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Figure 3 NF-xB promotes cell survival by enhancing the expression of the autophagic protein beclin-1. (a} Supershift assay of a nuclear extract prepared from SAN
melanoma cells 6 h after a 4 Gy dose of onizing radiation (Rx}. The extract was incubated with [y-2P] ATP end-labeled MF B consensus oligonuclectide in the absence or
presence of the indicated antibodies against NF-xB and run ina 6% acrylamide gel electrophoresis. (b} Western blot assayof p65, Becn-1,and LC3-lllevels in melanoma cells
transfected with non-silencing (NS} RNA or p65 siRNA. At 48 h after transfection, cells were iradiated with 4 Gy Rx. Cells were harvested after 6h for whole cell lysate
preparation. (¢} Mormalized expression rates of BECA- mRNA (a.u., arbitrary units} in melanoma cells SAN, which were transfected with p65 siRMA or a non-silencing RNA,
and irradiated or notwith a4 Gy dose. Vertical bars indicate standard deviations. Values were obtainedfrom three independent experiments. (d} The effect of Becn-1 depletion
on Rxdnduced apoptosis. A representative westem blot of Becn-1 levels in melanoma cells transfected with NS RMA or Becn-1 siRMA is shown. At 48 haafter transfection, cells
were iradiated with 4 Gy Rx A portion of cells was harvested after 6h for whole cell lysate preparation. After an additional 42 h, the remaining cells were harvested and
apoptosis was measured by annexin V binding. A representative result of three independent experiments, sach performed in triplicate, is shown. (e} The effect of Rx on Bax
levels in Becn-1-depleted cells. A representative westem blot of Bax levels in melanoma cells transfected with NS BNA or Becn-1 siRMA is shown. At 48 h after transfection,
cells were irradiated with 4 Gy Rx. Cells were harvested after 4h for whole cell lysate preparation

to be not only a member of the membrane transporters
implicated in multidrug resistance but also a molecular
determinant of cancer stem/initiating cells,® including
melanoma 2% To find whether FKBP51 targeting can over-
come radioresistance in such cells with enhanced tumori-
genic potential, we investigated whether they expressed this
immunophilin. The FKBP51 expression was determined by
flow cytometry and immunohistochemistry. After the
acquisition of 1x10° cells with a flow cytometer, a gate
was placed for ABCG2 1 cells (0.5% of total cells), according
to ABCG2-PE/SSc parameters (Figure 5a). The expression
of FKBP51 in gated cells was then analyzed in the FL-1
channel. The percentage of FKBP51™ events was com-
parable in ABCG2™" and ABCG2 cells, whereas the mean
fluorescence intensity (MF1) was clearly higher in ABCG2 "
cells compared with that in ABCG2 cells, suggesting an
increased production of FKBP51 in cells with enhanced
tumorigenic potential. These data were confirmed in two

other different experiments. The expression of FKBP51 in
ABCG2" cells was confirmed by immunohistochemistry
of cells sorted with the BD FACSAria cell sorting system
(BD Biosciences, San Jose, CA USA)(Figure 5b). We then
investigated the effect of Rx on the apoptosis of ABCG2*
cells. At 48 h after irradiation, melanoma cells transfected
with NS RNA or FKBP51 RNA were harvested and stained
with ABCG2-PE and annexin V-FITC. The percentage of
annexin V-positive events in ABCG2 gated cells clearly
indicated a radiosensitizing effect of FKBP51 siRNA on these
cells. These data were confirmed in two other independent
experiments.

Pretreatment with FKBP51-siRNA promotes apoptosis in
irradiated tumor xenografts. We confirmed that the down-
modulation of FKBP51 radiosensitized melanoma i vivo. To
investigate apoptosis in tumor xenografts, the activation of
caspase-3 was determined by the immunohistochemistry of
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Figure 4 Rxinduces Bax delocalization and degradation. (a} Confocal images of cells fixed after 0, 4h, and 6 h from irradiation with 4 Gy and stained with anti-Bax {red
flucrescence} and anti-LC3 (green fluorescence). Enlarged detail of colocalization areas. Bar 5 um. The data were confirmed in two further experiments. (b} Western blot of
Bax levels in melanoma cells iradiated for 6 b with 4 Gy, in the absence or presence of 0.25 mM leupeptin + 10 pg/ml pepstatin. Protease inhibitors were added to the culture
medium 1 h before cell harvest. Bax expression levels were guantified by densitometry using NIH Image 1.61 for Macintosh. Integrated optical densities, normalized to actin,

were expressed versus baseling level!

tumor sections and western blot of tumor Ilysates. Strong
immunoreactivity for cleaved caspase-3 was found in the
tumor tissues from xenografts pretreated with FKBP51
siRNA before irradiation. The apoptosis was more notable
in tumors excised 48 h after irradiation compared with those
excised after 24h (not shown). Only a few apoptotic cells
were detected in both non-irradiated (Figure 6a) and
irradiated {Figure 6b) non-silenced tumors in which most of
the melanocytes were viable and considerable mitotic activity
was present. Few melanocytes showing the morphological
signs of apoptosis and caspase-3 immunoreactivity were
found in non-irradiated silenced tumors (Figure &c). In
contrast, a prevalence of apoptotic melanocytes with clear
caspase-3 immunopositivity was present in irradiated
silenced tumors (Figure 6d). Western blot confirmed the
prominent activation of caspase-3 in tumors pretreated with
FKBP51 siRNA.

FKBP51 is a marker of malignant melanocytes. Specimens
of cutaneous melanoma from 80 patients and 10 samples of
normal skin stored in the archive of the Pathology section
{DCepartment of Biomorphological and Functional Sciences,
University Federico 1l of Naples, ltaly) were examined for
FKBP51 expression. In normal skin, no immunopositive
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melanocytes were found. Table 1 presents the patient profiles
relative to the cases studied. In most patients (58/80, 72%), a
low (+ ) immungpositivity was found in melanocytes during the
radial growth phase. Melanocytes in the vertical growth phase
displayed a stronger immunopositivity {4+ +) compared with
radial melanocytes (P<0.001, Pearson 3°=62.082). A signi-
ficant correlation was found between FKBPS51 expression
and the thickness of the tumor lesion (Spearman’s p=0.646,
P<0.001). Moreover, metastatic melanoma was associated
with the highest immunoreactivity (+ + +) (Spearman’s
p=0.538, P<0.001). Figure 7 shows representative immuno-
histochemical stains for FKBP51 in skin specimens from
patients with primitive and metastatic lesions. A definite
brown cytoplasmic immunostaining for FKBP51 is visible in
tumor, but not normal, melanocytes. The immunoreactivity of
the metastatic cutaneous lesion was impressive. In conclusion,
our findings unequivocally show that FKBP51 is overexpressed
in melanoma lesions of all the patients studied and that
FKBP51 expression correlates with malignity of the lesions.

Discussion

Among cancers, malignant melanoma is one of the most
resistant to treatment.’ Approximately 80% of melanomas are
diagnosed at a localized stage, and the 5-year survival rate
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lonizing radiation (Rx}-nduced apoptosis in tumor xenografts pretreated with FKBP51 siRNA. Immunohistochemistry and western blot assay of cleaved

caspase-3 in tumor sections. Tumeors were excised 48 h after iradiation. For immunohistochemistry, the avidin-biotin complex technigue was used. Original magnification,
» 250(a, b, ¢}; » 150 (d}. The morphology of apoptotic nuclel was indicated by blue arrows; green arrows indicate mitosis. Enlarged details of apoptetic nuclei from panel d.
Whole tissue lysates prepared from the same tumors were run in SDS-PAGE for the westem blot assay

associated with this form of the disease is roughly 99%.
In contrast, the 5-year survival rates for regional and
distant stages of the disease are much lower (65 and 15%,
respectively).” Patients diagnosed with advanced stage
melanoma have a very poor prognosis and relatively few
tfreatment options. These patients continue to pose a
significant challenge for clinicians. Although many therapeutic
regimens for metastatic melanoma have been tested, very
few achieve response rates >25%.%° Given the rising
incidence of melanoma and the paucity of effective treat-
ments, there is much hope for targeted therapies and
promising agents, including those that act on apoptosis-
regulating molecules.’™* Herein, we showed a novel role for
FKBP51 as a marker of melanocyte malignancy and involve-
ment in the protection of melanoma against Rx-induced
apoptosis. FKBP51 is a large immunophilin that exerts
important biological functions in the cell, among which is the
regulation of the steroid hormone response as a component of

Cell Death and Differentiation

the steroid hormone receptor comple)(28 and the control of
NF-xB activation as a cofactor of the IKK« subunit in the
IKK complex.2? Our data showed that FKBP51 has a relevant
role in counteracting apoptotic processes stimulated by Rx.
Cellular events were consistent with autophagy, such as an
increase in Becn-1 levels and the autophagosome mem-
brane-associated LC3-1l isoform, but very few with cell death
were observed in irradiated melanoma cells, suggesting that
autophagy supports the survival of the tumor cells. Transmis-
sion electron microscopy showed an increased number of
autophagic vacuoles in irradiated cells. In contrast, typical
biochemical markers of apoptosis, such as cleaved caspase-9
and -3, phosphatidylserine externalization on the plasma
membrane, and hypodiploid DNA in melanoma cell nuclei,
were observed in irradiated melanoma cells pretreated with
FKBP51 siBNA. In accordance with our earlier findings,®
FKBP51 was required for NF-xB activation; in fact, FKBP51
silencing prevented the Rx-induced nuclear translocation of



Table 1 FKBP51 expression in cutaneous malignant melanoma (CMM) and
patients’ profiles

Case  Age Sex Breslow FKBP51r FKBP51v Follow-

(years} up
(years}
1 58 F <1.00 + + 12
2 36 M <1.00 + + 12
3 67 M <1.00 + + 12
4 45 F <1.00 + + 12
5 50 F =<1.00 ++ ++ 11
6 49 F <1.00 + + 11
7 42 M <1.00 + + 10
8 43 F <1.00 + + 9
9 43 M <1.00 + ++ 9
10 49 M <1.00 + + 7
11 40 M <1.00 ++ ++ 7
12 41 M <1.00 + + 7
13 39 M <1.00 + ++ 6R
14 37 F <1.00 + + 6
15 66 F 1.01-2.00 ++ ++ 12N
16 65 F 1.01-2.00 + ++ 12
17 56 M 1.01-2.00 + ++ 12
18 49 M 1.01-2.00 + ++ 12
19 48 M 1.01-2.00 + ++ 12
20 39 F 1.01-2.00 + ++ 12
21 47 F 1.01-2.00 - 4+ 12N,M,D
22 51 M 1.01-2.00 + ++ 11
23 53 M 1.01-2.00 + ++ 11
24 56 M 1.01-2.00 + ++ 11
25 51 F 1.01-2.00 - ++ 10
26 45 F 1.01-2.00 + ++ 10
27 53 M 1.01-2.00 + ++ 10
28 67 M 1.01-2.00 + ++ 10
29 54 M 1.01-2.00 + ++ 10
30 34 M 1.01-2.00 + ++ 9
31 44 F 1.01-2.00 + ++ 9
32 43 F 1.01-2.00 + ++ 9
33 71 F 1.01-2.00 ++ +++ 9
34 34 M 1.01-2.00 ++ ++ 9
35 43 F 1.01-2.00 + ++ 9
36 51 F 1.01-2.00 + ++ 9
37 50 M 1.01-2.00 + ++ 9
38 39 F 1.01-2.00 + ++ 9N
39 29 F 1.01-2.00 + ++ 9
40 42 M 1.01-2.00 + ++ 7
4 37 F 1.01-2.00 + ++ 7R,N
42 65 M 1.01-2.00 + ++ 7
43 43 M 1.01-2.00 - ++ 7N
44 44 F 1.01-2.00 + ++ 6
45 18 F 1.01-2.00 + ++ 4
48 22 M 1.01-2.00 + ++ 4
47 24 M 1.01-2.00 + ++ 4
48 32 M 1.01-2.00 + ++ 4
49 30 F 1.01-2.00 + ++ 4
50 38 F 1.01-2.00 + ++ 4
51 37 M 1.01-2.00 + ++ 3
52 40 M 1.01-2.00 + ++ 3
53 40 M 2.01-4.00 ++ +++ 12
54 36 M 2.01-4.00 + ++ 12
55 39 M 2.01-4.00 + ++ 11
56 50 F 2.01-4.00 + ok 11
57 48 F 2.01-4.00 + ++ 11
58 45 M 2.01-4.00 + ok 11N,M,D
59 43 F  2.01-4.00 + ++ 10
60 53 F  2.01-4.00 + ++ 10
61 47 M 2.01-4.00 - ik 10N
62 54 M 2.01-4.00 ++ +++ 10
63 50 M 2.01-4.00 + ++ 10
64 69 F  2.01-4.00 + ++ 10
65 54 M 2.01-4.00 + ++ 10
66 53 M 2.01-4.00 + ++ 9
67 42 F  2.01-4.00 ++ ot 9N,M.D
68 37 F  2.01-4.00 ++ ++ 9N,M
69 45 F 2.01-4.00 + ++ 9
70 49 F 2.01-4.00 - ot 9N,M.D

FKBP51 controls melanoma response to Rx
S Romano et &/

Table 1 (Continued )

Case  Age Sex Breslow FKBP51r FKBP51v Follow-

(years} up
(years}

71 32 M 2.01-4.00 + ++ 7N
72 38 F 2.01-4.00 + ++ 6N
73 38 M 2.01-4.00 + ++ 3
74 32 M 2.01-4.00 ++ e+t 3N,M
75 40 M 2.01-4.00 ++ 4+ 3
76 46 F 2.01-4.00 ++ 4+ 3N
77 50 M 2.01-4.00 + ++ 2
78 24 F 2.01-4.00 + ++ 2
79 30 M 2.01-4.00 ++ ++ 2
80 32 F 201-4.00 + ++ 2

Abbreviations: D, tumor death; FKBP51r, FKBP51 radial growth; FKBP51v,
FKBP51 vertical growth; M, metastasis; N, lymph node; R, recidivation.

this transcription factor. Among the apoptosis-regulating
proteins under NF-xB control, the IAP family of proteins has
been widely involved in the resistance of human cancers to
apoptosis induced by both radictherapy and chemotherapy.*°
Our data confirmed the important role for xIAP in melanoma
radioresistance. A clear enhancement in the expression of
xIAP was found after Rx exposure. By using siRNA specific for
xIAP silencing, we found caspase-3 activation and cell death
after irradiation. Apparently, xIAP was not the cnly factor
contributing tc the resistance to apoptosis. Becn-1-silenced
cells were also found to be sensitive to Rx. As expected, any
increase in the autophagosome-recruited LC3-1l isoform
was not observed, suggesting the inhibition of autophagy.
Reduced Bax levels in irradiated non-silenced cells but
not in Becn-1-silenced cells suggest a role for autophagy in
Bax degradation. It is noted that Bax is an important mediator
of mitochondrion-dependent apcptosis; therefore, its reduced
level may represent an additional mechanism for cell death
inhibition.?® Using siRNA to silence the p85 subunit of
the NF-xB transcription complex, we showed that Becn-1
induction also depended on NF-xB. Taken together, these
findings suggest that the activation of NF-xB in irradiated
melanoma inhibits apoptosis by upregulating the caspase
inhibiter xIAP and autophagic protein Becn-1. A scheme
of the proposed mechanism is illustrated in Figure 8. This
study identifies a protein that acts upstream of NF-xB, and
whose knocking down efficiently cvercomes the apoptotic
machinery block provoked by this transcription factor, thus
permitting Rx-induced killing. The relevant role for FKBP51 in
radioresistance has also been documented in vivo. The study
of tumor sectiocns from melanoma xencgrafts implanted in
nude mice showed uneguivecal and extensive apoptosis
provoked by a single dose of FKBP51 siBRNA before
irradiation.

It is a rapidly emerging concept that the radiocurability of a
tumor implicates that the cancer stem or initiating cell is
killed."® A cancer stem cell is defined as a cell within a tumor
that possesses the capacity to self-renew and generate the
heterogeneous cancer cells that comprise the tumor.® Tumor
stem or initiating cells have been propcsed to exist for
melanoma.®’ The ABC transporter, ABCB5, was recently
shown to be a marker of cells capable of recapitulating
melanomas in xenotransplantation models.®® The ABCG2

[E=]

Cell Death and Differentiation



FKBF51 controls melanoma response to Rx
3 Romano et af

10

M \ ™ g , = g
. e ."";‘ Lol
PRIMARY MELANOMA
SPINDLE CELLS

NORMAL SKIN

7 .'Q'—"‘J AR
PRIMARY MELANOMA
EPITHELIOID CELLS

CUTANEOUS METASTASIS
FROM MALIGNANT MELANOMA

Figure 7 FKBP51 expression in normal skin and cutansous malignant melanoma (CMM}. FKBPS1 immunochemical staining of normal skin {red arrows indicate
melanocytes, original magnification, » 200} primary malignant melanoma spindle cells (original magnification, x 250}; primary malignant melanoma epithelioid cells
{magnification, x 250}; and demmal metastasis from malignant melanoma (original magnification, < 150}, using the avidin-bictin complex technique

and CD133 proteins have been identified as stemness
markers in clinical melanomas ® Using flow cytometric
technigues, we showed that ABCG2' melanoma cells
contain intracytoplasmic FKBP51 at higher levels than do
ABCG2 cells, as determined by the MFI values. The
presence of FKBP51 was confirmed by an immunohisto-
chemical study of ABCG2-sorted cells. Moreover, a flow
cytometry analysis of cells double-stained with ABCG2 and
annexin V allowed us to verify that ABCG2 ™ cells are also
killed by Rx after pretreatment with siRNA. Taken together,
these findings suggest that FKBP51 may be a suitable target
for eliminating cancer stem/initiating cells in melanoma.

Cell Death and Differentiation

The translational implication of our findings was reinforced
by data obtained from a study on 80 melanoma patients. The
protein expression was investigated in CMM both primitive
and metastatic. The relevant data from this analysis are that
FKBP51 (i) was expressed in all CMMs analyzed but not in
normal skin; {ii} expression was higher in melanocytes during
the vertical growth phase compared with the radial growth
phase; (i} expression correlated with the thickness of the
twmor lesion; (iv) expression was maximal in metastatic
melanoma. In conclusion, we show that FKBP51, a protein
with important biological roles in normal cells,?%2%:2% acquires
a pro-oncogenic potential when its expression is deregulated,
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Figure 8 Schematic representation of the proposed mechanism for the FKBPB1 suppression of ionizing radiation (Rx}-induced apoptosis. Rx triggers both the apoptotic
and NF-«B pathways. FKBP51 is required for the activation of NF-xB, which in tum inhibits apoptosis by stimulating x1AP and prometing authophagy-mediated Bax
degracation. In FKBP51-silenced cells, the lack of NF-«B induction permits the activation of apoptotic machinery, leading to cellular suicide

which is what occurs in melanoma. Such deregulation might
sustain survival networks that protect the melanoma against
killing. Our finding, that FKBP51 controls Rx-induced apop-
tosis in melanoma and correlates with malignity of the lesions,
provides a novel potential target for signaling therapies of
advanced disease and opens the door to the development of
diagnostic and prognostic tools for FKBP51 expression
profile, which can provide important insights into melanoma
biology and progression.

Materials and Methods

Cell culture. The melanoma cell line SAN"* was established from a patient's
tumor |ymphonodal metastasis and was provided by Dr. Gabriella Zupi
{Experimental Preclinic Laboratory, Regina Elena Institute for Cancer Research,
Roma, Italy}. Cells were cultured in RPMI (Roswell Park Memorial Institute} 1640
medium (Lonza, Braine-'Alleud, Belgium} supplemented with 10% heat-inactivated
fetal bovine serum (FBS} (Lonzal, 200mM glutamine (Lonza), and 100 U/ml
penicillin-streptomyein (Lonza} at 37°C in a 5% CO; humidified atmosphere. The
melanoma cell lines G361 and SK-MEL-3* (derived from a primary tumer and a
lymphonodal metastasis, respectively} were cultured in McCoy's modified medium
{Sigma Aldrich, Saint Louis, MO, USA} supplemented with 10% heat-inactivated
FBS, 200 mM glutamine and 100 U/ml penicilin-streptomycin at 37°C ina 5% CCy
humidified atmosphere. The melanoma cel line 4375, derived from a metastatic
tumor, was cutured in Dulbecco's Modified Eagle's Medium {Lonza} supplemented
with 15% heat-inactivated FBS, 200mM glutamine, and 100U/ml penicillin-
streptomycin at 37°C in a 5% CO; humidified atmesphere. G361, SK-MEL-3, and
A375 were kindly provided by Dr. Rosella Di Moto (CEINGE, Naples, laly).

Cell transfection. At 24 h before transfection, cells were seeded into six-well
plates at a concentration of 2 x 10°cells/ml to obtain 30-60% confluence at the
time of transfection. Then, the cells were transfected with specific short interfering
cligoribonuclectide (sIRMA} orwith a non-silencing oligoribonuclectide (NS RNA} as
control, at a final concentration of 50 nM using Metafectene (Biontex, Munich,
Gemmany} according to the manufactirer's recommendations. NS RNAs and
siRNAs corresponding to human cDMA sequences for FKBPS1, FKBP1Z, Rela,
AP, and Becn-1 were purchased from Qiagen (Gemmantown, Philadelphia, PA,
USAL The siRNA sequences wers:

B-ACCUAAUGCUGAGCUHAU-2' for FKBPB1;
B-GCTTGAAGATGGAAAGAAA-Y for FKBP12;

5 AAGATCAATGGCTACACAGGA-F for RelA (p6s);
5 -AAGTGCTTTCACTGTGGAGGA-3 for Bircd (MAP);
B-AGGGTCTAAGACGTCCAACAA -3’ for Becn-1.

At 4Bh after transfection, cells were irradiated with a 6MVY X-ray of a linear
accelerator (Primus, Siemens, Minchen, Deutschland] and processed according to
the different expermental procedures.

Clonagenic assay. This assay was performed as described earier.™ Briefly,
melanoma cells, not transfected and transfected with FKBPB1 siRMA or with NS
RMA, were iradiated at Rx doses between 1 and 8 Gy, harvested and plated in
triplicate at a density of 500cels/plate. After 10 days, the formed colonies were
stained with crystal violet and counted. The mean colony count was calculated for
each treatment (both Rx dose and type of cell transfection}. The number of colonies
in the irradiated dishes was divided by the number of colonies in the non-rradiated
dishes and expressed as a percentage. The graph of percent survival (i axis}
against Ry dose (x axis} was performed in semilogarithmic scale.

Cell lysates and western blotassay. Whole cell lysateswere prepared by
homogenization in medified RIPA buffer (150 mM sodium chioride, 50 mM Tris-HCI, pH
7.4,1 mM ethylenediamine tetraacetic acid (EDTA}, 1 mM phenyimethylsufonyl fluorits
{PMSF}, 1% Triton X-100, 1% sodium deoxycholic acid, 0.1% sodium dodecylsulfate
{SDS}, 5ug/ml aprotinin, and 5 pg/ml leupeptink. For 1xBa and 1xBf detection,
cytosolic extracts were obtained from 1 10° cells resuspended in 50 gl of lysing
buffer (10mM HEPES, pH 7.9, 1 mM EDTA, 60mM KCI, 1 mM dithicthreitol, 1 mM
PMSF, 50 pg/ml antipain, 40 po/iml bestatin, 20 po/ml chymostating and 0.2% viv
Monidet P-40} for 15 min in ice. Cell debris was removed by centrfugation. Protein
concentration was determined using the Bradford protein assay. Cell lysates were
equalized for total protein, run in 10-14% SOS in polyacrylamide gel electrophoresis
{PAGE} and transferred onto a methanol-activated polinylidene difiuoride membrane
{Milipore, Tokao, Japan}, which was incubated with the primary antibody. The goat
polyclonal antbedies against FKBPS (F-13), FKBP12 (N-18}, and Actin (119} (Santa
Cruz Bictechnology, Santa Cruz, CA, USA); the rabbit polyclonal antibodies against
Becn-1 (H-300), lxBer (C-21), IkBF (C-20} {Santa Cruz Bictechnology}, LC3 (Novus
Biologicals, Litleton, CO, USA}, caspase-7 (C7724, Sigma, Saint Louis, MO, USA},
and cleaved caspase-3 (Asp175} (Cell Signaling, Danvers, MA, USA} were used
diluted 1 :500. The mouse monoclonal antibodies against caspase-3 (specific for both
pro-caspase and cleaved caspase-3} (Sigma Aldrch), xl4P (Stressgene, San Diego,
CA, USA} and Bax (B-9, Santa Cruz Bictechnology} were used diluted 1:1000. The
blots were developed with an electrochemiliminescence system (ECL} (GE
Heathcare-Amersham, Buckinghamshire, UK}

Transmissicn electron microscopy. Melanoma cells, iradiated or non-
irradiated, were plated on 60-mm dishes. At 30-50% confluence, the cells were fixed
with 2% glutaraldehyde in 0.2 M Hepes, pH 7.4, at room temperature for 30 min. The
cells were scraped and pelleted, and the fixation was continued for 2 h. The cells were
then dehiydrated in ethanol and embedded in epoxy resin. Thin sections were cut and
stained with uranyl acefate and lead citrate, and examined under a Jeol JEM1200
EX2 Transmission Electron Microscope (Jeol, Tokyo, Japan).

Nuclear extracts, EMSA, and cligonucleotides. Cell nuclear extracts
were prepared from 1= 10° cells by homogenization of the cell pellet in two
volumes of 10mM HEPES, pH 7.8, 10 mM KCI, 1.5mM MgCl,, 260mM EDTA,
05mM DTT, 0.5mM PMSF, and 10% ghycerol (vAd. Nuclel were centrifuged at
1600 = g for Bmin, washed, and resuspended in two volumes of the above-
specified solution. KCI (3M} was added until the concentration reached 0.3% M.
Nuclei were extracted at 4°C for 1 h and centrifuged at 10 000 = ¢ for 30 min. The
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supernatants were clarified by centrifugation and stored at —80°C. Protein
cencentrations were determined using the Bradford methed. The NF-xB consensus
5-CAACGGCAGGGGAATCTCCCTCTCCTT-3 oligonuclectide® was end-labeled
with [y*?P] ATP using a polynucleotide kinase (Roche, Basel, Switzetland). End-
labeled DNA fragments were incubated at reom temperature for 20 min with 5 g of
nuclear protein, inthe presence of 1 zg pely(di—dC), in 20 ¢l of a buffer consisting cf
10 mM Tris-HCI, pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, and 5% glycerel (v/
v). In supershifting experiments, rabbit antibedies against p105/p50 (N-19), p85
(F-6), cRel {N), RelB {C-19) (Santa Cruz Bictechnolegy), and against p52 (kindly
provided by Professor Shao-Cong Sun, Department of Microbiclogy and
Immunology, Pennsylvania State University College of Medicine, Hershey, PA,
USA) were added to the incubaticn mixture, In competition assays, a 50 x molar
excess of NF-xB or NFAT cold clige was added to the incubation mixture. Protein-
DNA complexes were separated from the free probe cn a 6% polyacrylamide (wiv)
gelrunin 0.25 x Tris borate buffer at 200 mY for 3 h at room temperature. The gels
were dried and exposed to X-ray film (Fuiji film, LE.P., Naples, ltaly).

Analysis of apoptosis. Caspase-3 and -9 activity was determined using the
Carboxyflucrescein Fluorochreme Inhibitor of Caspases Assay (FLICA) Kits
(B-Bridge Internaticnal, San Jose, USA,) according to the instructions of the
manufacturer. Cells are permeable to the fluorochrome inhibitor that binds
cevalently to the activated caspase, thereby inhibiting enzymatic activity. Briefly, 4 h
after exposure to a 4Gy Rx dose, the cells were harvested and resuspended in
300 x4l PBS containing FLICA reagent, for 1h at 37°C in a 5% CO; atmosphere, in
the dark. During the incubaticn, cells were gently resuspended twice 1o ensure an
optimal distribution of the FLICA reagent among all cells. Then, the cells were
washed twice in wash buffer by centrifugation at 400 x g for 5 min, resuspended in
300-400 I of PBS, and analyzed by flow cytometry. The green flucrescent signal
was a direct measure of the number of active caspase enzymes. Phesphatidylserine
externalization was investigated by annexin V staining. Briefly, 1 > 10° cells were
harvested 48 h after Rx exposure (4 Gy) and resuspended in 100 I of binding buffer
{10 mM Hepes/NaCH pH 7.5, 140 mM NaCl, and 2.5 mM CaCl,) centaining 5 ul of
annexin V-FITC (Pharmingen/Becton Dickinson, San Diege, CA, USA) for 15min at
room temperature in the dark. Then, 400 zl of the same buffer was added tc each
sample and the cells were analyzed with a Becten Dickinson FACScan flow
cytometer (Becton Dickinscn). The peptide caspase-2 inhibitor Z-Asp-Glu-Val-Asp
flucromethyl ketene (Z-DEVD-fmk) was previded by Sigma Aldrich.

Analysis of DNA content by propidium icdide incorporation was performed in
permeabilized cells by flow cytometry. Cells {2 x 10) were harvested 72 h after Rx
exposure (4 Gy), washed in PBS, and resuspended in 500 ¢l of a solution containing
0.1% sodium citrate wiv, 0.1% Triton X-100 v/v, and 50 pg/ml propidium iodide
(Sigma Chemical Co, Gallarate, Italy). After incubation at4°C for 30 min in the dark,
cell nuclei were analyzed with an FACScan flow cytometer. Cellular debris was
excluded from the analysis by raising the forward scatter thresheld, and the DNA
centent of the nuclei was registered on a logarithmic scale. The percentage of the
elements in the hypedipleid region was calculated.

Real-time PCR. Tctal RNA was isolated by Trizol (Invitrogen, Carlsbad, CA,
USA) frem cells harvested 6h after Rx, accerding to the instructions of the
manufacturer. A total of 1 g of each RNA was used for ¢cDNA synthesis with
Meloney Murine Leukemia Virus Reverse Transcriptase (nvitrogen). Gene
expressicn was quantified by reaktime PCR using the iQSYER Green Supermix
(Biorad, Hercules, CA, USA) and specific real-time-validated GuantiTect primers for
Bax, Becn-1, and XIAP (Qiagen) and specific primers for p-actin: Fw & -CGACA
GGATGCAGAAGGAGA-3, Rev 5-CGTCATACTCCTGCTTGCTTGCTG-3.

Confocal microscopy. Cells were fixed in 4% paraformaldehyde in PBS for
20 min, washed twice for 5min each time, with 50 miM NH,Cl in PBS permeabilized
for 5 min in €.1% Triton X-100 in PES. The cwere then blocked in 1% bovine serum
albumin (BSA) in PBS for 1 h and washed twice in PBS. Mouse monoclonal anti-Bax
(Santa Cruz Biotechnelegy) and rabbit polyclonal LC3 (Novus Biolegicals), diluted
1:40in PBS 0.5% BSA for 1 h in a humidified atmosphere, served as the primary
antibody. The cells were then extensively washed in PBS befere staining with
secondary geat anti-mouse Alexa Flucr 546 and anti-rabbit Alexa Flucr 488
(Molecular Prcbe, Invitrogen Cerperation, Carlsbad, CA, USA). Nuclei were
ceunterstained with Hoechst 33258 (0.5 ug/ml in PES) (Sigma Aldrich) for 10 min.
Finally, the cells were washed in PBS and mounted on glass slides with PBS
centaining 50% glycerol.
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The analysis of immunoflucrescence was performed with a confocal laser
scanner microscopy Zeiss 510 LSM (Carl Zeiss Microimaging GmbH, Minchen,
Germany), equipped with Argon ionic laser (Carl Zeiss Micrcimaging GmbH,
Minchen, Germany) whese fwas set up to 488 nm, a HeNe laser whose fwas set
up to 546 nm, and an immersicn cil objective, 63 < /1.47. Emissicn of flucrescence
was shown by a BP 505-530 band pass filtter for Alexa-488 and 560 long pass for
Alexa-546. Images for the double-staining immunofiucrescence were acquired by
sequential scanning to eliminate the cross talk of chromopheres in the green and
red channels and then saved in TIFF format to prevent the loss of infermation. They
had been acquired with a resoluticn of 1024 x 1024 pixel with the cenfocal pinhole
set to one Airey unit.

Cell sorting and immunostaining of ABCG2 "cells. SAN melancma
cells were harvested, centrifuged for Smin at 400 x g, and incubated with a
menoclenal antibody against human ABCG2-pycoerythtin (PE) conjugated (R&D
Systems, Minneapolis, MN, USA). After incubation at 4°C for 30 min in the dark,
cells were fixed with 2% parafermaldehyde in PBS for 1 h and permeabilized with
0.1% Triton X-10C and 0.1% sodium citrate in PBS fer 3min in ice. Afterward,
intracellular indirect immunostaining was performed with anti-FKBP51 (H-100)
(Santa Cruz Bictechnology) and a secondary flucrescein iscthiocyanate (FITC)-
conjugated antibody. Expression of FKBP31 in both ABCG2™ and ABCG2™ cells
was analyzed in flow cytometry by using the ABCG2-PE/SSc gating strategy. For
the immunohistochemistry of ABCG2 ™ cells, these were sorted from the whole
cells of the melanoma cell line SAN with a BD FACSAria (ED Biosciences).
The ABCG2™ population was > 77% in purfiied cells. The sorted cells were imme-
diately fixed with 2% paraformaldehyde in PBS. Then, the cells were deposited ona
slide {Cytoslide Shanden, Waltham, MA, USA) by spinning in a cytocentrifuge
(Cytespin 3, Shandon) at 800rp.m. for 5min, and subjected to FKBPS1
immunchistochemical staining.

Immunchistochemistry. Serial sections of 4-um thickness from routinely
formalinfixed, paraffin-embedded blocks were cut for each case of CMM and
normal skin, and mounted on poly-l-lysine-coated glass slides, as described
earlier.®® Briefly, deparaffinized sections were boiled thrice for 3min in a 1mM
sedium citrate buffer (pH 6.0}, as an antigen refrieval method. To prevent a non-
specific binding of the antibody, sections were preincubated with a non-immune
mouse serum {1 20; Dakopatts, Hamburg, Germany) diluted in PES-BSA (1%) for
25 min at room temperature, After quenching of endogencus peroxidases with 0.3%
hydrogen peroxide in methanol, followed by two rinses with Tris-HCI buffer, the
secticns were incubated with the anti-FKBP51 primary antibedy (F-13) (Santa Cruz
Biotechnelegy) diluted 150 overnight at 4°C. The standard streptavidin-bictin-
peroxidase complex technique, using sequential 20 min incubation with bictinylated
linking antibody and peroxidase-labeled streptavidin (labeled streptavidin—bictin
complex kit horseradish peroxidase, DAKO, Carpinteria, CA, USA), was performed.
3,3V-diamincbenzidine (3-3V diamincbenzidine tetrachloride; Vecter Laboratories,
Burlingame, CA) was used as a substrate chromogen solution for the development
of the peroxidase activity. Hematexylin was used for nuclear counterstaining; then,
the sections were mounted and coverslipped with a synthetic mounting medium
(Entellan, Merck, Darmstadt, Germany). As control, an antibedy with irrelevant
specificity, but with the same isctype as the primary antibody, was used in each
staining run. Only cells with a definite brown cytoplasmatic immuncstaining were
judged as pesitive for FKBP51 antibody. The immunchistochemical expressicn of
FKBP51 in CMM was evaluated semiquantitatively as the percentage of positive
tumer cells among the total melanoma cells present in at least 10 representative
fields and scored according to an arbitrary scale (Staibano et al™®) as follows: C (no
immunopositive cells), + (< 5% of positive cells), + + (>5% and <25% cf
positive cells), + + + (==25% of positive cells).

Animal studies. SAN melanoma cells, 3 x 108 in a volume of 100 ul PBS,
were injected s.c. into one flank of 24 8-week-old athymic nu/nu mice {Charles River
Laboratory, Wilmington, MA, USA). Mice were maintained under specific pathogen-
free conditions in the Laberatory Animal Facility of the Naticnal Cancer Institute, G
Pascale Foundation, Naples, [taly. All studies were conducted in accordance with
[talian regulations for experimentaticns on animals, Mice were observed daily for the
visual appearance of tumors at the injection sites. Tumer diameters were measured
using calipers and calculated as the mean value between the shortest and the
longest diameters. When fumors reached ~10mm in mean diameter, 3-4 weeks
post-injection of cells, 12 mice were subjected 1o a single infratumor injection of
FKBP51 siRNA and 12 to an injection of NS RNA. After 48h, 12 mice (six freated with



FKEP51 siRNA and six with NS RNA) were subjected to tumor irradiation. A total of six
irradiated animals {three injected with NS RNA and three with FKBP51 siRNA) and six
nen-iradiated animals (three injected with NS RNA and three with FKBP51 siRNA)
were killed 24 h after irradiation. The remaining 12 animals were killed a day later. Each
fumor was divided into two pars: one porfion was formalin-fixed and paraffin-
embedded forimmunchistochemistry and the other was processed for the preparation
of whole cell lysates. For immunchistochemical assays, 5-um-thick paraffin-embedded
sections were incubated with Tris-buffered saline (TBSYBSA for 10min to reduce
unspecific staining. Tissue sections were then exposed 1o rabbit pelyclonal anfibody
against cleaved caspase-3 {(Asp175) (Cell Signaling) or isotype-matched contrel
antibedy for 1h. After two washes in TBS, sectcns were exposed to anti-rabbit
biotinylated antbedy, washed again, and incubated with peroxidase-labeled
streptavidin. 3,3V-diaminobenzidine was used as a substrate chromogen selutien for
the development of peroxidase activity. Counterstaining of fumer sections was
perfermed using aqueous hematoxylin. Lysates of excised tumors were prepared by
hemegenizaticn in modified RIPA buffer. Homogenization was cenducted in a Dounce
Homogenizer, before incubation for 1h at 4°C. Preparations were subsequently
clarified by centrifugation at 14 000 > g for 30 min at 4°C. The protein content of the
supernatants was determined using the Bradford methed. Samples were equalized for
total protein and run in SDS-PAGE electrophoresis. Westem blot filter was incubated
with the rabbit polyclonal antibedy for cleaved caspase-3 (Asp175) (Cell Signaling).

Statistical analysis. The results reported are the mean and standard
deviation of independent experiments. The statistical significance of differences
between means was estimated using Student’s ttest. The y’-test was used to
assess the difference between categorical variables. The Spearman’s rank
correlation ceefficient was used for non-parametric data. Values of P<£0.05 were
considered statistically significant. The statistical analysis was performed using the
SPSS statistical package (SP3S Inc., Chicage, IL, USA).
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Dear Editor,

FK506-binding protein (FKBP} 51 is a cochapercne, which
belongs to the immunophilin family, a group of proteins with
peptidyl-prolyl isomerase activity. FKBPs regulate several
biclogical processes through protein—protein interaction.! In
particular, FKBP51 is a component of the stercid receptor
complex, with a role in steroid resistance;® moreover, it is
involved in NF-xB activation because of its isomerase activity,
which is essential for the function of subunit-= in the 1xB kinase
complex.® According to Baughman ef al.,' FKBP51 is
abundantly expressed in lymphocytes and in several other
tissues, but it is expressed at low levels in the pancreas,
spleen, and stomach. There is increasing evidence of an
association of FKBP51 hyperexpression with cancer®® and a
relevant role of this protein in sustaining cell growth,®
malignancy, and resistance to therapy.*® An immunohisto-
chemistry study of expression of FKBP51 in 50 tumoral
samples acquired from our pathology secticn, including
breast, lung, pancreas, ovary, and prostate (10 samples for
each tumor), and a comparable number of normal tissue
samples showed an intense signal in 38 out of 50 tumors
analyzed, whereas normal tissues of the same histotypes
showed a weak/absent immunohistochemical signal. The 12
tumor samples with low/negative immunchistochemistry were
the 10 breast cancer samples and 2 cut of 10 pancreatic
tumoers. Interestingly, these two pancreatic tumors belonged
to the well-differentiated histotype (G1}. Figure 1a (upper
panel} shows representative immunochistechemical findings.
Measurement of FKBP51 mRNA levels in deparaffinized
tissues using real-time PCR confirmed the immunohisto-
chemistry results (representative results in Figure 1a, lower
panel). Taken together, these findings support the hypothesis
that FKBP51 is a promising novel tumoral marker. The
association of FKBP51 overexpression with cancer is in line
with the rapidly emerging concept that NF-xB drives tumor-
igenesis in the most commen genetic alterations associated
with cancer.®1°

Recently, it has been found, intumor cell lines, that FKBP51
acted as a scaffold to facilitate the interaction between Akt and
PH domain leucine-rich repeat protein phosphatase, which

mediates dephosphorylation of pAkt (S473)."" This raised the
question whether FKBP51 may work ocut as a tumor
suppressor by deactivating Akt. As we previously found that
intratumoral injection of FKBP51 siRNA followed by irradiation
produced extensive apoptosis in melanoma xenografts,® we
investigated the effect of FKBP51 downmodulation on pAkt
(S473) levels in our mouse model of melanoma, in both
xenografts and locoregional Ilymph nodes. Histological
examination showed that the mouse lymphatic tissue was
not metastatic. Figure 1b shows a representative outcome.
On the basis of these results, pAkt (5473) levels were not
enhanced with downmodulation of FKBP51 in normal or
cancerous tissue.

This cbservation suggests that pathways upstream from
Akt, which are often deregulated in cancer, control activated-
Akt levels. This hypothesis is supported by the findings
that leukemic lymphocytes often display higher levels of
pAkt (8473) in comparison with normal lymphocytes
(Figure 1c} even in the presence of similar or higher FKBP51
levels. To assess whether an inverse correlation subsisted
between FKBP51 and pAkt (5473} levels, we used
western blct to measure these levels in samples of primary
lymphatic leukemia and normal peripheral blood lympho-
cytes. Expression levels were quantified by densitometry.
Spearman’s p correlation did not indicate any relationship
between the two variables (Figure 1d; P=0.788, left;
P=0.199, right}. Taken tcgether, these findings do not
support an essential role of FKBP51 as a factor that controls
the phosphorylation status of Akt inside the cell, thereby
weakening the hypothesis that the protein may work out as
tumor suppressor.

In conclusicn, although FKBP51 function is nct yet fully
elucidated, however, there are clear data suggesting that this
immunophilin is often hyperexpressed in tumors and has an
active role in pre-neoplastic disorders® and cancer.5®
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Figure 1 (a) (Upper panel) FKBP51 immuncchemical staining of normal and neoplastic tissues. Setial secticns of 4 um from routinely formalin-fixed, paraffin-embedded
blocks were cutand mounted on pely-L-lysine-coated glass slides. {Lewer panel) Deparaffinized sections were incubated overnight at 4°C with anti-FKBPS1 primary antibody
{F-13, Santa Cruz Bictechnology, Santa Cruz, CA, USA) diluted 1 : 50. The standard streptavidin-biotin—peroxidase complex technique was performed. Hematoxylin was used
for nuclear counterstaining. {Lower panel) Normalized expression rates of FKBPS1 mRNA (a.u., arbitrary units) in PBL and deparaffinized tissues; each histogram is referred to
a representative normal or tumoral sample. Values represent means and S.D. of arbitrary units from three different reaktime experiments, each performed in triplicate. Total
RNA was isclated from PBLs with Trizol {Invitregen, Cartlsbad, CA, USA) and from paraffinized tumors using the High Pure RNA Paraffin Kit (Roche Diagnestics GmbH,
Mannheim, Germany) according to the manufacturer’s instructions. In all, 1 g of each RNA was used for cDNA synthesis with Moloney Murine Leukemia Virus Reverse
Transcriptase (M-MLY RT, Invitrogen). Gene expression was quantified by real-time PCR using the iQ SYBR Green Supermix (Bic-Rad, Foster City, CA, USA) and specific
real-time-validated QuantiTect primers for FKEP51 (FW: 5-GTGGGGAATGGTGAGGAAACGC-Y,; REV. 5-CATGGTAGCCACCCCAATGTCC-2') and specific primers for
f-actin. Relative quantitation of FKEBPS1 franscript acress multiple samples was perfermed by using a coamplified S-actin internal control for sample nermalization. The values
of each sample were compared to PBL (expression= 1) for an estimate cf the relative expressicn change fold of FKBPS1. (b) Western blot assay of pAkt (S473) and FKEPS1
levels in lysates prepared frem melanema xenografts and locoregional lymph nodes obtained frem athymic nu/nu mice (Charles River Laboratory, Wilmingten, MA, USA). Fer
pAkt {S473) detection, the rabbit polyclonal antibody clone DIE {Cell Signaling, Danvers, MA, USA) was used, and for FKEP51, the goat pelyclonal antibody F-13 {Santa Cruz
Bictechnology) was used. When tumeors reached ~ 10mm in mean diameter, mice received a single intratumctal injection of FKBP51 siRNA (5-ACCUAAUGCUGAGCUdAU-3)
or (nonsilencing) NS RNA. After 48 h, mice were subjected to tumor irradiation, and after a further 48 h, animals were killed and tumors and lymph nodes excised for
preparation of lysates. (c) Western blot assays of pAkt (S473) and FKBPS1 levels in lysates prepared from different samples of mononuclear cells. Mencnuclear cells of acute
lymphoblastic leukemia (ALL) were separated by bone marrow; BMMCs were bene marrow moncnuclear cells separated from a noninfiltrated bene marrow sample from a
lymphoma patient. Mononuclear cells of chronic lymphocytic leukemia (CLL) were separated by peripheral blood. Peripheral bloed lymphocytes (PBLs) were from normal
donots. (d) Scatterplot of FKEP51 OD versus pAkt (3473) OD. FKBPS1 and pAkt (S473) expressicn levels were quantified by densitometry using ImageJ 1.42q (NIH, http.#/
rsb.info.nih. govij/) for Macintosh. Integrated ODs of pAkt were normalized to Akt, whereas integrated ODs of FKBP51 were normalized to actin
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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.
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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 (PPlase), 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 Kp 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].



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

FKBPI12 is the guardian of transforming growth factor-f§ (TGF-f) receptor signaling [22]. TGF-f 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-f is apoptotic for
hematopoietic cells and regulates the life span of lymphocytes [39]. The loss of sensitivity to TGF-f3
promotes leukemic transformation [40, 41]. FKBP12 acts as a natural ligand for the TGF-f type I
receptor (TPR-I) [22], binding to a glycine- and serine-rich motif (GS motif) of TRR-I, capping its
phosphorylation and stabilizing the inactive conformation of TBR-I [22]. The PPlase core domain of
FKBPI12 is important for the interaction of the immunophilin with TBR-I. FK506 inhibits this
interaction and promotes receptor transautophosphorylation [22, 42]. FK506 activates apoptosis of
normal and leukemic lymphocytes through the TGF-p signal [31]. FK506-induced cell death is
preceded by: (i) increased levels of phosphorylated Smad?2; (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, Bimg, Bim;, and Bimg 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-f 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



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 Bc¢l-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-kB transcription complex [24, 25, 28-30]. Of note,
NF-kB 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 TNFo/NF-kB signal transduction pathway [53] first identified
FKBP51 as an IKKa 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-kB 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-IkBa levels after irradiation of FKBP51-depleted cells (Figure 2B). As is
already established, Ik B phosphorylation, followed by proteolytic degradation of inhibitors, controls
cytoplasmic shuttling to the nucleus of NF-kB dimers in response to cell stimulation [23, 24]. FKBP51

plays a relevant role in counteracting apoptotic processes stimulated by radio- and chemotherapy.



Targeting of FKBP51 counteracts NF-kB 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-kB complex counteracts the pro-apoptotic effect

of FKBP51 knockdown [25].

Targeting of FKBP in Cancer
Targeting of FKBP12 with FK506 or siRNA increases TGF-f 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-p—mediated processes in cancer [56-59], including
hematological malignancies [60]. TGF-f, although involved in metastatic processes in advanced
tumors, acts as an early tumor suppressor [61]. Loss of response to TGF-f 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
HCYV infection [64] and works together with chronic inflammation [65] to cause tumor transformation.
NSS5A 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-kB transcriptional control [24]. In addition, FKBP51 targeting enhances the



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 ABCBS 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.
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Legends to the figures

Fig. 1 Schematic representation of TGF-f signal. (A) TGF-f binds a specific pair of membrane
receptors, type I (TBR1) and type II (TBR2), that contain a cytoplasmic serine—threonine kinase
domain. This binding results in the formation of a TBR1/TPR2 heteromeric complex and activation of
TPR2 kinase. Activated TBR1 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 TBR1 requires phosphorylation of the GS (glycine, serine)
region by TBR2. Under basal conditions, this region is capped by FKBPI12, blocking the signal
progression. FK506 displaces the immunophilin from the GS region, thus permitting TGF-f3 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 FKBPS1 controls ionizing radiation—induced NF-xB 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 pg
of protein extract was precleared for 1 h. For immunoprecipitation, 15 ug anti-FKBP51 or anti-IKKa/f
were added together with 25 uL 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-IKKo/f. The immunoprecipitation assay result, that was confirmed in another independent
experiment, suggests that FKBP51 directly interacts with IKKa/f after exposure to ionizing radiation
(IR), thus activating NF-kB transcriptional factors. (B) Western blot assay of IkBa and phospho-IkBa
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-IKKo/f and anti-phospho-IKKa/f. These results suggest that in irradiated cells,
FKBPS51 downmodulation blocks IkBo phosphorylation and degradation, thus avoiding NF-«xB

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.
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