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FK506-binding proteins are members of the immunophilin family of proteins. Those im-

munophilins associated to the 90-kDa-heat-shock protein, Hsp90, have been proposed as

potential modulators of signalling cascade factors chaperoned by Hsp90. FKBP51 and

FKBP52 are the best characterized Hsp90-bound immunophilins first described associated

to steroid-receptors. The reverse transcriptase subunit of telomerase, hTERT, is also an

Hsp90 client-protein and is highly expressed in cancer cells, where it is required to

compensate the loss of telomeric DNA after each successive cell division. Because

FKBP51 is also a highly expressed protein in cancer tissues, we analyzed its potential asso-

ciation with hTERT$Hsp90 complexes and its possible biological role. In this study it is

demonstrated that both immunophilins, FKBP51 and FKBP52, co-immunoprecipitate with

hTERT. The Hsp90 inhibitor radicicol disrupts the heterocomplex and favors the partial

cytoplasmic relocalization of hTERT in similar manner as the overexpression of the TPR-

domain peptide of the immunophilin. While confocal microscopy images show that

FKBP51 is primarily localized in mitochondria and hTERT is totally nuclear, upon the onset

of oxidative stress, FKBP51 (but not FKBP52) becomes mostly nuclear colocalizing with

hTERT, and longer exposure times to peroxide favors hTERT export to mitochondria.

Importantly, telomerase activity of hTERT is significantly enhanced by FKBP51. These ob-

servations support the emerging role assigned to FKBP51 as antiapoptotic factor in cancer
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development and progression, and describe for the first time the potential role of this im-

munophilin favoring the clonal expansion by enhancing telomerase activity.

ª 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction positively regulates melanoma stemness and metastatic po-
Immunophilins belong to a family of proteins that exhibit high

specificity in binding immunosuppressive agents. The signa-

ture domain of this family is the PPIase (peptidyl-prolyl-(cis/

trans)-isomerase) domain (Erlejman et al., 2013; Guy et al.,

2015; Storer et al., 2011), where immunosuppressive drugs

bind and inhibit the intrinsic PPIase activity of these proteins.

Immunophilins are classified as FKBPs (or FK506-binding pro-

teins) when they bind themacrolide FK506, and CyPs (or cyclo-

philins) when they bind the cyclic undecapeptide cyclosporine

A (Erlejman et al., 2014b; Ratajczak et al., 2003). The lowmolec-

ular weight immunophilins FKBP12 (12-kDa) and CyPA (17-

kDa) are responsible for the immunosuppressive action by in-

hibition of the Ser/Thr-phosphatase activity of PP2B/calci-

neurin in lymphocytes (Ho et al., 1996). Although early

studies suggested that FKBP51 could be related to immunosup-

pression via calcineurin inhibition (Baughman et al., 1995; Li

et al., 2002; Weiwad et al., 2006), other works have stated that

FKBP51 lacks this action (Stechschulte and Sanchez, 2011; Xu

et al., 2002) or have postulated that the mechanism could be

different (Kim et al., 2012). In addition to the PPIase domain,

high molecular weight immunophilins show other domains

such as the tetratricopeptide-repeat motif (TPR), through

which they bind to Hsp90 (Storer et al., 2011). The biological

roles of these proteins are still under investigation and are

not entirely elucidated at the present time.

FKBP51 is a 51-kDa TPR-domain protein that was first

described associated to steroid-receptors along with Hsp90,

Hsp70 and p23 (Nair et al., 1997). FKBP51 shares 75% of similar-

ity with FKBP52, a 52-kDa immunophilin able to interact with

the dynein/dynactin motor complex favoring the retrotran-

sport of soluble proteins (Guy et al., 2015; Lagadari et al.,

2015; Salatino et al., 2006; Storer et al., 2011). FKBP52 also plays

a role during the nuclear import mechanism of steroid recep-

tors through the nuclear pore (Echeverria et al., 2009;

Galigniana et al., 2010a). On the other hand, FKBP51 shows

negligible affinity for dynein (Wochnik et al., 2005), is not

recovered in steroid receptor complexes in the nucleoplasm

during the early steps of steroid receptor nuclear localization

as FKBP52 is (Galigniana et al., 2010b), and the high expression

of FKBP51 favors the nuclear exclusion of interacting tran-

scription factors (Banerjee et al., 2008; Erlejman et al., 2014a;

Galigniana et al., 2010b). Recently, we have demonstrated

that FKBP51 is a novel mitochondrial factor (Gallo et al., 2011).

Several evidences suggest that FKBP51 acquires a pro-

oncogenic potential when its expression is deregulated

(Mazaira et al., 2016; Romano et al., 2010b). Thus, FKBP51
tential (Romano et al., 2013). FKBP51 is thought to be a key fac-

tor in the progression and chemotherapeutic response of

pancreatic adenocarcinoma (Ellsworth et al., 2013), and it is

close-related to acute lymphoblastic leukemia and several

variants of breast, ovary and lung tumor pathologies

(Romano et al., 2010b).

Cancer cells are also characterized by possessing high telo-

merase activity, which is essential for their rapid clonal

expansion (Eisenstein, 2011). Telomerase is a ribonucleopro-

tein that compensates for the loss of telomeric DNA by adding

repeated sequences to the chromosome ends using its

intrinsic RNA component as a template for DNA synthesis.

The reverse transcriptase subunit of telomerase, hTERT, con-

tains the catalytic activity of the enzyme, whereas the associ-

ated RNA component, hTR, serves as the template for

synthesis of telomeric sequences. Both subunits are essential

for restoring telomerase activity in vitro and the introduction

of these genes into normal cells extend the life span of these

otherwise mortal cells (Feng et al., 1995; Meyerson et al.,

1997). It has been demonstrated that the Hsp90 chaperone

complex is required for assembly of telomerase (Holt et al.,

1999). The minimal components necessary for active telome-

rase assembly are hTERT, hTR, Hsp90, p23, Hsp70, Hop/p60,

and Hsp40. Hsp90 and p23 associate in the absence of hTR

and remain associated with the active telomerase, whereas

Hsp70 is only bound to inactive forms (Forsythe et al., 2001).

Interestingly, Hop/p60 is an Hsp90-binding TPR-domain pro-

tein also required for steroid-receptor assembly, although it

is not part of the heterocomplex associated to mature recep-

tors, where it is replaced by an immunophilin (Galigniana

et al., 2010a). In other words, the assembly complex of hTERT

shows similar composition and features as those described for

steroid receptors.

The Hsp90 network facilitates the effective operation of the

telomere system (DeZwaan and Freeman, 2010), including its

cell cycle-dependent intranuclear localization. Nonetheless,

the complexity level for hTERT regulation is unexpected

when compared with other cellular polymerases (Hukezalie

and Wong, 2013), such that it has been postulated the exis-

tence of still unrevealed factors able to create dynamic telo-

mere environments (DeZwaan and Freeman, 2010).

Inasmuch as telomerase activity is significantly increased in

those cell types where FKBP51 is also highly expressed, and

because both proteins are Hsp90-interacting proteins, in this

study we explored whether this TPR-domain immunophilin

forms complexes with hTERT and its potential role in the

regulation of telomerase activity.

http://dx.doi.org/10.1016/j.molonc.2016.05.002
http://dx.doi.org/10.1016/j.molonc.2016.05.002
http://dx.doi.org/10.1016/j.molonc.2016.05.002


M O L E C U L A R O N C O L O G Y 1 0 ( 2 0 1 6 ) 1 0 8 6e1 0 9 81088
2. Materials and methods

2.1. Materials

Radicicol and DMSO were from Sigma (St. Louis, MO). FK506

was from LC Laboratories (Wobrun, MA). Hydrogen peroxide

was from Merck Argentina. Rabbit monoclonal IgG anti-

FKBP51 was from Affinity BioReagents (Golden, CO). The

MG19 mouse monoclonal IgG anti-FKBP51 was produced in

the laboratory (Quint�a et al., 2010). UP30 rabbit antiserum

against FKBP52 was a generous gift by Dr. William Pratt (Uni-

versity of Michigan). The AC88 mousemonoclonal IgG against

Hsp90 was from StressMarq Biosciences (Victoria, Canada).

Anti-HA mouse monoclonal IgG, rabbit polyclonal IgG anti-

hTERT, rabbit polyclonal IgG anti-Tom-20, and goat polyclonal

IgG anti-lamin B were from Santa Cruz Biotech (Santa Cruz,

CA). Mouse IgG against actin and mouse IgG against Cox-IV

were from Abcam (Cambridge, UK). Mouse IgG against the

flag peptide, and HRP-conjugated Protein-A were from Sigma.

All Alexa-labelled secondary antibodies and H2DCF-DA (20,70-
dichlorodihydrofluorescein diacetate) were from Molecular

Probes (Eugene, OR, USA). The siRNA for FKBP51 and control

siRNA were from Thermo Scientific Dharmacon (Chicago, IL,

USA).
2.2. Cell treatments

All cell lines were from ATCC, except the 293-51 þ cell line

that constitutively overexpresses hFKBP51, which was

developed in our laboratory as described in a previous

work (Erlejman et al., 2014a). The natural control used for

293-51 þ cells was the 293 cell line from which the former

derives. L1-3T3 fibroblasts were selected due to the good

visualization of mitochondria by indirect immunofluores-

cence. Cervix adenocarcinoma HeLa cells were chosen due

to the high endogenous expression level of both hTERT

and FKBP51. 293T cells were used for some experiments

where overexpression of proteins was required to ensure

high transfection efficiency. All cell types were grown in

high glucose DMEM (Thermo Fisher Sci, Waltham, MA) sup-

plemented with 10% calf bovine serum (Internegocios, Mer-

cedes, Argentina), 2 mM glutamine, 50 U/ml penicillin and

50 mg/ml streptomycin (all of them from Sigma). Transfec-

tions were performed when cells reached 40e50% conflu-

ence using the TransFast reagent (Promega, Madison,WI).

After 24 h post-transfection, cells were treated for 16 h

with 0.5 mM H2O2 and cell death was measured by double-

counting of viable cells by trypan blue exclusion in a Neu-

ba€uer camera, and by spectrometry at 570 nm after staining

cells with 0.5% crystal violet (Colo et al., 2008). Subcellular

fractionation into nuclei, cytosol and mitochondria was

achieved exactly as it was described in a previous study

(Gallo et al., 2011). NIH-3T3 fibroblasts were transformed

into a tumorigenic cell line by stable transfection of the v-

Ha-Ras oncogene generously gifted by Dr. Elisa Bal de Kier

Joffe (Aguirre-Ghiso et al., 1999). The knock-down of

FKBP51 expression by specific siRNA was achieved as

described in previous studies (Quinta and Galigniana, 2012;

Quint�a et al., 2010).
2.3. hTERT immunoprecipitation

When the culture reachedw70% of confluence, cells were har-

vested by trypsinization, washed with saline-phosphate

buffer, and homogenized in one volume of lysis buffer

(0.01%NP-40, 10 mM Tris at pH 7.5, 50 mM KCl, 5 mM MgCl2,

2 mM DTT, 20% glycerol and 20 mM Na2MoO4) supplemented

with 1 mg/ml RNAsa and 1 mg/ml DNAsa) as described

(Galigniana, 1998). After 20 min on ice, a 10-sec pulse sonicat-

ion at 20 W was performed followed by a centrifugation at

13,000 rpm for 15 min at 4 �C. The supernatants (250 ml) were

rotated for 2.5 h at 4 �C with 75 ml of Protein G-Sepharose

(50% w/v) and 1 mg of anti-hTERT IgG. Pellets were washed

four times with 1ml of lysis buffer and proteins were resolved

by Western blot.

2.4. Indirect immunofluorescence assays

Cells were grown on collagenized coverslips, fixed with meth-

anol at�20 �C for 10min, and incubated overnight at 4 �Cwith

1/100 dilution of primary antibody and 1 h at room tempera-

ture with 1/200 dilution of secondary antibody. Coverslips

were mounted in a glycerol based media with an anti-fade so-

lution. Confocal microscopy images were acquired with a

Nikon Eclipse-E800 confocal microscope using a Nikon DS-

U1 camera with ACT-2U software. Co-localization analyses

were performed using the co-localization plug-in of the Fiji

program (v.1.45) (NIH; Bethesda, MA, USA), which uses a range

of algorithms such as co-localization thresholds, Pearson’s

linear correlation coefficient, overlap and Manders coeffi-

cients (Manders et al., 1993). We collected confocal z-series

of cells (40 optical slices, airy unit ¼ 1 airydisc at 0.25 mm in-

tervals using 63� objective), and then images were decon-

volved using Huygens compute engine 3.5.2p3 64b (closed

platform). Finally, images were imported to the Fiji program

to determine the degree of overlapping.

2.5. Telomerase enzymatic activity

Telomerase activity was measured using a standard commer-

cial kit (TeloTAGGG-Telomerase PCR ELISA-Plus, Roche Diag-

nostics, Mannheim, Germany) according to the

manufacturer’s instructions.
3. Results

3.1. FKBP51 favors cell survival and is overexpressed in
cancer cells

Confocal microscopy images show that FKBP51 co-localizes

with the mitochondrial marker MitoTracker (Figure 1A). This

confirms our previous observations where the immunophilin

was reported as a novel mitochondrial factor (Gallo et al.,

2011). Cell treatment with 0.5mMH2O2 for 1 h favors the rapid

(20e30 min) nuclear relocalization of FKBP51 (Figure 1B). The

mitochondrial-nuclear trafficking observed by indirect immu-

nofluorescence can also be evidenced by conventional

biochemical fractionation (Figure 1C). This property is not

seen for FKBP52, which shows the same cytoplasmic and

http://dx.doi.org/10.1016/j.molonc.2016.05.002
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Figure 1 e FKBP51 is a mitochondrial protein that migrates to the nucleus under oxidative stress conditions. (A) FKBP51 (green) is visualized in

3T3-L1 fibroblasts by confocal microscopy colocalizing with MitoTracker (red). (B) FKBP51 concentrates in nuclei in cells treated with

0.5 mM H2O2 for 1 h. The bar graph (mean ± SEM, n [ 4) depicts the percentage of cells showing mitochondrial pattern (black), partial nuclear

staining ( gray) and full nuclear accumulation of FKBP51 (white) in both conditions. (C) 3T3-L1 cells were treated with 0.5 mM H2O2 and

fractioned into cytosolic (Cyt), nuclear (Nuc) and mitochondrial (Mt) fractions. Lamin B and COX-IV were used as nuclear and mitochondrial

markers.
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partially nuclear localization with and without H2O2

(Supplementary Figure S-1).

Oxidative stress is a well known condition associated to

cancer metabolism, such that distorted redox-dependent

signaling pathways orchestrate anomalous events that result

in cell resistance to stress and apoptosis, as well as aberrant

proliferation and efficient repair mechanisms (Manda et al.,

2015; Thorne and Campbell, 2015). The expression of FKBP51

appears to be higher in cancer cell lines than normal cells

(Figure 2A). To provide more direct evidence, normal NIH-

3T3 fibroblasts were transformed into tumorigenic cells by v-

Ras oncogene (Aguirre-Ghiso et al., 1999). Cell phenotypes

are shown in Figure 2B and the induction of FKBP51 expres-

sion in cells with identical genetic background is clearly

observed in the Western blot. This agrees with those differ-

ences evidenced in Figure 2A for FKBP51 expression, which
results of the malignant nature of cancer cells compared to

normal cells.

Importantly, the overexpression of the immunophilin is

associated to resistance of the cells to death by oxidative

injury, whereas its knock-down significantly sensitize cells

to lower concentrations of peroxide (Figure 2C). This effect

of FKBP51 confirms the antiapoptotic action we suggested in

a previous study (Gallo et al., 2011) and is exclusive for

FKBP51 since the overexpression of FKBP52 shows no signifi-

cant action (data not shown) regarding the control transfected

with empty vector. Control assays performed with cells

treated with 10 mM H2DCF-DA, a cell-permeant fluorescent

free radical sensor, showed the expected more intense signal

of reactive-oxygen species in cancer cells than normal cells

(Supplementary Figure S-2), aswell as a greater pool of nuclear

FKBP51 (Supplementary Figure S-3).

http://dx.doi.org/10.1016/j.molonc.2016.05.002
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Figure 2 e FKBP51 is overexpressed in cancer cells. (A) Cell lysates (30 mg of protein) from normal cell lines (L929, NIH-3T3, Cos-7, 293T and

HC11) and cancer cell lines (T47D, HeLa, MCF7, Caco-2, U2OS and HepG-2) were Western blotted for FKBP51 and actin (loading control). (B)

FKBP51 becomes overexpressed when NIH-3T3 cells acquire malignant phenotype by v-Ha-Ras oncogene expression. (C) 293T cells were

transfected with pCI-Neo-flag-hFKBP51 (blue), siRNA for FKBP51 (red) or irrelevant nucleic acid (black). After 36 h, cells were treated overnight

with 0.5 mM H2O2 and cell viability was quantified (mean ± SEM, n [ 3). *p < 0.01. The insert shows a Western blot for FKBP51 in each

condition.
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3.2. FKBP51 co-localizes with hTERT

Inasmuch as cancer cells exhibit high level of expression of

telomerase activity and its catalytic subunit hTERT is a known

Hsp90-client-protein (Forsythe et al., 2001), we explored the

possibility that the Hsp90-binding immunophilin FKBP51

could be a novel member of the hTERT$Hsp90 heterocomplex.

Figure 3A shows confocal microscopy images for endogenous

FKBP51 (green) (in web version) and endogenous hTERT (red)

(in web version) in HeLa cells. In basal conditions, hTERT is

primarily nuclear, whereas FKBP51 is ubiquitously distributed

in interphase cells (upper row), although it ismainly located in

the cytoplasm rather than in nuclei. As the mask image dem-

onstrates (extreme right image), the nuclear fraction of

FKBP51 colocalizes with hTERT. This co-localization was also

observed in mitotic HeLa cells (middle row). Treatment with

H2O2 triggered the nuclear translocation of FKBP51, which

increased its nuclear co-localization with hTERT (lower row).

The profiles of intensity of fluorescence shown in Figure 3B

for both proteins confirm their nuclear co-localization.

To establish the significance of the true co-localization

observed by microscopy, we determined the Pearson and

Mander’s coefficient (Manders et al., 1993) to measure the de-

gree of correlative variation of FKBP51 and hTERT. This anal-

ysis yielded values closer to one when the two signals

change together. As is shown in the representative data of

Figure 3C, the R colocalization coefficient was w0.8 for each

cell analyzed. In addition, a quantitative correlation analysis

using Mander’s algorithm showed that the co-localization

rate in the nucleus was w50%. Interestingly, a fraction of

hTERT is relocated to the cytoplasm in H2O2-treated cells,

although the cytoplasmic fractions of both proteins exhibit
negligible true co-localization suggesting that this pool of

hTERT is not significantly associated to FKBP51.

3.3. FKBP51 forms complexes with hTERT enhancing
telomerase enzymatic activity

Because true co-localization does not univocally means pro-

teineprotein interaction, those analyses discussed above

were corroborated by direct co-immunoprecipitation assay

of endogenous FKBP51 with endogenous hTERT (Figure 4A).

FKBP52, a highly homologous partner of FKBP51, was also

recovered in the complex when hTERT was immunoprecipi-

tated. FKBP52 has also been found associated with other

Hsp90 client-proteins where it favors their rapid and efficient

retrotransport rate onmicrotubules tracks thanks to its capac-

ity to interact via its PPIase domain with the dynein/dynactin

motor complex, although FKBP52 is not absolutely required

for the late nuclear accumulation of these factors since slow

trafficking takes place anyway (perhaps due to simple diffu-

sion) (Galigniana, 2012; Galigniana et al., 2010a, 2010b; Guy

et al., 2015; Storer et al., 2011; Wochnik et al., 2005).

Figure 4B shows the reverse co-immunoprecipitation of

hTERT with FKBP51, a complex that is not disturbed by the

macrolide FK506.

Next, we asked whether these immunophilins influence

telomerase enzymatic activity. Because FKBP51 is overex-

pressed in tumor cells and show antiapoptotic properties, a

positive action on telomerase activity was expected.

Figure 4C confirms such a priori prediction. The 293-51 þ cell

line stably transfected with hFKBP51 shows higher enzymatic

activity compared to the 293 parental cell line (blue bars) (in

web version). Similar results were obtained with 293T

http://dx.doi.org/10.1016/j.molonc.2016.05.002
http://dx.doi.org/10.1016/j.molonc.2016.05.002
http://dx.doi.org/10.1016/j.molonc.2016.05.002


Figure 3 e FKBP51 co-localizes with hTERT. (A) Colocalization of FKBP51 ( green) and hTERT (red ) by confocal microscopy in HeLa cells

during interphase (upper line), mitosis (middle line), and peroxide-induced nuclear accumulation of the immunophilin (lower line). Similar patterns

were observed in 293T cells. (B) Intensity of fluorescence profiles of FKBP51 and hTERT for the yellow scan depicted in the nuclei of HeLa cells

shown in the lower right corner. (C) True co-localization analysis for non-stimulated 293T cells (basal condition). Scatterplots shown an R

colocalization values equal to or around 0.8, supporting the same subcellular distribution of both proteins.
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fibroblasts (black bars) (in web version) and HeLa cells (brown

bars) (in web version) transiently transfected with FKBP51

when they were compared to the basal activity of cells trans-

fected with empty vector. Interestingly, FKBP52 also shows

equivalent stimulant action suggesting redundancy of action

on hTERT activity. To assess the requirement of the

FKBP51$Hsp90 association, a TPR-domain mutant (K352A) of

FKBP51 was overexpressed in 293T cells. As it was expected,

the lack of an efficient interaction with Hsp90 decreased telo-

merase activity. This was also seen in HeLa cells when the

Hsp90 inhibitor radicicol was assayed. Interestingly, even

though themacrolide FK506 has no effect on the proteinepro-

tein association between hTERT and FKBP51 (Figure 4B), it

does prevent the stimulant action of the immunophilin on

telomerase activity of HeLa cells (Figure 4C), suggesting that

the PPIase enzymatic activity of FKBP51 is actually involved

in the regulation of telomerase activity, whichmay have phar-

macological relevance. That interpretation was confirmed by

transfection of a mutant of FKBP51 in the PPIase site. The

lack of enzymatic activity abolishes the stimulant effect of

FKBP51 overexpression.

3.4. Hsp90-binding favors hTERT nuclear localization

Because the Hsp90 inhibitor radicicol abolishes the stimulant

action of FKBP51 on telomerase activity (Figure 4C), the
composition of endogenous hTERT heterocomplex was

analyzed in radicicol-treated HeLa cells by co-

immunoprecipitation assay (Figure 5A). Both Hsp90 and its

co-chaperone FKBP51 were dissociated from hTERT in

radicicol-treated cells, demonstrating the disruption of the

complexes in the presence of the Hsp90 inhibitor. Indirect

immunofluorescence images show endogenous hTERT in the

cytoplasm rather than in nuclei, an effect that parallels that

also observed under similar conditions with steroid receptors

since the retrotransport is entirely dependent on Hsp90 com-

plexes (Galigniana et al., 2010b). Figure 5B shows that when

cells are exposed to radicicol, hTERT becomes cytoplasmic

whereas FKBP51 fully accumulates in the nuclei.

The overall behavior of the hTERT$Hsp90 complex resem-

bles that we have previously observed for steroid receptors.

In those studies, it was reported that the TPR-domain of

immunophilins plays an active role in the subcellular distribu-

tion of Hsp90 client-factors, such that its overexpression delo-

calizes the receptor from nuclei (Galigniana et al., 2010b).

Therefore, to evaluate this property, a flag-tagged TPR peptide

was overexpressed and then, the subcellular distribution of

hTERTwas analyzed by confocal microscopy. Figure 5C shows

that in those cells overexpressing the TPR peptide (green) (in

web version), hTERT (red) (in web version) is delocalized and

becomes more cytoplasmic. Notably, those two cells in the

same field that were not co-transfected and are pointed by a

http://dx.doi.org/10.1016/j.molonc.2016.05.002
http://dx.doi.org/10.1016/j.molonc.2016.05.002
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Figure 4 e FKBP51 forms heterocomplexes with hTERT enhancing telomerase activity. (A) hTERT was immunoprecipitated from whole HeLa

cells lysates (Lys) and proteins were resolved by Western blot. NI [ Non-immune IgG; I [ Anti-hTERT IgG. (B) Telomerase activity was

measured in: Blue) 293 cells stably transfected with FKBP51 (clone 293-51D); 293 wild type cells were used as control. Black) 293T fibroblasts

transfected with empty vector (Basal ), pCI-Neo-hFKBP52 (D52), pCI-Neo-flag-hFKBP51 (D51),or pCI-Neo-flag-hFKBP51-K352A (D51

K352A), a point mutant in the TPR domain that is unable to bind Hsp90. Brown) HeLa cells transfected with vector (Basal ), pCI-Neo-flag-

hFKBP51 (D51) or pCI-Neo-hFKBP51-FD67/68DV (a mutant in the PPIase domain unable to show enzymatic activity). Those FKBP51

transfected cells were pretreated or not for 1 h with 1 mM radicicol (D51/Rad ) or 1 mM tacrolimus (D51/FK506). Bars represent the mean ± SEM

(n [ 5). Significantly different from basal condition at * p < 0.01 or **p < 0.05. Significantly different from D51 at #p < 0.01.
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white arrow, i.e., cells transfected with hTERT (red) (in web

version), but not with TPR peptide (green) (in web version),

show nuclear fluorescence only. In summary, the association

of hTERT with Hsp90-based heterocomplex appears to deter-

mine the nuclear accumulation of hTERT.

3.5. Cytoplasmic hTERT is targeted to mitochondria or
proteasome degradation

While an important relocalization of FKBP51 from mito-

chondria to the nucleus occurs rapidly (w30 min) (Gallo

et al., 2011), the full nuclear export of hTERT in the presence

of radicicol requires w4 h (Figure 5). In order to determine

whether both events are always related, HeLa cells were

treated with H2O2, other known condition where FKBP51 mi-

grates from mitochondria to nuclei (Figure 1). Figure 6A

shows that after 1 h treatment, FKBP51 (red) is already nu-

clear, and after 4 h with H2O2, hTERT became cytoplasmic.
The subcellular fractionation shown at the bottom of panel

6A demonstrates that under the latter condition, most of the

cytoplasmic pool of hTERT is mitochondrial. This is in

agreement with the observed relocalization of hTERT by

oxidative stress, where it is supposed to perform non-

canonical and telomere-independent functions such as

enhancing the resistance to apoptosis (Maida and

Masutomi, 2015; Massard et al., 2006).

To determine whether or not this trafficking is reversible,

cells were exposed to H2O2 for up to 3 h, and the medium

was replaced by regular peroxide-free medium. Cells were

incubated for an additional hour. Figure 6B shows that while

the nuclear pool of FKBP51 (green) (in web version) is relocated

to mitochondria, hTERT (red) (in web version) remains cyto-

plasmic. In summary, this experiment shows that both treat-

ments, Hsp90 inhibition and oxidative stress, promote similar

relocalization of both proteins, an effect that was not observed

for FKBP52 in peroxide-treated cells (Figure S-1).

http://dx.doi.org/10.1016/j.molonc.2016.05.002
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Figure 5 e The disruption of hTERT�Hsp90 assembly favors hTERT nuclear export. (A) HeLa cells were pretreated for 4 h with 1 mM radicicol

(Rad ), hTERT was immunoprecipitated (I and IRad), and proteins were resolved by Western blot. NI: non-immune IgG, Lys: whole lysate. The

lower panel shows the subcellular redistribution of endogenous hTERT (red ) for each condition. (B) 293T Cells transfected with pCI-Neo-

hEST2-HA encoding for the human telomerase catalytic subunit were incubated for 1 h or 4 h with 1 mM Rad, fixed, and subjected to an indirect

immunofluorescence for both endogenous FKBP51 (red ) and expressed HA-hTERT (green). Note the cytoplasmic redistribution of HA-hTERT

and the nuclear accumulation of FKBP51 in the presence of the Hsp90-disrupting agent. (C) 293T Cells were co-transfected with pCMV6-flag-

TPR and pCI-Neo-hEST2-HA, and the cytoplasmic relocalization of HA-hTERT (red ) was evaluated in flag-positive cells ( green). The white

arrow shows two cells transfected with HA-hTERT only. Note the nuclear fluorescence compared to TPR co-transfected cells.
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Time-lapsed studies demonstrated that the utmost

amount of exported hTERT in the presence of 0.5 mM H2O2

is reached after 4 h. Therefore, a cell fractionation was per-

formed to determine the expression level of both FKBP51

and hTERT under such condition. As it was expected for any

heat-shock protein, the expression level of FKBP51was rapidly

induced by H2O2 and the immunophilin was concentrated in

the nucleus. This is evidenced in Figure 6C after 1 h treatment

and, at a greater extension, after 4 h with peroxide. Surpris-

ingly, hTERT expression is also induced by oxidative stress.

On the other hand, radicicol promotes hTERT degradation by

the proteasome, as it is judged by the protective action of

the proteasome inhibitor MG132. In other words, if hTERT is

exported from nuclei and is not protected in mitochondria,

it tends to be degraded by proteasomal degradation.
4. Discussion

This study demonstrates the association of the Hsp90-binding

immunophilin FKBP51 with hTERT. Therefore, it can be postu-

lated that FKBP51 is one of the still unrevealed factors whose

existence was recently predicted to allow the creation of dy-

namic telomere environments (DeZwaan and Freeman,

2010). The association of this TPR-domain factor with hTERT

enhances telomerase activity, an observation that is in line

with the emerging actions of FKBP51 in tumor cells, cancer
development, and progression (Mazaira et al., 2016;

Ratajczak et al., 2015; Romano et al., 2010b). Such stimulant

action of FKBP51 on hTERT activity is in agreement with other

features of this immunophilin such as its antiapoptotic action,

its overexpression in tumor cells, its strong nuclear colocaliza-

tion with hTERT, and the absolute requirement of hTERT

enzymatic activity to prevent the incremental shortening of

telomeres allowing cells to circumvent the Hayflick limit of

cell divisions before becoming senescent (Holliday, 1996).

The stimulant action of FKBP51 is redundant with that

observed for FKBP52 (Figure 4C), a partner protein that shows

high homology (Storer et al., 2011). In contrast with FKBP51,

indirect immunofluorescence confocal microscopy images

showed no significant variation for the ubiquitous subcellular

localization of FKBP52 in peroxide-treated cells

(Supplementary Figure S-2). Therefore, in this study all our ef-

forts were concentrated on FKBP51 properties.

The facts that FKBP51 is overexpressed in cancer cells

(Figure 2A), its expression is increased when a normal cell is

transformed into a cancer cell (Figure 2B), and also more

concentrated in nuclei of cancer cells (Supplementary

Figure S-3) make this immunophilin attractive as a potential

pro-oncogenic factor. Interestingly, FKBP51 binding to Hsp90

favors the recruitment of the co-chaperone p23, which posi-

tively regulates androgen receptor signaling in prostate cancer

(Ni et al., 2010), and is associated with chemoresistance and

radioresistance (Pei et al., 2009; Romano et al., 2010a). It has

http://dx.doi.org/10.1016/j.molonc.2016.05.002
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Figure 6 eOxidative stress promotes hTERT nuclear export to mitochondria. (A) HeLa cells were transfected with pCI-Neo-hEST2-HA, treated

with 0.5 mM H2O2 for 1 h or 4 h, and the subcellular localization of endogenous FKBP51 (red ) and HA-hTERT ( green) was visualized by

confocal microscopy. Western blots show the localization of both proteins after a subcellular fractionation into cytosol (Cyt), nuclei (Nuc) and

mitochondria (Mt). (B) HeLa cells were treated with 0.5 mM H2O2 for 1 h, 3 h, or 3 h followed by an extra 1 h incubation without peroxide (4 h

total). The reversion of the subcellular redistribution of endogenous hTERT (red ) and endogenous FKBP51 ( green) was evaluated by confocal

microscopy. (C) Cells were treated as described in the figure and 50 mg proteins were resolved by Western blot. Lamin B was used as loading

control.
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also been shown by siRNA interference studies that FKBP51

suppresses the proliferation of colorectal adenocarcinoma

(Mukaide et al., 2008). The Hsp90$p23 chaperone complex

also interacts with hTERT favoring a conformation that en-

ables its nuclear translocation (Forsythe et al., 2001; Holt

et al., 1999). hTERT contains a bipartite nuclear localization

signal that is responsible for nuclear import (Chung et al.,

2012), a mechanism that must be active due to the molecular

weight of the complex. Similar to steroid receptors, hTERT

could use the same molecular machinery to be transported

to the nucleus, in which case the role of FKBP52 is essential

because it is the immunophilin that link the cargowithmolec-

ular motors. FKBP51, in contrast, cannot interact with the

transport machinery (Wochnik et al., 2005), but seems to be

crucial for the nuclear activity of telomerase. Therefore, both

immunophilins are essential for hTERT function.

Figure 7 depicts an integrated model for the mechanism of

action we propose for hTERT. hTERT is assembled with the

Hsp90-based complex (Holt et al., 1999) in similar manner as

it has been described for steroid-receptors (Mazaira et al.,

2014; Pratt et al., 2004). Thus, hTERT is folded in a heterocom-

plex that contains a dimer of Hsp90, Hsp70, p23 and FKBP52.

The presence of FKBP52 (Figure 4A) implies a role of this

immunophilin in hTERT retrotransport via dynein/dynactin,

i.e., the same mechanism already established for steroid
receptors, ecdysone receptor, RAC-3, viral particles, etc (Guy

et al., 2015; Sivils et al., 2011). Even though Hsp70 associates

with hTERT, Lee et al. have demonstrated that it readily disso-

ciates when telomerase is folded into its active form (Lee et al.,

2010). In other systems such as receptors (Davies et al., 2002;

Gallo et al., 2007) and NF-kB (Erlejman et al., 2014a), both

immunophilins FKBP51 and FKBP52 are functionally

exchanged. Therefore, it is possible that FKBP51 replaces

FKBP52 in the nuclear compartment when the transport to

the nucleus was completed. Moreover, the nuclear accumula-

tion of FKBP51 observed in cancer cells and upon the onset of

oxidative stress (also present in cancer cells) makes this ex-

change more feasible.

In the nucleus, the final heterocomplex is targeted to chro-

mosomes where telomerase activity protects the shortening

of chromosome ends, or it could be dissociated (by a still un-

known stimulus). This property may be due to interactions

with other nuclear factors or because FKBP51 itself undergoes

post-translational modifications. In this sense, previous (Gallo

et al., 2011) and current studies (N.Zgajnar and M.D.Galigni-

ana, unpublished results) indicates that FKBP51 shows several

phosphorylated isoforms that are favored by selective hor-

monal stimuli. This can be evidenced in this study in several

Western blots where FKBP51 shows more than one band.

This pattern is modified by preincubation with alkaline

http://dx.doi.org/10.1016/j.molonc.2016.05.002
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Figure 7 e Proposed model for the regulation of the

hTERT�immunophilin interaction. hTERT is folded with the

Hsp90-based heterocomplex and retrotransported by the FKBP52-

motor protein complex. Active hTERT dissociates Hsp70, and

FKBP52 may be exchanged by FKBP51, a situation that is favored in

cancer cells and/or under stress conditions due to the high expression

and nuclear accumulation of the immunophilin. hTERT is targeted

to chromosomes where its telomerase activity prevents chromosome

end shortening. Oxidative stress (Ox) or disruption of the Hsp90

complex, for example, in the presence of radicicol (Rad ), favors

hTERT nuclear export. This cytoplasmic pool can be imported by

mitochondria or degraded by the proteasome. Both FKBP51 and

mitochondrial hTERT play a protective role against apoptosis.

M O L E C U L A R O N C O L O G Y 1 0 ( 2 0 1 6 ) 1 0 8 6e1 0 9 8 1095
phosphatase to transform all isoforms into the one with

greater electrophoretic mobility, as we have already reported

in a previous study (Gallo et al., 2011).

While the chaperone complex is stable and could be

recycled, naked hTERT is exported. This is supported by the

fact that hTERT posses a nuclear export signal (Seimiya

et al., 2000), and also because Hsp90-disrupting agents such

as radicicol dissociates the complex (Figure 5A)making hTERT

more cytoplasmic (Figure 5B), an effect also achieved when

the TPR-peptide is overexpressed (Figure 5C). The latter condi-

tion also suggests a potential role of TPR-domain proteins for

anchoring hTERT to the nuclear compartment, an observation

postulated for steroid receptors (Galigniana et al., 2010b).

Accordingly, the true co-localization analysis showed a negli-

gible co-localization of this pool of hTERT with FKBP51. Cyto-

plasmic hTERT can be translocated into mitochondria

enhancing the resistance to apoptosis, as it has already been

suggested (Maida and Masutomi, 2015; Massard et al., 2006),

whereas the soluble pool is targeted to proteasome degrada-

tion (Figure 6C). This property is frequent for most Hsp90-

binding proteins when the chaperone is dissociated

(Beliakoff and Whitesell, 2004).

Mitochondrial FKBP51 rapidly concentrates in the nucleus

by oxidative stress, perhaps to enhance telomerase activity

and, on the other hand, affecting the expression of key factors

(generically named P1 and P2 in the model shown in Figure 7)

that are required for cell survival and/or to prevent cell
senescence. Over time, hTERT is exported to mitochondria,

an event perhaps facilitated by the chaperoning action of

FKBP51 releasing hTERT from telomeric regions where it was

anchored. Whatever the reason, this favors the activation of

resistance mechanisms to apoptosis (Massard et al., 2006).

Both proteins, hTERT and FKBP51, may act together in the

same complexes, but also in a coordinated sequential manner

at different periods of time since the nuclear translocation of

FKBP51 is rapid (w30 min) and the mitochondrial import of

hTERT takes w4 h.

Is should be emphasized that FKBP52 appears to be redun-

dant with FKBP51 to enhance telomerase activity. This argues

in favor of a nuclear proteineprotein mechanism of action for

hTERT involving both immunophilins rather than to a direct

mechanism associated to the subcellular relocalization of

FKBP51. We speculate that the main functional difference be-

tween both immunophilins may be related to the retrotran-

sport mechanism of hTERT since FKBP52$Hsp90 complexes

(but not FKBP51$Hsp90 complexes) are able to associate effi-

ciently to the dynein/dynactin motor complex favoring the

nuclear accumulation of the cargo protein (Galigniana et al.,

2010b; Wochnik et al., 2005). Of course, the overall induction

of FKBP51 (rather than FKBP52) observed upon the onset of

oxidative stress, a hallmark property shown by most cancer

cells, ultimately leads to enhanced telomerase activity since

the greater availability of an activator could play a role in

the number of active hTERT oligomeres in the nucleus.

Interestingly, FKBP51 is concentrated in the periphery of

themitotic spindle still associated to hTERT.With this sole ev-

idence, it is difficult to realize the significance of this specific

arrangement of the protein during cell division. We speculate

that, because FKBP51 associates to depolymerized tubulin

(Chambraud et al., 2007), during cell division FKBP51 could

be sequestered into these structures to avoid its interference

in the formation of spindle fibers, whereas hTERT is simulta-

neously protected from degradation. Accordingly, it has

been reported that in neurons, FKBP51 regulates clearance of

microtubule-associated protein Tau and thus, it stabilizes mi-

crotubules (Jinwal et al., 2010). Clearly, microtubule stabiliza-

tion should not take place during cell division. Nonetheless,

this hypothesis should be demonstrated.

FKBP51 is an immunophilin that has been progressively

associated to a role in cancer biology and the regulation of

several signalling cascades. Even though FKBP51 properties

are still far from being fully elucidated, it results clear that

FKBP51 plays key roles in cell growth, proliferation and differ-

entiation (Liu et al., 2007; Menicanin et al., 2009; Periyasamy

et al., 2010; Quint�a et al., 2010; Romano et al., 2011b;

Toneatto et al., 2013). Thus, in addition to its known role on

steroid receptor regulation (Erlejman et al., 2014b; Storer

et al., 2011), it has also been demonstrated that in cases of idi-

opatic myelofibrosis, FKBP51 favors cell survival mechanisms

by reducing the dephosphorylation rate of STAT5 (Komura

et al., 2003). Moreover, FKBP51 controls NF-kB activation

(Erlejman et al., 2014a; Romano et al., 2011a; Romano et al.,

2015), the Akt-p38 pathway (Stechschulte et al., 2014), and reg-

ulates TNFa signalling cascade by forming complexes with

TRAF2 (Romano et al., 2015), a knownmediator of cell survival

processes, proinflammatory action, and cancer progression

via canonical NF-kB, JNK and p38 MAP kinase signalling

http://dx.doi.org/10.1016/j.molonc.2016.05.002
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(Borghi et al., 2016). Recently, it has been evidenced a role of

FKBP51 in autophagy as a prerequisite for antidepressant ef-

fects (Gassen et al., 2014, 2015b). FKBP51 associates with

BECN1, changes its phosphorylation and protein levels, and

enhances markers of autophagy and autophagic flux. The ef-

fects of antidepressants on autophagy as well as their physio-

logical effects in mice and humans also depend on FKBP51. It

has also been shown that FKBP51 inhibits GSK3b and favors

the effects of distinct psychotropics (Gassen et al., 2016) and

prevents the biological activity of the DNA-methyl-

transferase DNMT1, which impacts in a general decrease of

DNA methylation, particularly at the Bdnf gene (Gassen

et al., 2015a). Such regulation of BDNF expression has been

implicated in the development and treatment of psychiatric

diseases, aging and carcinogenesis (Kang et al., 2015a, 2015b;

Kim et al., 2015; McKinney et al., 2015; Mendelsohn and

Larrick, 2012). In short, all of these observations lead to postu-

late that FKBP51 may be a sort of hub factor able to link varied

mechanisms involving differentiation, developmental, endo-

crine, psychiatric and oncologic processes.

The immunosuppressant macrolide FK506 has been pro-

posed for anticancer treatments due to its activity targeting

FKBP proteins (Romano et al., 2010c). The importance of

TERT in tumor biology has led to many efforts during the

last two decades to develop anticancer therapies that target

telomerase. Unfortunately, results were disappointing

because of the failure of the strategies to specifically target

telomerase function (Maida and Masutomi, 2015). In this

sense, it is interesting the fact that FK506 significantly inhibits

telomerase activity (Figure 4C), raising the possibility that

drugs able to target FKBP51 may lead to growth arrest and

apoptosis in cancer cells. The recent development of FKBP51

specific ligands able to discriminate this immunophilin

among others (Gaali et al., 2015), including the highly homol-

ogous FKBP52, provides a strong stimulus to focus future ef-

forts on the elucidation of the molecular mechanism of

action of FKBP51 and the therapeutic use of small molecules

to sensitize cancer cells or resistant variants of cancer cells

to chemotherapy.
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