be a major target in 
their treatment, which ought to be explored in future basic 
and clinical studies.  
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LIST OF ABBREVIATIONS 

ACTH = Adrenocorticotropic hormone  

BD = Bipolar disorder 

CRH = Corticotropin-releasing hormone 

Dex = Dexamethasone 

FKBP = FK506 binding protein 

GR = Glucocorticoid receptor 

GRE = Glucocorticoid responsive element 

HPA = Hypothalamus-pituitary-adrenal 

KO = Knock-out 

MDD = Major depressive disorder 

PPIase = Peptidylprolyl isomerase 

PTSD = Post-traumatic stress disorder 

SHR = Steroid hormone receptor 

SNP = Single nucleotide polymorphism 

TPR = Tetratricopeptide repeat 

TSS = Transcriptional start site 
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Molecular Aspects of FKBP51 that Enable Melanoma Dissemination 
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Abstract: FKBP51 (FKBP5 Official Symbol) is large molecular weight member of the FK506 binding 
protein family, a subfamily of the immunophilin proteins. FKBP51 exerts multiple biological functions 
in the cell, including modulation of steroid hormone response, immune regulation, cell proliferation, 
regulation of pAkt levels and control of NF-�B activation. Several lines of evidence support a role for 
this protein in cancer biology, especially in resistance to chemo- and radio-therapy. Recent research 
studies highlighted functions of FKBP51 in promoting the epithelial to mesenchymal transition (EMT) 
transdifferentiation program in melanoma. This process, which is classically regulated by Transform-
ing Growth Factor (TGF)-�, enables cancer cells to disseminate from primary tumors and spread to distant locations, ac-
quiring resistance to therapy and self-renewal capability. This last, in turn, is crucial to their subsequent expansion at sites 
of dissemination. The aim of the present article is to review recent literature data that involve FKBP51 in the mechanisms 
that switch the TGF-� from a tumor suppressor to a pro-metastatic invader.  

Keywords: Development, EMT, FKBP51, Melanoma, Metastasis, TGF-�. 

INTRODUCTION 

 Melanoma is a dynamic and heterogeneous skin neopla-
sia with adverse prognosis in advanced stages [1]. The inci-
dence of melanoma has continued to growth over the last 30 
years [2]. Many factors are known to contribute to mela-
nomagenesis, including exposure to ultra-violet radiation, 
skin type, the presence of dysplastic nevi and/or increased 
nevi number, and family history of melanoma [3]. Surgical 
removal is curative in the very early stages of melanoma 
(melanoma in situ). When the tumor invades the dermal con-
nective tissue the complex process of metastasis begins. The 
treatment of metastatic melanoma remains a challenge for 
clinicians. Even if recent therapies targeting specific muta-
tions such as BRAF V600E have shown a significant impact, 
the benefit from treatment is often short lived [4-6]. New 
hopes are with drugs targeting the immune response, that 
work through enhancing T-cell activity [7, 8]. However, to 
date, objective responses to immunotherapies are obtained in 
less than 30% of patients [9, 10]. Patients with low/no re-
sponse often suffer from severe side effects. The absence of 
reliable predictive biomarkers makes it difficult to personal-
ise immunotherapy to individual patients effectiveness or 
avoid a useless and not tolerated treatment� [11]. Therefore, 
despite recent progress and advances in understanding of the 
molecular pathogenesis of melanoma [4, 5, 12-14], metas-
tatic disease remains challenging because mechanisms 
underlying progression are still obscure [15].  

 In an attempt to find targets for chemo and radio-
sensitizing strategies of melanoma, we identified the large  
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molecular weight immunophilin FKBP51 as a protein 
abundantly expressed in melanoma and correlated with 
aggressiveness and tumor progression [16, 17]. This review 
article aims at highlighting molecular aspects of FKBP51 
that enable melanoma dissemination. 

A BRIEF OVERVIEW ON FKBP51  

 FKBP51, encoded by FKBP5 gene (Gene ID:2289), is a 
51 kDa MW protein [18] belonging to the family of im-
munophilins. This protein family includes cyclophilins and 
FKBPs. The denomination of immunophilin derives from the 
immunosuppressive action these proteins exert when in 
complex with natural compounds namely Cyclosporine A 
(ligand of cyclophilins), FK506 and Rapamycin (ligands of 
FKBPs) [19-21]. FKBP51 has, at the C-terminal, a TPR do-
main characterized by tandem repeats of 34 amino acids with 
a defined helix-alpha-helix motif. Interestingly, the structure 
of this domain is very similar to the structure of many co-
chaperones that bind to Hsp90 [22]. At the N-terminus, 
FKBP51 contains two FK domains (FK1 and FK2) both in-
volved in immunosuppressant drug binding; this interaction 
results in the inhibition of FKBP51’s enzymatic activity. 
This activity, namely peptidyl-prolyl cis-trans isomerase 
(PPIase), is exerted only by the FK1 domain, closest to N-
terminus. FK2 domain seems to not exert any enzymatic 
function, but it appears to have gained a protein interaction 
ability [23]. The PPIase activity allows the correct folding of 
the native structure of the proteins through the isomerization 
of the peptide bound cis/trans [24]; in addition, PPIases are 
co-regulatory subunits of molecular complexes including 
heat-shock proteins, steroid receptors and ion channels [25].  

 Among the functions of FKBP51, the immunosuppres-
sant action is FK506-mediated, as previously mentioned, and 
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results in calcineurin inactivation [18]. Better studied, is 
FKBP51’s role in steroid hormone receptor (SHR) regula-
tion. FKBP51 regulates traslocation of this receptor from the 
cytoplasm into the nucleus, by binding to Hsp90 in the SHR 
complex. FKBP51 is highly inducible by glucocorticoids, 
androgens and progesteron [18]. Studies in squirrel monkeys 
showed an inhibitory role of this protein on glucocorticoid 
response, due to reduced hormone receptor affinity. Simi-
larly, in humans, FKBP51 induces glucocorticoid resistance 
[26]. FKBP51 is a negative regulator of SHR activity, but, 
has shown to be a positive regulator of androgen receptor 
(AR) [27]. FKBP51 stimulates androgen-dependent tran-
scription and cell growth, and is part of a positive feedback 
loop involving androgen receptor and hormone [28]. 

 In 2011, Gallo et al. [29] demonstrated a protective role 
of FKBP51 against oxidative stress. FKBP51 is a major mi-
tochondrial factor that undergoes nuclear-mitochondrial 
shuttling during the stress response and exerts anti-apoptotic 
mechanisms.  

 A role for FKBP51 in NF-�B transcription factors regula-
tion is also demonstrated. Several studies show that FKBP51 
interacts with IKK complex subunits, facilitating I�B phos-
phorylation [30, 31]. Targeting FKBP51 with rapamycin or 
specific siRNAs, has shown impaired NF-�B DNA binding 
and transcriptional activity, in melanoma [16, 32], leukemia 
[33] and glioma [34]. Interestingly, NF-�B is differentially 
involved in the effect of 2-(4-acetoxyphenyl)-2-chloro-N-
methylethylammonium chloride (CpdA), compared with 
fluocinolone acetonide (FA), both glucocorticoid compounds 
widely used in chemotherapy of hematological malignancies. 
The first compound exerted more prominent cytostatic and 
apoptotic effects on the cells because it did not induce ex-
pression of FKBP51 and did not activate NF-�B [35]. How-
ever, Erlejman et al., [36] suggested an opposite action of 
FKBP51 on NF-�B activation. The authors showed that 
FKBP51 impaired the nuclear translocation rate of RelA, 
whereas FKBP52 favored RelA nuclear retention and asso-
ciation to the DNA consensus sequence. According to Erle-
jman, FKBP52 and not FKBP51 facilitated NF-�B transcrip-
tional activity [36].  

 Another role for FKBP51 is in regulation of Akt signal-
ling [37-39]. Recent data indicated that FKBP51 is a regula-
tor of Akt phosphorylation through a scaffolding mechanism 
[37]. FKBP51 recruited the PH domain leucine-rich repeat 
protein phosphatase (PHLPP) and facilitated dephosphoryla-
tion of Akt [37], which, in turn, resulted in chemosensitivity 
of pancreatic cancer cells [38]. Fabian et al. [39] showed a 
direct interaction between FKBP51 with Akt via multiple 
domains, independent of their activation or phosphorylation 
status. Contrary to the findings by Wang et al. [37], the 
authors observed an increase, and not a reduction, in phos-
pho-Akt, upon co-expression of FKBP51. In addition, 
FKBP51 inhibitors were unable to affect phosphorylation 
status of Akt [39]. The underlying reasons for these discrep-
ancies remain to be established. FKBP51 can interact with 
several proteins of the serine-threonine kinase AGC super-
family, in addition to Akt [39]. The signaling of Akt and 
such kinases is highly interconnected. Interplay between 

AGC kinases, which is related to the cell context, can ex-
plain differences in FKBP51-regulation of pAkt levels. 

EMT AND TGF-� 

 It is an established concept in cancer, that the acquisition 
of invasive and metastatic characteristics by tumor cells in-
volves the reactivation of a developmental epithelial-to-
mesenchymal transition (EMT)-like program [40, 41]. While 
being an integral process during development, EMT is reca-
pitulated under pathological conditions, prominently in fi-
brosis and in cancer [42]. During cancer progression, the 
EMT phenotype is associated with tumor invasion, metas-
tatic dissemination, and acquisition of resistance to drug 
treatment [43, 44]. EMT also leads to the generation of can-
cer cells possessing stem cell attributes of tumor-initiation 
[43]. EMT results from a well-orchestrated transcription 
program involving families of transcription factors, including 
the SNAIL family, ZEB family and basic helix-loop-helix 
(bHLH) family [45]. The Transforming Growth Factor 
(TGF)-� superfamily members act in concert to control this 
orchestrated program of transcriptional changes [45]. 

 The human TGF-� family comprises ~40 [46-48] ligands 
some of which are expressed only during embryonic devel-
opment and organogenesis, while others, including TGF-� 
itself, also play a role in the adult organism. In embryos, 
TGF-� drives organ morphogenesis processes, namely gas-
trulation and neural crest formation, lung organogenesis and 
specialized tissue formation such as the heart valve cushions 
[46, 49]. 

 In adult tissues, TGF-� plays an important role in the 
control of cell proliferation, differentiation, wound healing, 
and immune surveillance [50-52]. Virtually, all human cell 
types are responsive to the cytokine, which maintains tissue 
homeostasis and prevents tumor formation. This inhibition of 
growth is exerted both directly on target cells by stimulation 
of cell differentiation and senescence and by cell cycle arrest 
and apoptosis, and indirectly, through blocking the produc-
tion of mitogenic factors and inhibition of inflammation 
[53]. 

 Resistance to TGF-� growth suppressor signals is a prime 
feature of invading cancer cell [54-57]. There are different 
causes of growth control failure by TGF-�. Defects in TGF-� 
responsiveness may result from inactivating mutations in the 
receptors or Smad signaling proteins. Mutations of the TGF-
� receptor (T�R) I coding region are present in ovarian, eso-
phageal, head and neck cancers and hematological malig-
nancies [58-62]. Decreased expression of T�RI and T�RII 
can occur also for epigenetic alterations in lung, gastric, 
prostate, bladder cancers [63-67]. Smad2 and 3 mutations are 
infrequent in cancer, differently Smad4 is inactivated in 
more than half of pancreatic carcinomas [68, 69] and colo-
rectal and esophageal cancers [70, 71]. Loss of the tumor 
suppressive effect of TGF-� may occur also in the absence of 
mutations of the signaling components. In melanoma, no 
genetic alterations of TGF-� signaling molecules have been 
identified that could explain resistance to the growth inhibi-
tory activity of TGF-� [72, 73]. This cytokine is perfectly 
capable of inducing Smad signaling and Smad-dependent 
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transcription in melanoma cells [72], suggesting a desentiza-
tion of these cancer cells to the anti-proliferative activity of 
the cytokine. Intrinsic plasticity of the signal by itself, which 
is strictly depending on Smad-interacting nuclear partners is 
thought to account for altered TGF-� response in aberrant 
melanoma cell context [74-78]. As it occurs for several nor-
mal cell types, melanocytes are very sensitive to the antipro-
liferative effects of TGF-�. In early-stage melanomagenesis, 
TGF-� still inhibits cell growth. Differently, melanoma ex-
hibits increased resistance to growth inhibiting signals, 
which is proportional to tumor progression stage. Advanced 
melanoma may even secrete high levels of TGF-�, that feed 
tumor growth [72]. TGF-� overproduction correlates with 
increased tumor thickness and disease progression [72, 79]. 
In late-stage disease, TGF-� is associated with a significant 
decrease in survival time and suppression of the immune 
response [73, 80]. Recent studies involve FKBP51 in the 
mechanisms facilitating the pro oncogenic functions of TGF-
� in melanoma. 

FKBP51 ENABLES THE PRO ONCOGENIC FUNC-
TIONS OF TGF-�  

 FKBP51 expression in melanoma correlates with tumor 
progression [16]. Immunohistochemistry (IHC) of cutaneous 
melanomas from 80 patients showed that malignant melano-
cytes in the vertical growth phase displayed a stronger im-
munopositivity for FKBP51, compared to radial malignant 
melanocytes. A significant correlation was found between 
FKBP51 expression, and the thickness of the tumor lesion. 
Moreover, metastatic melanoma was associated with the 
highest FKBP51 immunoreactivity [16]. Another study per-
formed on a series of 10 primary cutaneous melanomas and 
20 brain melanoma metastases identified some IHC feature 
of invading melanoma cells, namely nuclear FKBP51 and 
membrane-cytoplasmic Nestin [81]. Notably, Nestin is an 
intermediate filament expressed in the cytoplasm of neu-
roepithelial stem cells [82]. FKBP51/Nestin double staining 
identified a particular cell, with cancer stem cell features, in 
the vertical growth phase of primary melanomas [81]. The 
same cell formed neoplastic emboli in dermal vessels of pri-
mary tumors and was also recognizable in vascular invasions 
of metastases, suggesting this particular cell had capability of 
extravasation and surviving within the circulation [81]. In 
addition, metastatic solid aggregates in the brains of mela-
noma patients were typically double stained in the same 
fashion [81]. Chromatin immunoprecipitation assays con-
firmed that FKBP51 exerted nuclear functions. In fact, 
FKBP51/p300 complexes were found bound to the promoter 
of the melanoma cancer stem cell marker ABCG2 [81]. This 
finding, together with the observation of an increased tran-
script level of ABCG2 and increased number of ABCG2+ 
cells in FKBP51 overexpressing melanoma cell line, sup-
ported a role for FKBP51 as a transcriptional coregulator 
[81]. It is noted that the histone acetyl transferase p300 is 
one of the major coactivators of Smad 2,3 [83]. Transcrip-
tional coactivation is mediated by p300 acting as a bridge 
linking DNA-binding transcription factors to the basal tran-
scriptional machinery [84, 85]. Pull down assays showed that 
p300/FKBP51/Smad2,3 interacted each other. This finding 

suggested a role for the large immunophilin in regulation of 
the TGF-� signal [81, 86]. Consistent with this hypothesis, 
TGF-� was unable to upregulate expression of VIM/ 
Vimentin, SPARC and its downstream target SLUG [87] in 
condition of FKBP51 silencing [86]. VIM [87] and SPARC 
[88] are transcriptional target of TGF-�. It is feasible that 
FKBP51 enables some transcriptional activities of the cyto-
kine, particularly, expression of factors associated with ac-
celerated tumor growth, invasion, and poor prognosis. Inter-
estingly, normal melanocytes, expressing very low/no 
FKBP51 levels, undergo EMT features, after ectopic expres-
sion of FKBP51 [86]. The observation that melanoma stem 
cell phenotype identified a subset of melanoma cells with the 
highest expression level of EMT genes, including TWIST, 
SNAIL, SLUG, CDH-2/N-cadherin, VIM/vimentin, SPARC 
[81, 86] support a strict relationship between EMT and can-
cer stemness in melanoma. A protein expression profile 
study of melanoma knockdown for FKBP51 also supported 
the hypothesis that FKBP51 controls EMT [81]. In vivo stud-
ies on a metastatic melanoma mouse model, using a FKBP51 
siRNA as therapeutic agent, inequivocally showed that 
FKBP51-targeting dramatically reduced metastases forma-
tion [81]. 

 Taken together, these findings support the conclusion 
that FKBP51 facilitates the protumoral activities of the TGF-
�. A schematic representation of the proposed mechanism for 
FKBP51 action on TGF-� prooncogenic activities is de-
picted in Fig. (1). Concomitant loss of TGF-� tumor sup-
pressive functions and increased FKBP51 expression, during 
melanoma progression, is in line with findings that involve 
FKBP51 in the mechanisms that switch the TGF-� from a 
tumor suppressor to a pro-metastatic invader [49, 89, 90]. 

FKBP51 INCREASES TGF-� EXPRESSION 

 In vitro studies, with knock in and knock down mela-
noma cell models, demonstrated that FKBP51 positively 
regulated TGF-� expression, at transcriptional and protein 
levels [81]. TGF-�, by itself, induces components and recep-
tors of the TGF-� family, this creates a positive feed-back of 
the TGF-� signal which in turn promotes tumoral progres-
sion. Advanced melanoma is known to secrete high levels of 
TGF-�, that feed tumor growth [72]. A correlation between 
TGF-� overproduction and increased tumor thickness and 
disease progression is also proven [72, 79] 

 A positive regulation of TGF-� expression by FKBP51 
has been previously observed by Komura et al. [91], in hu-
man idiopathic myelofibrosis (IMF). This disorder is a pre-
cancerous condition of myeloid lineage, in which the release 
of TGF-�1 in the bone marrow microenvironment is one of 
the main mechanisms leading to myelofibrosis. FKBP51 was 
found overexpressed in IMF CD34+ cells, responsible for 
spontaneous growth of megakaryocyte progenitors, which is 
one of the biological hallmarks of this disorder [92].

 Myeloid-Derived Suppressor Cells (MDSCs) are an 
abundant source of TGF-� production [93]. MDSCs accumu-
lation in the tumor microenvironment promotes tumor re-
lapse through direct effects on tumor cell survival and angio-
genesis and via indirect effects on local T cell suppression 
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[93]. Kim at al. [94] found an increased FKBP51 expression 
in MDSCs. Particularly, the authors highlighted a relevant 
role for FKBP51 in immune suppression activity of these 
cells and suggested that the immunophilin is a novel mole-
cule that can be targeted for control of the protumoral func-
tions of MDSCs [94]. 

FKBP51 IN DEVELOPMENT  

 FKBP51 is an important regulator of melanoma plasticity 
[81, 86]. The finding that FKBP51 participates in transcrip-
tional complexes and interacts with p300 acetyltransferase is 
also in accordance with a role for FKBP51 in the chromatin 
changes required for melanoma cell reprogramming [81, 86]. 
To note, chromatin remodeling plays a pivotal role in devel-
opmental stages. An active participation of FKBP51 to de-
velopmental processes has been widely demonstrated both in 
mammals and inferior organisms. In the plant Arabidopsis, 
PAS-1, the FKBP51 homolog, plays a critical role in the 
control of cell division and plant development [95]. The PAS 
mutants have altered embryo, leaf and root development. 
Mutations in the C-terminal domain of PAS1 lead to severe 
developmental defects in dividing cells. PAS1 is mainly ex-
pressed in zones with high levels of mitotic activity, such as 
the shoot and root apical meristems [96]. In mammals, 
FKBP51 is among the top candidate genes expressed in mes-
enchymal stem cells [97], particularly during the mitotically 
active phase that precedes differentiation into the three 
mesodermal lineages, namely osteogenesis/chondrogenesis/ 
adipogenesis [98, 99]. The temporal profile of FKBP51 
mRNA accumulation showed a peak at days 2 and 4 of the 
differentiation program. Then, FKBP51 transcript dimin-

ished significantly by days 6 and 8, when cells had growth 
arrested and assumed the morphology of differentiated adi-
pocytes. FKBP51 knockdown prevented the differentiation 
process. An apparently unique feature of FKBP51 is its tem-
poral expression profile during a phase of adipocyte differen-
tiation characterized by intense mitotic cell growth and 
clonal expansion. This finding suggests a specialized role for 
FKBP51 during the cell division cycle [98]. Quintà et al. 
[100], also showed a role for FKBP51 and its homologous 
FKBP52 as key genes in embryonic hippocampal neuron 
development. Particularly, the authors showed that neurite 
out-growth is favored by FKBP52 overexpression or 
FKBP51 knockdown, and is impaired by FKBP52 knock-
down or FKBP51 overexpression, indicating that the bal-
ance, between these FKBPs plays an important role during 
the early mechanism of neuronal differentiation [100]. Table 
1 summarizes the cell systems that find FKBP51 involved in 
development. The same Table highlights the functions of 
FKBP51 in regulation of TGF-� expression and signal. 

CONCLUDING REMARKS 

 FKBP51 appears to be a common denominator to EMT, 
cancer stemness and drug resistance, in melanoma. Particu-
larly, the involvement of FKBP51 in transcriptional com-
plexes associated with p300 and Smad2,3 suggests important 
nuclear functions for this immunophilin, that allow mela-
noma to take advantage of TGF-� tumor-promoting activi-
ties. Through this mechanism, FKBP51 is exploited by 
melanoma in an opportunistic manner, to support and guar-
antee functions ensuring its survival, progression and regen-
eration. 

 
Fig. (1). FKBP51 favours TGF-�-prooncogenic activities. Schematic representation of the proposed mechanism for FKBP51 action on TGF-
� prooncogenic activities. A Ligand binding to TGF-� receptor induces R-Smad posphorylation and activation of the Smad complex (R-
Smad+Co-Smad). This latter translocates into the nucleus and associates with transcriptional co-activators or co-repressors. The nuclear con-
text and the presence of protein adaptors influence Smad-recruitment to co-activators or co-repressors. Through this mechanism, Smads can 
access to separate sets of target genes, which explains the multiple, diverse and divergent actions of TGF-�. B FKBP51 promotes Smad bind-
ing to p300 transcriptional co-activator, promoting EMT or mesenchymal development. 
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Cyclophilin Function in Cancer; Lessons from Virus Replication 
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Abstract: Cyclophilins belong to a group of proteins that possess peptidyl prolyl isomerase activity 
and catalyse the cis-trans conversion of proline peptide bonds. Cyclophilin members play important 
roles in protein folding and as molecular chaperones, in addition to a well-established role as host fac-
tors required for completion of the virus life cycle. Members of the cyclophilin family are overex-
pressed in a range of human malignancies including hepatocellular cancer, pancreatic cancer, non-
small cell lung cancer, gastric cancer, colorectal cancer and glioblastoma multiforme, however, their 
precise role in tumourigenesis remains unclear. In recent years, mounting evidence supports a role for 
prolyl isomerisation during mammalian cell division; a process with striking similarity to plasma membrane remodelling 
during virus replication. Here, we summarise our current understanding of the role of cyclophilins in cancer. We review 
the function of cyclophilins during mammalian cell division and during HIV-1 infection, and highlight common processes 
involving members of the ESCRT and Rab GTPase families.  

Keywords: Cancer, cyclophilin, CypA, cytokinesis, ESCRT, Rab, viral. 

INTRODUCTION 

 The interconversion of protein backbone between cis and 
trans, catalysed by peptidyl prolyl isomerases (PPIases), is 
an important event that alters protein structure and activity 
and regulates a wide spectrum of cellular functions in normal 
physiological processes. For example, isomerisation medi-
ates the spatiotemporal control of fundamental processes 
including cell cycle progression, cell proliferation and cell 
death [1-4]. In recent years, mounting evidence implicates 
deregulated isomerase activity in a range of age-related pa-
thologies including neurodegeneration, cardiovascular dis-
ease and cancer [5]. As a result, isomerases have gained sig-
nificant interest as therapeutic targets in the treatment of 
these diseases.  

 The PPIase enzyme family is comprised of three struc-
turally distinct groups; cyclophilins (Cyps), FK-506 binding 
proteins (FKBPs) and parvulins [1]. Although members dif-
fer in substrate specificity, all PPIases catalyse the cis-trans 
conversion of X-proline peptide bonds [1]. X-proline iso-
merisation is a slow rate limiting step in many reactions. 
PPIases accelerate the process by stabilisation of the cis-
trans transition state [1] and as such they can assist in protein 
folding [6, 7] and transport [5]. Furthermore, they can func-
tion as molecular chaperones independently of their PPIase 
activity [8]. The parvulin Pin1 differs from the cyclophilin 
and FKBP families in that it specifically catalyses the iso-
merisation of proline peptide bonds that are immediately 
preceded by phosphorylated serine or threonine [9]. 
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 The cyclophilin family is highly conserved through evo-
lution and is comprised of 8 cyclophilin and 10 cyclophilin-
like members in humans (Table 1) that are localised in dif-
ferent cellular compartments including the cytosol, endo-
plasmic reticulum, mitochondria and nucleus [10, 11].  
Cyclophilin A (CypA), the first member to be discovered 
[12], is a 165 amino acid protein containing a cyclophilin-
type domain between amino acids 2-163. Structurally, CypA 
forms a right-handed �-barrel, comprised of eight antiparallel 
�-strands, which is flanked by an �-helix at each end. The 
cyclophilin domain, which is shared with all other cyclo-
philin members (Fig. 1), forms a hydrophobic pocket that is 
the binding site for proline-containing peptides as well as the 
enzymatic site of the enzyme. 

 The FK506-binding proteins (FKBPs) are comprised of 
13 human FKBPs which localise to the cytoplasm (FKBP12, 
12.6, 25, 36, 38, 51, and 52), the endoplasmic reticulum 
(FKBP19, 22, 23, 60, and 65) and mitochondria (FKBP13) 
[10]. The parvulin family is composed of two members, Pin1 
and Par14. Pin1 is conserved in many organisms, however 
Par 14 is only found in higher eukaryotes [10].  

 Cyclophilins and FKBPs are also designated as Immuno-
philins because they are the intracellular target of the chemi-
cally unrelated immunosuppressive drugs, cyclosporine A 
(CsA) and FK506, that are used in the suppression of graft 
rejection following organ transplantation [13]. CypA was 
first found to bind and form a ternary complex with CsA [12] 
and it was demonstrated that CypA-/- mice are resistant to 
CsA-mediated immunosuppression [14]. Subsequently, sev-
eral other family members were found to bind CsA, includ-
ing CypB [15], CypC [16] and CypD [17]. The dissociation 
constants for CsA binding to CypA, CypB, CypC, and CypD 
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Fig. (1). Conservation of the PPIase domain (yellow) in the Cyclophilin and Cyclophilin-Like family. 
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Table 1. The Cyclophilin and Cyclophilin-Like Family of Proteins. 

Name UniProtKB UniRef Alternative Name(s) Family 

PPIA P62937 PPIA_HUMAN CYPA 

PPIB P23284 PPIB_HUMAN CYPB 

PPIC P45877 PPIC_HUMAN CYPC 

PPID Q08752 PPID_HUMAN CYP40, CYPD 

PPIE Q9UNP9 PPIE_HUMAN CYP33 

PPIF P30405 PPIF_HUMAN CYP3 

PPIG Q13427 PPIG_HUMAN  

PPIH O43447 PPIH_HUMAN CYP20, CYPH 

Cyclophilin 

PPIL1 Q9Y3C6 PPIL1_HUMAN CYPL1, CGI-124, UNQ2425/PRO4984 

PPIL2 Q13356 PPIL2_HUMAN  

PPIL3 Q9H2H8 PPIL3_HUMAN  

PPIL4 Q8WUA2 PPIL4_HUMAN  

PPIL5 Q32Q17 Q32Q17_HUMAN  

PPIL6 Q8IXY8 PPIL6_HUMAN  

PPWD1 Q96BP3 PPWD1_HUMAN KIAA0073 

RBP2 P49792 RBP2_HUMAN RANBP2 

CWC27 Q6UX04 CWC27_HUMAN SDCCAG10, UNQ438/PRO871 

NKTR P30414 NKTR_HUMAN  

Cyclophilin-Like 

 

are 36.8 nM [18], 9.8 nM [18], 90.8 nM [18] and 3 nM [19], 
respectively. CsA and FK506 bind and inhibit the PPIase ac-
tivity of cyclophilins and FKBPs, respectively; however, the 
immunosuppressive action of each drug does not occur by 
PPIase inhibition. Instead, immunosuppression is achieved by 
a gain-of-function mechanism whereby the immunophilin-
drug complex associates with and inhibits calcineurin, a pro-
tein phosphatase that dephosphorylates nuclear factor for acti-
vation of T-cells (NF-AT) [20]. Inhibition of NF-AT dephos-
phorylation prevents its nuclear translocation and the stimula-
tion of cytokines that are required for T-cell proliferation [20]. 

 Although cyclophilins have been associated with diverse 
cellular functions including protein folding [6, 21] and traf-
ficking [22, 23], their precise function in normal cells remains 
unclear. Only a relatively small number of substrates have 
been identified to date, which may be explained by the spatio-
temporal nature of isomerase-substrate interaction. CypA sub-
strates include the homo-oligomeric �7 neuronal nitcotine 
receptor [24] and transferrin [25] which require CypA for cor-
rect protein folding. CypA binds to the cell surface receptor, 
CD147, and regulates its transport to the plasma membrane 
[26]. Consistent with this, CsA significantly reduced the sur-
face expression of CD147. CypA also controls T-cell activa-
tion by prolyl isomerisation of interleukin-2 tyrosine kinase 
(Itk) which inhibits its catalytic activity [27]. 

 In recent years, deregulated cyclophilin-mediated PPIase 
activity has been implicated in tumour proliferation, invasion 
and metastasis [28-30] and is associated with acquired 

chemoresistance [31-34]. Despite this, the precise signals 
that are regulated by each cyclophilin in tumour cells remain 
poorly understood. Improved understanding of cyclophilin 
function in cancer cells is critical to reveal strategies for 
therapeutic intervention. Recently, it was shown that CypA 
plays a role in the division of leukaemia and lymphoma cells, 
where it facilitates the completion of cytokinesis and the 
generation of two new daughter cells [35], however the pre-
cise mechanism involved is not yet established. In contrast, 
cyclophilin proteins have an established role as critical host 
factors required for viral infection [36-39]. During infection, 
virions target and hijack host proteins involved in topologi-
cally similar processes to facilitate assembly and release of 
progeny from the host cell. This review is a summary of our 
current understanding of the role of cyclophilins in cancer, 
with a focus on understanding their role in the regulation of 
cytokinesis and genome stability. Although much detail re-
mains to be revealed, the review highlights interesting paral-
lels that exist between the role of CypA in the analogous 
processes of cytokinesis and viral budding that may provide 
new insight into cyclophilin function in cancer.  

CYCLOPHILIN EXPRESSION IN NORMAL AND 
CANCER CELLS 

 Members of the Cyclophilin family have been implicated 
in a range of cancers including lung, breast, liver, and pros-
tate [40]. CypA was identified as a novel hepatocellular car-
cinoma marker that was overexpressed in patient-derived 
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tissue in comparison to normal and cirrhotic liver tissue [41]. 
It was also found that CypA is significantly overexpressed in 
pancreatic cancer cell lines and in human pancreatic adeno-
carcinoma tissue when compared to their normal counter-
parts, and addition of exogenous CypA significantly stimu-
lated cancer cell proliferation [2]. Analysis of matched nor-
mal and lung cancer tissue showed overexpression of CypA 
in the cancer tissue [42]. Furthermore, siRNA mediated sup-
pression of CypA in non-small cell lung tumour xenografts 
resulted in reduced cell growth [28]. In addition, CypA was 
found to be overexpressed in metastatic melanoma [43] and 
gastric adenocarcinoma [44] when compared to their normal 
counterparts. CypA was also found to be overexpressed in 
esophageal cancer cell lines [45] and in clinical endometrial 
carcinoma specimens [46]. Reduction of CypA levels in the 
endometrial carcinoma cells using RNAi technology signifi-
cantly suppressed cell growth and induced apoptosis [46]. 

 CypB is implicated in the proliferation and survival of 
breast, liver, brain, and myeloma cancer. siRNA mediated 
repression of CypB expression in ductal breast epithelial 
tumour cells decreased cell growth, proliferation and motility 
[47]. CypB interacts with the transcription factor STAT3 in 
HepG2 liver cells which mediates the interleukin-6 family of 
cytokines [48]. Inhibition of CypB in STAT3-dependent 
human myeloma cell lines resulted in apoptosis, suggesting 
that CypB acts as a pro-survival protein in these cells [48]. 
Furthermore, CypB is overexpressed in malignant glioma 
tissue and suppression of CypB resulted in reduced cell 
growth and survival in vitro and in vivo [49]. 

 CypC was identified as a novel gene marker for detecting 
circulating tumour cells in patients with ovarian cancer, and 
increased CypC expression in circulating tumour cells after 
chemotherapy is associated with poor patient survival [50]. 
CypD is also significantly up regulated in ovarian cancer [51], 
breast cancer [51], uterus cancer [51] and prostate cancer [52]. 
Cyp33 is significantly up regulated in glioblastoma compared 
to non-neoplastic brain tissue [53]. PPIL1 is overexpressed in 
patient-derived colon cancer tissue, and siRNA mediated sup-
pression of PPIL1 in the human colon cell line SNUC4 sup-
pressed cell growth [54]. PPIL3 mRNA is overexpressed in 
human glioma tissues [55]. Gene mutations of RANBP2 have 
also been identified in colorectal cancer tissue [56] while a 
RANBP2-ALK fusion gene has been detected in acute mye-
lomonocytic leukaemia [57] and inflammatory myofibrolastic 
tumour [58]. Furthermore, RANBP2 is up regulated in multi-
ple myeloma [59]. In contrast, NKTR was found to be down 
regulated in cancer-associated prostatic fibroblast tissue when 
compared to matched normal fibroblast tissue [60]. 

CYCLOPHILINS AND CHEMORESISTANCE 

 Cyclophilin family members are associated with cancer 
chemoresistance. Overexpression of CypA is associated with 
resistance of prostate cancer cells to cisplatin-induced cell 
death and it is proposed that CypA suppresses cisplatin-
induced ROS production and the loss of mitochondrial mem-
brane potential [34]. Consistent with that, loss of CypA ex-
pression increased mitochondrial membrane depolarization 
and reduced survival following H2O2 treatment [34]. Further-
more, there is evidence that CypA is transcriptionally regu-
lated by the hypoxia inducible factor (HIF)-1� under hypoxic 

conditions [34, 61] and it is suggested that up-regulated CypA 
desensitises cells to hypoxia-induced cell death [34].  

 CypA is down regulated in melphalan-resistant MCF7 
breast cancer cells when compared to non-resistant cells 
[62], and it is proposed that downregulation of CypA allows 
evasion of apoptosis by inhibition of apoptosis-inducing fac-
tor (AIF) [63]. Furthermore, CypA-overexpressing endothe-
lial liver cells display resistance to doxorubicin and vincris-
tine, which was accompanied by up-regulation of cytokines 
such as interleukins and chemokines [64]. CypA is also 
overexpressed in paclitaxel resistant endometrial cancer 
cells, HEC-1-B/TAX and AN3CA/TAX. Knockdown of 
CypA with siRNA significantly inhibited cell proliferation 
and invasion when exposed to paclitaxel, which was accom-
panied by reduced phosphorylation of Akt and the MAPK 
ERK1/2, p38 and JNK suggesting that overexpression of 
CypA allows for enhanced MAPK activity [45]. 

 Other cyclophilins have also been implicated in chemore-
sistance. Under hypoxic conditions HIF-1� upregulates CypB 
in human hepatocellular carcinoma and CypB knockdown 
significantly reduced cell survival when subjected to hypoxia, 
cisplatin, or H2O2 treatment [32]. This suggests that CypB 
may play a similar role to CypA [34] in cisplatin resistance by 
protecting the cells against ROS induced stress. Furthermore, 
overexpression of another family member, RANBP2, was 
detected in cisplatin resistant ovarian carcinoma [65].  

 Collectively these studies confirm that upregulation of 
cyclophilin protein is associated with a range of cancers (Ta-
ble 2), and supports a role for cyclophilins in tumourigenesis 
and acquired chemoresistance. Thus, cyclophilins may repre-
sent valuable biomarkers for chemoresistance and potential 
therapeutic targets to sensitise cancer cells to chemotherapy. 
In support of this, treatment of cisplatin-resistant hepatocel-
lular carcinomas with the cyclophilin inhibitors, CsA or san-
glifehrin A (SFA), in combination with cisplatin, synergisti-
cally enhanced apoptosis [33]. It is only in recent years that 
the role of cyclophilin proteins, and other PPIases, in cancer 
has begun to be explored. To date, reports suggest that PPI-
ases are associated with an increase in cell proliferation, mi-
gration and invasion [2, 23, 30]. 

THE MAMMALIAN CELL CYCLE 

 The cell cycle involves the co-ordinated division of a cell 
into two genetically identical daughter cells (Fig. 2A). Pro-
gression through the cell cycle is regulated by cyclin-
dependant kinases (Cdks); a family of serine/threonine protein 
kinases that require binding to cyclin regulatory subunits for 
biological activity. Thus, the synthesis and degradation of the 
cyclin proteins during the cell cycle ultimately drives cell cy-
cle progression [66]. Transition through the cell cycle is also 
controlled by checkpoints that are switch-like transitions that 
regulate S phase entry, mitotic entry and mitotic exit and are 
active at the G1/S boundary, G2/M boundary and at the meta-
phase/anaphase boundary respectively. Progression through 
the cell cycle can be halted at these checkpoints if conditions 
for successful cell division are not met [67]. 

 Mitosis (M) phase of the cell cycle is divided into pro-
phase, metaphase, anaphase, telophase and cytokinesis (Fig. 
2B). During prophase the nuclear membrane breaks down, 
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and duplicated chromosomes, which are comprised of two 
sister chromatids, condense while the centrosomes nucleate 
the mitotic spindles [68]. During metaphase the spindle mi-
crotubules attach to the sister chromatids via their kinetocho-
res, and they align at the centre of the mitotic spindle. During 
anaphase the sister chromatids are separated and move to 
opposite poles of the mitotic spindle. Separation of sister 
chromatids should take place only when all chromosomes 
are attached to the bipolar mitotic spindle via their kineto-
chores. Separation is promoted by the anaphase-promoting 
complex (APC) [68], an E3 ubiquitin ligase that targets the 

degradation of securin, which is an inhibitor of the protease 
separase. Degradation of securin liberates active separase, 
which is free to degrade the cohesion proteins that hold sister 
chromatids together [68]. APC also targets cyclin B for 
degradation, which culminates in inactivation of Cdk1 and 
marks mitotic exit [66]. During telophase, the two sets of 
daughter chromosomes arrive at the spindle poles, where 
they decondense and a new nuclear envelope is formed. Fi-
nally, cytokinesis involves the separation of the cytoplasm, 
organelles and DNA of a dividing cell into two new daughter 
cells [69]. 

 

Table 2. Cyclophilin and Cyclophilin-Like proteins that are overexpressed (�) or down regulated (�) in cancer. 

Cyp Member Cancer Type Altered Expression in Cancer Reference 

Liver � [29, 41, 64] 

Gastric � [44] 

Pancreatic � [2, 107, 179] 

Non-Small Cell Lung � [42, 180] 

Breast � [62, 181] 

Esophageal � [182] 

Endometrial � [45, 182, 183] 

CypA 

Melanoma � [43] 

Breast � [47] 

Liver � [32, 48, 184] 

Brain � [49] 
CypB 

Myeloma � [48, 185] 

CypC Ovarian � [50] 

Breast � 

Uterus � 

Ovarian � 

[51] 

Liver � [186] 

CypD 

Prostate � [52] 

Cyp33 Brain � [53] 

PPIL1 Colorectal � [54] 

PPIL3 Brain � [55] 

Colorectal � [56] 

Ovarian � [65] 

Myeloma � [59] 
RANBP2 

Leukemia � [58] 

NKTR Prostate � [60] 
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Fig. (2). Overview of the cell cycle. (A) The phases of the cell cycle including Gap 1 (G1), Synthesis (S), Gap 2 (G2) and Mitosis (M). (B) 
The stages of mitosis showing CypA localisation at each stage. The DNA condenses and the nuclear envelope is degraded during prophase. 
The chromosomes align at the centre of the dividing cell and the spindle microtubules attach to the chromosomes during metaphase. At ana-
phase the chromosomes are separated and move towards the spindle poles. During cytokinesis, cytoplasmic division is mediated by the for-
mation of a contractile ring that condenses midzone microtubules to form the midbody. The midbody acts as a platform for the recruitment of 
proteins required for final abscission event that gives rise to two genetically identical daughter cells. 

 

Cytokinesis and Abscission 
 The first event of cytokinesis is the formation of the cen-
tral spindle, a narrow zone of bundled overlapping non-
kinetochore microtubules at the midzone between separating 
chromosomes. Central spindle formation requires the micro-
tubule binding and bundling protein PRC1, and the motor 
protein KIF4 that blocks microtubule growth thereby pro-
moting normal midzone architecture [68]. Activation of 
PRC1 causes microtubule bundling to form the midzone 
which serves as a platform for the localisation of other criti-
cal components of the spindle, including centralspindlin and 
Chromosomal Passenger Complex (CPC) [70] (Fig. 3). Cen-
tralspindlin is a heterotetramer comprised of two molecules 
of MKLP1 and two molecules of CYK4 which contains a 
GTPase-activating protein (GAP) domain [71]. The CPC is 
composed of Aurora B and three non-enzymatic proteins 
required for Aurora B regulation, INCENP, Survivn, and 
Borealin [72]. Aurora B phosphorylates MKLP1, promoting 
the recruitment of centralspindlin to the midzone, which 
tethers the central spindle to the plasma membrane [73]. 
PRC1 and MKLP2 recruit Plk1 to the central spindle where 
it phosphorylates the centralspindlin subunit CYK4, generat-
ing a binding site for Ect2, a guanine nucleotide exchange 
factor for Rho GTPases [68]. Ect2 binds and is directed to-
wards the plasma membrane around the centre of the divid-
ing cell. Ect2 activates RhoA by conversion of RhoA-GDP 
into RhoA-GTP, which promotes contractile ring assembly 
at the equatorial membrane [74]. As the actiomyosin ring is 
constricted, the central spindles at the midzone become 
densely packed to form the midbody, located at the centre of 
the intercellular bridge. The midbody acts as a protein scaf-
fold for components required for the final stage of cytokine-

sis known as abscission. The midbody recruitment of Cen-
trosome protein of 55 kDa (Cep55) is essential for abscis-
sion. During early mitosis Erk2/Cdk1 phosphorylates Cep55 
at Ser425 and Ser428 which results in Cep55 disassociation 
from the spindle poles [75]. Phosphorylation of Cep55 at 
Ser425 and Ser428 allows for the recruitment and phos-
phorylation by Plk1 on S436 within a C-terminal region con-
taining the binding site for MKLP1 [75-77]. While there is 
general agreement that Plk1 phosphorylation controls Cep55 
localisation during cytokinesis, Plk1 phosphorylation is re-
ported to act as a positive and negative regulator of Cep55 
function [75-77]. One model proposes that Plk1 phosphory-
lation is required for Cep55 localisation and function at the 
midbody [75], whereas the other model proposes that Plk1 
prevents Cep55 from interacting with the central spindle and 
midbody protein MKLP1 during anaphase. The progressive 
degradation of Plk1 during mitotic exit exposes the MKLP1 
binding site which allows Cep55 recruitment to the midbody 
[77]. 

 A recent discovery was that the Endosomal Sorting 
Complex Required for Transport (ESCRT) machinery, which 
are known for their role in membrane scission during viral 
budding and the formation of multivesicular bodies, also 
play a key role in abscission [68, 78, 79] (Fig. 4). The pro-
tein family, which is comprised of 4 complexes (0, I, II, III) 
and VPS4, are involved in membrane remodelling during 
cytokinesis and abscission [68, 80]. Cep55 is the key protein 
directing ESCRT recruitment. It recruits the ESCRT-I 
subunit Tsg101, and ALIX to the midbody which allows for 
recruitment of ESCRT-III complex to the flanking midbody 
ring [79]. ESCRT-III accumulates at the abscission site and 
promotes membrane severing by the formation of constrict-
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ing helical oligomers and the loss of the midbody microtu-
bules at the intercellular bridge [68]. This is coupled with 
ESCRT-III recruitment of the ATPase spastin which displays 
microtubule severing activity and is believed to be responsi-
ble for the final scission and separation of the daughter cells 
(Fig. 4) [68]. ESCRT-III also recruits the disassembly factor 
AAA-ATPase VPS4 which releases the ESCRT-III from the 
membrane, allowing it to bind elsewhere [68]. Additional 
membrane-trafficking proteins localise to the intercellular 
bridge and play a role in the final stages of cytokinesis in-
cluding dynamin, soluble N-ethylmaleimide-sensitive factor 
attachment protein receptor proteins (SNAREs), Rab pro-
teins and exocyst components [80, 81]. However, while 
many of the proteins that are important for abscission have 
been identified, their precise mechanism is still unclear. 

CYTOKINESIS FAILURE AND CANCER 
 The majority of cancer cells contain large-scale alterations 
in chromosome structure and number [82-86]. Loss or gain of 
whole chromosomes, known as aneuploidy, has long been 
associated with cancer, however, there has been much debate 
surrounding how aneuploid cells arise and whether they are a 
cause or consequence of cancer [82-86]. The cumulative evi-
dence to date suggests that aneuploidy promotes tumourigene-
sis [82-86]. In that context, a long standing hypothesis is that 

failure of cell division generates unstable tetraploid cells that 
represent the first step to aneuploidy and tumourigenesis [84]. 
In support of this, mutation of adenomatous polyposis coli 
(APC) in colorectal cancer inhibits spindle anchoring during 
anaphase and results in cytokinesis failure with the generation 
of tetraploid genomes in vivo [87]. Transient inhibition of cy-
tokinesis generates genetically unstable tetraploid cells that 
promote tumourigenesis in p53-/- mouse mammary epithelial 
cells [88]. Furthermore, tetraploidy and chromosome instabil-
ity are early events detected in human cervical cancer tissue 
[89]. Mouse ovarian surface epithelial cells derived from an 
intermediate tetraploid cell, generated through chromosome 
mis-segregation during mitosis, exhibited aneuploidy and were 
tumourigenic in vivo [85]. Overexpression of Aurora B in 
murine epithelial cells gives rise to tetraploid cells that formed 
tumours when injected into mice [90]. Genomic analysis of 
the tumours revealed widespread genomic reorganisation in-
cluding trisomies, amplifications, and deletions [90]. Impaired 
integrin traffic, which is critical for cell adhesion, induces 
aneuploidy via a near-tetraploid intermediate and results in 
oncogenic transformation in vitro and in vivo [91]. In addition, 
loss of the Breast Cancer Susceptibility Gene, BRCA2 [92] or 
the LATS1 tumour suppressor [93] is accompanied by cytoki-
nesis defects, suggesting a role for these tumour suppressors in 
cytokinesis. Aneuploid cells that arise from tetraploidy are 

 
Fig. (3). Schematic showing the formation of the contractile ring and central spindles during telophase. PRC1 interacts with the motor pro-
tein KIF4 which directs KIF4 to the antiparallel microtubules, PRC1 bundles the midzone microtubules by cross linking antiparallel microtu-
bules while KIF4 caps the midzone microtubules which limit their growth. Centralspindlin (CS) is recruited to the midbody by the chromo-
somal passenger complex (CPC) and it tethers the central spindles to the plasma membrane. Plk1 and Pin1 control the translocation of Cep55 
from the spindle poles to the centralspindlin complex. Centralspindlin also recruits Ect2 to the plasma membrane where is activates RhoA by 
conversion from RhoA-GDP to RhoA-GTP. Active RhoA induces contractile ring formation by activating pathways for actin and myosin 
formation. (Dashed lines, non-direct interaction).  

E
c
t2RhoA-GDP RhoA-

GTP

Midzone

K
IF

4

K
IF

4

P
R

C
1

CIT

rMLC

Formin

5
5

ROCK

GTP

E
c
t2

E
c
t2

Contractile 

Ring

Midzone

Microtubules

CPC

P
R

C
1

Plk1

C
e

p
5

K
IF

4 C
e

p
5

5

K
IF

4

C

e

p

5

5

Spindle Pole



Cyclophilin Function in Cancer Current Molecular Pharmacology, 2016, Vol. 9, No. 2    155

most likely generated due to multiple centrosomes and multi-
polar mitoses, which can lead to gain or loss of whole chro-
mosomes and to chromosome breaks. Collectively, these stud-
ies support the 100 year old hypothesis proposed by Theodor 
Boveri [94] that abnormal mitosis promotes genome instability 
and cancer.  

 The mitotic checkpoint is the major regulator of chromo-
some segregation during mitosis. Mitotic checkpoint compo-
nents including Mad1, Mad2, Bub1, BubR1, Bub3 and 
CENP-E are recruited to kinetochores on chromosomes and 
they act to inhibit anaphase onset and mitotic exit by inhibit-
ing the APC [95, 96]. Defects in mitotic checkpoint genes 
results in numerical aneuploidy. In recent years a number of 
animal models that exhibit aneuploidy and/or chromosome 
instability due to mutation in mitotic checkpoint genes have 
been tested for their tumour forming ability. Results indicate 
that Mad+/- and Cdc20+/AAA mice as well as those that over-

express Bub1 or Mad2 promote tumourigenesis. On the oth-
erhand, mutations that suppress tumourigenesis have also 
been reported including securin-/-, while others had no effect 
on tumour incidence including inactivated Bub1 or Bub3+/-, 
while mutations such as Bub1-/H, BubR1+/- and Mad2+/- either 
promote or suppress tumourigenesis depending on the con-
text. Thus, overall, the tumour promoting ability of ane-
uploidy and chromosome instability is dependent on the con-
text and the specific genes involved (for review see [97]). 
Interestingly, data from mouse models and patients indicates 
that low and intermediate rates of chromosome instability 
can promote tumours, whereas, high rates of chromosome 
instability is incompatible with viability leading to cell death 
and tumour suppression, and correlates with improved pa-
tient outcomes [97]. Thus, a better understanding of the role 
of aneuploidy and genome instability in tumourigenesis is 
important in order to exploit the process therapeutically. 

 

 
Fig. (4). Schematic showing proteins involved in membrane re-modelling during the analogous processes of HIV-1 viral budding and cyto-
kinesis. HIV-1 Gag regulates viral budding by binding the ESCRT-I component, Tsg101, and ALIX to L-domains within p6, which in turn 
recruits the ESCRT-III complex that is required for resolution of the membrane stalk connecting the virions to the host cell. During cytokine-
sis Cep55 recruits Tsg101 and ALIX to the midbody where they recruit ESCRT-III. The ESCRT-III complex depolymerises the microtubules 
and mediates abscission by plasma membrane remodelling along with recycling endosomes that are directed to the abscission site by Rab11 
and Arf6 binding. CypA interacts with HIV-1 Gag p6 and acts as a general catalyst for cis-trans proline isomerisation.  CypA and Pin1 me-
diated cis-trans isomerisation is also required at the midbody for the timely completion of mammalian cytokinesis.  
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THE ROLE OF CYCLOPHILIN AND CYCLOPHILIN-
LIKE PROTEINS IN THE CELL CYCLE 

 ESS1, a homolog of Pin1, was first identified in Sac-
charomyces cerevisiae as a novel protein required for growth 
[98]. Studies in yeast found that loss of ESS1 led to defective 
cytokinesis revealing a role in cell division. Moreover, the 
CypA homolog, CYP1, was sufficient to rescue ESS1 loss in 
yeast, and CYP1 becomes essential for growth in stable 
ESS1 null yeast [99, 100]. Thus, it was proposed that ESS1 
regulates the expression of genes required for cell growth 
[101]. ESS1 binds directly to the Sin3-Rpd3 histone deacety-
lase complex and the Set3C histone deacetylase complex and 
modulates their deacetylase activity [100, 102]. CYP1 also 
interacts and regulates Sin3-Rpd3 histone in yeast [103]. 
These findings suggest that ESS1 and CYP1 act within the 
same pathway to control transcription of cell cycle genes in 
yeast. 

 A number of studies report a role for cyclophilin proteins 
during progression of the mammalian cell cycle. Fragile his-
tidine triad (FHIT) acts as a tumour suppressor and down 
regulation is associated with tumour growth [104]. Loss of 
FHIT expression results in increased CypA levels in mouse 
lung tissue, mouse kidney cells and in the human lung cancer 
cells. Treatment of FHIT negative cells with extracellular 
recombinant CypA led to up regulation of cyclin D1 and 
activation of Cdk4 permitting transition from G1 to S phase 
of the cell cycle [104]. 

 CypD has also been implicated in cell cycle progression. 
Knockdown or deletion of CypD in glioblastoma cells and 
mouse embryonic fibroblasts enhanced cell proliferation via 
accelerated entry into S phase [105]. Increased STAT3 tran-
scription and activity were detected in CypD null MEF cells 
[105]. While the connection between CypD expression and 
STAT3 is unclear, STAT3 plays a role in G1 to S phase tran-
sition by up regulation of cyclin D or inhibition of cell cycle 
repressors such as p21 [106]. Thus, it is proposed that by its 
interaction with STAT3, CypD can regulate the G1 to S 
phase transition. Furthermore, recent work has demonstrated 
that CypA stimulates phosphorylation of STAT3 which re-
sults in increased protein levels of cyclin D1 and survivin  
[107].  

 The phosphorylation-dependent PPIase, Pin1, is overex-
pressed in a large number of tumours [108] and is associated 
with poor survival [109]. Pin1 plays an important role in the 
cell cycle by regulating cyclin D1 and influencing the G1 
and S phase transition [110] as well as regulating numerous 
mitotic substrates including NIMA, Wee1, Cdc25, Plk1, 
CENP-F (for review see [111]). In recent years, several stud-
ies have provided a link between PPIase localisation at the 
centrosome and a role in cytokinesis. Pin1 is localised to the 
centrosome and undergoes mitosis-specific phosphorylation 
dependent relocalisation to the midbody [112, 113]. The 
midbody protein Cep55 must be tightly regulated to ensure 
proper execution of cytokinesis. Pin1 interacts with Cep55  
in vitro and in vivo and it is suggested that Pin1 isomerisa-
tion of Cep55 at the midbody enhances Plk1 phosphorylation 
of Cep55 on Ser436, an essential step for the timely execu-
tion of cytokinesis [113]. Consistent with this, deregulated 
Pin1 function, as a result of overexpression or depletion, 
causes cytokinesis defects. For example, overexpression of 

Pin1 in mouse mammary glands induced malignant mam-
mary tumours that was accompanied by centrosome amplifi-
cation and aneuploidy [112]. In addition, Pin1 knockout 
mouse embryonic fibroblasts (MEFs) and HeLa cells display 
cytokinesis defects [113]. 

 Pin1 also mediates the final separation of daughter cells 
via interaction with the septin family member, SEPT9 [114]. 
Specifically, SEPT9 is phosphorylated by Cdk1 at Thr24 
which acts as a site for Pin1 isomerisation, and is required 
for abscission [114]. In addition to SEPT9, a number of sept-
ins are implicated in the earlier stages of cytokinesis includ-
ing SEPT2, SEPT7, and SEPT11 [115] however, the role of 
isomerisation in the regulation of their activity remains un-
known. 

 CypA localises to the centrosome during interphase in a 
range of human tumour cells including haematopoietic cells, 
lung cancer cells and HeLa cervical carcinoma cells [35]. 
CypA forms part of the spindle poles during early mitosis 
and relocalises to the midzone and midbody during telophase 
and cytokinesis respectively. Moreover, while CypA PPIase 
activity is not required for centrosome or midbody localisa-
tion, it is required for the timely completion of cytokinesis 
[35]. Bannon et al., demonstrated that expression of wild-
type CypA rescued the defect whereas an isomerase defec-
tive mutant did not. Furthermore, loss of CypA expression, 
by homozygous deletion or RNAi, led to supernumerary 
centrosomes and a tetraploid genotype indicative of cytoki-
nesis failure. Loss of CypA also significantly reduced clono-
genic potential indicating that CypA expression confers a 
growth advantage to cancer cells [35]. These findings pro-
vide a mechanistic link between aberrant expression of 
CypA and cancer.  

 More recently it was discovered that RANBP2 localises 
to the centrosome in mammalian cells [116] and in Droso-
philia [117]. In addition, RANBP2 was detected at the spin-
dle pole and kinetochore during mitosis in HeLa cells, which 
was controlled by binding to importin [116]. Downregulation 
of RANBP2 induces chromosome missegregation and ane-
uploidy, leading to mitotic catastrophe and cell death [116]. 
This suggests that RANBP2 plays a crucial role in faithful 
chromosome segregation, which may provide mechanistic 
insight into previously reported phenotypes associated with 
disrupted RANBP2 expression including tumour growth and 
embryonic lethality in knockout mice [116]. Mice with low 
levels of RANBP2 were highly sensitive to tumour forma-
tion, which is likely due to defective chromosome segrega-
tion [118]. Collectively these reports support a role for prolyl 
isomerases in the regulation of cell cycle progression and 
highlight how their deregulation can contribute to tumouri-
genesis.  

 CypA is required for viral budding, a process that is topo-
logically similar to cytokinesis. In addition, members of the 
ESCRT protein family play key roles during these analogous 
processes and are involved in signalling pathways that are 
regulated by isomerisation. Similarly, Rab GTPase play im-
portant roles during viral budding and cytokinesis and recent 
evidence supports a role for isomerases in their regulation. 
The following section will review the role of cyclophilin 
proteins during viral infection, and highlight common targets 
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and pathways shared with ESCRT proteins and Rab GTPases 
during viral budding and cytokinesis.  

THE ROLE OF CYCLOPHILINS IN THE VIRUS LIFE 
CYCLE 

 CypA is involved in the lifecycle of several viruses, in-
cluding human immunodeficiency virus type 1 (HIV-1), in-
fluenza virus, hepatitis C virus (HCV), hepatitis B virus 
(HBV), vaccinia virus (VV), human cytomegalovirus, human 
papillomavirus, coronavirus, vesicular stomatitis virus 
(VSV), and rotavirus [119-128]. A large body of evidence 
indicates that CypA is an important host factor for successful 
viral infection and CypA is also incorporated into several 
enveloped virus particles, such as HIV-1, influenza virus 
[129-131], however, the function of CypA in virus particles 
is still unclear. 

HIV-1 UNCOATING  

 The physiological relevance of cyclophilins in HIV infec-
tion was revealed when cells containing a disrupted CypA 
gene displayed defective HIV replication [129]. The first 
evidence that cyclophilin proteins function as viral co-factors 
was reported for CypA in HIV infection [36], and mounting 
data suggest a multifunctional role for isomerases in the vi-
rus life cycle [37, 132-136]. An early and critical event in 
HIV life cycle is uncoating of the viral core that precedes 
genomic RNA release, reverse transcription, and nuclear 
import. HIV assembly and disassembly is controlled largely 
by the Gag-CA protein and changes in the timing of viral 
uncoating blocks viral infection highlighting the important 
timing of these events [137]. CypA binds to CA and blocks 
access to the cellular restriction factor, TRIM5�, which 
blocks uncoating during the early stage of the HIV life cycle 
[134, 138].  

HIV-1 ASSEMBLY 

 Assembly of progeny virions and their release from the 
virus producing host cells are well co-ordinated processes 
that are required to complete the virus life cycle. Virion as-
sembly and release are driven by the viral Gag protein and 
are dependent on host cellular factors. The Gag protein is the 
major structural protein of the virus capsid and is a 55kDa 
polyprotein comprising of four subdomains - Matrix (MA), 
Capsid (CA), Nucleocapsid (NC) and p6, which are inter-
spaced by SP1 and SP2 (Fig. 4) [137, 139]. It is widely ac-
cepted that HIV-1 Gag assembly and budding occur pre-
dominantly on the plasma membrane, where the N-terminal 
myristoylated MA domain mediates membrane anchoring 
and assembly of Gag. MA membrane binding is coupled 
with Gag multimerisation at the plasma membrane and is 
required for particle formation and viral infectivity, however, 
MA itself is not required for Gag-Gag interactions and parti-
cle formation [140-143]. Similarly, p6 recruits components 
required for viral budding, but does not make Gag-Gag in-
teractions. Critical lateral Gag-Gag interactions that facilitate 
lattice formation are initiated primarily by CA and SP1, and 
to a lesser extent NC domains [141].  

HIV-1 MATURATION AND BUDDING 

 The formation of mature virions requires Gag polypep-
tide processing into its component fragments, together with 
morphogenesis of a spherical particle into the viral envelop 
that is lined with MA, and the CA containing conical core 
harbouring mature dimeric viral NC/RNA complex. Packag-
ing of CypA into HIV-1 virions is essential for efficient rep-
lication [119]. Incorporation is mediated through binding to 
the Gly-89-Pro-90 peptide bond of the N-terminal domain of 
newly assembled HIV-1 capsid (CA) [144].  

 p6 is a small protein that does not play a structural role in 
virion maturation, but it is required for virion incorporation 
of the viral accessory protein R (Vpr). CypA binds to the N-
terminal heptapeptide motif RHFP35RIW of Vpr centred at 
Pro-35 and it catalyses the prolyl cis-trans interconversion of 
the highly conserved proline residues (Pro-5, -10, -14 and 
35) of Vpr [132]. Mutation of Pro-35 disrupts the interaction 
of Vpr with CypA [136]. It was subsequently found that 
CypA binds to a non-proline containing 16 residue region of 
C-terminal Vpr 75GCRHSRIGVTRQRRAR90 with similar 
affinity as full length Vpr and Arg-80 was identified as a key 
residue in the C-terminal binding domain [38]. Although the 
biological significance of the binding of Vpr to CypA re-
mains elusive, several key functions of Vpr are associated 
with the identified N and C-terminal CypA binding domains. 
These include G2 cell cycle arrest and apoptosis [38, 136, 
145], suggesting a role for isomerisation in the regulation of 
these virus-induced processes.  

 The p6 Gag protein also regulates the final abscission 
step and budding of nascent virions from the cell membrane 
by the action of two late assembly (L) domains, PTAP and 
YPXnL (where X is any amino acid and n=1 to 3 residues) 
motifs, located within p6 [137, 139, 141]. The 52 amino acid 
p6 peptide binds two cellular budding factors; the conserved 
PTAP motif binds Tsg101 (a component of host ESCRT I 
complex), whereas the YPXnL motif binds Alix (Apoptosis-
linked gene 2 -interacting protein X) [137, 139]. The p6 
binding to Tsg101 allows recruitment of the core ESCRT-I 
heterotetramer complex, which facilitates ESCRT-III re-
cruitment. On the other hand, Alix is a Bro domain protein 
containing a proline rich C-terminal residue that harbours 
binding sites for interaction partners including the human 
ESCRT-III protein, CHMP4 [137]. Thus, components of 
host ESCRT pathway, Tsg101 and Alix, play important roles 
linking Gag protein to viral budding by recruitment of hu-
man ESCRT-III and resolution of the membrane stalk that 
connects the virion to the host cell. As such, Gag p6 acts as 
an adaptor protein for the host cell machinery to promote 
budding. A striking feature of the p6 protein is the high rela-
tive content of proline residues located at positions 5, 7, 10, 
11, 24, 30, 37, and 49. Recently, CypA was shown to interact 
with p6 and act as a general catalyst for cis-trans isomerisa-
tion of all proline residues in the full length protein [37]. 
Crucially, the binding motifs of p6 to Tsg101, Alix and Vpr 
coincide with binding regions and catalytic sites of p6 to 
CypA [37]. Based on this, it is possible that CypA binding 
and isomerisation represents an important molecular switch 
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that mediates the interaction of p6 with cellular factors such 
as Tsg101 at the p6 N-terminal or Alix at the C-terminal. 

THE ROLE OF GTPase DURING CYTOKINESIS AND 
VIRAL BUDDING 

 The processes of cytokinesis and viral budding also re-
quire specific membrane trafficking events to deliver new 
membrane to the growing furrow and viral bud respectively. 
The small GTPase superfamily, which is comprised of Ras, 
Rho/Rac, Rab, Arf and Ran, control diverse events including 
cell proliferation and differentiation, as well as the regulation 
of actin cytoskeleton, membrane trafficking and nuclear 
transport [146]. In particular, the Rab GTPases represent a 
large family of over 60 small guanosine triphosphate (GTP)-
binding proteins, and localise to distinct membrane com-
partments where they act as master regulators of vesicular 
membrane transport on both the endocytic and exocytic, and 
transcytic pathways [146].  

 Rab proteins are implicated in the completion of cell di-
vision [147]. Completion of cytokinesis in C. elegans re-
quires Rab11 dependent membrane trafficking events to de-
liver new membrane to the furrow and for abscission, and 
depletion of Rab11 leads to cytokinesis defects including 
furrow regression and abnormal scission, confirming that 
endosomes provide membrane for cytokinesis [148]. Consis-
tent with this, Rab11 and its binding partner FIP3 localise to 
the cleavage furrow during cell division in C. elegans and in 
mammalian cells [149, 150]. 

 Two additional GTPases, Arf1 and Arf6, are also impli-
cated in cytokinesis. Arf6 localises to the midbody during 
telophase and is responsible for the recruitment of 
Rab11/FIP3 and Rab11/FIP4 complexes [149]. Rab35, 
which is involved in the early endocytic recycling pathway, 
plays a crucial role during cytokinesis by mediating the lo-
calisation of phosphatidylinositol 4,5, bisphosphate (PIP2) 
lipid and the septin, SEPT2, to the growing cytokinetic 
bridge [151]. Thus, the essential role of Rab11 and Rab35, 
which control distinct endocytic recycling pathways, im-
plies that multiple endocytic routes are essential for cytoki-
nesis. Furthermore, the transport of Rab8 positive vesicles 
to the midbody during cytokinesis via a dynein-dependent 
manner implicates the retrograde pathway in the comple-
tion of cytokinesis [152]. CypA associates in vitro and in
vivo, via its PPIase domain, with the dynein/dynactin motor 
protein complex suggesting a role for CypA PPIase activity 
in cargo binding for retrograde movement along microtu-
bules [153].  

 Rab21 plays a role in cell division by integrin targeting to 
the growing cleavage furrow, and loss of Rab21 leads to 
cytokinesis failure, aneuploidy and tumourigenesis in vivo 
[91]. RABL6A a novel RAB-like protein, plays a role in 
centrosome regulation and maintenance of chromosome sta-
bility in non-transformed cells, key processes that ensure 
genomic integrity and prevent tumourigenesis [154]. Rab24 
is an atypical member of the GTPase family and its function 
remains largely unknown. It was previously shown that 
Rab24 and CypA co-localise at the perinucleus in COS cells, 
implying that they may co-operate to function in a signalling 
pathway at that position or elsewhere [155]. Importantly, it 

was recently demonstrated that, like CypA [35], Rab24 is a 
centrosome protein that is redistributed to the mitotic spindle 
and midbody during mitotic progression, where is regulates 
multiple events including chromosome segregation and cy-
tokinesis [156]. Depletion of Rab24 in COS-7 cells increased 
chromosome segregation errors and cytokinesis errors impli-
cating Rab24 in the completion of normal cell division [156]. 
Thus, although there is no evidence to date that Rab function 
is regulated by isomerisation, it is possible that CypA iso-
merisation controls the distribution of Rab24, and other Rabs 
such as Rab11 and Rab35, to mitotic structures during the 
cell cycle.  

 Recent publications show that Rab-controlled trafficking 
pathways are altered during tumourigenesis. Certain mem-
bers including Rab25 acts as both an oncogene and a tu-
mour-suppressor gene [157, 158]. Accelerated cell migration 
induced by upregulated Rab11 and Rab25 is associated with 
increased vesicular transport efficiency in the inner cell 
compartment and at the plasma membrane [159]. Further-
more, Rab 25 and chloride intracellular channel 3 (CLIC3) 
drives invasiveness of pancreatic and ovarian cancer by 
regulating the recycling of �5�1 integrin from late en-
dosomes to the plasma membrane [160]. In contrast, Rab37 
suppresses tumour metastasis by exocytosis of the tissue 
inhibitor of metalloproteinase 1 (TIMP1), thereby inhibiting 
matrix metalloproteinase 9 (MMP9) [161]. Finally, Rab18 is 
highly expressed in Hepatitis B virus (HBV)-associated HCC 
tissue and upregulated Rab18 is mediated by HBV X protein, 
which promotes hepatoma cell proliferation [162].  

 Increasing evidence supports a role for Rab proteins in 
the viral life cycle. For example Rab7A, a major regulator of 
the late endocytic pathway, is required in the late stages of 
the HIV-1 replication cycle [163], whereas Rab11-FIP1C 
and Rab14 direct plasma membrane sorting and particle in-
corporation of the HIV-1 envelope glycoprotein complex 
[164]. Furthermore, Rab6 and Vps53 implicate the retro-
grade pathway in viral entry [165].  

TARGETING CYCLOPHILINS IN ANTI-VIRAL AND 
ANTI-CANCER THERAPY 

 The pleiotropic involvement of CypA in the lifecycle of 
various viruses opened the way for the development of broad 
range antiviral compounds. However, given the growing 
body of evidence linking deregulated cyclophilin expression 
with tumour development, metastasis and chemoresistance, it 
is not surprising that the family has recently gained interest 
as potential anti-cancer targets. The cyclophilins are already 
a target for immunosuppression, with Cyclosporine A (CsA), 
an eleven amino acid cyclic nonribosomal peptide, used to 
inhibit the immune response in organ transplant patients 
[13]. The immunosuppressive effect of the CsA-CypA com-
plex, is independent of isomerase inhibition, and occurs by 
inhibition of the phosphatase calcineurin, which is required 
for T cell activation [166]. However, off-target effects asso-
ciated with the CsA scaffold and their high molecular size, 
has limited their clinical use. In recent years, much effort has 
focussed on the development of non-immunosuppressant de-
rivatives of CsA with applications as anti-viral agents. Overall, 
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a number of studies report that chemical inhibition of CypA 
by CsA and non-immunosuppressive CsA analogues can in-
hibit HIV-1 replication [167-169]. Alisporivir (Debio-025) is a 
first-in-class non-immunosuppressive cyclophilin inhibitor to 
enter clinical trial and has shown promise in the inhibition of 
HIV-1 [167, 170] and HCV [171-173]. 

 Emerging data implicating cyclophilin proteins in tu-
mourigenesis provides a rationale to investigate the anti-
tumour effect of cyclophilin inhibitors. Early work using the 
non-immunosuppressive analogue of CsA, O-acetyl cy-
closporin A showed a two-fold increase in sensitivity of lung 
cancer cells compared to CsA [174] however, little work has 
been carried out on O-acetyl cyclosporin A since. Interest-
ingly, NIM811 induced apoptotic cell death in human mela-
noma cells. Moreover, studies in an in vivo murine model of 
melanoma showed that NIM811 retards tumour progression 
and significantly decreases tumour volume after intratumoral 
application [175].  

CONCLUSION AND FUTURE PERSPECTIVE 

 It is intriguing that normal cells harbour relatively high 
cyclophilin levels [5], yet, knockout studies in mice indicate 
that CypA is not essential for mammalian cell viability 
[176]. In contrast, depletion of CypA causes cytokinesis de-
fects and reduces the proliferation of tumour cells, support-
ing the view that CypA provides a growth advantage to tu-
mour cells. Thus, due to its requirement during cytokinesis 
of rapidly dividing cancer cells, CypA represents a novel 
anti-mitotic drug target. The finding that CypA is not re-
quired for normal cell viability provides a therapeutic win-
dow to selectively kill cancer cells and to reverse acquired 
chemoresistance, without having detrimental effects on nor-
mal cells. However, not all cyclophilin proteins are involved 
in mitosis, yet, cyclophilin inhibitors developed to date block 
the activity of numerous family members. For instance, 
NIM811 inhibits CypA, CypC and CypD [177, 178]. There-
fore, a major challenge is the development of compounds 
that can inhibit individual family members. Such compounds 
may have utility in the treatment of cancer and may sensitise 
resistant cancer subtypes to chemotherapy. 
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The Role of Peptidyl Prolyl Isomerases in Ageing and Vascular Diseases 
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Abstract: Peptidyl prolyl isomerases (PPIases) are proteins belonging to the immunophilin family 
and are characterised by their cis-trans isomerization activity at the X-Pro peptide bond, in addition 
to their tetratricopeptide repeat (TPR) domain, important for interaction with the molecular chaper-
one, Hsp90. Due to this unique structure these proteins are able to facilitate protein-protein interac-
tions which can impact significantly on a range of cellular processes such as cell signalling, differ-
entiation, cell cycle progression, metabolic activity and apoptosis. Malfunction and/or dysregulation 
of most members of this class of proteins promotes cellular damage and tissue/organ failure, predis-
posing to ageing and age-related diseases. Many individual genes within the PPIase family are asso-
ciated with several age-related diseases including cardiovascular diseases (CVDs), atherosclerosis, type II diabetes mel-
litus (T2D), chronic kidney disease (CDK), neurodegeneration, cancer and age-related macular degeneration (AMD), 
in addition to the ageing process itself. This review will focus on the different roles of PPIases, and their therapeu-
tic/biomarker potential in these age-related vascular diseases. 

Keywords: Ageing, age-related diseases, CypA, FKBPs, Pin1, PPIases, vascular. 

INTRODUCTION 

 With an increase in life expectancy, the biggest challenge 
facing healthcare organisations is the management of age-
related diseases. Age is the most strongly associated risk 
factor for diseases such as CVDs, cancer, T2D, CKD, neu-
rodegenerative diseases (ND), AMD and atherosclerosis [1]. 
Therefore finding a way of slowing down ageing and delaying 
or preventing these age-related diseases will lead to longer life 
expectancy, healthy ageing, and a better quality of life, thus 
reducing the financial burden on healthcare systems. 

 Twin studies have shown that for cohorts born about 100 
years ago, approximately 25% of the variation in population 
lifespan is determined by genetic differences and that the 
genetic influence on lifespan and age-related diseases in par-
ticular, becomes relevant in those people who survive to 60 
years [2]. There have been major successes in the identifica-
tion of new genetic variants involved in important age-
related disorders including: cancer (in particular, prostate, 
breast and colon [3-5]); CVDs [6, 7] and CKD [8]. However, 
many of these genetic variants, individually or combined, 
explain only a small component of the heritability of each 
disease. This modest contribution does not match with the 
high recurrence risks of age-related disorders in families. 
This apparent paradox may in part be explained by the con-
tribution of low frequency variants, unrecognized single nu-
cleotide polymorphism (SNP) epistasis, gene-environment 
interactions, epigenetic and gene expression changes. Epige-
netic data is particularly valuable to help interpret  
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genome wide association studies (GWAS) by adding bio-
logical/mechanistic information [9, 10]. One of the major 
challenges over the next few decades will be to unravel the 
interactions between genetic variants and environmental 
factors. GWAS have shown that SNPs linked to multiple 
age-associated diseases are generally clustered on chromo-
some 6, in particular the Major Histocompatibility (MHC) 
locus within 6p21, in addition to the INK4/ARF 
(CDKN2a/b) tumour suppressor locus on chromosome 
9p21.3. These SNPs accounted for almost a third of all the 
diseases analysed by GWAS [11].  

 Aberrantly activated pathways in ageing identified by 
association studies using long-lived cohorts include the insu-
lin/insulin growth factor-1 (IGF-1), antioxidant, inflamma-
tory, sirtuin, lipid metabolism, stress resistance and the 
mammalian target of rapamycin (mTOR) pathways [12-18]. 
The main targets of the insulin and IGF-1 pathway are the 
FOXO transcription factors which have important roles in 
stress resistance, immunity and metabolism [19, 20]. The 
sirtuin and mTOR pathways are nutrient-sensing pathways 
and these pathways are linked to longevity (high sirtuin and 
low mTOR levels) because of their ability to mediate the 
effects of nutrients and insulin. Since the mTOR pathway is 
a strongly implicated pathway, it represents a viable target 
for prevention of ageing and age-related disease. Peptidyl 
prolyl isomerases (PPIases) also known as immunophillins, 
are a family of proteins that bind to rapamycin-mTOR com-
plexes and regulate the mTOR signaling pathway. As such, 
these proteins play a significant role in ageing and age-
related diseases [21]. Therefore, the focus of this review will 
be on the role of PPIase in ageing and age-related diseases: 
CVDs, T2D, CKD, ND, AMD and cancer. 
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PPIases  

 The PPIase family are important determinants of ageing 
and disease. Many individual genes within the PPIase fam-
ily are associated with several age-related diseases, in addi-
tion to the ageing process itself. Peptidyl prolyl isomerases 
(PPIases) are proteins belonging to the immunophilin fam-
ily and are characterised by their cis-trans isomerization 
activity at the X-Pro peptide bond. The term immunophilin 
is derived from the ability of these proteins to bind immu-
nosupressive drugs; cyclophilins (18 members, 17 genes) 
bind to cyclosporine A and FKBPs (FK506 binding pro-
teins; 17 members, 17 genes) bind to the macrolide, FK506. 
A third subfamily, parvulins (3 members, 2 genes), contain 
the PPIase domain but do not bind immunosuppressive 
drugs [22]. Immunosuppression is generally associated 
with the smaller PPIase-complexes and the larger PPIases 
lack this effect but they contain the tetratricopeptide repeat 
(TPR) domain facilitating protein-protein interactions, sig-
nificantly impacting many essential cellular processes. 
Therefore, aberrant function of these proteins can lead to 
tissue damage and predisposition to ageing and age-related 
disease [23, 24]. 

Ageing  

 Ageing, in terms of endothelial system changes, encom-
passes molecular and functional modifications such as short-
ening of telomeres, structurally and functionally altered en-
dothelial cells, increased levels of vasoconstrictive, pro-
inflammatory, proliferative and pro-coagulatory substances, 
reduced nitric oxide (NO) bioactivity and apoptosis [25]. 
These processes lead to an increase in blood pressure, a re-

duction in the glomerular filtration rate, atherosclerosis and 
therefore to age-related diseases. 

 More recently, cellular senescence and changes in im-
mune system surveillance have been identified as being the 
most significant processes in ageing due to their ability to 
activate pro-inflammatory pathways [26-28]. Other aberrant 
ageing processes include protein aggregation, DNA damage, 
mitochondrial damage and accumulation of reactive oxygen 
species (ROS; Fig. 1). More recently, research has focused 
on the role of ageing stem cells on age-related diseases and 
the ageing process itself. Due to their long lifespan, stem 
cells are more prone to cellular damage as they accumulate 
ROS, damaged proteins, DNA damage, epigenetic alterations 
and mitochondrial dysfunction [29]. All of these aberrant 
changes can lead to stem cell apoptosis, senescence, dys-
function and thus the inability of stem cells to orchestrate 
tissue regeneration and proliferation.  

The Role of PPIases in Ageing 

 The role of many individual PPIases in ageing has been 
studied. PPIases play a significant role by binding to and 
regulating the mTOR signalling pathway which has very 
well characterised roles in ageing and age-related diseases 
[21]. For example, CypA expression increases with ageing 
[30-32] while suppression of CypB induces cellular senes-
cence [33] and its expression decreases in ageing rats [34]. 
Likewise, CypC [35, 36]; CypD [37-39]; CypJ [40] have all 
demonstrated significant roles in animal models of ageing. 
FKBPL, a divergent member of the FKBP group of im-
munophilins, resides on the gene loci, 6p21.3 which is within 
a significant peak of age-related disease association [11, 41]. 

 
Fig. (1). Different mechanisms involved in ageing and the associated targeting strategies. ME – microenvironment; NAD - nicotaminamide 
adenine dinucleotide (the sirtuin pathway activator). 
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Importantly, Pin1 has the strongest link to ageing and is in-
deed a critical regulator of ageing; Pin1-/- mice develop 
normally but show pronounced and premature ageing, with 
reduced body size and bone density as well as atrophy of the 
skin, testis and breast [42]. Pin1 appears to control ageing by 
telomere shortening, via TRF1 phosphorylation and stability 
[43], and also regulates senescence, via the p53-BTG2 path-
way [44]. 

CARDIOVASCULAR DISEASES 

 CVDs are the most common of all age-related diseases 
and are the leading cause of death in people over the age of 
65 [45]. Considering that the ageing process leads to an 
overproduction of pro-inflammatory, pro-coagulatory, vaso-
constrictive and other related factors, these process can brit-
tle heart walls, leaky/thickened heart valves and deterioration 
in the heart muscle, leading to poorer ability to pump blood 
efficiently around the body [46]. Therefore, these changes 
together with the age-related changes in the endothelial sys-
tem mentioned above, can lead to atherosclerosis, angina, 
atrial fibrillation and orthotropic hypertension, potentially 
causing myocardial infarction and stroke [47]. The key sig-
nalling pathways associated with CVDs include the insulin 
and IGF-1, sirtuin and mTOR pathways. The IGF-1 pathway 
appears to have a protective mechanism against atherosclero-
sis in humans whereas in mice it led to an increase in life 
span [48, 49]. The role of the sirtuin pathway in CVD is un-
clear due to a lack of consistency in the published data to 
suggest a strong role for this pathway in the development of 
CVDs; further research is therefore required [50]. On the 
other hand, the inhibition of the mTOR pathway, has demon-
strated a role in longevity [51]; rapamycin can alleviate car-
diac hypertrophy, T2D, adipogenesis and lipogenesis as such 
has a vital role in ageing and CVDs [47, 52]. Furthermore, 
the AMPK (AMP-protein activated kinase) signalling path-
way, which negatively regulates mTOR, is also involved in 
CVDs; aberrant expression of AMPK in simple organisms, 
mice and humans has been implicated CVDs and ageing [53-
55]. 

The Role of PPIases in CVDs 

 FKBP12, a cytoplasmic FKBP, has a well-established 
interaction with the ryanodine receptors, RyRs, resulting in 
the stability of this channel. FKBP12 knockdown results in 
the opening of the RyRs channel and augments calcium re-
lease into a wide range of tissues [56, 57]. Therefore, 
FKBP12 and FKBP12.6 have an important role in cardiac 
regulation and deficiency in these proteins contributes to the 
pathogenesis of hypertension. In murine models, FKBP12 
knockout (KO) resulted in cardiac defects and altered RyRs 
function [58-61]. Therefore the treatment with FK506 and 
rapamycin may contribute to vascular dysfunction and hy-
pertension by inducing intracellular leakage of calcium ions 
in endothelial cells [56, 62]. A novel antiarrhythmic com-
pound, K201 (JTV– 519), which binds to FKBP12.6, thus 
stabilising RyRs channels and decreasing spontaneous cal-
cium release, is currently in clinical trials [63].  

 The most abundant member of the cyclophilin family, 
CypA, is secreted exogenously in response to inflammatory 

stimuli and is able to increase ROS formation in endothelial 
cells, macrophages and vascular smooth muscle cells [64-
67]. Therefore, CypA is a critical regulator of CVDs. In 
terms of vascular remodeling, CypA KO mice had signifi-
cantly less thickened arteries when compared to the wild 
type (WT) mice and therefore are less likely to develop car-
diac/vascular hypertrophy or myocardial ischaemia which 
can lead to myocardial injury [68-70]. CypA’s involvement 
in ROS generation and cardiac fibroblast proliferation and 
migration, renders it responsible for the development of car-
diac hypertrophy, the basis of most of the CVDs [70, 71]. 
Interestingly serum levels of CypA were significantly higher 
in patients with acute coronary syndrome (ACS) when com-
pared to healthy patients or patients with stable angina and 
the levels also correlated with the severity of ACS, poten-
tially suggesting a role for CypA as a biomarker to predict 
the severity of ACS [72]. Furthermore, CypA has a well-
established role in atherosclerosis and the mechanisms in-
volve an increase in the uptake of low-density lipoproteins 
by the vessel wall due to CypA-mediated overexpression of 
the scavenger receptors, pro-inflammatory and endothelial 
cell activation of vascular cell adhesion molecule-1 (VCAM-
1) and a decrease of the endothelial nitric oxide synthase 
[32]. 

 Another cyclophilin with a role in CVDs is CypD. Inter-
estingly, it has a cytoprotective role during ischaemia-
reperfusion injury as a regulator of the mitochondrial perme-
ability transition pore (mPTP) complex formation [73, 74]. 

 Finally, Pin1, the most extensively researched member of 
the parvulins subgroup (Pin1-3), has a significant role in 
cardiac hypertrophy. The loss of Pin1 attenuates cardiac hy-
pertrophic responses following severe vasoconstriction by 
binding to Akt, mitogen activated protein kinase (MEK) and 
Raf-1; all essential components of the cardiac hypertrophy 
[75]. 

Type II Diabetes Mellitus 

 T2D is an age-associated disease, more specifically re-
lated to accelerated ageing. Most T2D patients are between 
the age of 65 and 74 [76]. T2D is more prevalent in men 
within this age group and its incidence decreases above 75 
years of age [77]. The pathophysiology of T2D is very 
closely linked to the dysfunction of pancreatic islet �-cells in 
addition to insulin resistance [78]. The pancreatic �-cells 
appear to lose their proliferative, secretory and regenerative 
function as part of ageing, mainly due to cellular senescence 
[79]. Furthermore, the proliferative and apoptotic ability of 
the pancreatic �-cells seem to be the most apparent change in 
ageing, obese and diabetic patients. These cells are also able 
to adjust their proliferative activity in metabolic distress e.g. 
in metabolic syndrome, by increasing their self-renewal ca-
pacity to manage the increasing demand for glucose utilisa-
tion [79]. Interestingly, the pancreatic �-cells display similar 
characteristics to stem cells such as low proliferative profile 
and a very long lifespan [80]. The proliferative and regenera-
tive capacity of �-cells might be diminished with age as a 
result of accumulation of DNA damage during their long 
lifespan or or senescence or apoptosis as a result of age-
mediated shortening of the telomeres and/or activation of 
p53 and/or p16INK4A [81, 82]. 
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 Aberrant molecular mechanisms involved in the induc-
tion of cellular senescence of the pancreatic �-cells include 
telomere shortening and cycle-dependent kinase inhibition 
by p53 and p16INK4A, which are also tumour suppressor 
genes [83]. Other pathways involved in the dysfunction of 
the pancreatic �-cells include the mTOR, sirtuin and IGF-1 
pathways, also strongly associated with ageing and other 
age-related diseases [84]. Furthermore, the negative regula-
tor of the mTOR pathway, AMPK, has also been signifi-
cantly implicated in the metabolic disorders and T2D; aber-
rant expression of AMPK in both mice and humans leads to 
insulin resistance [54]. 

The Role of PPIases in T2D 

 The role of PPIases in T2D is still in its infancy however 
some interesting data has been recently reported to suggest 
an important role for this group of proteins in T2D. For ex-
ample, FKBP51 SNPs were found to be associated with T2D 
phenotypes in large population studies [85]. Also, the change 
in FKBP51 gene expression was demonstrated in response to 
stress and diet therefore indicating a correlation between 
FKBP51 levels and higher food intake. Similarly, in mice, 
FKBP51 KO demonstrated a leaner phenotype when com-
pared to the WT mice [86]. Furthermore, in conjunction with 
insulin resistance markers, FKBP51, as a steroid hormone 
responsive and regulatory gene, demonstrated an increase in 
the expression, following dexamethasone exposure [85].  

 Moreover, CypA has a role in T2D and vascular compli-
cations of T2D due to its pro-inflammatory role; patients 
with T2D were reported to have lower levels of CypA in 
high glucose-primed monocytes but high plasma levels of 
CypA when compared to healthy volunteers therefore sug-
gesting a role for CypA as a biomarker of inflammation in 
T2D patients [87]. Moreover, PPIases in general have a var-
ied role in the regulation of vascular function, suggesting 
possible involvement in T2D-mediated vascular abnormali-
ties [56, 68-70, 73, 88]. 

Chronic Kidney Disease  

 CKD is a leading cause of morbidity and mortality. Epi-
demiological studies demonstrated around 13% prevalence 
worldwide [89, 90]. CKD arises from complete progressive 
destruction of nephrons resulting in the intact nephrons hav-
ing to manage an increased load [8, 91]. Despite research 
efforts, the pathophysiology of CKD is still not fully under-
stood, although vascular, glomerular and tubular events are 
implicated in the disease [92, 93]. Furthermore, podocytes or 
visceral epithelial cells within the Bowman’s capsule have a 
role in preventing protein escape into the urine and therefore 
the loss of podocytes has been associated with the develop-
ment of diabetic nephropathy [94, 95]. Aberrant mTOR acti-
vation is associated with this process and its inhibition by 
drugs such as rapamycin may be of a potential clinical bene-
fit [94, 96]. Similarly, the mTOR pathway is involved in 
aldosterone mediated signalling through the mineralocorti-
coid receptor within renal tubular epithelial cells of distal 
nephrons; important for the regulation of fluid homeostasis 
[97, 98]. The activation of the mineralocorticoid receptor and 
its target genes including some of the PPIases, has been 

linked to tissue inflammation and fibrosis leading to CKD 
[99-101]. 

The Role of PPIases in CKD 

 In relation to CKD, FKBP12 exhibits an inhibitory activ-
ity on calcium oxylate crystal deposition and may prevent 
nephrolithiasis [102]. Nephrolithiasis is often perceived as a 
relatively minor acute illness, but increasing evidence sug-
gests that it can lead to CKD [103-105]. Furthermore, the 
pathogenesis of the condition shares overlapping features of 
many diseases of ageing such as hypertension, CVD and 
T2D [104, 106, 107]. Recently, using a GWAS population 
analysis approach, FKBP51 has shown significant differ-
ences in DNA methylation in CKD patients [108]. Aldoster-
one plays a significant role in the development of CKD and 
evidence suggests that FKBP51 protein and mRNA expres-
sion are induced by aldosterone in the kidney and intestinal 
tissues [109-111]. On the other hand, CypA has a role in 
renal acidosis [112], diabetic nephropathy [113] and renal 
cell carcinoma [114]. Furthermore, Pin1 inhibition affects 
CKD associated with secondary parathyroidism [115]. 

Neurodegeneration 

 Neurodegeneration is the umbrella term for the progres-
sive failure of neuronal networks leading to neuron death; 
many of these diseases share similarities at the sub-cellular 
level [116, 117]. Ageing is the main risk factor for the devel-
opment of these diseases and the accumulation of atypical 
proteins, abnormal tangles and network dysfunction are clas-
sic hallmarks of these diseases [118].  

 Protein aggregation is a well-known feature of these dis-
eases; however, the role of this process is not fully under-
stood. Post-mortem examination of deceased brains have 
revealed that amyloid plaques in Alzheimer’s disease and 
Lewy bodies in Parkinson’s disease can be present even in 
asymptomatic patients and the extent of plaques present does 
not correlate to the severity of the disease at the time of 
death [119].  

 Sustained activation of neuronal PI3K/Akt/mTOR signal-
ling has been noted in early Alzheimer’s disease [120]. In the 
temporal lobes of Alzheimer’s patients, Akt activation leads 
to mTOR and tau phosphorylation and a decrease in cyclin-
dependent kinase inhibitor 1 [121]. Furthermore, the aberrant 
activation of the Akt pathway has been linked to disrupted 
clearance of A� and tau resulting in synaptic loss and cogni-
tive decline [120]. Nevertheless, the cause of Alzheimer’s 
disease is still largely unknown however the most prevalent 
genetic risk factor is the presence of �4 allele of the 
apolipoprotein E (APOE) and it is expressed in half of spo-
radic Alzheimer’s disease cases [122, 123].  

 On the other hand, Parkinson’s disease is the second 
most common ND after Alzheimer’s diseases. It is a degen-
erative disorder resulting from the death of the dopamine 
producing cells in the substantia nigra (SN) [124-126]. Age-
related mitochondrial dysfunction and alterations in protein 
degradation are more detrimental to the neurons in the SN 
than in any other regions of the brain [127]. The classic 
hallmark of this disease is the presence of the protein alpha 
synuclein which binds to ubiquitin in damaged cells forming 
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eosinophilic cytoplasmic inclusions called Lewy bodies 
[125, 126, 128]. In Parkinson’s disease, the PI3K/Akt/mTOR 
pathway is dysregulated in a different manner than in Alz-
heimer’s disease. The dopaminergic neurons from Parkin-
son’s patients display downregulation of phosphorylated Akt 
and supressed mTOR signalling resulting in neuronal death 
[129]. Furthermore, rapamycin, the inhibitor of mTOR, has a 
neuroprotective effect by protecting phosphorylated Akt at a 
critical site for cell survival [130]. 

The Role of PPIases in Neurodegeneration 

 Calcium dysregulation contributes to unhealthy brain 
ageing by reducing neural excitability and impairing mem-
ory. Disruption of FKBP12 in the hippocampal neurons de-
stabilised calcium and in vivo FKBP12 knockdown is associ-
ated with an upregulation of RyR2 and mTOR protein ex-
pression [131]. FKBP12 has been shown to bind to the intra-
cellular domain of the amyloid precursor pathway and shift 
APP processing to the amyloidogenic pathway [132, 133]. 
Moreover, the FKBP12 gene expression is downregulated in 
the hippocampus of ageing rats and in early stage Alz-
heimer’s patients [134]. When FK506 is used as an immuno-
suppressant agent, it appears to have neuroprotective effects 
[135].  

 FKBP38 is a well-known inhibitor of apoptosis through a 
reduction in mitochondrial Bcl-2 [136, 137]. Hsp90 can in-
hibit the apoptotic function of FKBP38 by interfering with 
the FKBP38/calmodulin/calcium complex which regulates 
the anti-apoptotic protein, Bcl-2 [138]. This property of 
FKBP38 protein has been exploited for the treatment of ND 
[137, 139].  

 FKBP51’s PPIase activity has a role in microtubule stabi-
lisation through Hsp90-mediated dephoshorylation of tau 
[140, 141]. On the other hand, FKBP52 is ubiquitously ex-
pressed at high levels and has been associated with microtu-
bule destabilisation and tubulin depolymerisation [141-143]. 
FKBP51/FKBP52 bound to heat shock proteins may have a 
role in neurodegeneration by modulating protein folding and 
aggregation [24]. FKBP51 siRNA knockdown reduced tau 
levels in HeLa cells and FKBP51 overexpression increased 
levels of tau. [140]. In addition, knockdown of Hsp90 also 
reduced levels [144]. In contrast, FKBP52 overexpression 
downregulated tau protein levels and knockdown resulted in 
increased tau binding to microtubules, resulting in longer 
projections [132, 143]. Cao and Konsolaki proposed that the 
opposing effects of FKBP51 and FKBP52 could be due to 
the differences in PPIase activity as tau contains a high per-
centage of proline residues [132]. Furthermore, FKBP52 is 
upregulated after injury in regenerating neurons and Alz-
heimer’s patients have a lower expression of FKBP52 in the 
temporal lobe and hippocampus [132]. FKBP52 is involved 
in the regulation of intracellular copper and this may cause 
FKBP52 to have an effect on A� levels [145-147]. Further-
more, Conejero-Goldberg and colleagues demonstrated that 
FKBPL was one of the key genes differentially expressed in 
the brain tissue, where it appeared to act in a protective role, 
in young individuals at high risk of Alzheimers disease pre-
selected by the APO4 signature [148].  

 The role of CypA in Alzheimer’s disease has also been 
reported, possibly due to its ability to activate pro-
inflammatory pathways, NF-�B and MMP-9; these pathways 
in brain capillary pericytes regulate the release of neurotox-
ins. This whole process is initiated by APO4 within astro-
cytes [149]. CypD’s involvement in the mPTP complex has 
also found application in Alzheimer’s disease due to recent 
reports which suggest that A� proteins influence mPTP for-
mation when in a complex with CypD [150]. Conversely, the 
loss of Pin1 expression is correlated with Alzheimer’s dis-
ease and neurodegeneration due to Pin1’s important role in 
the stabilisation and regulation of tau and A� proteins [42]. 
Tau protein hyperphosphorylates in the absence of Pin1 
leads to its dysfunction and inability to regulate microtubule 
stabilisation in the neurons [151]. 

Age-related Macular Degeneration 

 AMD is a leading cause of blindness worldwide and old 
age is the major risk factor with an incidence of 10% in indi-
viduals over 80 years of age [152, 153]. It results from de-
generation of the macular region of the retina, a central part 
of the retina and AMD susceptibility is increased by age, 
environmental (e.g. smoking) and genetic factors [153, 154]. 
Many different genetic factors have been implicated in AMD 
including SNPs within some of the proteins involved in the 
mTOR pathway [155]. 

The Role of PPIases in AMD 

 In AMD, GWAS detected the presence of a SNP on 
chromosome 6p21 in the FKBPL region, therefore suggest-
ing a potential role for FKBPL as an AMD susceptible gene 
[156]. This study was carried out using two cohorts of ad-
vanced AMD patients against matched controls to validate 
the findings and it also indicated Notch4 as a potential AMD 
susceptible gene. Our own lab has generated data to suggest 
that in addition to the well-established FKBPL’s regulatory 
role of the CD44 pathway, it is also involved in the regula-
tion of the Notch pathway (unpublished data). 

Cancer 

 Cancer is defined as the development of ‘abnormal cells’ 
due to genetic and epigenetic changes in oncogenes and tu-
mour suppressors [157]. These genetic changes can be inher-
ited, acquired by various DNA damaging agents or certain 
types of viruses. There are a few theories of carcinogenesis 
nevertheless it is considered a multistep process involving 
genetic instabilities which drive normal cells to malignant, 
cancer cells. More recently, a subgroup of cancer cells, 
termed cancer stem cells (CSCs) or tumour initiating cells, 
have been characterised as a group of cells carrying the on-
cogenic and tumour suppressor mutated genes responsible 
for tumour initiation and progression [158]. 

 Numerous cellular and intracellular pathways regulating 
tumourigenesis have been implicated in the development of 
cancer. A pathway readily activated as a result of a loss of 
the main tumour suppressor genes, p53 or PTEN, is PI3K-
Akt survival pathway [159]. This pathway regulates the 
mTOR pathway and once the mTOR pathway is activated, 
negative feedback results in PI3K inhibition. Therefore when 
the mTOR pathway is inhibited by rapamycin, for example, 
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the mutated or lost negative feedback loops, commonly pre-
sent within cancer cells, activate the PI3K-Akt pathway in-
stead of inhibiting it, thereby preventing the anti-
proliferative effect of the mTOR pathway inhibition [160, 
161]. 

The Role of PPIases in Cancer 

 The roles of PPIases in cancer have been studied exten-
sively. Some members appear to have oncogenic activity 
whilst others behave as tumour suppressors. FKBP12 is 
overexpressed in benign and malignant endothelial-lined 
vasculature and as a natural ligand of TGF-� receptor I is 
subsequently involved in regulating cancer invasion [162]. 
Knockdown of FKBP12 results in the cell cycle arrest at the 
G1 phase by downregulation of TGF-� signalling [163]. Fur-
thermore, FKBP12 activates TGF-� receptor I kinase thus 
triggering apoptosis by a mitochondrial dependent pathway 
[164]. In addition, it is a regulator of H-Ras trafficking by 
promoting depalmitoylation through its PPIase activity 
[165]. Disruption of the interaction between FKBP12 and 
calcineurin signalling leads to potent anti-angiogenic effects 
and tumour growth inhibition in breast cancer [166].  

 FKBP38 is capable of potentiating the biological function 
of Bcl-2 protein leading to tumourigenesis and chemoresis-
tance [137, 167]. Furthermore, Bcl–2 overexpression has 
been associated with the cancer stem cell phenotype and it 
may contribute to chemoresistance within these cells [168]. 

 FKBP51 expression is hormone related and its overex-
pression has been associated with leukaemia, breast, prostate 
and brain tumours [169, 170]. FKBP51 is a negative regula-
tor of the Akt pathway and regulates cell response to chemo-
therapy [171]. Furthermore, FKBP51 regulates the NF-�B 
pathway which is implicated in apoptosis and radioresistance 
in melanoma cells [172, 173]. More recently, the role of 
FKBP51 in stemness and metastasis in melanoma was dem-
onstrated by Romano et al. (2013), where FKBP51 was over-
expressed and associated with tumour aggressiveness and 
treatment resistance by stimulation of the EMT process, 
migration and invasion via the TGF-� pathway [174]. Fur-
thermore, androgens upregulate FKBP51 by initiating direct 
binding between FKBP51 and the androgen receptor (AR) 
[175]. In murine xenograft models it was demonstrated that 
FKBP51 is a direct regulator of cell growth and may have a 
role in the highly invasive androgen-independent type of 
prostate cancer [175, 176]. The FKBP51/AR interaction is 
mediated by Hsp90, and Hsp90 inhibitors such as gel-
danamycin are currently in clinical trials in a variety of can-
cers [177, 178]. In pancreatic cancer, FKBP51 acts as a scaf-
folding protein to the phosphatase PHLPP resulting in 
upregulation of the pro-survival Akt pathway and reducing 
sensitivity to the chemotherapy [171]. Conversely, in colo-
rectal adenocarcinoma, FKBP51 suppresses proliferation 
through its action on the glucocorticoid receptor [179]. 

 Less is known about the role of FKBP52 in cancer, al-
though its inhibition has been shown to block AR dependent 
gene expression and prostate cancer cell proliferation [180]. 
Moreover, FKBP52 is highly expressed in hormone-positive 
cancers such as oestrogen receptor positive (ER+) breast 
cancer; its expression in pre-invasive breast cancer was also 

much higher than the surrounding normal breast tissue 
speculating its role in breast cancer initiation [181, 182]. 
FKBP52 is not a functional regulator of the ER but interest-
ingly, it is upregulated in breast tumours and FKBP52 gene 
methylation only occurs in ER negative breast cancer cells 
[183]. Furthermore, FKBP52 auto-antibodies may be a use-
ful biomarker for early diagnosis and monitoring of breast 
cancer [184]. 

 FKBP65 is highly expressed in early benign lesions in 
the colon, compared to normal mucosa [185]. This suggests 
that FKBP65 may be involved in colorectal carcinogenesis 
and could be a novel colorectal biomarker [184]. FKBP65 is 
strongly expressed in normal and benign ovarian epithelium 
but a low expression in high grade serous carcinoma (HGSC) 
is probably due to frequent loss of chromosome 17 [186, 
187]. This indicates a tumour suppressor function for 
FKBP65 in ovarian carcinomas.  

 FKBPL has a well-established role in cancer and whilst 
most FKBPs are positive regulators of cancer growth, 
FKBPL, as a divergent member of this family, is not. 
FKBPL acts as a co-chaperone protein in a complex with 
Hsp90 where it has a regulatory role in steroid receptor 
signalling (ER) [188]; (AR) [189]; (GR) [190]. Due to this 
negative regulatory effect of the steroid receptors, overex-
pression of FKBPL demonstrated inhibition of cancer cell 
growth in ER+ breast cancers [188]; in lymphoma this in-
hibitory effect was associated with a FKBPL, Hsp90 and 
p21 complex [191]. Furthermore, in ER+ breast cancer, 
high FKBPL levels improved the response to endocrine 
therapy such as tamoxifen and fulvestrant and sensitised 
cells to oestrogen deprivation and was also prognostic for 
survival [188]. Other relevant roles of endogenous FKBPL 
in a complex with Hsp90, p21 and GTSE-1 (G2 and S 
phase expressed protein 1) include, chemo- and radiosensi-
tivity via regulation of the cell cycle protein, p21CIP1/WAF1, 
and a reduction in the DNA repair [192, 193]. All of these 
FKBPL-related roles are associated with intracellular 
FKBPL however more recently, an extracellular role for 
FKBPL was identified. This extracellular role was associ-
ated with a potent anti-angiogenic and anti-CSC function 
which is initiated following binding of FKBPL to the CD44 
cell surface receptor [194-196]. The region responsible for 
this interaction is the N-terminal region of FKBPL, which 
is unique and not homologous to other FKBPs. Based on 
this anti-angiogenic domain, a clinical candidate 23-amino 
acid therapeutic peptide, ALM201, was designed in col-
laboration with Almac Discovery which will enter clinical 
trials this year [197]. Therefore, FKBPL as a divergent 
member of the FKBPs appears to be involved in similar 
biological processes to other FKBPs whilst exerting an op-
posite function as an anti-cancer or tumour suppressor pro-
tein.  

 In cancer CypA is significantly upregulated and as such 
is involved in malignant transformation, tumour growth, 
invasion, metastasis and the inhibition of apoptosis [198-
201]. This is not surprising considering CypA has a role in 
the stimulation of endothelial cell migration which is impor-
tant for tumour growth and invasion [69]. Furthermore, 
CypA is transcriptionally regulated by p53 and hypoxia in-
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ducible factor-1� (HIF-1�) both factors commonly mutated 
in cancer [202]. CypA seems also responsible for paclitaxel-
induced resistance in endometrial cancer and overexpression 
of CypA can reduce cisplatin and hypoxia-induced apoptosis 
[203, 204]. On the other hand, CypA has also an important 
role in the cytokinesis where it relocalises from its original 
position, in the centrosome, to the midbody; the loss of 
CypD leads to defective cytokinesis which can increase ge-
nomic instability associated with cancer [205]. Other mem-
bers of the Cyp family group CypB, CypC and CypD in ad-
dition to CypA also appear to be upregulated at the transcrip-
tional levels in various cancers [202]. CypB and CypC are 
associated with the ER and as such form various complexes 
with other oestrogen-related chaperones and CypB, in par-
ticular, protects cells from ER stress-induced death [206, 
207]. However, overexpression of CypB has been linked to 
tumour progression because it regulates various hormone 
receptors and their downstream targets [208]. Also, CypB 
could be a useful target for delivery of anti-cancer vaccines 
due to its two antigenic epitopes identifiable by the cytotoxic 
T-lymphocytes [209]. Moreover, Cyp40 mRNA levels were 
reported to be high in response to stress in breast and pros-
tate cancer cell lines when compared to normal breast and 
prostate cell lines [210]. CypD, as mentioned above, is in-
volved in mPTP complex formation and as such has a role in 
the resistance to mPTP-induced cancer cell death. This is 
mediated by other co-chaperone proteins such as Hsp90 and 
TRAP which are highly expressed in cancer cell mitochon-
dria and their ability to inhibit CypD therefore disabling 
mPTP formation and its apoptotic effects [211]. Also, mito-
chondrial CypD knockdown is associated with STAT3 acti-
vation which leads to an increase in cell proliferation, by 
accelerating entry into S-phase, and migration, via the 
chemokine network, CXCL12-CXCR4 [212]. Both of these 
phenotypes are closely linked to cancer progression and me-
tastasis. Furthermore, CypD-/- mice exhibit similar phenotype 
to Pin1-/- mice in terms of abnormalities observed in retina 
and breast development which could potentially lead to ma-
lignant transformations in these organs [213, 214]. Also, 
transcriptional and posttranslational regulation of CypD by 
Pin1 was demonstrated in the more recent study therefore 
explaining the phenotypical similarities observed in CypD-/- 
and Pin1-/- mice [214]. 

 Pin1 has been researched extensively for its oncogenic 
role in cancer [215]. Pin1 is also important for tumouri-
genesis and for the regulation of CSCs via the Notch path-
way [216]. In fact, deletion of Pin1 in mice prevented on-
cogenic activation of Neu and Ha-Ras which abrogated 
breast cancer [217]. In p53-KO mice Pin1 deletion was able 
to completely abrogate tumour development but had ad-
verse effects including thymic hyperplasia mediated via the 
Notch pathway [218]. Nevertheless, Pin1 does not affect 
the p53 tumour suppressor activity [219]. Other cancer-
associated processes that Pin1 affects include regulation of 
cell cycle, DNA damage, cell signaling, transcription and 
splicing [220]. In terms of cell-cycle regulation, Pin1 also 
has a role in cytokinesis by binding to the crucial centro-
some protein, Cep55, which further explains its role in tu-
mourigenesis [221]. 

PPIases as Targets to Prevent Ageing or to Treat Age-
related Diseases 

 An advantage of characterising this gene family is that 
they are targetable and various drugs targeting these proteins 
have been reported, including FK506, sirolimus/rapamycin, 
cyclosporine, and tacrolimus [22]. Ligands of these proteins, 
although first approved as immunosuppressive agents, for 
the prevention of allograft rejection, are effective against 
age-related diseases. Several FKBP-binding macrocyclic 
drugs, everolimus, zotarolimus and temsirolimus are in phase 
III trials as targets for cell proliferation, immunosuppression 
and anti-cancer effects [23]. Recent evidence has also identi-
fied rapamycin/sirolimus as being the first drug to extend 
lifespan in a range of species from yeast to mammals [222, 
223], highlighting the potential for drug targeting within this 
gene family to alleviate the ageing process. Importantly, re-
cent studies have also shown that FK506-binding proteins 
can modulate Akt-mTOR signalling in the absence of ra-
pamycin [21]. 

 One of the problems associated with PPIase inhibitors 
however, is their off-target effects, particularly and not sur-
prisingly, immunosuppression. However, more recently there 
has been a concerted effort to generate compounds that lack 
immunosuppressive activity, with various levels of success. 
Examples of such compounds include non-immunosup- 
pressive analogues of cyclosporine A which may have appli-
cations in multiple therapeutic areas e.g. Alisporivir (Debio 
025) and NIM811 [224, 225]. Similarly, the development of 
cell impermeable, non-immunosuppressive analogues of 
cyclosporine A has permitted the inhibition of extracellular 
CypA in mouse models of inflammation [226]. Such drugs 
have huge potential in the treatment of ageing disease in 
which CypA is involved.  

 The novel FKBPL-based therapeutic, ALM201, unlike 
other PPIases, appears to be protective of age-related dis-
eases [148, 155, 188, 194, 195, 197]; ALM201 is a peptide 
mimetic of FKBPL and could essentially correct a deficiency 
in FKBPL in a number of diseases. It has already completed 
preclinical evaluation for imminent phase I/II clinical trials 
in cancer patients [197].  

CONCLUSION 

 In conclusion, there are many different significant roles 
of PPIases in age-related processes and diseases as indicated 
above (Table 1; Fig. 2). Even though these proteins belong to 
the same family group, their roles are quite diverse and in 
some instances opposite. Therefore, it is of a paramount im-
portance to elucidate the mechanisms involved in the interac-
tive regulation of this gene family. This may allow the de-
velopment of a genetic signature which could stratify pa-
tients with higher predisposition to unhealthy ageing therefore 
enabling early treatment to delay or prevent these age-related 
vascular diseases and their complications. Members of this 
family of proteins are therefore excellent targets for interven-
tions as well as biomarkers of ageing and age-related diseases. 
Because many of the PPIase family members are secreted 
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Table 1. Summary of the roles of PPIases in the age-related diseases. ROS – reactive oxygen species; ACS – acute coronary syn-
drome; MEK - mitogen activated protein kinase; mPTP - mitochondrial permeability transition pore; APP – amyloid pre-
cursor protein; T2D – type II diabetes; RyRs - ryanodine receptors; AR-androgen receptor; HIF-1� – hypoxia inducible 

factor 1 �; ER – oestrogen receptor; CSCs – cancer stem cells. 

Age-Related Diseases PPIase Mechanisms References 

Cardiovascular diseases FKBP12 

Cyclophilin A 

Cyclophilin D 

Pin1  

Calcium augmentation; RyRs channel regulation; hypertension 

Pro-inflammatory; generation of ROS; atherosclerosis, ACS biomarker 

Stabilisation of the mPTP complex;  

Binds to Akt, MEK and Raf-1 

[56-63] 

[67-72] 

[73, 74] 

[75] 

Type II diabetes FKBP51 

Cyclophilin A 

Associated with T2D phenotype; gene expression changes in response to stress and diet 

Biomarker of inflammation in T2D and vascular complications 

[85, 86] 

[70, 87] 

Chronic Kidney  
Disease 

FKBP12 

FKBP51 

Cyclophilin A 

Pin1 

Calcium oxylate crystal deposition 

DNA methylation; expression induced by aldosterone 

Association with renal acidosis, diabetic nephropathy, renal cell carcinoma 

Downregulation in secondary parathyroidism, complication of CKD 

[102] 

[109-111] 

[112-114] 

[115] 

Neurodegeneration FKBP12 

FKBP38  

FKBP51 

FKBP52 

FKBPL 

Cyclophilin A 

Cyclophilin D 

Pin1 

Augmentation of calcium and APP processing; downregulation in Alzheimer’s disease 

Inhibition of mitochondrial Bcl-2 in the brain 

Microtubule stabilisation through Hsp90 dephosphorylation of tau  

Microtubule destabilisation and tubulin depolymerisation  

Protective role in Alzheimer’s disease 

Regulation of inflammatory pathways, NF-�B and MMP-9; release of neurotoxins 

Stabilisation of mPTP complex; regulation of A� protein activity within mPTP complex 

Stabilisation and regulation of tau and A� 

[131-135] 

[136-139] 

[140-142] 

[133, 142-147] 

[148] 

[149] 

[150] 

[42, 151] 

Age-related macular 
degeneration 

FKBPL AMD susceptibility gene  [155, 156] 

Cancer FKBP12 

FKBP38 

FKBP51 

FKBP52 

 
FKBP65 

FKBPL 

 
Cyclophilin A 

 
Cyclophilin B 

 
Cyclophilin 40 

Cyclophilin D 

Pin1 

Apoptosis via TGF-� mitochondrial pathway 

Chemoresistance via Bcl-2 

Regulation of Akt, NF-�B pathways and AR; chemoresistance, apoptosis, stemness 

AR-dependent gene expression in prostate cancer; novel breast cancer biomarker; DNA 
methylation in ER- breast cancer 

Malignant transformation in colorectal cancer; downregulation in ovarian carcinoma  

Anti-angiogenic and anti-cancer stem cell properties via CD44 dependent mechanism; 
steroid receptor and cell cycle regulation 

Regulated by p53 and HIF-1�; stimulation of endothelial cell migration; apoptosis, 
invasion, metastases chemoresistance 

Regulates ER complexes; protection against ER stress induced death, tumour  
progression in breast cancer 

mRNA levels regulated in response to stress in breast and prostate cancer 

mPTP complex formation; apoptosis resistance 

Oncogenic potential; regulation of CSCs through the Notch pathway 

[162-166] 

[167-169] 

[170-179] 

[180-184] 

 
[185-187] 

[188-197] 

 
[114, 198-205] 

 
[206-209] 

 
[210] 

[211-214] 

[214-221] 
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Fig. (2). PPIases in ageing and age-related diseases (cancer, cardiovascular disease and chronic kidney disease). 

 

[227, 228], monitoring them within ageing populations will 
be minimally invasive and therefore practical for routine 
clinical use or home test. 

CONFLICT OF INTEREST 

 The authors confirm that this article content has no con-
flict of interest. 

ACKNOWLEDGEMENTS 

 Declared none. 

REFERENCES 
[1] Blagosklonny, M.V. Ageing: ROS or TOR. Cell Cycle, 2008, 7, 

3344-3354. 
[2] Karasik, D.; Demissie, S.; Cupples, L.A.; Kiel, D.P. Disentangling 

the Genetic Determinants of Human Ageing: Biological Age as an 
Alternative to the Use of Survival Measures. J. Gerontol. A. Biol. 
Sci. Med. Sci., 2005, 60, 574-587. 

[3] Yu, D.-H.; Waterland, R.A.; Zhang, P.; Schady, D.; Chen, M.-H.; 
Guan, Y.; Gadkari, M.; Shen, L. Targeted p16(Ink4a) Epimutation 
Causes Tumorigenesis and Reduces Survival in Mice. J. Clin. 
Invest., 2014, 124, 3708-3712. 

[4] Hicks, C.; Koganti, T.; Giri, S.; Tekere, M.; Ramani, R.; Sitthi-
Amorn, J.; Vijayakumar, S. Integrative Genomic Analysis for the 
Discovery of Biomarkers in Prostate Cancer. Biomark. Insights, 
2014, 9, 39-51. 

[5] Whiffin, N.; Hosking, F.J.; Farrington, S.M.; Palles, C.; Dobbins, 
S. E.; Zgaga, L.; Lloyd, A.; Kinnersley, B.; Gorman, M.; Tenesa, 
A.; Broderick, P.; Wang, Y.; Barclay, E.; Hayward, C.; Martin, L.; 
Buchanan, D.D.; Win, A.K.; Hopper, J.; Jenkins, M.; Lindor, N. 
M.; Newcomb, P.A.; Gallinger, S.; Conti, D.; Schumacher, F.; 
Casey, G.; Liu, T.; Campbell, H.; Lindblom, A.; Houlston, R.S.; 
Tomlinson, I.P.; Dunlop, M.G. Identification of Susceptibility Loci 
for Colorectal Cancer in a Genome-Wide Meta-Analysis. Hum. 
Mol. Genet., 2014, 23, 4729-4737. 

[6] Marti-Soler, H.; Gubelmann, C.; Aeschbacher, S.; Alves, L.; 
Bobak, M.; Bongard, V.; Clays, E.; de Gaetano, G.; Di 
Castelnuovo, A.; Elosua, R.; Ferrieres, J.; Guessous, I.; Igland, J.; 

Jørgensen, T.; Nikitin, Y.; O’Doherty, M. G.; Palmieri, L.; Ramos, 
R.; Simons, J.; Sulo, G.; Vanuzzo, D.; Vila, J.; Barros, H.; 
Borglykke, A.; Conen, D.; De Bacquer, D.; Donfrancesco, C.; 
Gaspoz, J.-M.; Giampaoli, S.; Giles, G. G.; Iacoviello, L.; Kee, F.; 
Kubinova, R.; Malyutina, S.; Marrugat, J.; Prescott, E.; Ruidavets, 
J.B.; Scragg, R.; Simons, L.A.; Tamosiunas, A.; Tell, G.S.; 
Vollenweider, P.; Marques-Vidal, P. Seasonality of Cardiovascular 
Risk Factors: An Analysis Including over 230 000 Participants in 
15 Countries. Heart, 2014, 100, 1517-1523. 

[7] Blankenberg, S.; Zeller, T.; Saarela, O.; Havulinna, A. S.; Kee, F.; 
Tunstall-Pedoe, H.; Kuulasmaa, K.; Yarnell, J.; Schnabel, R. B.; 
Wild, P.S.; Münzel, T.F.; Lackner, K.J.; Tiret, L.; Evans, A.; 
Salomaa, V. Contribution of 30 Biomarkers to 10-Year 
Cardiovascular Risk Estimation in 2 Population Cohorts: The 
MONICA, Risk, Genetics, Archiving, and Monograph 
(MORGAM) Biomarker Project. Circulation, 2010, 121, 2388-
2397. 

[8] Smyth, L.J.; Duffy, S.; Maxwell, A.P.; McKnight, A.J. Genetic and 
Epigenetic Factors Influencing Chronic Kidney Disease. Am. J. 
Physiol. Renal. Physiol., 2014, 307, F757-F776. 

[9] Bernstein, H. S.; Hyun, W. C. Strategies for Enrichment and 
Selection of Stem Cell-Derived Tissue Precursors. Stem Cell Res. 
Ther., 2012, 3, 17. 

[10] Shenker, N.S.; Polidoro, S.; van Veldhoven, K.; Sacerdote, C.; 
Ricceri, F.; Birrell, M.A.; Belvisi, M.G.; Brown, R.; Vineis, P.; 
Flanagan, J.M. Epigenome-Wide Association Study in the 
European Prospective Investigation into Cancer and Nutrition 
(EPIC-Turin) Identifies Novel Genetic Loci Associated with 
Smoking. Hum. Mol. Genet., 2013, 22, 843-851. 

[11] Jeck, W. R.; Siebold, A. P.; Sharpless, N. E. Review: A Meta-
Analysis of GWAS and Age-Associated Diseases. Ageing Cell, 
2012, 11, 727-731. 

[12] Gerdes, L.U.; Jeune, B.; Ranberg, K.A.; Nybo, H.; Vaupel, J.W. 
Estimation of Apolipoprotein E Genotype-Specific Relative 
Mortality Risks from the Distribution of Genotypes in Centenarians 
and Middle-Aged Men: Apolipoprotein E Gene Is a “Frailty Gene,” 
Not a “Longevity Gene”. Genet. Epidemiol., 2000, 19, 202-210. 

[13] Rose, G.; Dato, S.; Altomare, K.; Bellizzi, D.; Garasto, S.; Greco, 
V.; Passarino, G.; Feraco, E.; Mari, V.; Barbi, C.; BonaFe, M.; 
Franceschi, C.; Tan, Q.; Boiko, S.; Yashin, A.I.; De Benedictis, G. 
Variability of the SIRT3 Gene, Human Silent Information 
Regulator Sir2 Homologue, and Survivorship in the Elderly. Exp. 
Gerontol., 2003, 38, 1065-1070. 

AGEING

NKTR231-233

228 230

FKBPL187-196

CyPB33-34

RANBP2228-230

FKBP3234

FKBP51169-178

FKBP12.660,241
CyPB

CyPC35,36

CyPD73-74,210-213

CyPJ40,242

C P40242 243 CARDIOVASCULAR
FKBP38166-168

AIP236

FKBP14235

FKBP3 CyP40242,243

FKBP6239,240

CARDIOVASCULAR
DISEASECANCER

COAS2237 FKBP1256-63,101,161-165

AIP

CyPL1238

CypA67-72,111-113,197-203

Pin175,114,213-220FKBP52179-183

CHRONIC KIDNEY
DISEASE

FKBP58,108-110 

DISEASE



174    Current Molecular Pharmacology, 2016, Vol. 9, No. 2 McClements et al. 

[14] Bonafè, M.; Olivieri, F. Genetic Polymorphism in Long-Lived 
People: Cues for the Presence of an insulin/IGF-Pathway-
Dependent Network Affecting Human Longevity. Mol. Cell. 
Endocrinol., 2009, 299, 118-123. 

[15] Chung, W.H.; Dao, R.L.; Chen, L.K.; Hung, S.I. The Role of 
Genetic Variants in Human Longevity. Ageing Res. Rev., 2010, 9
Suppl 1, S67-78. 

[16] Soerensen, M.; Dato, S.; Christensen, K.; McGue, M.; Stevnsner, 
T.; Bohr, V.A.; Christiansen, L. Replication of an Association of 
Variation in the FOXO3A Gene with Human Longevity Using 
Both Case-Control and Longitudinal Data. Ageing Cell, 2010, 9, 
1010-1017. 

[17] Slagboom, P.E.; Beekman, M.; Passtoors, W.M.; Deelen, J.; 
Vaarhorst, A.A. M.; Boer, J.M.; van den Akker, E.B.; van Heemst, 
D.; de Craen, A.J.M.; Maier, A.B.; Rozing, M.; Mooijaart, S.P.; 
Heijmans, B.T.; Westendorp, R.G.J. Genomics of Human 
Longevity. Philos. Trans. R. Soc. Lond. B. Biol. Sci., 2011, 366, 
35-42. 

[18] Montesanto, A.; Dato, S.; Bellizzi, D.; Rose, G.; Passarino, G. 
Epidemiological, Genetic and Epigenetic Aspects of the Research 
on Healthy Ageing and Longevity. Immun. Ageing, 2012, 9, 6. 

[19] Murphy, C.T.; Mccarroll, S.A.; Bargmann, C.I.; Fraser, A.; 
Kamath, R. S.; Ahringer, J.; Li, H.; Kenyon, C. Genes That Act 
Downstream of DAF-16 to Influence the Lifespan of 
Caenorhabditis Elegans, 2003, 277-284. 

[20] McElwee, J.; Bubb, K.; Thomas, J.H. Transcriptional Outputs of 
the Caenorhabditis Elegans Forkhead Protein DAF-16. Ageing 
Cell, 2003, 2, 111–121. 

[21] Hausch, F.; Kozany, C.; Theodoropoulou, M.; Fabian, A.-K. 
FKBPs and the Akt/mTOR Pathway. Cell Cycle, 2013, 12, 2366-
2370. 

[22] Erlejman, A.G.; Lagadari, M.; Galigniana, M.D. Hsp90-Binding 
Immunophilins as a Potential New Platform for Drug Treatment. 
Future Med. Chem., 2013, 5, 591-607. 

[23] Galat, A. Functional Diversity and Pharmacological Profiles of the 
FKBPs and Their Complexes with Small Natural Ligands. Cell. 
Mol. Life Sci., 2013, 70, 3243-3275. 

[24] Cox, M. B.; Smith, D.F. Hapter 2., 2007. 
[25] Barton, M. Prevention and Endothelial Therapy of Coronary Artery 

Disease. Curr. Opin. Pharmacol., 2013, 13, 226–241. 
[26] Michaud, M.; Balardy, L.; Moulis, G.; Gaudin, C.; Peyrot, C.; 

Vellas, B.; Cesari, M.; Nourhashemi, F. Proinflammatory 
Cytokines, Ageing, and Age-Related Diseases. J. Am. Med. Dir. 
Assoc., 2013, 14, 877-882. 

[27] Lakatta, E. G.; Levy, D. Arterial and Cardiac Ageing: Major 
Shareholders in Cardiovascular Disease Enterprises: Part I: Ageing 
Arteries: A “Set up” for Vascular Disease. Circulation 2003, 107, 
139-146. 

[28] Howcroft, T.K.; Campisi, J.; Louis, G.B.; Smith, M.T.; Wise, B.; 
Wyss-Coray, T.; Augustine, A.D.; McElhaney, J.E.; Kohanski, R.; 
Sierra, F. The Role of Inflammation in Age-Related Disease. 
Ageing (Albany. NY). 2013, 5, 84-93. 

[29] Oh, J.Y.; Ko, J.H.; Lee, H.J.; Yu, J.M.; Choi, H.; Kim, M.K.; Wee, 
W.R.; Prockop, D.J. Mesenchymal Stem/stromal Cells Inhibit the 
NLRP3 Inflammasome by Decreasing Mitochondrial Reactive 
Oxygen Species. Stem Cells, 2014, 32, 1553-1563. 

[30] Bane, F.T.; Bannon, J.H.; Pennington, S.R.; Campiani, G.; 
Campaini, G.; Williams, D.C.; Zisterer, D.M.; Mc Gee, M.M. The 
Microtubule-Targeting Agents, PBOX-6 [pyrrolobenzoxazepine 7-
[(dimethylcarbamoyl)oxy]-6-(2-Naphthyl)pyrrolo-[2,1-D] (1,5)-
Benzoxazepine] and Paclitaxel, Induce Nucleocytoplasmic 
Redistribution of the Peptidyl-Prolyl Isomerases, Cyclophilin A 
and pin1,. J. Pharmacol. Exp. Ther., 2009, 329, 38-47. 

[31] Li, J.; Xie, H.; Yi, M.; Peng, L.; Lei, D.; Chen, X.; Jian, D. 
Expression of Cyclophilin A and CD147 during Skin Ageing. 
Zhong Nan Da Xue Xue Bao. Yi Xue Ban, 2011, 36, 203-211. 

[32] Nigro, P.; Satoh, K.; O’Dell, M.R.; Soe, N.N.; Cui, Z.; Mohan, A.; 
Abe, J.; Alexis, J.D.; Sparks, J.D.; Berk, B.C. Cyclophilin A Is an 
Inflammatory Mediator That Promotes Atherosclerosis in 
Apolipoprotein E-Deficient Mice. J. Exp. Med., 2011, 208, 53-66. 

[33] Liao, X.; Siu, M.K. Y.; Au, C.W.H.; Wong, E.S.Y.; Chan, H.Y.; Ip, 
P.P.C.; Ngan, H.Y.S.; Cheung, A.N.Y. Aberrant Activation of 
Hedgehog Signaling Pathway in Ovarian Cancers: Effect on 
Prognosis, Cell Invasion and Differentiation. Carcinogenesis, 2009, 
30, 131-140. 

[34] Lam, Y.W.; Tam, N.N.C.; Evans, J.E.; Green, K.M.; Zhang, X.; 
Ho, S.-M. Differential Proteomics in the Ageing Noble Rat Ventral 
Prostate. Proteomics, 2008, 8, 2750-2763. 

[35] Torlakovic, E.E.; Keeler, V.; Wang, C.; Lim, H.J.; Lining, L.A.; 
Laferté, S. Cyclophilin C-Associated Protein (CyCAP) Knock-out 
Mice Spontaneously Develop Colonic Mucosal Hyperplasia and 
Exaggerated Tumorigenesis after Treatment with Carcinogen 
Azoxymethane. BMC Cancer, 2009, 9, 251. 

[36] Shimizu, T.; Imai, H.; Seki, K.; Tomizawa, S.; Nakamura, M.; 
Honda, F.; Kawahara, N.; Saito, N. Cyclophilin C-Associated 
Protein and Cyclophilin C mRNA Are Upregulated in Penumbral 
Neurons and Microglia after Focal Cerebral Ischemia. J. Cereb. 
Blood Flow Metab., 2005, 25, 325-337. 

[37] Elrod, J.W.; Wong, R.; Mishra, S.; Vagnozzi, R.J.; Sakthievel, B.; 
Goonasekera, S.A.; Karch, J.; Gabel, S.; Farber, J.; Force, T.; 
Brown, J.H.; Murphy, E.; Molkentin, J.D. Cyclophilin D Controls 
Mitochondrial Pore-Dependent Ca(2+) Exchange, Metabolic 
Flexibility, and Propensity for Heart Failure in Mice. J. Clin. 
Invest., 2010, 120, 3680-3687. 

[38] Hafner, A.V; Dai, J.; Gomes, A.P.; Xiao, C.Y.; Palmeira, C.M.; 
Rosenzweig, A.; Sinclair, D.A. Regulation of the mPTP by SIRT3-
Mediated Deacetylation of CypD at Lysine 166 Suppresses Age-
Related Cardiac Hypertrophy. Ageing (Albany. NY). 2010, 2, 914-
923. 

[39] Lu, J.H.; Shi, Z.F.; Xu, H. The Mitochondrial Cyclophilin D/p53 
Complexation Mediates Doxorubicin-Induced Non-Apoptotic 
Death of A549 Lung Cancer Cells. Mol. Cell. Biochem., 2014, 389, 
17-24. 

[40] Huo, D.H.; Yi, L.N.; Yang, J. Interaction with Ppil3 Leads to the 
Cytoplasmic Localization of Apoptin in Tumor Cells. Biochem. 
Biophys. Res. Commun., 2008, 372, 14-18. 

[41] Vandiedonck, C.; Knight, J.C. The human Major Histocompatibil-
ity Complex as a paradigm in genomics research. Brief. Funct.  
Genomic. Proteomic., 2009, 8(5), 379-94. 

[42] Lee, T.H.; Pastorino, L.; Lu, K.P. Peptidyl-Prolyl Cis-Trans 
Isomerase Pin1 in Ageing, Cancer and Alzheimer Disease. Expert 
Rev. Mol. Med., 2011, 13, e21. 

[43] Lee, T.H.; Tun-Kyi, A.; Shi, R.; Lim, J.; Soohoo, C.; Finn, G.; 
Balastik, M.; Pastorino, L.; Wulf, G.; Zhou, X.Z.; Lu, KP. Essential 
Role of Pin1 in the Regulation of TRF1 Stability and Telomere 
Maintenance. Nat. Cell Biol., 2009, 11, 97-105. 

[44] Wheaton, K.; Muir, J.; Ma, W.; Benchimol, S. BTG2 Antagonizes 
Pin1 in Response to Mitogens and Telomere Disruption during 
Replicative Senescence. Ageing Cell, 2010, 9, 747-760. 

[45] Lozano, R.; Naghavi, M.; Foreman, K.; Lim, S.; Shibuya, K.; 
Aboyans, V.; Abraham, J.; Adair, T.; Aggarwal, R.; Ahn, S.Y.; 
Alvarado, M.; Anderson, H.R.; Anderson, L.M.; Andrews, K.G.; 
Atkinson, C.; Baddour, L.M.; Barker-Collo, S.; Bartels, D.H.; Bell, 
M. L.; Benjamin, E.J.; Bennett, D.; Bhalla, K.; Bikbov, B.; Bin 
Abdulhak, A.; Birbeck, G.; Blyth, F.; Bolliger, I.; Boufous, S.; 
Bucello, C.; Burch, M.; Burney, P.; Carapetis, J.; Chen, H.; Chou, 
D.; Chugh, S.S.; Coffeng, L.E.; Colan, S.D.; Colquhoun, S.; 
Colson, K.E.; Condon, J.; Connor, M.D.; Cooper, L.T.; Corriere, 
M.; Cortinovis, M.; de Vaccaro, K. C.; Couser, W.; Cowie, B.C.; 
Criqui, M.H.; Cross, M.; Dabhadkar, K.C.; Dahodwala, N.; De 
Leo, D.; Degenhardt, L.; Delossantos, A.; Denenberg, J.; Des 
Jarlais, D.C.; Dharmaratne, S.D.; Dorsey, E.R.; Driscoll, T.; Duber, 
H.; Ebel, B.; Erwin, P. J.; Espindola, P.; Ezzati, M.; Feigin, V.; 
Flaxman, A.D.; Forouzanfar, M.H.; Fowkes, F. G. R.; Franklin, R.; 
Fransen, M.; Freeman, M.K.; Gabriel, S.E.; Gakidou, E.; Gaspari, 
F.; Gillum, R.F.; Gonzalez-Medina, D.; Halasa, Y.A.; Haring, D.; 
Harrison, J.E.; Havmoeller, R.; Hay, R.J.; Hoen, B.; Hotez, P.J.; 
Hoy, D.; Jacobsen, K.H.; James, S.L.; Jasrasaria, R.; Jayaraman, S.; 
Johns, N.; Karthikeyan, G.; Kassebaum, N.; Keren, A.; Khoo, J.P.; 
Knowlton, L.M.; Kobusingye, O.; Koranteng, A.; Krishnamurthi, 
R.; Lipnick, M.; Lipshultz, S.E.; Ohno, S.L.; Mabweijano, J.; 
MacIntyre, M.F.; Mallinger, L.; March, L.; Marks, G.B.; Marks, 
R.; Matsumori, A.; Matzopoulos, R.; Mayosi, B. M.; McAnulty, J. 
H.; McDermott, M. M.; McGrath, J.; Mensah, G. A.; Merriman, T. 
R.; Michaud, C.; Miller, M.; Miller, T.R.; Mock, C.; Mocumbi, A. 
O.; Mokdad, A.A.; Moran, A.; Mulholland, K.; Nair, M.N.; Naldi, 
L.; Narayan, K. M. V.; Nasseri, K.; Norman, P.; O’Donnell, M.; 
Omer, S. B.; Ortblad, K.; Osborne, R.; Ozgediz, D.; Pahari, B.; 
Pandian, J. D.; Rivero, A. P.; Padilla, R. P.; Perez-Ruiz, F.; Perico, 
N.; Phillips, D.; Pierce, K.; Pope, C. A.; Porrini, E.; Pourmalek, F.; 
Raju, M.; Ranganathan, D.; Rehm, J. T.; Rein, D. B.; Remuzzi, G.; 



The Role of Peptidyl Prolyl Isomerases Current Molecular Pharmacology, 2016, Vol. 9, No. 2    175

Rivara, F. P.; Roberts, T.; De León, F. R.; Rosenfeld, L. C.; 
Rushton, L.; Sacco, R. L.; Salomon, J. A.; Sampson, U.; Sanman, 
E.; Schwebel, D. C.; Segui-Gomez, M.; Shepard, D. S.; Singh, D.; 
Singleton, J.; Sliwa, K.; Smith, E.; Steer, A.; Taylor, J. A.; Thomas, 
B.; Tleyjeh, I. M.; Towbin, J. A.; Truelsen, T.; Undurraga, E. A.; 
Venketasubramanian, N.; Vijayakumar, L.; Vos, T.; Wagner, G. R.; 
Wang, M.; Wang, W.; Watt, K.; Weinstock, M. A.; Weintraub, R.; 
Wilkinson, J. D.; Woolf, A. D.; Wulf, S.; Yeh, P.-H.; Yip, P.; 
Zabetian, A.; Zheng, Z.-J.; Lopez, A. D.; Murray, C. J. L.; 
AlMazroa, M. A.; Memish, Z. A. Global and Regional Mortality 
from 235 Causes of Death for 20 Age Groups in 1990 and 2010: A 
Systematic Analysis for the Global Burden of Disease Study 2010. 
Lancet 2012, 380, 2095–2128. 

[46] Stern, S.; Behar, S.; Gottlieb, S. Cardiology Patient Pages. Ageing 
and Diseases of the Heart. Circulation 2003, 108, e99–101. 

[47] North, B. J.; Sinclair, D. A. The Intersection between Ageing and 
Cardiovascular Disease. Circ. Res. 2012, 110, 1097–1108. 

[48] Bartke, A. Insulin and Ageing. Cell Cycle 2008, 7, 3338–3343. 
[49] Junnila, R. K.; List, E. O.; Berryman, D. E.; Murrey, J. W.; 

Kopchick, J. J. The GH/IGF-1 Axis in Ageing and Longevity. Nat. 
Rev. Endocrinol. 2013, 9, 366–376. 

[50] Corella, D.; Ordovás, J. M. Ageing and Cardiovascular Diseases: 
The Role of Gene-Diet Interactions. Ageing Res. Rev. 2014, 18C, 
53–73. 

[51] Harrison, D. E.; Strong, R.; Sharp, Z. D.; Nelson, J. F.; Astle, C. 
M.; Flurkey, K.; Nadon, N. L.; Wilkinson, J. E.; Frenkel, K.; 
Carter, C. S.; Pahor, M.; Javors, M. A.; Fernandez, E.; Miller, R. A. 
Rapamycin Fed Late in Life Extends Lifespan in Genetically 
Heterogeneous Mice. Nature 2009, 460, 392–395. 

[52] Hu, F.; Liu, F. Targeting Tissue-Specific Metabolic Signaling 
Pathways in Ageing: The Promise and Limitations. Protein Cell 
2013. 

[53] Apfeld, J.; O’Connor, G.; McDonagh, T.; DiStefano, P. S.; Curtis, 
R. The AMP-Activated Protein Kinase AAK-2 Links Energy 
Levels and Insulin-like Signals to Lifespan in C. Elegans. Genes 
Dev. 2004, 18, 3004–3009. 

[54] Ruderman, N. B.; Carling, D.; Prentki, M.; Cacicedo, J. M. AMPK, 
Insulin Resistance, and the Metabolic Syndrome. J. Clin. Invest. 
2013, 123, 2764–2772. 

[55] Zaha, V. G.; Young, L. H. AMP-Activated Protein Kinase 
Regulation and Biological Actions in the Heart. Circ. Res. 2012, 
111, 800–814. 

[56] Kang, C. B.; Hong, Y.; Dhe-Paganon, S.; Yoon, H. S. FKBP 
Family Proteins: Immunophilins with Versatile Biological 
Functions. Neurosignals. 2008, 16, 318–325. 

[57] MacMillan, D. FK506 Binding Proteins: Cellular Regulators of 
Intracellular Ca2+ Signalling. Eur. J. Pharmacol. 2013, 700, 181–
193. 

[58] Shou, W.; Aghdasi, B.; Armstrong, D. L.; Guo, Q.; Bao, S.; 
Charng, M. J.; Mathews, L. M.; Schneider, M. D.; Hamilton, S. L.; 
Matzuk, M. M. Cardiac Defects and Altered Ryanodine Receptor 
Function in Mice Lacking FKBP12. Nature 1998, 391, 489–492. 

[59] Maruyama, M.; Li, B.-Y.; Chen, H.; Xu, X.; Song, L.-S.; 
Guatimosim, S.; Zhu, W.; Yong, W.; Zhang, W.; Bu, G.; Lin, S.-F.; 
Fishbein, M. C.; Lederer, W. J.; Schild, J. H.; Field, L. J.; Rubart, 
M.; Chen, P.-S.; Shou, W. FKBP12 Is a Critical Regulator of the 
Heart Rhythm and the Cardiac Voltage-Gated Sodium Current in 
Mice. Circ. Res. 2011, 108, 1042–1052. 

[60] Li, B.-Y.; Chen, H.; Maruyama, M.; Zhang, W.; Zhang, J.; Pan, Z.-
W.; Rubart, M.; Chen, P.-S.; Shou, W. The Role of FK506-Binding 
Proteins 12 and 12.6 in Regulating Cardiac Function. Pediatr. 
Cardiol. 2012, 33, 988–994. 

[61] Chiasson, V. L.; Talreja, D.; Young, K. J.; Chatterjee, P.; Banes-
Berceli, A. K.; Mitchell, B. M. FK506 Binding Protein 12 
Deficiency in Endothelial and Hematopoietic Cells Decreases 
Regulatory T Cells and Causes Hypertension. Hypertension 2011, 
57, 1167–1175. 

[62] Lanner, J. T.; Georgiou, D. K.; Joshi, A. D.; Hamilton, S. L. 
Ryanodine Receptors: Structure, Expression, Molecular Details, 
and Function in Calcium Release. Cold Spring Harb. Perspect. 
Biol. 2010, 2, a003996. 

[63] Driessen, H.E.; Bourgonje, V.J.A.; van Veen, T.A.B.; Vos, M.A. 
New Antiarrhythmic Targets to Control Intracellular Calcium 
Handling. Neth. Heart J., 2014, 22, 198-213. 

[64] Dornan, J.; Taylor, P.; Walkinshaw, M.D. Structures of 
Immunophilins and Their Ligand Complexes. Curr. Top. Med. 
Chem., 2003, 3, 1392-1409. 

[65] Wang, P.; Heitman, J. The Cyclophilins. Genome Biol., 2005, 6, 
226. 

[66] Sherry, B.; Yarlett, N.; Strupp, A.; Cerami, A. Identification of 
Cyclophilin as a Proinflammatory Secretory Product of 
Lipopolysaccharide-Activated Macrophages. Proc. Natl. Acad. 
Sci., USA, 1992, 89, 3511-3515. 

[67] Suzuki, J.; Jin, Z.G.; Meoli, D.F.; Matoba, T.; Berk, B.C. 
Cyclophilin A Is Secreted by a Vesicular Pathway in Vascular 
Smooth Muscle Cells. Circ. Res., 2006, 98, 811-817. 

[68] Griendling, K.K.; FitzGerald, G.A. Oxidative Stress and 
Cardiovascular Injury: Part II: Animal and Human Studies. 
Circulation 2003, 108, 2034-2040. 

[69] Satoh, K.; Matoba, T.; Suzuki, J.; O’Dell, M.R.; Nigro, P.; Cui, Z.; 
Mohan, A.; Pan, S.; Li, L.; Jin, Z.G.; Yan, C.; Abe, J.; Berk, B. C. 
Cyclophilin A Mediates Vascular Remodeling by Promoting 
Inflammation and Vascular Smooth Muscle Cell Proliferation. 
Circulation, 2008, 117, 3088-3098. 

[70] Nigro, P.; Pompilio, G.; Capogrossi, M. C. Cyclophilin A: A Key 
Player for Human Disease. Cell Death Dis., 2013, 4, e888. 

[71] Satoh, K.; Nigro, P.; Zeidan, A.; Soe, N.N.; Jaffré, F.; Oikawa, M.; 
O’Dell, M.R.; Cui, Z.; Menon, P.; Lu, Y.; Mohan, A.; Yan, C.; 
Blaxall, B.C.; Berk, B.C. Cyclophilin A Promotes Cardiac 
Hypertrophy in Apolipoprotein E-Deficient Mice. Arterioscler. 
Thromb. Vasc. Biol., 2011, 31, 1116,1123. 

[72] Yan, J.; Zang, X.; Chen, R.; Yuan, W.; Gong, J.; Wang, C.; Li, Y. 
The Clinical Implications of Increased Cyclophilin A Levels in 
Patients with Acute Coronary Syndromes. Clin. Chim. Acta., 2012, 
413, 691-695. 

[73] Alam, M.R.; Baetz, D.; Ovize, M. Cyclophilin D and Myocardial 
Ischemia-Reperfusion Injury: A Fresh Perspective. J. Mol. Cell. 
Cardiol., 2014. 

[74] Johnson, N.; Khan, A.; Virji, S.; Ward, J.M.; Crompton, M. Import 
and Processing of Heart Mitochondrial Cyclophilin D. Eur. J. 
Biochem., 1999, 263, 353-359. 

[75] Toko, H.; Konstandin, M.H.; Doroudgar, S.; Ormachea, L.; Joyo, 
E.; Joyo, A.Y.; Din, S.; Gude, N.A.; Collins, B.; Völkers, M.; 
Thuerauf, D.J.; Glembotski, C.C.; Chen, C.H.; Lu, K.P.; Müller, O. 
J.; Uchida, T.; Sussman, M. A. Regulation of Cardiac Hypertrophic 
Signaling by Prolyl Isomerase Pin1. Circ. Res., 2013, 112, 1244-
1252. 

[76] Resnick, H.E.; Harris, M.I.; Brock, D.B.; Harris, T.B. American 
Diabetes Association Diabetes Diagnostic Criteria, Advancing Age, 
and Cardiovascular Disease Risk Profiles: Results from the Third 
National Health and Nutrition Examination Survey. Diabetes Care, 
2000, 23, 176-180. 

[77] Morley, J.E. Diabetes and Ageing: Epidemiologic Overview. Clin. 
Geriatr. Med. 2008, 24, 395-405, v. 

[78] Prentki, M.; Nolan, C.J. Islet Beta Cell Failure in Type 2 Diabetes. 
J. Clin. Invest., 2006, 116, 1802-1812. 

[79] De Tata, V. Age-Related Impairment of Pancreatic Beta-Cell 
Function: Pathophysiological and Cellular Mechanisms. Front. 
Endocrinol. (Lausanne)., 2014, 5, 138. 

[80] Desgraz, R.; Bonal, C.; Herrera, P. L. �-Cell Regeneration: The 
Pancreatic Intrinsic Faculty. Trends Endocrinol. Metab., 2011, 22, 
34–43. 

[81] Sharpless, N.E.; DePinho, R. a. How Stem Cells Age and Why 
This Makes Us Grow Old. Nat. Rev. Mol. Cell Biol., 2007, 8, 703-
713. 

[82] Kushner, J.A. The Role of Ageing upon � Cell Turnover. J. Clin. 
Invest., 2013, 123, 990-995. 

[83] Krishnamurthy, J.; Ramsey, M.R.; Ligon, K.L.; Torrice, C.; Koh, 
A.; Bonner-Weir, S.; Sharpless, N. E. p16INK4a Induces an Age-
Dependent Decline in Islet Regenerative Potential. Nature, 2006, 
443, 453-457. 

[84] Newgard, C.B.; Sharpless, N. E. Coming of Age: Molecular 
Drivers of Ageing and Therapeutic Opportunities. J. Clin. Invest., 
2013, 123, 946-950. 

[85] Pereira, M.J.; Palming, J.; Svensson, M.K.; Rizell, M.; Dalenbäck, 
J.; Hammar, M.; Fall, T.; Sidibeh, C. O.; Svensson, P.A.; Eriksson, 
J. W. FKBP5 Expression in Human Adipose Tissue Increases 
Following Dexamethasone Exposure and Is Associated with Insulin 
Resistance. Metabolism, 2014, 63, 1198-1208. 



176    Current Molecular Pharmacology, 2016, Vol. 9, No. 2 McClements et al. 

[86] Balsevich, G.; Uribe, A.; Wagner, K.V; Hartmann, J.; Santarelli, 
S.; Labermaier, C.; Schmidt, M. V. Interplay between Diet-Induced 
Obesity and Chronic Stress in Mice: Potential Role of FKBP51. J. 
Endocrinol., 2014, 222, 15-26. 

[87] Ramachandran, S.; Kartha, C.C. Cyclophilin-A: A Potential 
Screening Marker for Vascular Disease in Type-2 Diabetes. Can. J. 
Physiol. Pharmacol., 2012, 90, 1005-1015. 

[88] Yakkundi, A.; Bennett, R.; Hernàndez-Negrete, I.; Delalande, J.M.; 
Hanna, M.; Lyubomska, O.; Arthur, K.; Short, A.; McKeen, H.; 
Nelson, L.; McCrudden, C.M.; McNally, R.; McClements, L.; 
McCarthy, H.O.; Burns, A.; Bicknell, R.; Kissenpfennig, A.; Rob-
son, T. FKBPL is a critical anti-angiogenic regulator of develop-
mental and pathological angiogenesis. ATVB, 2015, 35, 845-54. 

[89] Roderick, P.; Roth, M.; Mindell, J. Prevalence of Chronic Kidney 
Disease in England: Findings from the 2009 Health Survey for 
England. J. Epidemiol. Community Heal., 2011, 65, A12-A12. 

[90] Jha, V.; Garcia-Garcia, G.; Iseki, K.; Li, Z.; Naicker, S.; Plattner, 
B.; Saran, R.; Wang, A. Y.M.; Yang, C.W. Chronic Kidney 
Disease: Global Dimension and Perspectives. Lancet, 2013, 382, 
260-272. 

[91] Levey, A.S.; Coresh, J. Chronic Kidney Disease. Lancet, 2012, 
379, 165-180. 

[92] Nasrallah, R.; Hassouneh, R.; Hébert, R.L. Chronic Kidney 
Disease: Targeting Prostaglandin E2 Receptors. Am. J. Physiol. 
Renal Physiol., 2014, 307, F243-50. 

[93] Tonelli, M.; Riella, M.C. Chronic Kidney Disease and the Ageing 
Population. Kidney Int., 2014, 85, 487-491. 

[94] Lu, M.K.; Gong, X.G.; Guan, K.L. mTOR in Podocyte Function: Is 
Rapamycin Good for Diabetic Nephropathy? Cell Cycle, 2011, 10, 
3415-3416. 

[95] Merscher, S.; Fornoni, A. Podocyte Pathology and Nephropathy - 
Sphingolipids in Glomerular Diseases. Front. Endocrinol. 
(Lausanne)., 2014, 5, 127. 

[96] Henique, C.; Tharaux, P.L. Targeting Signaling Pathways in 
Glomerular Diseases. Curr. Opin. Nephrol. Hypertens., 2012, 21, 
417-427. 

[97] Loffing, J.; Korbmacher, C. Regulated Sodium Transport in the 
Renal Connecting Tubule (CNT) via the Epithelial Sodium 
Channel (ENaC). Pflugers Arch., 2009, 458, 111-135. 

[98] Whaley-Connell, A.; Sowers, J.R. Oxidative Stress in the 
Cardiorenal Metabolic Syndrome. Curr. Hypertens. Rep., 2012, 14, 
360-365. 

[99] Ueda, K.; Fujiki, K.; Shirahige, K.; Gomez-Sanchez, C.E.; Fujita, 
T.; Nangaku, M.; Nagase, M. Genome-Wide Analysis of Murine 
Renal Distal Convoluted Tubular Cells for the Target Genes of 
Mineralocorticoid Receptor. Biochem. Biophys. Res. Commun., 
2014, 445, 132-137. 

[100] Nagase, M. [Mineralocorticoid Receptor: An Update]. Nihon 
Rinsho., 2012, 70, 1504-1509. 

[101] Nagase, R.; Kajitani, N.; Shikata, K.; Ogawa, D.; Kodera, R.; 
Okada, S.; Kido, Y.; Makino, H. Phenotypic Change of 
Macrophages in the Progression of Diabetic Nephropathy; 
Sialoadhesin-Positive Activated Macrophages Are Increased in 
Diabetic Kidney. Clin. Exp. Nephrol., 2012, 16, 739-748. 

[102] Han, I.S.; Nakagawa, Y.; Park, J. W.; Suh, M. H.; Suh, S. Il; Shin, 
S.W.; Ahn, S.Y.; Choe, B.K. FKBP-12 Exhibits an Inhibitory 
Activity on Calcium Oxalate Crystal Growth in vitro. J. Korean 
Med. Sci., 2002, 17, 41. 

[103] Glew, R.H.; Sun, Y.; Horowitz, B.L.; Konstantinov, K.N.; Barry, 
M.; Fair, J.R.; Massie, L.; Tzamaloukas, A.H. Nephropathy in 
Dietary Hyperoxaluria: A Potentially Preventable Acute or Chronic 
Kidney Disease. World J. Nephrol., 2014, 3, 122-142. 

[104] Ivanovski, O.; Drüeke, T.B. A New Era in the Treatment of 
Calcium Oxalate Stones? Kidney Int., 2013, 83, 998-1000. 

[105] Keddis, M.T.; Rule, A.D. Nephrolithiasis and Loss of Kidney 
Function. Curr. Opin. Nephrol. Hypertens., 2013, 22, 390-396. 

[106] Li, H.; Klett, D.E.; Littleton, R.; Elder, J.S.; Sammon, J.D. Role of 
Insulin Resistance in Uric Acid Nephrolithiasis. World J. Nephrol., 
2014, 3, 237-242. 

[107] Sakhaee, K.; Maalouf, N.M.; Sinnott, B. Clinical Review. Kidney 
Stones 2012: Pathogenesis, Diagnosis, and Management. J. Clin. 
Endocrinol. Metab., 2012, 97, 1847-1860. 

[108] Smyth, L.J.; McKay, G.J.; Maxwell, A.P.; McKnight, A.J. DNA 
Hypermethylation and DNA Hypomethylation Is Present at 
Different Loci in Chronic Kidney Disease. Epigenetics, 2014, 9, 
366-376. 

[109] Petrovich, E.; Asher, C.; Garty, H. Induction of FKBP51 by 
Aldosterone in Intestinal Epithelium. J. Steroid Biochem. Mol. 
Biol., 2014, 139, 78-87. 

[110] Gumz, M.; Richards, J.; Solocinski, K. Identification of Novel 
Aldosterone Targets in Mouse Kidney Cortical Collecting Duct 
Cells (744.1). FASEB J., 2014, 28, 744.1. 

[111] Ponda, M. P.; Hostetter, T. H. Aldosterone Antagonism in Chronic 
Kidney Disease. Clin. J. Am. Soc. Nephrol., 2006, 1, 668-677. 

[112] Watanabe, S.; Tsuruoka, S.; Vijayakumar, S.; Fischer, G.; Zhang, 
Y.; Fujimura, A.; Al-Awqati, Q.; Schwartz, G. J. Cyclosporin A 
Produces Distal Renal Tubular Acidosis by Blocking Peptidyl 
Prolyl Cis-Trans Isomerase Activity of Cyclophilin. Am. J. Physiol. 
Renal Physiol., 2005, 288, F40-47. 

[113] Komers, R.; Mar, D.; Denisenko, O.; Xu, B.; Oyama, T. T.; 
Bomsztyk, K. Epigenetic Changes in Renal Genes Dysregulated in 
Mouse and Rat Models of Type 1 Diabetes. Lab. Invest., 2013, 93, 
543-552. 

[114] Yang, J.; Li, A.; Yang, Y.; Li, X. Identification of Cyclophilin A as 
a Potential Prognostic Factor for Clear-Cell Renal Cell Carcinoma 
by Comparative Proteomic Analysis. Cancer Biol. Ther., 2011, 11, 
535-546. 

[115] Kumar, R. Pin1 Regulates Parathyroid Hormone mRNA Stability. 
J. Clin. Invest., 2009, 119, 2887-2891. 

[116] Bredesen, D.E.; Rao, R.V; Mehlen, P. Cell Death in the Nervous 
System. Nature, 2006, 443, 796-802. 

[117] Thompson, L.M. Neurodegeneration: A Question of Balance. 
Nature, 2008, 452, 707-708. 

[118] Rubinsztein, D.C. The Roles of Intracellular Protein-Degradation 
Pathways in Neurodegeneration. Nature, 2006, 443, 780-786. 

[119] Lansbury, P. T.; Lashuel, H. A. A Century-Old Debate on Protein 
Aggregation and Neurodegeneration Enters the Clinic. Nature, 
2006, 443, 774-779. 

[120] O’ Neill, C. PI3-kinase/Akt/mTOR Signaling: Impaired On/off 
Switches in Ageing, Cognitive Decline and Alzheimer’s Disease. 
Exp. Gerontol., 2013, 48, 647-653. 

[121] Heras-Sandoval, D.; Pérez-Rojas, J. M.; Hernández-Damián, J.; 
Pedraza-Chaverri, J. The Role of PI3K/AKT/mTOR Pathway in the 
Modulation of Autophagy and the Clearance of Protein Aggregates 
in Neurodegeneration. Cell. Signal., 2014, 26, 2694-2701. 

[122] Michaelson, D. M. ApoE4: The Most Prevalent yet Understudied 
Risk Factor for Alzheimer’s Disease. Alzheimers. Dement. 2014. 

[123] Kadish, I.; Thibault, O.; Blalock, E.M.; Chen, K.-C.; Gant, J.C.; 
Porter, N.M.; Landfield, P.W. Hippocampal and Cognitive Ageing 
across the Lifespan: A Bioenergetic Shift Precedes and Increased 
Cholesterol Trafficking Parallels Memory Impairment. J. 
Neurosci., 2009, 29, 1805-1816. 

[124] Hindle, J. V. Ageing, Neurodegeneration and Parkinson’s Disease. 
Age Ageing, 2010, 39, 156-161. 

[125] Beitz, J. M. Parkinson’s Disease: A Review. Front. Biosci. (Schol. 
Ed), 2014, 6, 65-74. 

[126] Lees, A. J.; Hardy, J.; Revesz, T. Parkinson’s Disease. Lancet 
2009, 373, 2055–2066. 

[127] Reeve, A.; Simcox, E.; Turnbull, D. Ageing and Parkinson’s 
Disease: Why Is Advancing Age the Biggest Risk Factor? Ageing 
Res. Rev. 2014, 14, 19-30. 

[128] Kalia, L.V; Kalia, S.K.; McLean, P.J.; Lozano, A.M.; Lang, A.E. 
�-Synuclein Oligomers and Clinical Implications for Parkinson 
Disease. Ann. Neurol., 2013, 73, 155-169. 

[129] Malagelada, C.; Jin, Z. H.; Greene, L. A. RTP801 Is Induced in 
Parkinson’s Disease and Mediates Neuron Death by Inhibiting Akt 
Phosphorylation/activation. J. Neurosci., 2008, 28, 14363-14371. 

[130] Malagelada, C.; Jin, Z. H.; Jackson-Lewis, V.; Przedborski, S.; 
Greene, L. A. Rapamycin Protects against Neuron Death in in vitro 
and in vivo Models of Parkinson’s Disease. J. Neurosci., 2010, 30, 
1166-1175. 

[131] Gant, J. C.; Chen, K.-C.; Norris, C. M.; Kadish, I.; Thibault, O.; 
Blalock, E. M.; Porter, N. M.; Landfield, P. W. Disrupting 
Function of FK506-Binding Protein 1b/12.6 Induces the Ca2+-
Dysregulation Ageing Phenotype in Hippocampal Neurons. J. 
Neurosci., 2011, 31, 1693-1703. 

[132] Cao, W.; Konsolaki, M. FKBP Immunophilins and Alzheimer’s 
Disease: A Chaperoned Affair. J. Biosci., 2011, 36, 493-498. 

[133] Liu, F.L.; Liu, P.H.; Shao, H.W.; Kung, F.L. The Intracellular 
Domain of Amyloid Precursor Protein Interacts with FKBP12. 
Biochem. Biophys. Res. Commun., 2006, 350, 472-477. 



The Role of Peptidyl Prolyl Isomerases Current Molecular Pharmacology, 2016, Vol. 9, No. 2    177

[134] Gant, J.C.; Blalock, E.M.; Chen, K.C.; Kadish, I.; Porter, N.M.; 
Norris, C.M.; Thibault, O.; Landfield, P.W. FK506-Binding Protein 
1b/12.6: A Key to Ageing-Related Hippocampal Ca2+ 
Dysregulation? Eur. J. Pharmacol., 2014, 739, 74-82. 

[135] Liu, F.L.; Liu, T.Y.; Kung, F.L. FKBP12 Regulates the 
Localization and Processing of Amyloid Precursor Protein in 
Human Cell Lines. J. Biosci., 2014, 39, 85-95. 

[136] Shirane, M.; Nakayama, K.I. Inherent Calcineurin Inhibitor 
FKBP38 Targets Bcl-2 to Mitochondria and Inhibits Apoptosis. 
Nat. Cell Biol., 2003, 5, 28-37. 

[137] Wang, H.Q.; Nakaya, Y.; Du, Z.; Yamane, T.; Shirane, M.; Kudo, 
T.; Takeda, M.; Takebayashi, K.; Noda, Y.; Nakayama, K. I.; 
Nishimura, M. Interaction of Presenilins with FKBP38 Promotes 
Apoptosis by Reducing Mitochondrial Bcl-2. Hum. Mol. Genet., 
2005, 14, 1889-1902. 

[138] Shimamoto, S.; Tsuchiya, M.; Yamaguchi, F.; Kubota, Y.; 
Tokumitsu, H.; Kobayashi, R. Ca2+/S100 Proteins Inhibit the 
Interaction of FKBP38 with Bcl-2 and Hsp90. Biochem. J., 2014, 
458, 141-152. 

[139] Edlich, F.; Lücke, C. From Cell Death to Viral Replication: The 
Diverse Functions of the Membrane-Associated FKBP38. Curr. 
Opin. Pharmacol., 2011, 11, 348-353. 

[140] Jinwal, U.K.; Koren, J.; Borysov, S.I.; Schmid, A.B.; Abisambra, 
J.F.; Blair, L.J.; Johnson, A.G.; Jones, J.R.; Shults, C.L.; O’Leary, 
J.C.; Jin, Y.; Buchner, J.; Cox, M.B.; Dickey, C.A. The Hsp90 
Cochaperone, FKBP51, Increases Tau Stability and Polymerizes 
Microtubules. J. Neurosci., 2010, 30, 591-599. 

[141] Yakkundi, A.; Robson, T.; McKeen, H. Steroid Receptor Signalling 
in Cancer: A Focus on FK506 - Binding Proteins. Recent Res. Dev. 
Endocrinol., 2014, 5, 21-39. 

[142] Storer, C.L.; Dickey, C.A.; Galigniana, M.D.; Rein, T.; Cox, M.B. 
FKBP51 and FKBP52 in Signaling and Disease. Trends 
Endocrinol. Metab., 2011, 22, 481-490. 

[143] Chambraud, B.; Belabes, H.; Fontaine-Lenoir, V.; Fellous, A.; 
Baulieu, E.E. The Immunophilin FKBP52 Specifically Binds to 
Tubulin and Prevents Microtubule Formation. FASEB J., 2007, 21, 
2787-2797. 

[144] Salminen, A.; Ojala, J.; Kaarniranta, K.; Hiltunen, M.; Soininen, H. 
Hsp90 Regulates Tau Pathology through Co-Chaperone Complexes 
in Alzheimer’s Disease. Prog. Neurobiol., 2011, 93, 99-110. 

[145] Sanokawa-Akakura, R.; Cao, W.; Allan, K.; Patel, K.; Ganesh, A.; 
Heiman, G.; Burke, R.; Kemp, F.W.; Bogden, J.D.; Camakaris, J.; 
Birge, R. B.; Konsolaki, M. Control of Alzheimer’s Amyloid Beta 
Toxicity by the High Molecular Weight Immunophilin FKBP52 
and Copper Homeostasis in Drosophila. PLoS One, 2010, 5, e8626. 

[146] Bellingham, S.A.; Lahiri, D.K.; Maloney, B.; La Fontaine, S.; 
Multhaup, G.; Camakaris, J. Copper Depletion down-Regulates 
Expression of the Alzheimer’s Disease Amyloid-Beta Precursor 
Protein Gene. J. Biol. Chem., 2004, 279, 20378-20386. 

[147] Sanokawa-Akakura, R.; Dai, H.; Akakura, S.; Weinstein, D.; 
Fajardo, J.E.; Lang, S.E.; Wadsworth, S.; Siekierka, J.; Birge, R. B. 
A Novel Role for the Immunophilin FKBP52 in Copper Transport. 
J. Biol. Chem., 2004, 279, 27845-27848. 

[148] Conejero-Goldberg, C.; Hyde, T.M.; Chen, S.; Dreses-Werringloer, 
U.; Herman, M.M.; Kleinman, J.E.; Davies, P.; Goldberg, T.E. 
Molecular Signatures in Post-Mortem Brain Tissue of Younger 
Individuals at High Risk for Alzheimer’s Disease as Based on 
APOE Genotype. Mol. Psychiatry, 2011, 16, 836-847. 

[149] Bell, R.D.; Winkler, E.A.; Singh, I.; Sagare, A. P.; Deane, R.; Wu, 
Z.; Holtzman, D.M.; Betsholtz, C.; Armulik, A.; Sallstrom, J.; 
Berk, B.C.; Zlokovic, B.V. Apolipoprotein E Controls 
Cerebrovascular Integrity via Cyclophilin A. Nature, 2012, 485, 
512-516. 

[150] Pagani, L.; Eckert, A. Amyloid-Beta Interaction with 
Mitochondria. Int. J. Alzheimers. Dis., 2011, 2011, 925050. 

[151] Buée, L.; Bussière, T.; Buée-Scherrer, V.; Delacourte, A.; Hof, P. 
R. Tau Protein Isoforms, Phosphorylation and Role in 
Neurodegenerative Disorders. Brain Res. Brain Res. Rev., 2000, 
33, 95-130. 

[152] Smith, W.; Assink, J.; Klein, R.; Mitchell, P.; Klaver, C.C.; Klein, 
B.E.; Hofman, A.; Jensen, S.; Wang, J.J.; de Jong, P.T. Risk 
Factors for Age-Related Macular Degeneration: Pooled Findings 
from Three Continents. Ophthalmology, 2001, 108, 697-704. 

[153] Lim, L.S.; Mitchell, P.; Seddon, J.M.; Holz, F.G.; Wong, T.Y. Age-
Related Macular Degeneration. Lancet, 2012, 379, 1728-1738. 

[154] Tuo, J.; Bojanowski, C. M.; Chan, C.-C. Genetic Factors of Age-
Related Macular Degeneration. Prog. Retin. Eye Res., 2004, 23, 
229-249. 

[155] Cipriani, V.; Leung, H.T.; Plagnol, V.; Bunce, C.; Khan, J.C.; 
Shahid, H.; Moore, A.T.; Harding, S.P.; Bishop, P.N.; Hayward, 
C.; Campbell, S.; Armbrecht, A.M.; Dhillon, B.; Deary, I.J.; 
Campbell, H.; Dunlop, M.; Dominiczak, A.F.; Mann, S.S.; Jenkins, 
S.A.; Webster, A.R.; Bird, A.C.; Lathrop, M.; Zelenika, D.; Souied, 
E.H.; Sahel, J.A.; Léveillard, T.; Cree, A.J.; Gibson, J.; Ennis, S.; 
Lotery, A.J.; Wright, A.F.; Clayton, D.G.; Yates, J.R.W. Genome-
Wide Association Study of Age-Related Macular Degeneration 
Identifies Associated Variants in the TNXB-FKBPL-NOTCH4 
Region of Chromosome 6p21.3. Hum. Mol. Genet., 2012, 21, 4138-
4150. 

[156] Cipriani, V.; Leung, H.; Plagnol, V.; Bunce, C.; Jane, C.; Shahid, 
H.; Moore, A.T.; Harding, S.P.; Paul, N.; Hayward, C.; Campbell, 
S.; Armbrecht, A.M.; Deary, I.J.; Campbell, H.; Dunlop, M.; Anna, 
F.; Mann, S.S.; Jenkins, S.A.; Webster, A.R.; Bird, A.C.; Zelenika, 
D.; Souied, E.H. HMG Advance Access Published June 13, 2012 1. 
2012, 1-34. 

[157] Blagosklonny, M.V. Molecular Theory of Cancer. Cancer Biol. 
Ther., 2005, 4, 621-627. 

[158] Reya, T.; Morrison, S.J.; Clarke, M.F.; Weissman, I.L. Stem Cells, 
Cancer, and Cancer Stem Cells. Nature, 2001, 414, 105-111. 

[159] Hanahan, D.; Weinberg, R. A. Hallmarks of Cancer: The next 
Generation. Cell, 2011, 144, 646-674. 

[160] Sudarsanam, S.; Johnson, D.E. Functional Consequences of mTOR 
Inhibition. Curr. Opin. Drug Discov. Devel., 2010, 13, 31, 40. 

[161] O’Reilly, K. E.; Rojo, F.; She, Q.-B.; Solit, D.; Mills, G. B.; Smith, 
D.; Lane, H.; Hofmann, F.; Hicklin, D.J.; Ludwig, D.L.; Baselga, 
J.; Rosen, N. mTOR Inhibition Induces Upstream Receptor 
Tyrosine Kinase Signaling and Activates Akt. Cancer Res., 2006, 
66, 1500-1508. 

[162] Higgins, J.P.T.; Montgomery, K.; Wang, L.; Domanay, E.; 
Warnke, R.A.; Brooks, J.D.; van de Rijn, M. Expression of 
FKBP12 in Benign and Malignant Vascular Endothelium: An 
Immunohistochemical Study on Conventional Sections and Tissue 
Microarrays. Am. J. Surg. Pathol., 2003, 27, 58-64. 

[163] Aghdasi, B.; Ye, K.; Resnick, A.; Huang, A.; Ha, H. C.; Guo, X.; 
Dawson, T. M.; Dawson, V. L.; Snyder, S. H. FKBP12, the 12-kDa 
FK506-Binding Protein, Is a Physiologic Regulator of the Cell 
Cycle. Proc. Natl. Acad. Sci., USA, 2001, 98, 2425-2430. 

[164] Romano, S.; Mallardo, M.; Chiurazzi, F.; Bisogni, R.; D’Angelillo, 
A.; Liuzzi, R.; Compare, G.; Romano, M. F. The Effect of FK506 
on Transforming Growth Factor Beta Signaling and Apoptosis in 
Chronic Lymphocytic Leukemia B Cells. Haematologica, 2008, 
93, 1039-1048. 

[165] Ahearn, I.M.; Tsai, F.D.; Court, H.; Zhou, M.; Jennings, B.C.; 
Ahmed, M.; Fehrenbacher, N.; Linder, M.E.; Philips, M.R. 
FKBP12 Binds to Acylated H-Ras and Promotes Depalmitoylation. 
Mol. Cell, 2011, 41, 173-185. 

[166] Siamakpour-Reihani, S.; Caster, J.; Bandhu Nepal, D.; 
Courtwright, A.; Hilliard, E.; Usary, J.; Ketelsen, D.; Darr, D.; 
Shen, X. J.; Patterson, C.; Klauber-Demore, N. The Role of 
calcineurin/NFAT in SFRP2 Induced Angiogenesis-a Rationale for 
Breast Cancer Treatment with the Calcineurin Inhibitor 
Tacrolimus. PLoS One, 2011, 6, e20412. 

[167] Tomek, M.; Akiyama, T.; Dass, C. R. Role of Bcl-2 in Tumour 
Cell Survival and Implications for Pharmacotherapy. J. Pharm. 
Pharmacol., 2012, 64, 1695-1702. 

[168] Wu, S.; Wang, X.; Chen, J.; Chen, Y. Autophagy of Cancer Stem 
Cells Is Involved with Chemoresistance of Colon Cancer Cells. 
Biochem. Biophys. Res. Commun., 2013, 434, 898-903. 

[169] Cox, M. B.; Smith, D. F. Functions of the Hsp90-Binding FKBP 
Immunophilins, 2000. 

[170] Jääskeläinen, T.; Makkonen, H.; Palvimo, J.J. Steroid up-
Regulation of FKBP51 and Its Role in Hormone Signaling. Curr. 
Opin. Pharmacol., 2011, 11, 326-331. 

[171] Pei, H.; Li, L.; Fridley, B.L.; Jenkins, G. D.; Kalari, K. R.; Lingle, 
W.; Petersen, G.; Lou, Z.; Wang, L. FKBP51 Affects Cancer Cell 
Response to Chemotherapy by Negatively Regulating Akt. Cancer 
Cell, 2009, 16, 259-266. 

[172] Bouwmeester, T.; Bauch, A.; Ruffner, H.; Angrand, P.O.; 
Bergamini, G.; Croughton, K.; Cruciat, C.; Eberhard, D.; Gagneur, 
J.; Ghidelli, S.; Hopf, C.; Huhse, B.; Mangano, R.; Michon, A.M.; 
Schirle, M.; Schlegl, J.; Schwab, M.; Stein, M.A.; Bauer, A.; 



178    Current Molecular Pharmacology, 2016, Vol. 9, No. 2 McClements et al. 

Casari, G.; Drewes, G.; Gavin, A.C.; Jackson, D.B.; Joberty, G.; 
Neubauer, G.; Rick, J.; Kuster, B.; Superti-Furga, G. A Physical 
and Functional Map of the Human TNF-alpha/NF-Kappa B Signal 
Transduction Pathway. Nat. Cell Biol., 2004, 6, 97-105. 

[173] Romano, S.; Mallardo, M.; Romano, M.F. FKBP51 and the NF-�B 
Regulatory Pathway in Cancer. Curr. Opin. Pharmacol., 2011, 11, 
288-293. 

[174] Romano, S.; Staibano, S.; Greco, A.; Brunetti, A.; Nappo, G.; 
Ilardi, G.; Martinelli, R.; Sorrentino, A.; Di Pace, A.; Mascolo, M.; 
Bisogni, R.; Scalvenzi, M.; Alfano, B.; Romano, M.F. FK506 
Binding Protein 51 Positively Regulates Melanoma Stemness and 
Metastatic Potential. Cell Death Dis., 2013, 4, e578. 

[175] Stechschulte, L.A.; Sanchez, E.R. FKBP51-a Selective Modulator 
of Glucocorticoid and Androgen Sensitivity. Curr. Opin. 
Pharmacol., 2011, 11, 332-337. 

[176] Amler, L.C.; Agus, D.B.; LeDuc, C.; Sapinoso, M.L.; Fox, W.D.; 
Kern, S.; Lee, D.; Wang, V.; Leysens, M.; Higgins, B.; Martin, J.; 
Gerald, W.; Dracopoli, N.; Cordon-Cardo, C.; Scher, H.I.; 
Hampton, G.M. Dysregulated Expression of Androgen-Responsive 
and Nonresponsive Genes in the Androgen-Independent Prostate 
Cancer Xenograft Model CWR22-R1. Cancer Res., 2000, 60, 
6134-6141. 

[177] Suzuki, Y.; Kondo, Y.; Hara, S.; Kimata, R.; Nishimura, T. Effect 
of the hsp90 Inhibitor Geldanamycin on Androgen Response of 
Prostate Cancer under Hypoxic Conditions. Int. J. Urol., 2010, 17, 
281-285. 

[178] Lamoureux, F.; Thomas, C.; Yin, M.J.; Kuruma, H.; Fazli, L.; 
Gleave, M.E.; Zoubeidi, A. A Novel HSP90 Inhibitor Delays 
Castrate-Resistant Prostate Cancer without Altering Serum PSA 
Levels and Inhibits Osteoclastogenesis. Clin. Cancer Res., 2011, 
17, 2301-2313. 

[179] Mukaide, H.; Adachi, Y.; Taketani, S.; Iwasaki, M.; Koike-
Kiriyama, N.; Shigematsu, A.; Shi, M.; Yanai, S.; Yoshioka, K.; 
Kamiyama, Y.; Ikehara, S. FKBP51 Expressed by Both Normal 
Epithelial Cells and Adenocarcinoma of Colon Suppresses 
Proliferation of Colorectal Adenocarcinoma. Cancer Invest., 2008, 
26, 385–390. 

[180] De Leon, J.T.; Iwai, A.; Feau, C.; Garcia, Y.; Balsiger, H.A.; 
Storer, C.L.; Suro, R. M.; Garza, K.M.; Lee, S.; Kim, Y. S.; Chen, 
Y.; Ning, Y.M.; Riggs, D.L.; Fletterick, R.J.; Guy, R.K.; Trepel, J. 
B.; Neckers, L.M.; Cox, M.B. Targeting the Regulation of 
Androgen Receptor Signaling by the Heat Shock Protein 90 
Cochaperone FKBP52 in Prostate Cancer Cells. Proc. Natl. Acad. 
Sci., USA, 2011, 108, 11878-11883. 

[181] Ward, B. K.; Mark, P. J.; Ingram, D. M.; Minchin, R. F.; Ratajczak, 
T. Expression of the Estrogen Receptor-Associated Immunophilins, 
Cyclophilin 40 and FKBP52, in Breast Cancer. Breast Cancer Res. 
Treat., 1999, 58, 267-280. 

[182] Desmetz, C.; Bascoul-Mollevi, C.; Rochaix, P.; Lamy, P.-J.; 
Kramar, A.; Rouanet, P.; Maudelonde, T.; Mangé, A.; Solassol, J. 
Identification of a New Panel of Serum Autoantibodies Associated 
with the Presence of in Situ Carcinoma of the Breast in Younger 
Women. Clin. Cancer Res., 2009, 15, 4733-4741. 

[183] Sivils, J.C.; Storer, C.L.; Galigniana, M.D.; Cox, M.B. Regulation 
of Steroid Hormone Receptor Function by the 52-kDa FK506-
Binding Protein (FKBP52). Curr. Opin. Pharmacol., 2011, 11, 
314-319. 

[184] Solassol, J.; Mange, A.; Maudelonde, T. FKBP Family Proteins as 
Promising New Biomarkers for Cancer. Curr. Opin. Pharmacol., 
2011, 11, 320-325. 

[185] Olesen, S.H.; Christensen, L.L.; Sørensen, F.B.; Cabezón, T.; 
Laurberg, S.; Orntoft, T.F.; Birkenkamp-Demtröder, K. Human 
FK506 Binding Protein 65 Is Associated with Colorectal Cancer. 
Mol. Cell. Proteomics, 2005, 4, 534-544. 

[186] Quinn, M.C.J.; Wojnarowicz, P. M.; Pickett, A.; Provencher, D. 
M.; Mes-Masson, A.M.; Davis, E.C.; Tonin, P.N. 
FKBP10/FKBP65 Expression in High-Grade Ovarian Serous 
Carcinoma and Its Association with Patient Outcome. Int. J. 
Oncol., 2013, 42, 912-920. 

[187] Henriksen, R.; Sørensen, F.B.; Ørntoft, T.F.; Birkenkamp-
Demtroder, K. Expression of FK506 Binding Protein 65 (FKBP65) 
Is Decreased in Epithelial Ovarian Cancer Cells Compared to 
Benign Tumor Cells and to Ovarian Epithelium. Tumour Biol., 
2011, 32, 671-676. 

[188] McKeen, H.D.; Byrne, C.; Jithesh, P.V; Donley, C.; Valentine, A.; 
Yakkundi, A.; O’Rourke, M.; Swanton, C.; McCarthy, H.O.; Hirst, 

D. G.; Robson, T. FKBPL Regulates Estrogen Receptor Signaling 
and Determines Response to Endocrine Therapy. Cancer Res., 
2010, 70, 1090-1100. 

[189] Sunnotel, O.; Hiripi, L.; Lagan, K.; McDaid, J.R.; De León, J.M.; 
Miyagawa, Y.; Crowe, H.; Kaluskar, S.; Ward, M.; Scullion, C.; 
Campbell, A.; Downes, C.S.; Hirst, D.; Barton, D.; Mocanu, E.; 
Tsujimura,  A.; Cox, M.B.; Robson, T.; Walsh, C.P. Alterations in 
the Steroid Hormone Receptor Co-Chaperone FKBPL Are 
Associated with Male Infertility: A Case-Control Study. Reprod. 
Biol. Endocrinol., 2010, 8, 22. 

[190] McKeen, H.D.; McAlpine, K.; Valentine, A.; Quinn, D.J.; 
McClelland, K.; Byrne, C.; O’Rourke, M.; Young, S.; Scott, C.J.; 
McCarthy, H.O.; Hirst, D.G.; Robson, T. A Novel FK506-like 
Binding Protein Interacts with the Glucocorticoid Receptor and 
Regulates Steroid Receptor Signaling. Endocrinology, 2008, 149, 
5724-5734. 

[191] Li, Y.Y.; Liu, L.Q.; Yang, J.; Liu, W.; Chen, X.J.; Li, X.Q.; Du, 
W.; Huang, S.A. [Effect of WISp39 on Proliferation, Cell Cycle 
and Apoptosis of U937 Cells]. Zhongguo Shi Yan Xue Ye Xue Za 
Zhi 2007, 15, 733-737. 

[192] Bublik, D.R.; Scolz, M.; Triolo, G.; Monte, M.; Schneider, C. 
Human GTSE-1 Regulates p21(CIP1/WAF1) Stability Conferring 
Resistance to Paclitaxel Treatment. J. Biol. Chem., 2010, 285, 
5274-5281. 

[193] Robson, T.; Price, M.E.; Moore, M.L.; Joiner, M.C.; McKelvey-
Martin, V.J.; McKeown, S.R.; Hirst, D.G. Increased Repair and 
Cell Survival in Cells Treated with DIR1 Antisense 
Oligonucleotides: Implications for Induced Radioresistance. Int. J. 
Radiat. Biol., 2000, 76, 617-623. 

[194] Valentine, A.; O’Rourke, M.; Yakkundi, A.; Worthington, J.; 
Hookham, M.; Bicknell, R.; McCarthy, H. O.; McClelland, K.; 
McCallum, L.; Dyer, H.; McKeen, H.; Waugh, D.J.J.; Roberts, J.; 
McGregor, J.; Cotton, G.; James, I.; Harrison, T.; Hirst, D. G.; 
Robson, T. FKBPL and Peptide Derivatives: Novel Biological 
Agents That Inhibit Angiogenesis by a CD44-Dependent 
Mechanism. Clin. Cancer Res., 2011, 17, 1044-1056. 

[195] McClements, L.; Yakkundi, A.; Papaspyropoulos, A.; Harrison, H.; 
Ablett, M.P.; Jithesh, P.V; McKeen, H.D.; Bennett, R.; Donley, C.; 
Kissenpfennig, A.; McIntosh, S.; McCarthy, H.O.; O’Neill, E.; 
Clarke, R.B.; Robson, T. Targeting Treatment-Resistant Breast 
Cancer Stem Cells with FKBPL and Its Peptide Derivative, AD-01, 
via the CD44 Pathway. Clin. Cancer Res., 2013, 19, 3881-3893. 

[196] Yakkundi, A.; McCallum, L.; O’Kane, A.; Dyer, H.; Worthington, 
J.; McKeen, H.D.; McClements, L.; Elliott, C.; McCarthy, H.O.; 
Hirst, D. G.; Robson, T. The Anti-Migratory Effects of FKBPL and 
Its Peptide Derivative, AD-01: Regulation of CD44 and the 
Cytoskeletal Pathway. PLoS One, 2013, 8, e55075. 

[197] Robson, T.; James, I.F. The Therapeutic and Diagnostic Potential 
of FKBPL; a Novel Anticancer Protein. Drug Discov. Today, 2012, 
17, 544-548. 

[198] Howard, B.A.; Furumai, R.; Campa, M.J.; Rabbani, Z.N.; 
Vujaskovic, Z.; Wang, X.F.; Patz, E. F. Stable RNA Interference-
Mediated Suppression of Cyclophilin A Diminishes Non-Small-
Cell Lung Tumor Growth in vivo. Cancer Res., 2005, 65, 8853-
8860. 

[199] Yang, H.; Chen, J.; Yang, J.; Qiao, S.; Zhao, S.; Yu, L. Cyclophilin 
A Is Upregulated in Small Cell Lung Cancer and Activates ERK1/2 
Signal. Biochem. Biophys. Res. Commun., 2007, 361, 763-767. 

[200] Qi, Y.J.; He, Q.Y.; Ma, Y.F.; Du, Y.W.; Liu, G.C.; Li, Y.J.; Tsao, 
G.S.W.; Ngai, S.M.; Chiu, J.F. Proteomic Identification of 
Malignant Transformation-Related Proteins in Esophageal 
Squamous Cell Carcinoma. J. Cell. Biochem., 2008, 104, 1625-
1635. 

[201] Obchoei, S.; Wongkhan, S.; Wongkham, C.; Li, M.; Yao, Q.; Chen, 
C. Cyclophilin A: Potential Functions and Therapeutic Target for 
Human Cancer. Med. Sci. Monit., 2009, 15, RA221-232. 

[202] Lee, J.; Kim, S. An Overview of Cyclophilins in Human Cancers. 
J. Int. Med. Res., 2010, 38, 1561-1574. 

[203] Li, Z.; Min, W.; Gou, J. Knockdown of Cyclophilin A Reverses 
Paclitaxel Resistance in Human Endometrial Cancer Cells via 
Suppression of MAPK Kinase Pathways. Cancer Chemother. 
Pharmacol., 2013, 72, 1001-1011. 

[204] Choi, K.J.; Piao, Y.J.; Lim, M.J.; Kim, J.H.; Ha, J.; Choe, W.; Kim, 
S. S. Overexpressed Cyclophilin A in Cancer Cells Renders 
Resistance to Hypoxia- and Cisplatin-Induced Cell Death. Cancer 
Res., 2007, 67, 3654-3662. 



The Role of Peptidyl Prolyl Isomerases Current Molecular Pharmacology, 2016, Vol. 9, No. 2    179

[205] Bannon, J.H.; O’Donovan, D.S.; Kennelly, S.M.E.; Mc Gee, M.M. 
The Peptidyl Prolyl Isomerase Cyclophilin A Localizes at the 
Centrosome and the Midbody and Is Required for Cytokinesis. Cell 
Cycle, 2012, 11, 1340-1353. 

[206] Zhang, J.; Herscovitz, H. Nascent Lipidated Apolipoprotein B Is 
Transported to the Golgi as an Incompletely Folded Intermediate as 
Probed by Its Association with Network of Endoplasmic Reticulum 
Molecular Chaperones, GRP94, ERp72, BiP, Calreticulin, and 
Cyclophilin B. J. Biol. Chem., 2003, 278, 7459-7468. 

[207] Kim, J.; Choi, T.G.; Ding, Y.; Kim, Y.; Ha, K.S.; Lee, K. H.; Kang, 
I.; Ha, J.; Kaufman, R.J.; Lee, J.; Choe, W.; Kim, S.S. 
Overexpressed Cyclophilin B Suppresses Apoptosis Associated 
with ROS and Ca2+ Homeostasis after ER Stress. J. Cell Sci., 
2008, 121, 3636-3648. 

[208] Fang, F.; Flegler, A.J.; Du, P.; Lin, S.; Clevenger, C.V. Expression 
of Cyclophilin B Is Associated with Malignant Progression and 
Regulation of Genes Implicated in the Pathogenesis of Breast 
Cancer. Am. J. Pathol., 2009, 174, 297-308. 

[209] Allain, F.; Vanpouille, C.; Carpentier, M.; Slomianny, M.C.; 
Durieux, S.; Spik, G. Interaction with Glycosaminoglycans Is 
Required for Cyclophilin B to Trigger Integrin-Mediated Adhesion 
of Peripheral Blood T Lymphocytes to Extracellular Matrix. Proc. 
Natl. Acad. Sci., USA, 2002, 99, 2714-2719. 

[210] Ward, B.K.; Kumar, P.; Turbett, G.R.; Edmondston, J.E.; 
Papadimitriou, J.M.; Laing, N.G.; Ingram, D.M.; Minchin, R.F.; 
Ratajczak, T. Allelic Loss of Cyclophilin 40, an Estrogen Receptor-
Associated Immunophilin, in Breast Carcinomas. J. Cancer Res. 
Clin. Oncol., 2001, 127, 109-115. 

[211] Kang, B. H.; Plescia, J.; Dohi, T.; Rosa, J.; Doxsey, S. J.; Altieri, 
D. C. Regulation of Tumor Cell Mitochondrial Homeostasis by an 
Organelle-Specific Hsp90 Chaperone Network. Cell, 2007, 131, 
257-270. 

[212] Tavecchio, M.; Lisanti, S.; Lam, A.; Ghosh, J.C.; Martin, N.M.; 
O’Connell, M.; Weeraratna, A.T.; Kossenkov, A.V; Showe, L.C.; 
Altieri, D. C. Cyclophilin D Extramitochondrial Signaling Controls 
Cell Cycle Progression and Chemokine-Directed Cell Motility. J. 
Biol. Chem., 2013, 288, 5553-5561. 

[213] Sicinski, P.; Donaher, J.L.; Parker, S.B.; Li, T.; Fazeli, A.; Gardner, 
H.; Haslam, S.Z.; Bronson, R.T.; Elledge, S.J.; Weinberg, R.A. 
Cyclin D1 Provides a Link between Development and Oncogenesis 
in the Retina and Breast. Cell, 1995, 82, 621-630. 

[214] Liou, Y.C.; Ryo, A.; Huang, H.K.; Lu, P.J.; Bronson, R.; Fujimori, 
F.; Uchida, T.; Hunter, T.; Lu, K.P. Loss of Pin1 Function in the 
Mouse Causes Phenotypes Resembling Cyclin D1-Null 
Phenotypes. Proc. Natl. Acad. Sci. USA, 2002, 99, 1335-1340. 

[215] Bao, L.; Kimzey, A.; Sauter, G.; Sowadski, J.M.; Lu, K.P.; Wang, 
D.G. Prevalent Overexpression of Prolyl Isomerase Pin1 in Human 
Cancers. Am. J. Pathol., 2004, 164, 1727-1737. 

[216] Girardini, J. E.; Napoli, M.; Piazza, S.; Rustighi, A.; Marotta, C.; 
Radaelli, E.; Capaci, V.; Jordan, L.; Quinlan, P.; Thompson, A.; 
Mano, M.; Rosato, A.; Crook, T.; Scanziani, E.; Means, A. R.; 
Lozano, G.; Schneider, C.; Del Sal, G.A Pin1/mutant p53 Axis 
Promotes Aggressiveness in Breast Cancer. Cancer Cell, 2011, 20, 
79-91. 

[217] Wulf, G.M.; Liou, Y.C.; Ryo, A.; Lee, S.W.; Lu, K.P. Role of Pin1 
in the Regulation of p53 Stability and p21 Transactivation, and Cell 
Cycle Checkpoints in Response to DNA Damage. J. Biol. Chem., 
2002, 277, 47976-47979. 

[218] Takahashi, K.; Akiyama, H.; Shimazaki, K.; Uchida, C.; Akiyama-
Okunuki, H.; Tomita, M.; Fukumoto, M.; Uchida, T. Ablation of a 
Peptidyl Prolyl Isomerase Pin1 from p53-Null Mice Accelerated 
Thymic Hyperplasia by Increasing the Level of the Intracellular 
Form of Notch1. Oncogene, 2007, 26, 3835-3845. 

[219] Toledo, F.; Lee, C.J.; Krummel, K.A.; Rodewald, L.W.; Liu, C.W.; 
Wahl, G.M. Mouse Mutants Reveal That Putative Protein 
Interaction Sites in the p53 Proline-Rich Domain Are Dispensable 
for Tumor Suppression. Mol. Cell. Biol., 2007, 27, 1425-1432. 

[220] Lu, K.P.; Zhou, X.Z. The Prolyl Isomerase PIN1: A Pivotal New 
Twist in Phosphorylation Signalling and Disease. Nat. Rev. Mol. 
Cell Biol., 2007, 8, 904-916. 

[221] Van der Horst, A.; Khanna, K.K. The Peptidyl-Prolyl Isomerase 
Pin1 Regulates Cytokinesis through Cep55. Cancer Res., 2009, 69, 
6651-6659. 

[222] Harrison, D. E.; Strong, R.; Sharp, Z.D.; Nelson, J. F.; Clinton, M.; 
Flurkey, K.; Nadon, N. L.; Wilkinson, J. E.; Frenkel, K.; Christy, 
S.; Pahor, M.; Javors, M.A.; Fernandez, E.; Miller, R.A. 
Heterogeneous Mice, 2010, 460, 392-395. 

[223] Neff, F.; Flores-dominguez, D.; Ryan, D.P.; Horsch, M.; Schröder, 
S.; Adler, T.; Afonso, L.C.; Aguilar-pimentel, J.A.; Becker, L.; 
Garrett, L.; Hans, W.; Hettich, M.M.; Holtmeier, R.; Hölter, S.M.; 
Moreth, K.; Prehn, C.; Puk, O.; Rácz, I.; Rathkolb, B.; Rozman, J.; 
Naton, B.; Ordemann, R.; Adamski, J.; Beckers, J.; Bekeredjian, R. 
Rapamycin Extends Murine Lifespan but Has Limited Effects on 
Ageing., 2013, 123. 

[224] Flisiak, R.; Feinman, S.V; Jablkowski, M.; Horban, A.; Kryczka, 
W.; Pawlowska, M.; Heathcote, J.E.; Mazzella, G.; Vandelli, C.; 
Nicolas-Métral, V.; Grosgurin, P.; Liz, J.S.; Scalfaro, P.; Porchet, 
H.; Crabbé, R. The Cyclophilin Inhibitor Debio 025 Combined 
with PEG IFNalpha2a Significantly Reduces Viral Load in 
Treatment-Naïve Hepatitis C Patients. Hepatology, 2009, 49, 1460-
1468. 

[225] Damsker, J.M.; Okwumabua, I.; Pushkarsky, T.; Arora, K.; 
Bukrinsky, M.I.; Constant, S.L. Targeting the Chemotactic 
Function of CD147 Reduces Collagen-Induced Arthritis. 
Immunology, 2009, 126, 55-62. 

[226] Arora, K.; Gwinn, W.M.; Bower, M.A.; Watson, A.; Okwumabua, 
I.; MacDonald, H.R.; Bukrinsky, M.I.; Constant, S.L. Extracellular 
Cyclophilins Contribute to the Regulation of Inflammatory 
Responses. J. Immunol., 2005, 175, 517-522. 

[227] Hoffmann, H.; Schiene-Fischer, C. Functional Aspects of 
Extracellular Cyclophilins. Biol. Chem. 2014, 395, 721-735. 

[228] Satoh, K.; Fukumoto, Y.; Sugimura, K.; Miura, Y.; Aoki, T.; 
Nochioka, K.; Tatebe, S.; Miyamichi-Yamamoto, S.; Shimizu, T.; 
Osaki, S.; Takagi, Y.; Tsuburaya, R.; Ito, Y.; Matsumoto, Y.; 
Nakayama, M.; Takeda, M.; Takahashi, J.; Ito, K.; Yasuda, S.; 
Shimokawa, H. Plasma Cyclophilin A Is a Novel Biomarker for 
Coronary Artery Disease. Circ. J., 2013, 77, 447-455.  

 
  

Received: October 21, 2014 Revised: February 2, 2015 Accepted: May 17, 2015 

 






