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Abstract

FK506 binding proteins (FKBPs) are the intracellular ligands of FK506 and rapamycin, two natural

compounds with powerful and clinically efficient immunosuppressive activity. In recent decades, a

relevant role for immunosuppressants as anticancer agents has emerged. Especially, rapamycin and its

derivatives are used, with successful results, across a variety of tumors. Of note, rapamycin and FK506

bind to FKBP12, and the resulting complexes interfere with distinct intracellular signaling pathways

driven, respectively, by the mammalian target of rapamycin and calcineurin phosphatase. These

pathways are related to T-cell activation and growth. Hyperactivation of the mammalian target of

rapamycin (mTOR), particularly in cancers that have lost the tumor suppressor gene PTEN, plays an

important pathogenetic role in tumor transformation and growth. The signaling pathway involving

calcineurin and nuclear factors of activated T-lymphocytes is also involved in the pathogenesis of

different cancer types and in tumor metastasis, providing a rationale for use of FK506 in anticancer

therapy. Recent studies have focused on FKBPs in apoptosis regulation: Targeting of FKBP12

promotes apoptosis in chronic lymphocytic leukemia, FKBP38 knockdown sensitizes hepatoma cells to

apoptosis, and FKBP51 silencing overcomes resistance to apoptosis in acute lymphoblastic leukemia,

prostate cancer, melanoma, and glioma. Interestingly, derivatives of FK506 that have the same

FKBP12-binding properties as FK506 but lack functional immunosuppressant activity, exert the same

apoptotic effect as FK506 in chronic lymphocytic leukemia. These findings suggest that a direct FKBP

inhibition represents a further mechanism of immunosuppressants’ anticancer activity. In this review,

we focus on the role of FKBP members in apoptosis control and summarize the data on the antitumor

effect of selective targeting of FKBP.

Keywords: apoptosis, Bcl-2, cancer, FKBP, NF-κB, targeted therapy, TGF-β,

.
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Introduction

FKBPs and cyclophilins are the two major subfamilies of immunophilins [1]. Immunophilins are

highly conserved proteins endowed with peptidyl-prolyl cis-trans isomerase activity (PPIase), found in

abundance in virtually all organisms [1]. The designation “immunophilin” refers to the

immunosuppressive character of ligand–protein complexes [2]. Cyclosporine is the natural ligand that

binds to cyclophilin A [1], and FK506 and rapamycin are the canonical ligands of FKBPs [1]. FKBP12

is the prototype FKBP [3,4], containing only a single FK506-binding domain (FKBD) comprising 108

amino acids. Human FKBP12 interacts with FK506 and rapamycin with a KD of 0.4 nM and 0.2 nM,

respectively [1, 2, 5]. The complex formations of FKBP with the ligands enhance the stability of

FKBP, and the resulting complexes remain more resistant to proteolytic cleavage and create an

appropriate binding surface for binding to calcineurin (CaN) and the mammalian target of rapamycin

(mTOR) [1, 2, 5]. The FK506/FKBP12 complex interacts with CaN [6] and inhibits its

serine–threonine phosphatase, which is important for activating nuclear factors of activated T-

lymphocytes [7]. In response to antigenic stimuli, this transcription factor stimulates production of

interleukin 2 and other cytokines essential for immune activation [7] .  By contrast, the

rapamycin/FKBP12 complex inhibits the serine–threonine kinase mTOR [8, 9], which is activated in

response to growth factors and nutrients to promote cell-cycle progression [10]. Ultimately, FK506

inhibits the immune response by blocking production of growth factors essential for T-cell clonal

expansion, whereas rapamycin suppresses growth factor–induced T-cell proliferation [6]. Both CaN

[11, 12] and mTOR [10, 13, 14] are deregulated in various cancer types [10-14] and are responsible for

competitive growth advantage, metastatic competence, and therapy resistance, thus providing a

rationale for the use of immunosuppressants against cancer [11-17].

FKBPs are defined as canonical or non-canonical immunophilins on the basis of their binding

strength to FK506 [2]. Despite an overall structural similarity to that of FKBP12 [18], non-canonical

FKBP has multiple substitutions of the aromatic residues in FKBD that unfavorably influence affinity

for FK506 [18]. In addition to FKBD, FKBPs possess further domains involved in protein–protein

interaction or tetratrico peptide repeat (TPR) motifs, nuclear signaling, calcium binding, protein

trafficking, and ATP/GTP-binding sequences [1,2], explaining the wide variety of cellular functions

these proteins exhibit [1, 2, 19-22].
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Several lines of evidence [23-33] support the concept that FKBP members can regulate

programmed cell death through molecular interaction with partners in apoptotic networks. This review

focuses on the anti-apoptotic properties of some FKBP members, namely FKBP12, FKBP38, and

FKBP51, and summarizes the data that support an antitumor effect of selective targeting of these

FKBPs.

Roles of FK506 Binding Proteins in Apoptosis Inhibition

FKBP12 is the guardian of transforming growth factor-β (TGF-β) receptor signaling [22]. TGF-β is a

pleiotropic cytokine that regulates a wide range of biological processes [34-36] and that can transduce

apoptosis by a mitochondria-dependent pathway [36-38]. In particular, TGF-β is apoptotic for

hematopoietic cells and regulates the life span of lymphocytes [39]. The loss of sensitivity to TGF-β

promotes leukemic transformation [40, 41]. FKBP12 acts as a natural ligand for the TGF-β type I

receptor (TβR-I) [22], binding to a glycine- and serine-rich motif (GS motif) of TβR-I, capping its

phosphorylation and stabilizing the inactive conformation of TβR-I [22]. The PPIase core domain of

FKBP12 is important for the interaction of the immunophilin with TβR-I. FK506 inhibits this

interaction and promotes receptor transautophosphorylation [22, 42]. FK506 activates apoptosis of

normal and leukemic lymphocytes through the TGF-β signal [31]. FK506-induced cell death is

preceded by: (i) increased levels of phosphorylated Smad2; (ii) translocation of Smad complexes in the

nucleus; (iii) induction of the death-associated protein (DAP) kinase, a transcriptional target of Smad;

(iv) increased levels of all three Bim isoforms, BimEL, BimL, and BimS and of the Bcl-2–modifying

factor (Bmf); (v) loss of mitochondrial membrane potential; and (vi) caspase 3 activation [31]. The

same apoptotic effect is produced by knocking down FKBP12 [31]. Figure 1 shows a schematic

representation of the TGF-β signaling pathway leading to apoptosis and the role of FKBP12 in the

control of activation of such a signal.

The non-canonical FKBP38 helps the anti-apoptotic protein Bcl-2 to localize at the mitochondrial

membrane and protects cells from apoptosis [23]. FKBP38 interacts with Bcl-2 by binding to the

flexible loop of Bcl-2, between Bcl-2 homology 3 and 4 (BH3 and BH4) regions and protects Bcl-2

from degradation [23]. When FKBP38 is knocked down by siRNA, the level of Bcl-2 protein is

significantly reduced. Interaction of presenilins (PS) with FKBP38 also results in decreased

mitochondrial Bcl-2 and increased susceptibility to apoptosis by antagonizing the anti-apoptotic
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function of FKBP38 [26]. PS1/2 molecules are multipass transmembrane proteins localized

predominantly in the endoplasmic reticulum and Golgi apparatus [43] and are causative agents in

familial Alzheimer's disease [44]. PS1/2 and FKBP38 form macromolecular complexes together with

Bcl-2 [26]. PS1/2 proteins sequester FKBP38 and Bcl-2 in the endoplasmic reticulum/Golgi

compartments, thereby inhibiting FKBP38-mediated mitochondrial targeting of Bcl-2 and promoting

the degradation of FKBP38 and Bcl-2 [26]. Thus, competition between PS1/2 and FKBP38 for

subcellular targeting of Bcl-2 regulates mitochondrially mediated apoptosis. Excessive pro-apoptotic

activity of PS1/2 through this mechanism is thought to explain its role in the pathogenesis of familial

Alzheimer's disease [26,44].

Studies in human fetal liver also confirm the anti-apoptotic role of FKBP38 [27]. The interaction

between the hepatitis C virus (HCV) non-structural protein NS5A and FKBP38 is an important

mechanism for HCV-infected liver cells to evade apoptosis. NS5A contains three BH domains and

mimics the anti-apoptotic function of Bcl-2 [27]. This interaction has been mapped to amino acids

148–236 of NS5A containing a BH domain [27].

The high-molecular-weight FKBP51 is a protein with a specialized role during cell division,

exhibiting preferential expression in mitotically active cells [45-47]. The FKBP51-mediated anti-

apoptotic mechanism involves activation of the NF-κB transcription complex [24, 25, 28-30]. Of note,

NF-κB induces resistance to cancer therapies by modulating the regulation of various anti-apoptotic

genes [48], including inhibitors of apoptosis (IAPs) [49], caspase 8 inhibitory protein (cFLIP) [50],

A1/Bfl1 [51], tumor necrosis factor (TNF) receptor–associated factors 1 and 2 [52], and others [48]. A

proteomic study of mapping of the TNFα/NF-κB signal transduction pathway [53] first identified

FKBP51 as an IKKα co-factor, essential for the function of the IKK kinase complex. Subsequent

studies [24, 25, 33] from our group also showed that FKBP51 controls NF-κB activation by DNA-

damaging agents, including anthracyclin compounds [24, 25] and ionizing radiation [33]. As Figure 2A

shows, FKBP51 physically interacts with IKK following treatment of tumor cell with ionizing

radiation. This interaction plays a crucial role in the activation of IKK kinase, as suggested by the lack

of increase in phospho-IκBα levels after irradiation of FKBP51-depleted cells (Figure 2B). As is

already established, IκB phosphorylation, followed by proteolytic degradation of inhibitors, controls

cytoplasmic shuttling to the nucleus of NF-κB dimers in response to cell stimulation [23, 24]. FKBP51

plays a relevant role in counteracting apoptotic processes stimulated by radio- and chemotherapy.
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Targeting of FKBP51 counteracts NF-κB activation and efficiently overcomes blockage of the

apoptotic machinery provoked by this transcription factor, thus permitting cell death [24, 25, 28, 29,

33]. Hyperexpression of the RelA subunit of the NF-κB complex counteracts the pro-apoptotic effect

of FKBP51 knockdown [25].

Targeting of FKBP in Cancer

Targeting of FKBP12 with FK506 or siRNA increases TGF-β signaling and stimulates apoptosis of

chronic lymphocytic leukemia (CLL) cells [31]. The apoptotic effect of FK506 occurs regardless of the

immunosuppressive mechanism [31]. Derivatives of FK506 that have the same FKBP12-binding

properties as FK506 but lack the calcineurin binding capability, and thus lack functional

immunosuppressant activity, are expected to exert the same pro-apoptotic effect as FK506 in CLL.

Consistent with this hypothesis, we showed that three FK506 analogs, FK520, 15-O-demethyl-FK520,

and 18-OH-FK520, induce CLL cell death to the same extent as FK506 (Fig. 3). 15-O-demethyl-

FK520 and 18-OH-FK520, although bind to FKBP12, have modifications in the composite calcineurin

binding surface, thereby display a reduced CaN inhibitory effect compared to FK506 [54, 55]. There is

growing interest in therapeutically targeting TGF-β–mediated processes in cancer [56-59], including

hematological malignancies [60]. TGF-β, although involved in metastatic processes in advanced

tumors, acts as an early tumor suppressor [61]. Loss of response to TGF-β is thought to contribute to

tumorigenesis [35, 36, 40, 41] and drug resistance of tumor cells [62]. Targeting of FKBP12 may

represent a strategy in cancer chemoprevention or a therapy for early-stage tumors [59].

HCV infection often leads to chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma [63].

A defect of apoptosis, resulting from viral protective strategies, significantly contributes to persistent

HCV infection [64] and works together with chronic inflammation [65] to cause tumor transformation.

NS5A represents one of these viral anti-apoptotic strategies in HCV infection [27]. Targeting of

FKBP38 using RNA interference specifically abrogates resistance to apoptosis of hepatoma cells that

hyperexpress the HCV protein NS5A [27]. These results suggest that targeting of FKBP38 may be

beneficial in HCV-associated hepatocellular carcinoma.

Targeting of FKBP51 with rapamycin or siRNA sensitizes poor-responsive human melanoma

cells to anthracyclin-triggered apoptosis by antagonizing the induction of the anti-apoptotic genes Bcl-

2 and c-IAP1 under NF-κB transcriptional control [24]. In addition, FKBP51 targeting enhances the
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cytotoxic effect of ionizing radiation in the same tumor [33]. Of greater interest, FKBP51 is expressed

at high levels in melanoma cancer stem/initiating cells [33]. These cells are recognizable by the

presence of surface markers, including the ATP-binding cassette transporters ABCB5 and ABCG2

[66]. Apparently, melanoma cancer stem cells are killed by ionizing radiation after pre-treatment with

FKBP51 siRNA [33], suggesting that FKBP51 may be a suitable target for eliminating such cells

responsible for self renewal and recurrence of the tumor. The efficacy of FKBP51 targeting against

melanoma has also been documented in vivo in a melanoma xenograft mouse model [33]. In addition,

targeting of FKBP51 is associated with enhanced apoptosis and reduced proliferation in gliomas [30].

In acute lymphoblastic leukemia, inhibition of FKBP51 overcomes resistance to anthracyclin

compounds [25]. In prostate cancer, targeting of FKBP51 dramatically decreases androgen receptor

transcriptional activity and tumor growth [32].

Conclusion

FKBPs perform multiple biological functions through specific protein–protein interactions and by

acting as chaperones [1, 2]. The molecular interaction with receptors [31, 32], kinases [24, 25, 28, 33],

or other proteins [23, 26, 27] that take part in apoptotic signaling cascades also implicates members of

this protein family in regulation of programmed cell death [23-33]. Apoptosis plays a crucial role in the

control of tissue homeostasis, and defective cell death mechanisms are known to lead to cancer [67].

Furthermore, most cytotoxic anticancer agents induce apoptosis, thus raising the possibility that defects

in apoptotic programs contribute to treatment failure [67]. There is much hope for the potential of

signaling therapies against cancer, and a greater understanding of the molecular pathways of apoptosis

and the causes of their malfunction in cancer is expected to provide new therapeutic targets that may

lead to breakthroughs in cancer treatment [68]. Evidence of elevated levels of some FKBP members in

tumors [30, 32, 33, 69-71], together with a clear apoptosis sensitizing effect of FKBP inhibition [23-27,

30-33], point to this class of proteins as possible novel targets for cancer therapy. Further studies on the

role of this class of proteins in apoptosis dysfunction in cancer may open the door in the near future to

developing novel small molecules specifically targeting FKBP. This approach can be achieved by

structural studies of FKBP and its partners in apoptotic processes.

List of abbreviations:
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Bcl-2 B-cell lymphoma 2, BH Bcl-2 homology, CaN calcineurin, CLL chronic lymphocytic leukemia,

FKBP FK506 binding protein, HCV hepatitis C virus, IAP inhibitor of apoptosis, IKK Inhibitor κB

kinase, mTOR  mammalian target of rapamycin, NF-κB nuclear factor of κ light-chain-enhancer of

activated B cells, PS presenilins, TβR-I  transforming growth factor-β type I receptor, TβR-II

transforming growth factor-β type II receptor, TGF-β transforming growth factor-β.
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Legends to the figures

Fig. 1 Schematic representation of TGF-β signal. (A) TGF-β binds a specific pair of membrane

receptors, type I (TβR1) and type II (TβR2), that contain a cytoplasmic serine–threonine kinase

domain. This binding results in the formation of a TβR1/TβR2 heteromeric complex and activation of

TβR2 kinase. Activated TβR1 specifically recognizes and phosphorylates signaling molecules that act

on downstream receptors, namely R-Smad, which form a complex with other Smad molecules (Co-

Smad). This complex translocates into the nucleus and can activate transcription of genes involved in

mitochondrial apoptosis. (B) Activation of TβR1 requires phosphorylation of the GS (glycine, serine)

region by TβR2. Under basal conditions, this region is capped by FKBP12, blocking the signal

progression. FK506 displaces the immunophilin from the GS region, thus permitting TGF-β signaling

in the absence of ligand. (C) Activation of such a signal can also be achieved by knocking down

FKBP12 with specific siRNA that targets the FKBP12 mRNA, leading to RNA degradation and

reduced protein levels.

Fig. 2 FKBP51 controls ionizing radiation–induced NF-κB activation in melanoma. (A)

FKBP51/IKK interaction in melanoma cells. Whole cell lysates of melanoma SAN cell line [24, 33],

not irradiated and 3 h after irradiation with 4 Gy, were prepared by homogenization in modified RIPA

buffer. After obtaining a homogeneous suspension, protein concentration was determined and 500 µg

of protein extract was precleared for 1 h. For immunoprecipitation, 15 µg anti-FKBP51 or anti-IKKα/β

were added together with 25 µL protein A-Sepharose, and precipitation took place overnight with

rotation at 4°C. Immunoprecipitated and total lysates were then separated by a SDS/polyacrylamide gel

electrophoresis, transferred onto a membrane filter, and incubated with goat polyclonal anti-FKBP51 or

rabbit anti-IKKα/β. The immunoprecipitation assay result, that was confirmed in another independent

experiment, suggests that FKBP51 directly interacts with IKKα/β after exposure to ionizing radiation

(IR), thus activating NF-κB transcriptional factors. (B) Western blot assay of IκBα and phospho-IκBα

levels. At 48 h from transfection, melanoma cells were irradiated at 4 Gy and harvested at the indicated

times. Cytosolic extracts were obtained from melanoma SAN cells transfected with FKBP51 siRNA or

a non silencing (NS) RNA as control, by homogenization in lysing buffer. Cytosolic lysates were then

separated using SDS-PAGE gel and transferred onto a membrane filter that was incubated with rabbit
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polyclonal anti-IKKα/β and anti–phospho-IKKα/β. These results suggest that in irradiated cells,

FKBP51 downmodulation blocks IκBα phosphorylation and degradation, thus avoiding NF-κB

activation.

Fig. 3 Targeting of FKBP12 causes apoptosis of CLL cells. CLL cells, isolated from heparinized

blood, were cultured with FK506, FK520, 15-O-DES-FK520, and 18-OH-FK520 at a dose of 100 nM

and cyclosporine at a dose of 300 nM. After 24 h, cells were harvested, and phosphatidylserine

externalization was investigated by annexin V-FITC staining. Then cells were analyzed by flow

cytometry.  Numbers reported in the dot plots represent the percentages of FITC-positive cells.

Increased annexin V binding was observed in samples cultured with FK506 or its analogs and not with

cyclosporine.








