Regulation of NF-xB signalling cascade by immunophilins
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ABSTRACT

The fine regulation of signalling cascades is a key event required to maintain the appropriate 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 molecular chaperone influencing ligand binding capacity, receptor
trafficking, and hormone-dependent transcriptional activity. Recently, it was demonstrated that the
same immunophilins are also able to regulate the NF-kB 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-kB in several cell types and tissues.

INTRODUCTION

The ability of a cell to identify the moment when it should differentiate, grow, divide or die depends
on extracellular signals such as hormones, small molecules of varied nature, proteins attached to
neighboring cells, or small peptides, and also how the cell process this information. Receptors are the
transmitters of those extracellular signals, most likely to the nucleus, through cascades of reactions and
interactions 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 cascades 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 control the cell cycle, cell

differentiation, and cell proliferation processes as a response to specific signal inputs.



Molecular chaperones and their cochaperones are responsible 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 proliferation,
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 proliferation and development by preventing or enhancing cell growth and
cell death as the levels of these molecular chaperones 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 belonging to the immunophilin family, on the biological properties of the

transcription factor NF-«kB.

IMMUNOPHILINS

Immunophilins are endogenous proteins with peptidyl-prolyl-(cis/trans)-isomerase (PPlase)
activity, i.e., the reversible cis/frans 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], whose binding site is the PPIase domain. When immunophilins 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 rapamycin). There is a third
subfamily of immunophilins referred to as Parvulins that show certain homology with the PPlase
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 Pinl, which recognizes a specific
motif of a phosphorylated serine or threonine residue preceding a proline [5].

Immunophilins were first described as intracellular receptors for immunosuppressive drugs. Even
though most of them bind these drugs, only the low molecular weight immunophilins FKBP12 and
CyPA, the archetypal members of each subfamily, are related to the immunosuppressive effect when

the FK506eFKBP12 or CsAeCyPA 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 production of interleukines and interferon-y is prevented
(see [6] for a recent review).

High molecular weight immunophilins have a more complex architecture and are not related to the
immunosupression process (Fig.1). The archetype of this subfamily is the 52-kDa FK506-binding
protein, FKBP52 [7]. In addition to the active PPlase domain (also called FKBD1 or FK1 domain in
FKBP proteins), which resembles the structure of the immunosuppressive factor FKBP12, there are
other additional 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 conserved 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 cyclophilin CyP40 (gene name PPID), and the
FKBP-like protein 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 characterized)
with several factors, although their biological functions and many aspects of their molecular
mechanism of action are poorly understood.

Another important TPR-domain immunophilin is FKBP37 (gene name A/P), also known as
XAP2/AIP. It was first discovered associated to AhR (aryl-hydrocarbon receptor, 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, PPARa (peroxisome proliferator-activated receptor-a), an Hsp90-binding transcription
factor [12] that modulates lipid metabolism, 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 PPlase 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 interactions. 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 complex [17], and is also a natural
inhibitor of GADPH activity [18]. GADPH is involved in the mechanism of vesicle transport 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 trafficking and the secretory pathways [18]. To date, there are no compounds able to
recognize specifically this immunophilin.

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 isoenzymes were described and the
small subfamily of parvulins was born. It has only three members in humans: Pinl, 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, Pinl possesses the potential to regulate several
phosphorylation signalling cascades by modifying the conformation of the target protein around its
phosphorylation site, making Ser or Thr residues less or more accessible for dephosphorylation (see a
recent reviewed in [21]). In this sense, Pinl 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]. Pinl is prevalently
overexpressed in human cancers and its expression levels correlate with poor clinical outcome [23].

Pinl inhibitors may simultaneously block multiple oncogenic 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 peptidic
nature (see [24] for a recent review), but their specificity and potency remain a major concern, and
further design and optimization of novel small molecule Pinl inhibitors are required. Even though
recent efforts have been made to obtain better compounds with higher cell membrane permeability and
better affinity for this immunophilin [25, 26], the specificity of these novel small molecules still

remains to be proved.

NF«B



Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) constitutes a family of
highly related transcription factors able to regulate the expression of a great number of genes related to
several processes such as inflammatory 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 cytokines, 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 k 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-xB1), p52 (NF-xB2), p65 (Rel A), Rel B, and c-Rel. All of them share a conserved DNA-binding
and dimerization domain. Potentially, they may associate in different 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 p5S0ep65/RelA heterodimer being unquestionably the
most abundant in all cell types [32]. On the other hand, the NF-xB family may be divided from the
transcriptional perspective into two groups based on the occurrence of the Cr-transactivation domains,
which are only present in RelA, RelB, and c-Rel [32].

NF-kB proteins bind to members of the inhibitory-xB family (or [kB) that serve as regulators of
biological activity. The members of the IkB subfamily are the classical kB proteins (IxBa, IxBp, and
IkBg), NF-xB precursor proteins (p100 and p105), and the nuclear IkBs (IxB{, Bcl-3, and IkBNS). IxB
proteins show an Nr-signal receiving domain (SRD), a central domain (ARD), and a C1-PEST
sequence (Pro-, Glu-, Ser-, and Thr-rich domain). IkBa was originally described as disrupting factor of
preformed NF-kBeDNA complexes that favors the dissociation of those complexes [33, 34]. Inasmuch
as the expression of [kBa is in turn regulated by NF-xB [35]; IkB is able to regulate both NF-xB

activation and inactivation.

NF-xB SIGNALLING CASCADE



In the canonical activation pathway of NF-xB (Fig. 2-A), excitatory signals activate Toll-like
receptors (TLRs), tumor necrosis factor receptor (TNFR) or interleukin-1 receptors (IL-1R).
Archetypal stimulating molecules are lipopolysaccharides (LPS), tumor necrosis factor o (TNFa), and
interleukin-1 B (IL-1p), respectively [29]. This leads to the activation of the kB kinase (IKK) complex,
which phosphorylates [kBa. This complex is formed by IKKa and IKK[3 subunits and at least one non-
catalytic accessory protein, the IKKy subunit, also known as NEMO (NF-«kB Essential Modulator) [36]
(see Fig. 2-A). In turn, this IxkB kinase complex associates to additional factors and interacts with other
upstream signalling molecules and kinases. The phosphorylation of IkB 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-kB activation pathway known as the “non-canonical pathway” (Fig.2-B)
originates from different types of receptors [37], including CD40, RANK (Receptor Activator for
Nuclear Factor kappa B), BAFFR (B-cell Activation Factor), LTBR (Lymphotoxin f-Receptor) or
TNEFR type II. In this pathway, NF-kB is activated by the kinase NIK, which phosphorylates and
activates predominantly IKKa, 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. 2-A) and the alternative pathways (Fig. 2-B), a third manner for NF-xB
activation also exists and is named the “atypical activation pathway” (Fig. 2-C). 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 IKKy/NEMO [39].
In all the above-described pathways, following the liberation of the NF-xB 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 cognate 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, hundreds of different target genes can be transcriptionally activated and regulated by
additional transcription factors. This may either enhances or reduces the NF-kB biological action. The
level of complexity and crosstalks between NF-xB with other signalling pathways and transcription
factors are some of the reasons that explain the pleiotropic actions of this factor.

There is general consensus that NF-kB proteins bind as a homo- or heterodimer to a 10-base-pair
DNA sequence (which was first identified in the enhancer region of the immunoglobulin k-light-chain
gene of mature B cells [33, 40]). The first structure of a Rel-homology region was discovered from the

structure of a pS0 homodimer bound to an idealized kB target DNA sequence [41-43]. Various



structures of NF-kB dimers bound to DNA have been reveled to date, showing a common pattern of
structures that resemble a butterfly, where the dimer represents the wings around a cylindrical DNA
structure [42]. NF-kB seems to encircle the target DNA. The analysis of different types of these
structures has shown plasticity for these sequences of NF-kB homo/heterodimers. The canonical
pS0eRelA/p65 heterodimer recognizes the binding sequence through the p5S0 subunit bound to a 5-
GGPyN half-site and via RelA/p65 binding to another 5-GGPyN site. Importantly, kB is one of the
proteins induced by RelA/p65, which implies the existence of a self-regulated NF-xB feedback that

helps to restore the original cytoplasmic localization of NF-kB [35].

THE FKBPeNF-«xB CONNECTION

As it was advanced before, all Rel factors form homodimers or heterodimers with the sole exception
of Rel B, which forms only heterodimers. The relative abundance of different NF-xB proteins may vary
in different tissues and cell types, whereas the pSOeRelA/p65 heterodimer is highly ubiquitous and also
the most frequent in most cell types and tissues [44]. In unstimulated cells, even though pS0eRelA/p65
heterodimers are retained in the cytosol by IkB and translocate to the nucleus of the NF-kB 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-kB given the fact that the IkB/NF-xB complex is also subject to dynamic
dissociation/reassociation events. This nuclear-cytoplasmic shuttling of NF-kB resembles that observed
for steroid receptors, where the inactive cytoplasmic 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 reported that the 51-kDa and 52-kDa FK506-
binding proteins FKBP51 and FKBP52 are responsible in a mutually exclusive 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, ERa. [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 (PPlase) 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 PPlase
domain does not appear to be essential. Upon steroid binding, FKBP51 is released from the
receptoreHsp90 heterocomplex and is replaced by FKBPS52, 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 activity, FKBP51 impairs both effects.

Both transcription factors, steroid receptors and NF-kB, show similar requirements for subcellular
redistribution upon the onset of a given activating stimulus. A recent investigation showed that FKBP51
and FKBP52 affects the nuclear translocation of RelA/p65 and also influence the transcriptional activity
of NF-kB [66]. FKBP51 delays the nuclear translocation of p5S0*RelA/p65 and also shows inhibitory
action on transcriptional activity, an effect related to its incapacity 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-xB are Hsp90-independent for NF-kB. 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
divergence with the steroid receptors, where their ligand-dependent activation and transcriptional activity
are mostly Hsp90-dependent. However Hsp90 has been associated to NF-kB activation by its role on
IKK regulation, as it is described below. Importantly the PPlase activity of FKBPS52 appears to be
exceptional for this stimulatory action, whereas that enzymatic activity is not required for the FKBP51
inhibitory action. A similar independent effect on the PPlase activity was described for the regulation of
the GR by FKBP51 [55, 67], whereas a PPlase-dependent mechanism is implicated for FKBP52 [55, 68].

One interesting extrapolation of these effects is that the biological action of NF-xB 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-«xB. Moreover, our assays showed that
Hsp70 is also a RelA/p65-interactor, which is in agreement with a very recent report in neurons [69]
where the nuclear translocation of both RelA/p65 and Hsp70 was postulated to occur as a protein-
protein complex. Interestingly, the up-regulation of Hsp70 was also reported to induce nuclear
translocation of RelA/p65 in rat liver cells [70]. Nevertheless, the RelA/p65 and Hsp70 interaction not
always leads to positive effects on NF-kB activation. The initial reports showed interactions that
involve stress-induced situations where the effects of heat-shock proteins reduce the inflammatory
responses [71]. In this scenery, it was proposed that overexpressed Hsp70 is able to interact with NF-
kB, suggesting that Hsp70 may substitute IkB by anchoring NF-kB to the cytoplasm. Only increased

accumulation of the chaperone could result in an inhibition complex of NF-kB [72]. It was also
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reported that Hsp70 shows similar effects on various 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-«xB
signalling [74] as well as with other members of the inflammatory signalling cascade preventing their
actions [75, 76]

The IkB/NF-kB cytosolic complex is subject to dynamic dissociation/reassociation events.
Experiments with IKKa knockout mice [77] demonstrated defective cell proliferation and differentiation
and have also shown that IKKa is dispensable for IkB degradation. Moreover IKK a has been reported to
be required for the termination of NF-«xB activation [78]. A physical interaction between FKBP51 and the
IKK complex has been demonstrated, most likely via the IKKa 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
Hsp90a and Hsp90p 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 TNFo-induced IKK activity nor IkBa degradation and RelA/p65 translocation. Actually, the
experimental evidence shows that the prevailing complex for the IKKeHsp90 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-kB [80]. Importantly, in the same study it was also reported that TNFa is
unable to modify the association of IKK with those interacting factors. In short, the role of FKBP51 on
NF-kB signalling cascade remained elusive to date. It is unlikely that both Hsp90-interacting factors,
Cdc37 and FKBPS51, 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 enzymatically
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 organizing protein) is intermediary for GR*Hsp90 assembly, but it is not present in
mature complexes [82].

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

FKBP52 replaces FKBP51 in stimulated cells. Moreover, while FKBP51 represses NF-kB transcription,
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FKBP52 greatly enhances this activity in a mechanism that involves its PPlase 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-«xB is activated, histone phosphorylation can be
mediated by nuclear IKKa that is recruited to the promoter sites of NF-kB-regulated genes [83, 84].
Among a number of chromatin remodelers is the PPlase protein Pinl [85], an immunophilin-like protein
that also targets RelA/p65 [86]. Because PPlase-induced conformational changes have functional effects
on target proteins, the action of Pinl on RelA/p65 is reflected in a more efficient nuclear accumulation of
RelA/p65 and also a greater stability by preventing its ubiquitin-mediated proteolysis [86]. In certain
types of cancer cells, Pinl is usually up-regulated [87-89] whereas the E3-ubiquitin-ligase of RelA/p65,
SOCSI1 is down-regulated [90-92] or mutated [93], all of which may contribute to the constitutive
activation of NF-kB 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 PPlase activity.

FUTURE PERSPECTIVES

Given the role played in the initiation and progression of cancer, the NF-xB 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-kB-targeting inhibitors
for the treatment of such malignancies. Nevertheless, combining classical chemotherapeutics with
inhibitors of NF-kB activation seems to result in a promising synergistic strategy [94, 95]. Elevated NF-
kB activity and/or higher half-life persistence in the nucleus of cancer cells (like that observed with
FKBP52) provide a survival mechanism by up-regulating anti-apoptotic genes, thereby representing 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 using 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 SAFitl and SAFit2, that are highly

selective inhibitors of FKBP51 [98]. This new class of ligands achieves selectivity for this immunophilin
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by an induced-fit mechanism 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
elongation 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 which they reach their sites of action. In this sense, because NF-kB is active in many
cancer cells and its persistent localization 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 PPlase activity of FKBP52 (essential for its enhancement action on NF-«B effects) could

be a promising novel regulatory approach to prevent NF-kB activity.
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LEGENDS TO FIGURES

FIGURE 1. Structures of FKBPs, Hsp90, IkB and NF-kB.

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 PPlase-like domain (also named FK?2) 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, o and 3, 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-kB and the domains of its inhibitor, IkB.
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.

FIGURE 2. Canonical, non-canonical, and atypical NF-kB signalling pathways.

A) In the canonical NF-«B signalling pathway, lipopolysaccharides (LPS), tumor necrosis factor a
(TNFa) 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 IkBa, a prerequisite for its subsequent polyubiquitination followed by
proteasomal degradation. NF-xB homo- or heterodimers are then translocated to the nucleus and
activate gene transcription. B) In the non-canonical NF-«xB signalling pathway, activation of CD40,
receptor activator for nuclear factor kB (RANK), B-cell activation factor (BAFFR), or lymphtoxin (-
receptor (LTPR), leads to activation of IKKa by the NF-kB-inducing kinase (NIK). IKKa
phosphorylates the p100 subunit leading to its polyubiquitination and subsequent partial proteosomal
processing to yield the p52 subunit. pS2+RelB heterodimers can then activate transcription of target
genes. C) In the atypical NF-«B signalling pathway, genotoxic stress leads to a translocation of IKKy
(also called NEMO) to the nucleus, where it is sumoylated and subsequently ubiquitinated. This
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process is mediated by the ataxia telangiectasia mutated (ATM) checkpoint kinase. IKKy and ATM

return to the cytosol where they are able to activate IKK}.

FIGURE 3. Role of FKBP51 and FKBP52 on glucocorticoid receptor and NF-xB action.
Unliganded glucocorticoid receptor (GR) forms cytosolic heterocomplexes with Hsp90 dimers (90),
Hsp70 (70), the cochaperone p23, and FKBP51 (51). Hormone (H) binding favors the exchange of
FKBP51 by FKBP52 (52), which in turn recruits the dynein /dynactin motor complex (Dyn) able to
power the GR retrotransport on cytoskeletal tracks. In the nucleus, the Hsp90-based heterocomplex
dissociates and GR dimers induce the expression of target genes. NF-kB dimers also exchange
FKBP52 by FKBP51 upon cell stimulation, although this mechanism is Hsp90-independent. The
activation by IKK+Cdc37 complex phosphorylates IkB (which is targeted to proteosomal degradation),
allowing the dynein/dynactin retrotransport of NF-kB dimers. FKBP51 shows inhibitory action on the
transcriptional activity of both, GR and NF-kB, whereas FKBP52 shows stimulatory effects. FK506
prevents such stimulatory action of NF-«kB indicating the relevance of the PPlase activity of FKBP52
for this effect. Note that NF-kB and GR can neutralize one another by a typical trans-repression
mechanism. FKBPS51 can also form complexes with the IKK*Hsp90 complex, but its role is still poorly
understood, and is perhaps related to complex assembly, Cdc37 being the major factor in mature IKK

complexes.
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