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Abstract

The steroid receptor-associated immunophilins FKBP51, FKBP52, CyP40 and PP5 have specific roles in steroid receptor
function that impact steroid hormone-binding affinity, nucleocytoplasmic shuttling and transcriptional activation of target genes
in a tissue-specific manner. Aberrant expression of these functionally unique immunophilins has the potential to cause steroid-
based diseases, including breast and prostate cancer, diabetes and related metabolic disorders, male and female infertility and
major depressive disorders. This review addresses the function of these proteins as co-chaperones in steroid receptor-Hsp90
complexes and extensively covers current knowledge of the link between the steroid receptor-associated immunophilins and
human disease. An improved understanding of their mechanisms of action has revealed opportunities for molecular therapies to
enhance or inhibit cellular processes under immunophilin control that contribute both to human health and disease.

Introduction

The receptors for the steroid hormones androgen (AR),
oestrogen (ERa), glucocorticoid (GR), mineralocorticoid
(MR) and progesterone (PR) belong to a sub-group of the
nuclear receptor superfamily that act as ligand-regulated
transcription factors to modulate the transcription of target
genes.! Cyclophilin 40 (CyP40), the FK506-binding proteins
FKBP51 and FKBP52, and protein phosphatase 5 (PP5)
have been identified as heat shock protein 90 (Hsp90)
immunophilin co-chaperones within steroid receptor-Hsp90
heterocomplexes, where their regulatory control over receptor
function has been best defined (reviewed in references 2°).
From their well-established effects on steroid receptors,
these immunophilins have now emerged as potential drug
targets in pathways associated with normal physiology
(e.g. reproduction, gluconeogenesis, lipid metabolism and
regulation of the stress response by the hypothalamic-
pituitary-adrenal axis), as well as a variety of steroid-based
diseases including infertility, breast and prostate cancer,
depression and stress-related psychiatric disorders, insulin
resistance and diabetes.

Discovery, Architecture of Functional Domains and
Three-Dimensional Structures

Each of these co-chaperones contains a 3-unit tetratricopeptide
repeat (TPR) structural motif connected to a domain
mediating enzymatic function: peptidyl prolyl isomerase
(PPIase) activity in CyP40, FKBP51 and FKBP52 and serine/
threonine protein phosphatase activity in PP5 (Figure 1A).
Hsp90 functions as a homodimeric ATP-dependent chaperone
consisting of an N-terminal domain which contains the ATP-
binding pocket and binds the co-chaperone p23, a middle
domain which binds the co-chaperone activator of Hsp90
ATPase 1 (Ahal) and accommodates folding substrates such
as steroid receptors, and a C-terminal dimerisation domain
capped at the C-terminus by the MEEVD peptide motif which
forms the docking site for TPR-containing co-chaperones,
including the above immunophilins and heat shock organising
protein (Hop) (Figure 2).'"!> Both Hop'*'® and p23'*!1617
inhibit Hsp90 ATPase activity, while Ahal is a potent activator
of Hsp90 ATPase function.'® A detailed model for client
loading and completion of the chaperone cycle has recently
been proposed in which monomeric Hop initially binds one
MEEVD site to block Hsp90 ATPase activity and facilitate
attachment of heat shock protein 70 (Hsp70) bound to client.
PPIase co-chaperone binding to the second TPR acceptor site
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allows the synergistic interaction of Ahal, PPlase and ATP
nucleotide to displace Hop, with Ahal accelerating Hsp90
transition to an ATPase-competent conformation. Progression
to a fully-closed intermediate then favours an exchange of
p23 for Ahal resulting in client protein maturation and its
release from Hsp90 as an optimally folded protein.'” The
TPR immunophilins thus have an important co-operative role
with other co-chaperones which inhibit or accelerate Hsp90
ATPase activity during the chaperone reaction cycle.

Human FKBPS52, an Hsp90-associated component of
receptors AR, ERa, GR and PR* was identified as an FK506-
binding PPlase by Peattie and colleagues.?! Simultaneously,
purification of the intact ERa-Hsp90 complex led to the
isolation of CyP40,” belonging to the cyclophilin family of
PPlIases and a target for the immunosuppressant cyclosporin
A (CsA).» Sequence comparison between FKBP52 and
CyP40, the first TPR-containing cyclophilin to be identified,
confirmed the FKBP52 protein as a TPR immunophilin.?
FKBP51, a TPR immunophilin with high sequence similarity
to FKBP52, was found by Smith and co-workers to accumulate
in hormone-free PR-Hsp90 complexes.?*?* All three PPIases,

FK1 FK2
A FkBPs1

FKBP52

B FKBP51 FKBP52

Prohne rich loop
FK1
Protein interaction
PPlase activity
FK506 binding
TPR Domain
Hsp90 binding

Chaperone activity

FKBP51, FKBP52 and CyP40 were shown to bind to Hsp90
through their respective TPR domains.?*?*?® PP5, which
displays low FK506-binding affinity,”® was shown to be
present in GR-Hsp90 heterocomplexes through an interaction
with Hsp90 mediated by its N-terminal TPR domain.*® A
truncated version of PPS5, containing only the TPR domain,
behaved as a dominant negative mutant by blocking GR-
mediated transactivation, thus providing the first evidence
of a functional role of the TPR immunophilins in steroid
receptor signalling in vivo.?* FKBP52 and PP5 displayed a
predominantly nuclear localisation but were excluded from
cell nucleoli, while CyP40 was initially seen to localise
mainly within the nucleoli of rat pulmonary endothelial cells
(reviewed in reference 3"). The distribution pattern of these co-
chaperones varied between different cell lines. For example,
in MCF-7 breast cancer cells both FKBP52 and CyP40 were
localised throughout the cytoplasm, but were more strongly
expressed within the nucleus and showed a distinct co-
localisation within the nucleolus.*?> On the other hand, CyP40
was almost exclusively located within the cytoplasm of porcine
kidney LLC-PK cells.** Accumulating evidence suggests that
FKBP51 is located within the cytoplasmic compartment.**
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Figure 1. Functional domain architecture of FKBP51, FKBP52, CyP40 and PP5 (A) and their molecular structures (B). The
FK1 domains in FKBP51 and FKBP52 contain overlapping regions for FK506 binding and PPlase activity; the proline-rich
loop protein interacting surface is annotated in the structures for both FKBPs; the FK2 domains do not possess FK506-binding
or PPlase activities; the tetratricopeptide repeat (TPR) domains, comprised of 3 tandem TPR motifs, bind to Hsp90 and display
different orientations which may contribute to the functional differences between FKBP51 and FKBP52. The cyclophilin
domain in CyP40 mediates cyclosporin A (CsA) binding and PPIase activities and contains the divergent loop thought to mediate
specific protein-protein interactions. The cyclophilin domain is tethered to the Hsp90-binding C-terminal 3-unit TPR domain
via a 30-residue linker involved in chaperone function. PP5 has an N-terminal TPR domain which accommodates the aJ helix
C-terminal subdomain resulting in suppression of phosphatase catalytic domain function. Hsp90 binding to the TPR domain
activates PP5 phosphatase activity. (PDB ID codes: FKBP51 — 1IKTO; FKBP52 — N-terminal, 1Q1C; C-terminal, 1P5Q; CyP40
(bovine) — 1IHG; PP5 — 1WAO). All molecular structures were derived from the RCSB Protein Data Bank with ViewerLite 5.0.
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CyP40 and the two FKBPs display a similar structural
architecture, with an N-terminal PPlase domain overlapping
a binding site for CsA or FK506, respectively, separated
from a C-terminal 3-unit TPR domain via a flexible linker
(Figure 1).3%7 The cyclophilin domain of CyP40 is similar
to other single domain cyclophilins apart from a putative
protein interaction loop typical of the divergent loop sub-
class of cyclophilins (Figure 1B).* In FKBP51 and FKBP52,
FK506 binds to the first of two FKBP-like domains, termed
FK1, while the second domain, called FK2, lacks drug-
binding activity. Differences in relative domain orientations
are thought to contribute to the opposing influences of the
two co-chaperones on steroid receptor activity (Figure
1B).’3® Bound CsA and FK506, respectively inhibit the
PPlase activity of the cyclophilin and FK1 domains, which
may modulate target protein activity by direct or indirect
association. The structural organisation of the full-length
autoinhibited form of PP5 shows the N-terminal TPR domain
linked to a C-terminal phosphatase domain followed by a
short C-terminal subdomain (Figure 1B).*° In this inactive
conformation, the TPR domain restricts target protein access

to the catalytic site, and this structure is stabilised by the
C-terminal subdomain. Suppression of catalytic activity can
be overcome by disrupting the TPR-catalytic domain interface
through an allosteric conformational change induced by the
binding of polyunsaturated fatty acids or Hsp90 to the TPR
domain.*4?

Preferential Association of Immunophilins with Specific
Steroid Receptors

Factors that Help Determine Immunophilin Recruitment
The reversible targeting of the common Hsp90 acceptor site for
TPR immunophilins supported the concept that association of
steroid receptor-Hsp90 complexes with different TPR proteins
might impact on receptor function resulting in differential
modulation of hormone-binding affinity, nucleocytoplasmic
localisation and receptor transactivation.?+?¢?%3° While the
binding affinities of the TPR immunophilins for Hsp90 and
their relative cellular abundance might have some influence
on their level of incorporation into steroid receptor-Hsp90
complexes, there is evidence of selective coupling of specific
TPR immunophilins with individual receptors. Thus, both
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Figure 2. Protein components of the Hsp90 chaperone cycle. Hsp90 consists of an N-terminal ATP-binding domain separated
from a middle domain that can accommodate client substrates and a C-terminal domain that mediates Hsp90 dimerisation and
contains the MEEVD peptide docking site for tetratricopeptide repeat (TPR) co-chaperones. Hop, through its primary (1°)
TPR module, binds to one Hsp90 TPR acceptor and interacts with the Hsp90 middle domain through a secondary (2°) site to
block Hsp90 ATPase function thus facilitating loading of Hsp70 bound to unfolded client protein.?® A TPR (1°) immunophilin
co-chaperone occupies the remaining TPR acceptor and together with Ahal and ATP nucleotide promotes the transition to an
ATPase-competent Hsp90 conformation and the simultaneous exit of Hop and Hsp70."” The N- (1°) and C- (2°) terminal domains
of Ahal bind co-operatively to the middle domain and the dimerised ATP-bound N-terminal domain of Hsp90, respectively.?!*2!!
Progression of the cycle leads to an exchange of p23 for Ahal and p23-mediated reduction in ATP hydrolysis, together with
client protein maturation. This involves both a primary interaction of p23 with the ATP-bound N-terminal domain of Hsp90,
as well as secondary contacts with the Hsp90 middle domain.'%*'2 The reaction cycle is completed with release from Hsp90 of
optimally folded client protein, p23 and PPlase co-chaperone.'® Hsp90 sites targeted by the Hsp90 inhibitors geldanamycin (GA),
Sansalvamide A (SanA) and its derivatives and coumermycin Al/novobiocin analogues are indicated.
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GR and PR preferentially associate with FKBP51 over
FKBP52 and CyP40 in in vitro assembly reactions,’*
whereas FKBP52 and PP5 were somewhat evenly distributed
among GR-Hsp90 complexes recovered from mouse L cells.”
CyP40 protein was clearly the dominant TPR immunophilin
in ERa-Hsp90 complexes purified from calf uterine cytosol,*
although FKBP52 was also recovered with ERa in these
purified extracts.?

TPR immunophilin retention in receptor complexes might, in
part, be driven by direct co-chaperone-receptor interaction.*
For example, results of structural studies have shown that
deletion of the three residue insertion (D195, H196, D197)
within the FKBP51 FK2 domain compromised assembly of
this immunophilin into PR complexes, whereas removal of
the corresponding FK2 insertion loop from FKBP52 had no
effect on association with receptor.>> Thus, direct contact of
the FKBP51 FK2 domain with PR might favour FKBP51
association over FKBP52 with this receptor.”* Additionally,
although FKBP51 is the preferred TPR immunophilin in
mature GR-Hsp90 complexes, the observed hormone-
induced interchange of FKBP51 by FKBP52 in GR-Hsp90
complexes, resulting in the favoured nuclear translocation
of receptor complexes,* suggests that unique steroid
receptor ligand-binding domain conformations might be an
important determinant governing incorporation of specific
TPR immunophilins within receptor-Hsp90 complexes. This
is consistent with evidence that FKBP52 potentiation of GR
transcriptional activity, together with increased GR hormone-
binding affinity, is localised to the GR ligand-binding domain*
and is supported by results demonstrating that specific
preferences for TPR immunophilins map to the ligand-binding
domains of GR, PR and MR, with recruitment and cellular
localisation of receptor-Hsp90-TPR immunophilin complexes
being additionally controlled by ligand binding.?*#”* Nuclear
import of GR-Hsp90 heterocomplexes containing FKBP52
or PP5 TPR immunophilins is facilitated by the interaction
of these complexes with key components of the nuclear
pore complex, such as Nup62 and the transport receptor,
importin .5 MR behaves similarly to GR and after hormonal
exposure accumulates in the nucleus as an intact receptor-
Hsp90 complex associated with FKBP52.5%5! There is now
accumulating evidence that steroid receptors, both in the
absence of hormone and in hormone-bound heterocomplexes,
shuttle freely between nuclear and cytoplasmic cellular
locations.>s>4

Greatly increased incorporation of FKBP51 into GR-Hsp90
complexes stabilises an inactive receptor conformation,
causing a significant decrease in GR hormone-binding
affinity.>7 This inhibitory influence of FKBP51 on GR
activity requires both FK domains, as well as Hsp90 binding,
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but is not reliant on FKBP51 PPlase activity.”® The FK506
drug-binding pocket of FKBP51 is inaccessible to FK506 in
these low affinity hormone-binding GR heterocomplexes, but
on dynamic assembly/disassembly of GR-Hsp90-FKBP51
complexes in receptor cytosols, exposure to FK506 prevented
re-association of FKBP51 with receptor, correlating with a
sharp increase in receptor hormone uptake and binding affinity.
Similarly, treatment of L929 cells with FK506 increased GR
hormone-binding affinity through a displacement of FKBP51
by PP5.% In contrast, FK506 appeared to be equally recognised
by FKBP52, whether as a component of mature, high affinity
hormone-binding GR complexes or not.>* Furthermore, the
immunosuppressant blocks FKBP52-mediated potentiation of
GR activity.* These differential actions of FK506 may likely
arise from distinct domain orientations evident from recent
structural analyses of these TPR immunophilins (Figure
1B).3537-38

In a model for steroid receptor-TPR immunophilin selectivity,
Hsp90 has been proposed, on the one hand, to undergo
specific changes in conformation, allowing it to serve as
a critical mediator for the differential recruitment of TPR
immunophilins by receptor ligand-binding domains and to
facilitate immunophilin control over receptor function on
the other.’” Mutations in the C-terminal region of Hsp90,
that includes the MEEVD peptide docking motif for TPR
immunophilins, altered the interaction patterns for the TPR co-
chaperones, suggesting that they make distinct and extensive
contacts leading to differential modulation of Hsp90 chaperone
function.®-%* Additionally, sequences outside the core TPR
domain of the immunophilins can impact high affinity Hsp90
interaction.?®#62%5 Thus, the 30-residue linker immediately
upstream of the TPR domain, that mediates CyP40 chaperone
activity® (Figure 1B), may help stabilise the TPR domain
for enhanced Hsp90 binding or may, alternatively, lock in
an Hsp90 conformation optimal for client protein function.
Corresponding C-terminal regions flanking the TPR domains
of CyP40, FKBP51 and FKBP52 include a final helix that
contains the charge-Y Hsp90 interaction motif and forms part
of an extended Hsp90-binding surface that may determine
the Hsp90 binding specificities of these co-chaperones.®%
Deletion of Cpr7, a CyP40 Saccharomyces cerevisiae
homologue, compromised GR transcriptional activity which
was partly restored by overexpression of a Cpr7 C-terminal
TPR fragment that included the linker region deemed to be
largely responsible for Cpr7’s potent chaperone activity.®-¢
Significantly, it was speculated that in targeting the GR-Hsp90
complex, the TPR/linker region may act on Hsp90 to promote
an effective chaperoning of the receptor to a more hormone-
responsive conformation.®”” Functional analysis of the protein
phosphatase, Pptl, the yeast homologue of PP5, provided
further evidence for the modulation of Hsp90 chaperoning
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properties by TPR co-chaperones.”” Purified Pptl was
shown to specifically dephosphorylate Hsp90 in vitro via a
mechanism that required the binding of the Pptl TPR domain
to Hsp90, while in vivo studies demonstrated a significantly
reduced efficacy of the Hsp90 chaperone system in a Pptl-
deleted yeast strain that inhibited maturation and activation of
Hsp90-dependent client proteins, including GR.® It is worth
noting that while Hsp90 as well as some of its co-chaperone
components are conserved and highly homologous to their
human counterparts, they are not equivalent. Thus, although
yeast provides a very valuable model, especially for GR
studies, subtle differences between the effects of the yeast
and mammalian Hsp90 chaperone machines on GR function
can contribute to significant differences in efficacy of specific
corticosteroid ligands.”

TPR Immunophilins Function as Steroid Receptor
Modulators

Functional interaction of steroid receptors with yeast Hsp90
allowed application of the yeast model to demonstrate a
dependence of AR, ERa and GR on Hsp90 for hormonal
signalling.”"? Subsequent studies revealed that deletion of
Cpr7, but not that of its companion CyP40 yeast homologue,
Cpr6, adversely affected both ERo and GR transcriptional
activity.” Receptor function could be fully restored either
with wild type Cpr7 or a Cpr7 lacking PPlase activity,
confirming a dominant role for regions outside of the
cyclophilin domain, such as the TPR/linker, in steroid
receptor regulation.®’ Interestingly, human CyP40 displays a
higher catalytic activity than either of its yeast homologues,
but has a chaperoning ability similar to Cpr7.”® Evidence
from the Sanchez laboratory”” showed that both siRNA
knockdown of CyP40 and exposure of prostate cancer LNCaP
cells to CsA, dramatically inhibited AR activity. Moreover,
CyP40 knockdown moderated the inhibitory effects of CsA,
confirming the selective targeting of the immunophilin by
CsA. In the context of prostate cancer cells, the results point
to involvement of the CyP40 PPlase domain, but whether
these effects on AR are mediated by CyP40 catalytic function
or by direct contact with the AR ligand-binding domain (e.g.
via the divergent loop within the PPlase domain®3®) remains
to be determined.

FKBP51 is the preferred TPR immunophilin for mature
GR-Hsp90 complexes and represses GR function, with
FKBP51 over-expression resulting in a receptor with
decreased corticosteroid sensitivity.>>** Indeed,
resistance in New World primates has been attributed directly
to the overexpression of this immunophilin in primate
lymphocytes.>>® Furthermore, GR-mediated upregulation of
FKBP51 expressionin glucocorticoid target tissues provides an
inhibitory feedback mechanism for decreasing glucocorticoid

cortisol

sensitivity.”*” In contrast, FKBP52 selectively enhances GR
transcriptional activity by increasing hormone-binding affinity
and nuclear transport, although the closely related FKBPS1
can attenuate this FKBP52-mediated potentiation.**>*% Since
FKBP52 potentiation of GR signalling requires assembly with
Hsp90 and is directed through the GR ligand-binding domain
with the involvement of the FKBP52 FK1 domain, Riggs and
co-workers*® proposed a model whereby the FK1 domains of
FKBP52 and FKBP51 make distinct contacts with the GR
ligand-binding domain, stimulating conformational changes
that either increase or reduce hormone-binding affinity,
respectively. Glucocorticoid resistance in the guinea pig is
attributed to mutations within the helix 1 to helix 3 (H1-H3)
loop of the guinea pig GR, prompting Fuller ez al.?! to suggest
that the loop might serve as a contact point for FKBP52 and/
or FKBP51 with receptor. Functional studies however, have
discounted a role for the loop in primary interactions with
FKBP52 to potentiate receptor or with FKBP51 to repress
receptor function.®? Instead, the GR HI1-H3 loop is thought
to transmit different folding signals from Hsp90-associated
FKBP51 and FKBP52 to unliganded receptor resulting in
ligand-binding domain conformational changes affecting
both ligand-binding affinity and nuclear translocation.®?

Studies with FKBP52 knockout mouse strains have extended
the critical physiological role of FKBP52 to cellular responses
controlled by both AR® and PR.,*® while a physiological
impact of this TPR immunophilin on ERo*% and MR¥
cellular activity was not observed, despite assembly of
FKBP52 with Hsp90 containing these receptors. In studies
aimed at understanding the mechanism mediating the
specific control of FKBP52 over AR, GR and PR function, an
extensive mutational analysis of the FKBP52 FK1 catalytic
site excluded a role for FKBP52 PPlase activity and identified
a loop overhanging the FK1 catalytic pocket as a structural
feature important for AR (and GR/PR) potentiation.’® This
proline-rich loop (FKBP52 sequence: '"®AGS'PPKIPP'*)
is largely responsible for the functional difference between
FKBP52 and FKBP51 relating to receptor potentiation
and repression of hormone binding, respectively.®® The
corresponding FKBP51 (M AGS'LPKIPS!?%)
differs at residues 119 and 124. It has been proposed that a
critical proline (human FKBP52 Prol19) within this loop
allows specific contact with a region of the AR ligand-binding
domain, thus helping to stabilise a ligand-binding domain
conformation favourable for high affinity hormone binding
leading to efficient transcriptional activation.® It is speculated
that a leucine substitution within the corresponding FK1
sequence of FKBP51 alters the loop conformation sufficiently
to disrupt this functionally important contact. The possibility
exists that in AR-Hsp90 complexes containing FKBP52,
Hsp90 orients the co-chaperone to achieve unique interactions

sequence
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with the receptor ligand-binding domain, allowing Hsp90 to
facilitate optimal hormone binding and to further fine-tune
the hormonal response. Proline substitution for Leull9 in
FKBP51 converts the immunophilin to a potentiator of AR
transcriptional activity, thus mimicking the role of FKBP52.%¢

PP5, as well as FKBP51, are the preferred TPR immunophilins
in  GR-Hsp90  complexes.””  Dexamethasone-induced
transcription was shown to be enhanced with PP5 knockdown,
although there was no apparent effect of reduced PP5 protein
expression on hormone binding.* Suppression of PP5
expression led to nuclear accumulation of GR in the absence
of hormone, suggesting a role for PP5 in nucleocytoplasmic
shuttling of the receptor.® In addition, ligand-dependent
replacement of FKBP51 by PP5 has been demonstrated for
MR.# Further studies have shown that, under basal conditions
in the absence of ligand, GR is continuously phosphorylated
and then dephosphorylated by phosphatases (including PP5)
linked to receptor through Hsp90-dependent contacts with
the ligand-binding domain.’” Selective depletion of PP5
followed by hormonal stimulation resulted in a differential
effect on target gene expression. Together, the results
were consistent with PP5-dependent modulation of GR
phosphorylation and transcriptional activity.®” A yeast two-
hybrid screen identified ERa as an interaction target for PP5
which was found to function as a negative regulator of ERa
transcription in vivo by inhibiting epidermal growth factor
(EGF)-dependent phosphorylation of Serl18 in the receptor
N-terminal domain.®® Although a direct PP5-ERa interaction
was indicated, suggesting the non-involvement of Hsp90, a
role for this major molecular chaperone in the in vivo effects
of PP5 on ERa function cannot be discounted. These findings
identify PP5 as a critical regulator of ERa cellular function
through its modulating role on both receptor phosphorylation
states and transcriptional activity.®

Lipid metabolism is controlled by the reciprocal influences
of GR and peroxisome proliferator-activated receptor-y
(PPARY) signalling on the equilibrium between lipolysis
and lipogenesis.?** PP5 helps to control this balance by
preventing GR hyperphosphorylation and inhibiting GR
activity at prolipogenic genes such as CD36.7"! On the other
hand, simultaneous PP5-mediated dephosphorylation of
PPARYy, within the context of PPARy-Hsp90-PP5 complexes,®?
was shown to promote the lipogenic actions of PPARy by
increasing the transcriptional expression of CD36, as well as
other lipogenic genes, e.g. aP2 (Figure 3).7°! These findings
place PP5 at a central point in nuclear receptor-mediated
control of lipid metabolism.

Table 1 provides a summary of steroid hormone signalling

pathway modulation by steroid receptor-associated
immunophilins.
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Steroid Receptor-Associated Immunophilins in Health
and Steroid-Based Diseases

Reproductive Physiology

The infertility phenotype of both FKBP52 knockout male
and female mice demonstrates the critical connection of
this TPR immunophilin with reproductive processes.®8+%
Male mice deficient in FKBP52 displayed features (e.g.
prostate dysgenesis, penile hypospadias) consistent with
partial androgen insensitivity, reflecting the loss of FKBP52-
mediated control over AR function,®”* whereas parallel
studies with FKBP51 knockout male animals revealed
no apparent impact on AR signalling.”® Loss of FKBP52
also contributes to male infertility by compromising sperm
fertilising capacity, suggesting a role for the co-chaperone
in sperm function.”* Hypospadias is observed as a common
birth defect in humans. In this regard, the developmentally
controlled expression of FKBP52 appears to be essential for
coordinating AR-mediated signalling with outgrowth of the
developing penis.” Female FKBP52 null mice displayed a
maternal defect impeding successful pregnancy that traced to
progesterone insensitivity in the maternal uterus, signifying
a role for FKBP52 in PR-mediated support of blastocyst
implantation® (reviewed in Tranguch ez al.”). Using a separate
FKBP52-deficient mouse model, Sanchez and co-workers
confirmed the dramatic role of FKBP52 in uterine reproductive
physiology.®® The implantation failure in FKBP52 deficient
female mice could be overcome with exogenous progesterone
supplementation.”” Additional studies showed that FKBP52
deficiency®® conferred uterine resistance to progesterone
during pregnancy, with increased progesterone levels being
able to restore PR signalling sufficiently to sustain pregnancy
to full-term.”” Clinical trials have confirmed the benefits
of progesterone treatment in preventing pregnancy loss in
women experiencing recurrent miscarriages.”

Endometriosis, a common oestrogen-dependent
gynaecological disorder affecting the health and reproductive
function of women of childbearing age, is caused by a
hormonal imbalance derived from enhanced oestrogenic
influence coupled with a reduction in progesterone
responsiveness.'®192 FKBP52 protein expression was found
to be significantly reduced in the eutopic endometrium of
baboons induced with endometriosis'® and this observation
was supported by findings in the FKBP52 knockout mouse
model in which the uterine-specific progesterone resistance
was shown to promote the growth of endometriotic lesions.'™
Moreover, FKBP52 was found to be down-regulated in human
endometriosis, thus underscoring the potential role of the co-
chaperone in the pathogenesis of the disease.!**1%

Breast and Prostate Cancer
Although the TPR-containing immunophilins are ubiquitously
expressed, changes in their protein expression levels leading
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to alterations in the balance of the co-chaperones available for
incorporation into steroid receptor complexes could impact
on receptor function. In this regard, hormone-dependent
cancers of the breast and prostate, in which ERa and AR

are the principal targets of anti-hormonal therapies, are of
paramount interest. CyP40 and FKBP52 mRNA expression
is up-regulated in breast cancer compared to normal tissue.'%
A contrasting pattern of protein expression was seen for

Table 1. Modulation of steroid hormone signalling by steroid receptor-associated immunophilins.

TPR Interaction

o Rol
Immunophilin target o

FKBP51

GR

FKBP51 is the preferred TPR immunophilin (along with PP5) for GR-Hsp90
complexes. FKBP51 inhibits GR function by reducing receptor hormone binding
affinity resulting in decreased glucocorticoid sensitivity.>>

GR-mediated upregulation of FKBP51 results in an inhibitory feedback mechanism to
further decrease glucocorticoid sensitivity.”"

The FKBP51 FK1 domain is proposed to make direct contact with the GR ligand-
binding domain to reduce hormone-binding activity.*

FKBP51 Leul19 in the corresponding proline-rich loop of the FKBP51 FK1 domain
disrupts functional contact within AR, GR, PR ligand-binding domains.*

FKBP51

AR

FKBP51 overexpression increases AR transcriptional activity by promoting AR
assembly with mature FKBP51-Hsp90-p23 complexes and higher levels of androgen-
ligated AR."3!

FKBP52

GR

FKBP52 enhances GR transcriptional activity by increasing hormone-binding affinity
and nuclear transport.*6-380

The FKBP52 FK1 domain is proposed to make direct contact with the GR ligand-
binding domain to increase hormone-binding affinity.*

FKBP52

AR, PR

Mouse knockout studies have revealed a critical physiological role for FKBP52 in
cellular responses controlled by AR, PR, but not ERa, MR .38

The proline-rich loop in the FKBP52 FK1 domain makes specific contact with the
receptor ligand-binding domain to increase hormone-binding affinity and potentiation
of AR, GR, PR. FKBP52 Pro119 has been identified as the critical contact proline.

CyP40

ERa

CyP40 is the preferred immunophilin for ERa.2"¥

Cpr7

ERa, GR

Deletion of Cpr7 in yeast adversely affects ERa, GR transcriptional activity. Receptor
regulation is delineated to the TPR domain.”"

CyP40

AR

Knockdown of CyP40 or select targeting of CyP40 by CsA inhibits AR activity in
LNCaP cells.™

PP5

GR

A preferred TPR immunophilin (together with FKBP51) for GR-Hsp90 complexes.*’
Knockdown of PP5 enhances GR transcriptional activity without affecting hormone-
binding affinity, pointing to a role for PP5 in GR nucleocytoplasmic shuttling.*
There is evidence of PP5-dependent modulation of GR phosphorylation and
transcriptional activity.%’

PPS5 controls the balance between lipolysis and lipogenesis by preventing GR
hyperphosphorylation and inhibiting GR activity.”-!

PP5

MR

Ligand binding caused FKBP51 to be replaced by PP5 in MR-Hsp90 complexes.®

PP5

ERa

PP5 functions as a negative regulator of ERa transcriptional activity by inhibiting
phosphorylation of specific residues in the receptor N-terminal domain.®

AR, androgen receptor; CsA, cyclosporin A; CyP40, cyclophilin 40; ERa, oestrogen receptor; GR, glucocorticoid receptor; MR,
mineralocorticoid receptor; PP5, protein phosphatase 5; PR, progesterone receptor; TPR, tetratricopeptide repeat
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these two immunophilins in a panel of breast cancer cell
lines, with FKBP52 being more highly variable and more
highly expressed (by as much as 40-fold) than CyP40.!% The
presence of ERa was strongly correlated with higher levels of
FKBP52 in the cell lines. For example, the FKBP52:CyP40
molar ratio for the ERa-positive T47-D and MCF-7 cell lines
was 38.3 and 34.9, respectively, while the corresponding ratio
for the ERa-negative cell line, MDA-MB-231, was much
lower at 2.5.

The CyP40 gene has been mapped to 4q31.3,'” within a region
(4925-q34) previously demonstrating loss of heterozygosity
in cases of advanced breast cancer.'”® A dinucleotide repeat
polymorphic marker detected in the 5'-flanking region of
the CyP40 gene allowed allelic loss at the CyP40 locus to
be determined in tumours from a cohort of breast cancer
patients.!” The possibility exists that genetic loss of CyP40
might compromise ERa function by altering immunophilin
composition in receptor complexes, impacting anti-oestrogen
resistance and resulting in phenotypic changes in breast
cancer.

GR activity
GR-FKBP51 Low
GR-FKBP52 High
pGR-PP5 Low
PPPARy-PP5 High
PPARYy activity

Down-regulation of FKBP51 protein expression has been
observed in some breast cancer cell lines"*!"" in which the
immunophilin may be regulated in a reciprocal fashion via
a feed-forward loop involving androgen signalling, on the
one hand and negative feedback through glucocorticoid and
progestin signalling on the other.”#7%12-115 Since FKBP51 acts
as a negative regulator of Akt activation,''!"® low levels or
absence of FKBPS51 would lead to hyperactivation of Akt,
thus predisposing to tumorigenesis and cancer cell resistance
to chemotherapy (reviewed in Li et al.''?). It is noteworthy
that FKBP51 enhances NF-kB (nuclear factor kappa-light-
chain-enhancer of activated B cells) signalling through its
interaction with IKKa (IkB kinase o) and IKKe (IkB kinase
€).""” NF-xB signalling is activated in a significant percentage
of human cancers'® and specifically in breast cancers.'’
Interestingly, IKKe has recently been identified as a kinase
oncogene, being amplified and overexpressed in breast cancer
cell lines and breast tumours.'? In some cell types, Akt and
IKKe appear to be functionally related implicating the NF-xB
pathway as a downstream mediator of Akt signalling.

Role in metabolic disorders

Exposure of FKBP51-null mice to glucocorticoid agonist resulted in an increased
expression of markers of GR activity in liver, muscle and adipose. Under a high-fat diet
regimen these mice displayed a resistance to weight-gain, particularly in adipose tissue,
consistent with increased GR-mediated induction of lipolysis.

When subjected to metabolic stress (high-fat diet) FKBP52-deficient mice displayed
insulin resistance and hepatic steatosis. Glucocorticoid activation of hepatic GR
(positively-regulated by FKBP52) provides a beneficial response by reducing lipid
buildup.

PP5 dephosphorylates and inhibits GR activity at prolipogenic genes. In PP5-knockout
cells GR activity was highly elevated at lipolytic genes owing to hyperphosphorylation of
GR. PP5 deficiency protects against high-fat diet-induced weight gain in mice which
displayed enhanced insulin sensitivity.

PP5 dephosphorylation of PPARY promotes PPARY lipogenic actions. In PP5-knockout
cells PPARy was unable to induce the expression of pro-adipogenic genes.

Figure 3. Role of TPR immunophilins in metabolic disorders. FKBP51, FKBP52 and PP5 are important modulators of
glucocorticoid receptor (GR) activity with a preferential association of GR for FKBP51 and PP5 over FKBP52. Both FKBP51
and PP5 function as negative regulators of GR, while FKBP52 acts to enhance GR transcriptional activity. Glucocorticoids
have a major role in promoting hepatic gluconeogenesis through a mobilisation of free fatty acids from peripheral adipose by
stimulating fat breakdown and amino acids derived from protein degradation in muscle.?** Overstimulation by glucocorticoids
leads to metabolic diseases such as obesity, fatty liver (steatosis), hyperglycaemia and insulin resistance.®*° Sanchez and co-
workers”! have revealed that, compared to wild type animals, FKBP51 knockout mice resisted weight gain when subjected to
high-fat dietary stress. Exposed to a similar stress challenge FKBP52-deficient mice were susceptible to hyperglycaemia and
hyperinsulinaemia correlating with insulin resistance and liver steatosis, both coupled to an underlying reduction in hepatic
gluconeogenesis. A measured glucocorticoid response in the liver under metabolic stress was proposed to help reduce hepatic
lipid load.”' PP5-mediated dephosphorylation of GR and PPARy at specific serine residues caused a reduction of GR activity,
while increasing PPARY transcriptional activity at genes involved in lipid metabolism. Thus PP5 reciprocal modulation of these
two receptors antagonises GR antilipogenic actions and at the same time promotes PPARy adipogenic activity.!33 In comparison,
mice lacking PP5 were observed not to accumulate fat.!?
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Analysis of breast cancer tissue microarrays revealed elevated
levels of PP5 protein expression in human breast cancer, with
a highly significant correlation being observed between high
levels of PP5 and invasive ductal carcinoma of the breast in
patients presenting with metastatic disease at diagnosis.'?!
Observations in a xenograft mouse model for tumour
development using MCF-7 cells stably expressing PP5 at
different levels, confirmed that constitutive overexpression
of PP5 was associated with accelerated tumour growth
in animals under normal oestrogen conditions.'”! These
findings indicate that aberrant PP5 expression contributes to
the development of human breast cancer. Surprisingly, the
tissue microarray study failed to show a correlation between
tumour PP5 levels and ERa expression.'”’ Endogenous
expression of PP5 is oestrogen-regulated, with a consensus
oestrogen response element (ERE) identified within the
PP5 promoter.'? PP5 negatively regulates ERo-mediated
transcription,® yet depletion of PP5 negates oestrogen-
mediated proliferation of MCF-7 cells without affecting the
expression of immediate-early ERa-responsive genes such as
c-myc.'? PP5 may therefore function as a feedback inhibitor
to regulate ERa activity and may, at the same time, enhance
tumour growth either downstream or independently of its
effects on ERa.'?! In MCF-7 and T47-D breast cancer cells,
the oestrogen-promoted increases in PP5 expression result
in dephosphorylation of the ligand-activated form of GR
and a reduction in GR activity. Goleva and co-workers have
demonstrated that depletion of PP5 can abolish this affect
by enhancing corticosteroid efficacy and allowing activated
GR to suppress oestrogen-induced cell proliferation.'” These
results have clear implications for glucocorticoid therapy in
breast cancer.

FKBP52 is much more highly expressed in prostate cancer
cell lines in comparison to primary prostate cells'*
upregulated in prostate cancer needle biopsies.'” FKBP52
potentiation of AR signalling may be of particular relevance
in androgen ablation therapy, where androgen levels are
markedly reduced, but can still effectively stimulate the
receptor.'? In studies employing xenograft animal models,
CWR22-R androgen-independent tumours that arose from
androgen-dependent tumours (CWR22)!?" expressed higher
levels of FKBP51."%1% In additional studies, FKBP5I
expression decreased in the CWR22-R tumours of mice
following androgen-ablation, with levels normalising over
time and then becoming more elevated in mice exposed
to androgens.!?*'? Such dysregulated behaviour is highly
suggestive of a direct role for FKBP51 in prostate cancer
growth and progression to the highly invasive androgen-
independent state. FKBP51 is recognised as a highly sensitive
AR-regulated gene that functions as an important component of
a feed-forward mechanism linked to the partial reactivation of

and is

AR-signalling pathways in the absence of androgens, leading
to the outgrowth of androgen-independent tumours, 2114128130
Sanchez and co-workers have confirmed a significantly
increased expression of FKBP51 in most prostate cancer
tissues and in androgen-dependent and androgen-independent
cell lines, suggesting that FKBP51 might have a critical
role in prostate cancer growth and progression.”” FKBP51
overexpression was found to increase the AR transcriptional
response by facilitating hormone-binding competence
through the assembly of the AR ligand-binding domain with
mature FKBP51-Hsp90-p23 complexes resulting in higher
levels of androgen-liganded receptor and providing a pathway
for AR-dependent signalling and growth in a low-androgen
environment.'3! Furthermore, overexpression of FKBP51 was
shown to stimulate prostate cancer cell growth and severely
affect the efficacy of bicalutamide, an antiandrogen used in
patients undergoing androgen ablation therapy.'*! Evidence of
significantly increased expression of CyP40 in prostate cancer
tissues and in androgen-dependent and -independent prostate
cancer cell lines, suggests an important role for CyP40 in the
regulation of prostate cancer growth.”’ Depletion of CyP40
in androgen-dependent LNCaP prostate cancer cells strongly
inhibited androgen-dependent transcriptional activity and
cell growth, rendering the cells essentially unresponsive to
androgen and restricting the cells to a basal growth pattern
on exposure to hormone. The above findings identify all
three TPR immunophilins — FKBP51, FKBP52 and CyP40,
as positive regulators of AR-mediated prostate cancer cell
growth. The combined effects of these co-chaperones may
contribute to a unified mechanism that promotes increased
FKBPS51 expression in prostate cancer cells, further impacting
on AR transcriptional activity.

Diabetes and Metabolic Disorders

A major function of glucocorticoids is to promote
gluconeogenesis in the liver in response to metabolic stress,
and overstimulation by glucocorticoids has been linked to
specific hallmarks of diabetes and metabolic syndrome,
including central obesity, steatosis and insulin resistance.’®!3
The negative regulatory influences of FKBPS51 suppress
GR hormonal responses. FKBP51 knockout mice therefore
displayed increased glucocorticoid sensitivity on exposure
to dexamethasone agonist with elevated GR markers being
expressed in relevant tissues such as liver, muscle and adipose
and the animals demonstrating resistance to weight gain on
a high-fat diet (Figure 3).7! As already described, FKBP52
is a positive regulator of GR transcriptional activity through
its potentiation of GR-ligand binding affinity and promotion
of receptor nuclear translocation. FKBP52"- mice subjected
to high-fat dietary stress developed glucocorticoid resistance
from a loss of hepatic GR activity.!** Thus, decreased
expression of FKBP52 causing a reduced GR control of
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gluconeogenesis may, under dietary stress, switch metabolism
in the liver from glucose production to lipogenesis resulting in
hepatic steatosis (Figure 3).71%

In addition to enhancing hepatic gluconeogenesis,
glucocorticoids induce insulin resistance and impair
pancreatic B-cell function, physiological outcomes consistent
with a pro-diabetic affect.’** As already noted, PP5 has
a central role in lipid metabolism through its reciprocal
modulation of GR and PPARy activity.”' PP5-deficient mice
fed a high-fat diet gained strikingly less weight and displayed
improved insulin sensitivity with no significant development
of hyperinsulinaemia when compared with wild type mice
on the same dietary regimen (Figure 3)."° Additional data
supports a protective role for PP5 in B-cells against the
cytotoxic effects of glucocorticoids.!*® Together, these data
highlight PP5 as a potential pharmacological target against
the development of obesity-induced insulin resistance.

Depression and Stress-Related Disorders

The hypothalamic-pituitary-adrenal axis regulates response
to stress by releasing corticosteroid hormones resulting in
GR transactivation and the targeting of numerous genes that
serve to control neuronal responses underlying behavioural
adaptation.’®” In some individuals, an imbalance in these
control mechanisms may skew responses towards stress-
related brain disease. Binder and co-workers were the first to
report on the association between SNPs in the FKBPS5 gene,
encoding FKBP51, with outcome of antidepressant treatment
and recurrence of major depressive disease.'* Their study also
revealed that risk allele SNPs were correlated with increases
in FKBP51 protein expression leading to a suppression of GR
activity and a change in hypothalamic-pituitary-adrenal axis
regulation corresponding to a reduced protective response.
Prolonged GR resistance, signifying a dysregulated stress
response, would likely predispose to stress-related psychiatric
disorders. This is supported by findings that alleles associated
with enhanced FKBP51 expression occur in individuals with
major depression, bipolar disorder and post-traumatic stress
disorder (reviewed by Binder'*®). A separate study involving
an analysis of non-psychotic major depressive disorders has
revealed a significant association of the marker rs1360780
with disease status, but only in the white non-Hispanic racial
group.® Such an association was not reported previously
from results of the initial Binder study.'*® Although replication
in a different population sample is required, Suzuki and co-
workers have reported that the same FKBPS5 polymorphism
may affect personality traits, as measured by harm avoidance
and co-operativeness, in a gender-specific manner — harm
avoidance in females; co-operativeness in males."! A
connection between hypothalamic-pituitary-adrenal —axis
function and gender-specific personality has been previously
reported.'*
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An assessment of the effect of chronic exposure to
corticosterone in mice detected decreases in DNA methylation
within the functionally relevant intron 1 and 5 regions of
FKBP5,*" in hippocampal and hypothalamic tissues and
in blood.' These changes were associated with increased
FKBP5 expression, suggesting that epigenetic influences may
impact on stress-induced glucocorticoid regulation of the
hypothalamic-pituitary-adrenal axis. A number of studies have
demonstrated a relationship between FKBPS5 polymorphisms
and prediction of post-traumatic stress disorder, major
depression and suicide following early trauma or childhood
abuse.'**!'* Binder and co-workers now have evidence of
long-term epigenetic modifications that, in the context of the
FKBP5 gene, link childhood trauma with differential FKBP5
allele-specific (intron 2) GR activation to changes in DNA
methylation in intron 7 accompanied by further increases in
the differential responsiveness of FKBPS5 to GR activation.'#’

Studies in mouse brain of GR-mediated FKBP5 gene
expression, as well as its regulation in response to restrained
stress and food deprivation showed that regions with high
basal expression levels were associated with an attenuated
response, thus confirming FKBP5 as a modulator of GR
function.!*® FKBP5" mice exposed to sufficiently intense,
acute stressors displayed a more active coping behaviour, as
well as significantly lower hypothalamic-pituitary-adrenal
axis reactivity, strongly supporting the results of human
studies identifying FKBPS as a critical factor in the regulation
of stress-related diseases.!* Aged FKBP5”- mice were shown
to be resistant to stress-induced depressive-like activity,
and displayed reduced levels of circulating corticosterone
following stress, in comparison to wild type control
animals.”® Furthermore, a reduced anxiety-like behaviour
was noted in the FKBP5-ablated mice. Importantly, the
absence of cognitive impairment and behavioural anomalies,
together with the lack of apparent pathological alterations in
these knockout animals® suggest that therapeutic targeting
of FKBP51 may not be associated with overly deleterious
consequences. These outcomes were supported by studies
with younger FKBPS5 knockout mice which appeared to be
less vulnerable to the effects of prolonged chronic social
defeat stress and showed a reduced response to acute stimuli,
as well as a more active stress-coping ability.'*! Interestingly,
heterozygous knockout (FKBP52*) mice displayed a mixture
of increased stress sensitivity and stress resilience to different
behavioural and neuroendocrine paradigms, observations that
may be explained by the down-regulation of FKBP51 in some
tissues, similar to the phenotype of FKBP5” mice.'>

Regulation of Expression and Function of Steroid
Receptor-Associated Immunophilins

Transcriptional Regulation

All four TPR co-chaperones are hormonally regulated. As
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already described above, FKBP51 expression is upregulated
by androgens, glucocorticoids and progestins’®7!1>-15 through
the interaction of their respective receptors with a distal
enhancer element within intron 5 of the FKBP5 gene.”!'*
115 Expression of FKBP51 was also strongly upregulated
by aldosterone in the distal colon, a major target tissue for
this hormone.'> Ectopic expression of microRNA-100 and
microRNA-99a led to a suppression of FKBP51 protein
levels in Jurkat cells, identifying the FKBP co-chaperone
as a novel target for both microRNAs.!** PP5 expression
is increased by oestradiol stimulation in the ERa-positive
MCF-7 breast cancer cell line."” Characterisation of the
human PP5 promoter has confirmed the presence of a single
consensus ERE together with a consensus hypoxia-inducible
factor-1 (HIF-1) response element and heat shock factor
1 (HSF1) binding sites within the 5’-untranslated region of
the PP5 gene, supporting the induction of PP5 expression by
hypoxia and heat shock, respectively.'” Oestradiol has also
been shown to upregulate CyP40 and FKBP52 mRNA and
protein expression in MCF-7 cells.'* Since potential EREs
could not be defined within a 5-kilobase 5’-flanking region
of the CyP40 promoter, the oestrogenic influence appears to
be indirect and may result from mitogenic signals integrated
through GA-binding protein, an Ets-related transcription
factor identified as a key regulator of CyP40 expression.'s’
JunB interacts with a functional AP-1 site within the CyP40
promoter to induce the potent expression of CyP40 in Karpas
299 ALK* ALCL (anaplastic lymphoma kinase positive,
anaplastic large-cell lymphoma) cells, proliferation of which
is controlled by activation of the NPM-ALK (nucleophosmin-
anaplastic lymphoma kinase) oncogenic kinase.'>* Heat shock
and chemical stress increased CyP40 mRNA and protein
turnover rate, identifying the co-chaperone as a heat shock
protein;*? putative heat-shock elements are located within
the first intron of human CyP40."* FKBP52 has previously
been determined to be heat-inducible,'®® consistent with
the presence of consensus heat-shock elements within the
FKBP52 promoter.'! Progesterone and oestradiol were
shown to differentially regulate FKBP52 in the uterus in a
cell-specific manner.'®? Thus, oestrogen induction of FKBP52
expression was primarily restricted to luminal and glandular
epithelial cells, whereas progestins increased FKBP52 levels
in stromal cells via a mechanism requiring progesterone-
mediated activation of the Hoxal( transcription factor.'®
Interestingly, FKBP52 has been identified as a direct target of
the c-myc protooncogene,'® itself an oestrogen early-response
gene induced via direct co-operative regulation between ERa
and AP-1 of a distal enhancer containing an ERE half-site and
an AP-1 site.!6+16

Modulation of Immunophilin Function by Targeting the
TPR Domain
Structural studies of the full length autoinhibited conformation

of PP5 have revealed that the catalytic domain C-terminal
segment containing the oJ helix docks with the TPR domain
through a region that partially overlaps the Hsp90-binding
groove (Figure 1B).* Mutation of the key Hsp90 binding
residues of the TPR domain had no influence on PP5 basal
phosphatase activity providing evidence that the TPR-
phosphatase domain interface differs from that involved in
Hsp90 binding.'® This partial blockade of the TPR binding site
still enables Hsp90 to competitively disrupt TPR-phosphatase
domain contacts allowing access to the catalytic site and
activation of PP5 catalytic activity.?**" Full length Hsp90
is a more potent activator of PP5 phosphatase activity than
the C-terminal Hsp90 peptide indicating that residues lying
N-terminal of the MEEVD motif contribute significantly to
high affinity Hsp90-PP5 interactions.**** Hsp70 binding also
stimulates PP5 phosphatase activity, although the C-terminal
Hsp70 IEEVD TPR interaction motif has a lower binding
affinity than the corresponding Hsp90 MEEVD peptide for
the PP5 TPR domain.'?” Interestingly, CyP40 was also shown
to bind Hsp90 preferentially over Hsp70, while FKBP52 was
unable to compete with CyP40 for Hsp70 binding suggesting
that FKBP52 discriminates better between the Hsp90 and
Hsp70 TPR acceptor sites.'®® The TPR domain structures
of both PP5 and CyP40 are stabilised by non-physiological
intermolecular associations within their crystallographic
forms.**!® Moreover, the existence of two alternate docking
orientations for the Hsp90 MEEVD peptide in the CyP40 TPR
domain, one of which corresponded to that defined for the
Hop-MEEVD interaction,'” revealed a degree of functional
flexibility for the peptide-binding groove.’*®'”" Recent NMR
data have revealed that the isolated PP5S TPR domain is
substantially unfolded at physiological temperatures and
that interaction with the Hsp90 MEEVD peptide stabilises
a folded, ordered structure leading to the suggestion that a
coupled folding/binding mechanism might be a common
feature of protein interaction with TPR domains.'’*'7

The differential stimulation of PP5 phosphatase activity by
the binding of Hsp90, arachidonic acid and a range of long-
chain fatty acid derivatives to the PP5 TPR domain suggested
that the level of activation was associated with induction
of different conformations.! Recent structural data has
confirmed that arachidonoyl-CoA ester binds and stabilises
an alternate conformation of the TPR domain, thus restricting
the ability of the TPR domain to form the specific contacts
required for inhibition of catalytic activity.*® On the other
hand, the action of arachidonic acid to open up the catalytic
site of PP5 triggers KLHDC10 (kelch domain-containing
protein 10) interaction with the phosphatase domain resulting
in a suppression of PP5 catalytic activity.'” The association
of S100 proteins with PP5 provides a Ca?’-dependent
mechanism for regulating the phosphorylation of PP5 target
proteins, either through its phosphatase activity or through
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PP5 interactions with its protein binding partners.'” S100
proteins bind to the PP5 TPR domain through an interaction
mode that differs from the two-carboxylate clamp established
for Hsp90 interaction with TPR co-chaperones,'” yet they
clearly inhibit Hsp90 binding to PP5, CyP40, FKBP52 and
Hop.'”'7 Evidence suggests that these co-chaperones have
a preferential association with specific S100 proteins'” and
mediate these interactions by accommodating a Ca**-induced
hydrophobic binding surface within their TPR domains.!”®
PP5 catalytic activity was more strongly activated by S100
protein interaction compared to Hsp90, resulting in greatly
increased dephosphorylation of phospho-tau, both in vitro and
in vivo."” Additionally, SI00A1 protein inhibited apoptosis
signal-regulating kinase 1 (ASK1)-PP5 interaction in a dose-
dependent manner.'” Since PP5 acts as a negative regulator
of ASK1,' this finding suggests that S100 proteins may
potentially interfere with cellular signalling via this stress
response pathway. The observed adaptability of the PP5 TPR
domain could well be extended to the TPR domains of CyP40,
FKBP51 and FKBP52.

Modulation of Immunophilin Function by Disrupting
Interaction with Hsp90

Hsp90 is often present in an activated multichaperone complex
in cancer cells, thus facilitating cell growth by protecting key
oncoprotein clients such as kinases and transcription factors
from degradation and allowing malignant transformation and
progression.'**8! Given the association of ERa with Hsp90
and that the receptor tyrosine kinase, human epidermal
growth factor 2 (HER2), is one of the most Hsp90-dependent
client proteins known, breast cancer is a prime target for
Hsp90 inhibitors.'®? Targeting Hsp90 in prostate cancer is
a particularly attractive therapeutic strategy, as Hsp90 is
commonly over expressed in prostate tumour cells and AR,
the key driver of prostate cancer progression, is a sensitive
Hsp90 client protein.'®*!35 Derivatives of the naturally
occurring Hsp90 inhibitor, geldanamycin, such as 17-AAG,
have been pathfinder molecules in animal models and early
clinical trials, leading to the development of synthetic small-
molecule Hsp90 inhibitors, some of which have progressed to
the clinic.!®¢!¥7 These inhibitors bind the Hsp90 ATP-binding
site to block the ATPase-coupled chaperone cycle leading to
the depletion of Hsp90 client proteins, cell-cycle arrest and
apoptosis (Figure 2).18¢187

A second druggable site has been identified in the Hsp90
C-terminal domain that is targeted by coumarin-based
antibiotics such as novobiocin'® which bind at the interface
between two monomers (Figure 2).'® Improvements in the
affinity of these compounds for Hsp90 have allowed them to
induce apoptosis in cancer cells and in some cases demonstrate
superior efficacy compared to 17-AAG." We have shown
that novobiocin blocks the binding of TPR immunophilins
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to Hsp90. Novobiocin appears to act allosterically to
induce global conformational changes within Hsp90. Peptide
analogues of the natural product Sansalvamide A, bind at a
novel site between the N-terminal and middle domains of
Hsp90 (Figure 2) and allosterically inhibit the binding of
Hsp90 to TPR immunophilins by blocking their interaction
with the MEEVD acceptor site.'”'!*? The Sansalvamide A
derivative, SM 145, has a unique molecular profile in that it
inhibits Hsp90 function, leading to decreased expression of
steroid receptor levels and potently blocks Hsp90 interaction
with several TPR co-chaperones including CyP40, FKBP51
and FKBP52.1%?

Targeting Immunophilin Interaction with Steroid Receptors
The binding function 3 (BF3) surface within the AR ligand-
binding domain has the ability to allosterically alter the
activation function 2 (AF2) co-activator binding pocket.!”* BF3
residues altered through natural mutations linked to androgen
insensitivity and those associated with prostate cancer either
diminish or enhance AR AF2 activity, respectively, underlining
the importance of the BF3 surface for AR function.'* Cox and
co-workers have recently identified small molecule inhibitors
of FKBP52-enhanced AR function in prostate cancer cells that
target a region of the AR ligand-binding domain overlapping
the BF3 surface.'” Multiple residues that contribute to the
FKBP52 sensitivity of AR, some of which form part of
the binding site for MJC13, the lead compound, have been
identified.!** Since MJC13 helps to maintain an intact AR-
Hsp90-FKBP52 complex at low hormone concentrations,
it is possible that the inhibitor interferes with a critical next
step - a hormone-induced, FKBP52-dependent change in AR
conformation necessary for nuclear translocation. Sequence
comparisons have revealed some conservation of BF3 residues
within the ligand-binding domains for AR, GR, MR and PR,
suggesting the presence of BF3-like regulatory domains in
each receptor.'” A very limited conservation of these residues
is apparent in ERa, suggesting the formation of a BF3 type
surface that is unique to this receptor.'”® Both ERa and MR
behave differently to AR, GR and PR, through their inability
to respond to FKBP52. Certain structural differences within
their ligand-binding domains distinguish these two receptors
from the other members of this subfamily."* Since FKBP52
also regulates GR and PR activity, most likely through specific
BF3 surfaces, there is the potential for the development of
FKBP52-specific inhibitors targeting GR and PR function to
treat a range of steroid hormone-based diseases.'”® The BF3
pocket is a potential target for second-site modulators that can
allosterically block agonist-activated AR function to inhibit
prostate cancer cell growth. '

Steroid Receptor-Associated Immunophilins as Drug
Targets
CyP40 is one of 17 members of the human cyclophilin
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PPlase family that catalyse the cis-trans isomerisation of
peptide-proline bonds, an activity that may be central to
the numerous roles ascribed to cyclophilins in biological
processes that include protein folding, chaperone activity,
signalling, mitochondrial function, the stress response,
gene expression and regulation of kinase activity.””'*® By
targeting the active site, CsA universally blocks cyclophilin
isomerase activity, and its specific interaction with the
prototypical cyclophilin, CyP18, yields a heteromeric
complex that binds and inhibits the calcineurin phosphatase,
forming the basis of immunosuppression by the drug.!”-!%8
Within the CyP40 N-terminal cyclophilin domain, residues
important for PPlase activity and CsA binding are identical
to CyP18, except for Hisl4l which, although conserved
among CyP40 homologues, remains a tryptophan residue
in CyP18 and other cyclophilins, a modification that may
account for the decreased catalytic activity and CsA-binding
affinity of CyP40."72° Although clinically useful as an
immunosuppressive agent, CsA binds nonselectively to most
cyclophilins. With the development of fluorescent probes to
examine ligand specificity,?' studies are currently underway
to define more selective inhibitors to increase the potential of
CyP40 as a therapeutic target. Cyclophilin PPlase domains
contain two pockets near the active site that may contribute
to substrate specificity, with the first accommodating the
target proline. A detailed structural and biochemical analysis
of human cyclophilins has identified so-called ‘gatekeeper’
surfaces that surround or guard entrance to a secondary
pocket that interacts with substrate residues adjacent to the
substrate proline.” These gatekeeper surfaces are unique to
individual cyclophilins, displaying distinct molecular features
and sufficient chemical diversity to make this region highly
suitable for drug targeting and likely to result in compounds
with greater isoform specificity.??

Differentisoforms ofthe FKBP protein family modulate diverse
cellular pathways providing therapeutic opportunities in
cancer, neurodegenerative diseases and psychiatric disorders.
Since FK506 mediates non-covalent interactions with the
most conserved residues in FKBP PPlase domains, chemical
scaffolds based on this drug will likely hit multiple targets,
making it difficult to target specific cellular pathways. Novel
drug scaffolds then appear to be of paramount importance
in order to achieve significant improvements in inhibitor
specificity.> The association of FKBP51 with stress-related
disorders and neurodegenerative diseases, together with the
protective effects seen with FKBP51 depletion in animal
models of depression and anxiety make this co-chaperone
a promising drug target. Although synthetic analogues of
FK506 continue to be evaluated,?®*2% to date the affinities
of FKBP51 and FKBP52 appear to be very similar for most
FKBP ligands.?*>*% Since FKBP51 and FKBP52 have distinct
physiological roles (e.g. in reproduction and regulation of the

hypothalamic-pituitary-adrenal axis through their differential
modulation of steroid receptor function) selective inhibition
of FKBP51 will be necessary for the treatment of neurological
disorders. A novel conceptual approach is the potential
pharmacological targeting of the proline-rich loop within the
FK1 domains of FKBP51 and FKBP52 in which the L/P119
interchange is predominantly responsible for their opposing
influences.*8¢:2032% Pronounced structural differences arising
from an invariably cis conformation of the L119-P120 peptide
in FKBP51, compared to the P119-P120 peptide in FKBP52
which can exist in a trans orientation, forms the underlying
basis for this potential drug development strategy.

Conclusions

Since the identification of FKBP51, FKBP52, CyP40 and
PP5, as components of steroid receptor-Hsp90 complexes,
significant progress has been made in defining their roles in
receptor function and the associated mechanisms involved.
Biochemical studies, together with careful examination
of phenotypes displayed by mouse knockout models have
revealed that these Hsp90 co-chaperones are themselves
hormonally-regulated and have the capacity to exert cell-
specific, and in some instances, opposing influences (e.g.
FKBP52 vs FKBP51) over receptor activity. Dysregulated
expression of TPR immunophilins may potentially be linked
to steroid-based diseases, including breast and prostate
cancer, diabetes and related metabolic disorders, male and
female infertility and major depression and neurodegenerative
disorders. The continued validation of the cellular functions
of the TPR immunophilins, together with an improved
understanding of their mechanisms of action have opened
opportunities for targeting these protein modulators either
through their enzyme functions (PPlase activity in FKBP51,
FKBP52 and CyP40; phosphatase activity in PP5) and/or their
TPR domains (e.g. disruption of interactions with Hsp90,
other protein partners), as well as by specific targeting of their
contact domains with steroid receptors (e.g. FKBP52 FK1
proline-rich loop interaction with the BF3 allosteric domain
in the AR ligand-binding domain). Molecular therapies to
enhance or inhibit some cellular processes controlled by TPR
immunophilins already exist, while for others development is
underway. Conditional knockout mouse models may allow a
more detailed characterisation of the tissue- and cell-specific
actions of these co-chaperones. This may also be facilitated by
targeted deletion of individual TPR immunophilins in human
cells using the CRISPR/Cas9 system.?”” Although CyP40
knockout mice have been available for some time, there
currently exists a gap in our knowledge of the physiological
role played by CyP40 and novel findings in this area are
cagerly awaited. The TPR co-chaperones are potential targets
for cancer therapy and may predict the likely prognosis of
certain malignancies.?”® Immunostaining of a breast cancer
tissue microarray for PP5 revealed a positive correlation
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between PP5 overexpression and ductal carcinoma in situ.'!

Similar analyses in breast cancer are certainly warranted for
the other TPR immunophilins, with staining intensity linked
to data for ERa, PR and HER2, as well as disease progression
and treatment outcomes.
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