Doctorate Program in Molecular
Oncology and Endocrinology
Doctorate School in Molecular
Medicine

XXIII cycle - 2007-2010

Coordinator: Prof. Giancarlo Vecchio

“The emerging role of FKBPS1 in
melanoma: characterization of a promising
molecular target for innovative therapies”

Simona Romano

University of Naples Federico II
Dipartimento di Biologia e Patologia Cellulare e Molecolare
“L. Califano”



Administrative Location

Dipartimento di Biologia e Patologia Cellulare e Molecolare “L. Califano”
Universita degli Studi di Napoli Federico 11

Partner Institutions

Italian Institutions

Universita degli Studi di Napoli “Federico 11, Naples, Italy
Istituto di Endocrinologia ed Oncologia Sperimentale “G. Salvatore”, CNR, Naples, Italy
Seconda Universita di Napoli, Naples, Italy

Universita degli Studi di Napoli “Parthenope”, Naples, Italy
Universita del Sannio, Benevento, Italy

Universita di Genova, Genoa, Italy

Universita di Padova, Padua, Italy

Universita degli Studi “Magna Graecia”, Catanzaro, Italy
Universita degli Studi di Firenze, Florence, Italy

Universita degli Studi di Bologna, Bologna, Italy
Universita degli Studi del Molise, Campobasso, Italy
Universita degli Studi di Torino, Turin, Italy

Universita di Udine, Udine, Italy

Foreign Institutions

Université Libre de Bruxelles, Brussels, Belgium

Universidade Federal de Sao Paulo, Brazil

University of Turku, Turku, Finland

Université Paris Sud XI, Paris, France

University of Madras, Chennai, India

University Pavol Jozef Safarik, Kosice, Slovakia

Universidad Autonoma de Madrid, Centro de Investigaciones Oncologicas (CNIO), Spain
Johns Hopkins School of Medicine, Baltimore, MD, USA

Johns Hopkins Krieger School of Arts and Sciences, Baltimore, MD, USA
National Institutes of Health, Bethesda, MD, USA

Ohio State University, Columbus, OH, USA

Albert Einstein College of Medicine of Yeshiwa University, N.Y., USA

Supporting Institutions

Associazione Leonardo di Capua, Naples, Italy

Dipartimento di Biologia e Patologia Cellulare e Molecolare “L. Califano”, Universita degli Studi
di Napoli “Federico 11, Naples, Italy

Istituto Superiore di Oncologia (ISO), Genoa, Italy

Istituto di Endocrinologia ed Oncologia Sperimentale “G. Salvatore”, CNR, Naples, Italy



Italian Faculty

Giancarlo Vecchio, MD, Co-ordinator
Salvatore Maria Aloj, MD

Francesco Saverio Ambesi Impiombato,
MD

Francesco Beguinot, MD

Maria Teresa Berlingieri, MD
Bernadette Biondi, MD

Francesca Carlomagno, MD

Gabriella Castoria, MD

Angela Celetti, MD

Lorenzo Chiariotti, MD

Vincenzo Ciminale, MD

Annamaria Cirafici, PhD

Annamaria Colao, MD

Sabino De Placido, MD

Gabriella De Vita, MD

Monica Fedele, PhD

Pietro Formisano, MD

Alfredo Fusco, MD

Michele Grieco, MD

Massimo Imbriaco, MD

Paolo Laccetti, PhD
Antonio Leonardi, MD
Paolo Emidio Macchia, MD
Barbara Majello, PhD
Rosa Marina Melillo, MD
Claudia Miele, PhD
Roberto Pacelli, MD
Giuseppe Palumbo, PhD
Silvio Parodi, MD

Nicola Perrotti, MD
Giuseppe Portella, MD
Giorgio Punzo, MD
Antonio Rosato, MD
Guido Rossi, MD
Giuliana Salvatore MD
Massimo Santoro, MD
Giampaolo Tortora, MD
Donatella Tramontano, PhD
Giancarlo Troncone, MD
Giuseppe Viglietto, MD
Mario Vitale, MD



Foreign Faculty

Université Libre de Bruxelles, Belgium
Gilbert Vassart, MD
Jacques E. Dumont, MD

Universidade Federal de Sao Paulo, Brazil
Janete Maria Cerutti, PhD
Rui Monteiro de Barros Maciel, MD PhD

University of Turku, Turku, Finland
Mikko Laukkanen, PhD

Université Paris Sud XI, Paris, France
Martin Schlumberger, MD
Jean Michel Bidart, MD

University of Madras, Chennai, India
Arasambattu K. Munirajan, PhD

University Pavol Jozef Safarik, Kosice,
Slovakia

Eva Cellarova, PhD

Peter Fedorocko, PhD

Universidad Autonoma de Madrid -
Instituto de Investigaciones Biomedicas,
Spain

Juan Bernal, MD, PhD

Pilar Santisteban, PhD

Centro de Investigaciones Oncologicas,
Spain
Mariano Barbacid, MD

Johns Hopkins School of Medicine, USA
Vincenzo Casolaro, MD

Pierre A. Coulombe, PhD

James G. Herman MD

Robert P. Schleimer, PhD

Johns Hopkins Krieger School of Arts and
Sciences, USA
Eaton E. Lattman, MD

National Institutes of Health, Bethesda,
MD, USA

Michael M. Gottesman, MD

J. Silvio Gutkind, PhD

Genoveffa Franchini, MD

Stephen J. Marx, MD

Ira Pastan, MD

Phillip Gorden, MD

Ohio State University, Columbus, OH,
USA

Carlo M. Croce, MD

Ginny L. Bumgardner, MD PhD

Albert Einstein College of Medicine of
Yeshiwa University, N.Y., USA
Luciano D’Adamio, MD

Nancy Carrasco, MD



“The emerging role of
FKBP51 in melanoma:
characterization of a
promising molecular
target for innovative
therapies”



TABLE OF CONTENTS

ABSTRACT

BACKGROUND
—->FK506 Binding Proteins (FKBPs)
—>FKBP51 and its functions
—2>Role of FKBP51 in cell growth and malignant transformation
—>FKBP51 is an important molecular determinant in the anticancer activity
of rapamycin
->Melanoma

AIM OF THE STUDY

MATERIALS AND METHODS
—>Cell culture
—>Cell transfection
—>Clonogenic assay
—>Cell lysates, western blot and immunoprecipitation assay
- Transmission electron microscopy
—>Nuclear exstracts, EMSA and oligonucleotides
-> Analysis of apoptosis
—>Real-time PCR
->Confocal microscopy
—>Cell sorting and immunostaining of ABCG2+cells
->Immunohistochemistry
- Animal studies
—>Statistical analysis

RESULTS
—->FKBP51 downmodulation sensitizes melanoma cells to IR-induced apoptosis
2>FKBP51 is essential for IR-induced activation of NF-xB
—“>Rx-induced NF-«B sustains autophagy
—>Rx-induced autophagy increases the threshold for apoptosis
—>FKBP51 is expressed in malignant melanoma-stem/initiating cells
—1In vivo targeting of FKBP51 radiosensitizes melanoma xenografts
—>FKBP51 is a marker of malignant melanocytes
—>FKBP51 is a possible novel tumoral marker

CONCLUSIONS
ACKNOWLEDGEMENTS
REFERENCES

19

20
20
20
21
22
22
22
23
23
23
24
24
25
26

26
26
31
35
40
4
44
46
51

54
55
56



LiIST OF PUBLICATIONS

This dissertation is based upon the following publications:

Romano MF, Avellino R, Petrella A, Bisogni R, Romano S, Venuta S.
Rapamycin inhibits doxorubicin-induced NF-kappaB/Rel nuclear

activity and enhances the apoptosis of melanoma cells. Eur J Cancer
2004; 40: 2829-2836.

Avellino R, Romano S, Parasole R, Bisogni R, Lamberti A, Poggi V,
Venuta S, Romano MF. Rapamycin stimulates apoptosis of Childhood
acute lymphoblastic leukemia cells. Blood 2005; 106:1400-1406.

Giordano A, Avellino R, Ferraro P, Romano S, Corcione N, Romano MF.
Rapamycin antagonizes NF-kappaB nuclear translocation activated by
TNF-alpha in primary vascular smooth muscle cells and enhances
apoptosis. Am J Physiol Heart Circ Physiol 2006; 290:H2459-65.

Romano MF, Romano S, Mallardo M, Bisogni R, Venuta S. Rapamycin
Controls Multiple Signalling Pathways Involved in Cancer Cell
Survival. Trends in Cell Apoptosis Research, ISBN 1-60021-424-X,
Editor: Herold C. Figgins, 2006 Nova Science Publishers, Inc.

Giordano A, Romano S, Mallardo M, D'Angelillo A, Cali G, Corcione N,
Ferraro P, Romano MF. FK506 can activate transforming growth
factor-beta signalling in vascular smooth muscle cells and promote
proliferation. Cardiovasc Res 2008; 79:519-26.

Romano S, Mallardo M, Chiurazzi F, Bisogni R, D'Angelillo A, Liuzzi R,
Compare G, Romano MF. The effect of FK506 on transforming growth

factor beta signaling and apoptosis in chronic lymphocytic leukemia B
cells. Haematologica 2008; 93:1039-48.

Romano S, D'Angelillo A, Pacelli R, Staibano S, De Luna E, Bisogni R,
Eskelinen EL, Mascolo M, Cali G, Arra C, Romano MF. Role of

FK5006-binding protein 51 in the control of apoptosis of irradiated
melanoma cells. Cell Death Differ 2010; 17:145-57.



Romano S, D'Angelillo A, Staibano S, Ilardi G, Romano MF. FK506-
binding protein 51 is a possible novel tumoral marker. Cell Death

Disease 2010, 1, e55; doi:10.1038/cddis.2010.32; published online 15
July 2010.

Romano S, Di Pace AL, Sorrentino A, Bisogni R, Sivero L, Romano MF.

FK506 Binding Proteins as Targets in Anticancer Therapy. Anticancer
Agents Med Chem. Invited review, in press.

Romano S, Romano MF. The emerging role of FK506 binding protein 51
in cancer. Curr Opin Drug Discov Devel. Invited review, submitted.



ABSTRACT

Melanoma is a malignant skin cancer with high metastatic potential. The
number of melanoma cases worldwide is increasing faster than any other cancer.
The prognosis is bad in the advanced stages of the disease due to resistance to
conventional anti-cancer treatments. Patients diagnosed with advanced stage
melanoma continue to pose a significant challenge for clinicians. Although many
therapeutic regimens for metastatic melanoma have been tested, very few achieve
response rates greater than 25%. There is much hope for targeted therapies and
promising agents include those that act on apoptosis-regulating molecules. Very
recently, we have identified that an immunophilin, namely FK506 binding protein
(FKBP) 51 controls response of melanoma to DNA damaging agents, such as
anthracyclines compounds. The aim of this study was to investigate the possible
role of FKBP51 in the control of response to ionizing radiation (IR) in malignant
melanoma. FKBP51-silenced cells showed reduced clonogenic potential after
irradiation compared with non-silenced cells. After IR, we observed apoptosis in
FKBP51-silenced cells and autophagy in non-silenced cells. FKBP51 was required
for the activation of Rx-induced NF-kB, which in turn inhibited apoptosis by
stimulating X-linked inhibitor of apoptosis protein and promoting authophagy-
mediated Bax degradation. Using a tumor-xenograft mouse model, the in vivo
pretreatment of tumors with FKBP51-siRNA provoked massive apoptosis after
irradiation. Immunohistochemical analysis of 10 normal skin samples and 80
malignant cutaneous melanomas showed that FKBP51 is a marker of melanocyte
malignancy, correlating with vertical growth phase and lesion thickness.
Moreover, we provided evidence that FKBPS51 targeting radiosensitizes cancer
stem/initiating cells. Finally, we expanded the study to other types of cancer,
including ovarian, pancreatic, prostate, colon, breast and lung cancer and found a
strong correlation between the protein expression and malignity of the tumoral
lesions. In conclusion, our study identifies a possible molecular target for
radiosensitizing therapeutic strategies against malignant melanoma and a potential
novel tumoral biomarker.



BACKGROUND

FK506 Binding Proteins (FKBPs)

FKBP51 is a member of the FK506 binding proteins (FKBP), these
proteins, together with cyclophilins (Cyp), belong to the family protein of
immunophilins (Dornan J et al. 2003). FKBP derive their name by the ability
to bind immunosuppressant agents like rapamycin and FK506 (Fischer G et
Aumiiller T. 2003). In addition to the capacity to bind to immunosuppressant
drugs, immunophilins have another distinguishing property, namely peptidyl-
prolyl cis-trans isomerase activity (PPlase) catalyzing the isomerization of
peptidylprolyl imide bonds, from cis to trans, in protein substrates (Dornan J et
al. 2003; Fischer G et al.2003) (Fig.1).

Fig.1. Peptidyl-prolyl cis-trans isomerase activity (PPlase). Immunophilins
catalyze the isomerization of peptidyl-prolyl imide bonds, from cis to trans, in protein
substrate. This activity can influence the function of different proteins, especially some
kinases, making them more stable and improving their activity. Indeed, the straighter shape of
the trans isomer leads to hydrogen intermolecular forces that make the isomer more stable,
than the cis isomers.



In humans, at least 15 FKBPs have been identified and named to reflect their
molecular weights (Somarelli JA et al. 2008). Family members of this
ubiquitous enzyme class are found in abundance in virtually all organisms and
subcellular compartments. Their amino acid sequences are highly conserved
phylogenetically (Fischer G and Aumiiller T. 2003). Organisms express many
members of each family that encompass one or more PPlase domain,
complemented with other functional polypeptide segments (Fig.2).
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Fig.2. FKBPs domains. FKBP12 is the prototype FKBP containing only a single FK506-
binding domain (FKBD) comprising 108 amino acids. FKBPs show structural similarity to that
of FKBP12, but 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, explaining the wide variety of cellular functions these proteins
exhibit.



These domains include tetratricopeptide repeat motifs involved in protein-
protein interaction, EF-hand calcium-binding domain containing helix-loop-
helix topology in which Ca** ions are coordinated within the loop, nucleic acid
binding regions, transmembrane domain, and nuclear localization and
endoplasmic reticulum signal sequences. These domains enable such proteins
to perform a wide variety of cellular functions, including protein folding,
improvement of kinase performance, receptor signaling, protein trafficking,
and transcription (Dornan J et al. 2003; Fischer G and Aumiiller T. 2003;
Somarelli JA et al. 2008).

FKBP51 and its functions

Immune system

FKBP51 is an immunophilin physiologically expressed in T lymphocytes.
This protein is capable of immunosuppression, mediated by calcineurin (CaN)
inhibition, when complexed to FK506 (Baughman G et al. 1995). CaN is a
Ca’"/calmodulin-dependent serine-threonine phosphatase that regulates the
clonal expansion of T cells, after stimulation by an antigen, through activation
of the nuclear factors of activated T lymphocytes (NFAT). NFAT proteins are
phosphorylated and reside in the cytoplasm in resting cells; upon stimulation,
they are dephosphorylated by CaN, translocated to the nucleus, and become
transcriptionally active (Hogan PG et al. 2003). The NFAT group of
transcription factors regulates production of interleukin (IL) 2 and a number of
T cell specific activators, leading to immune response.

Glucocorticoid response

FKBP51 is also part of the glucocorticoid receptor (GR) complex and
regulates the response to these hormones. Glucocorticoids up-regulate the
FKBP51 gene, whose product in turn reduces response to glucocorticoids,
thereby providing a mechanism for desensitization of cells after an initial
exposure to the hormone (Cheung J and Smith DF. 2000). Indeed, cortisol
insensitivity is facilitated by a constitutive overexpression of FKBP51 (Cheung
J and Smith DF. 2000). Increased intracellular FKBP51 protein expression is
associated with particular single nucleotide mutations of the FKBP51 gene
(Binder EB et al. 2004). This condition triggers adaptive changes in the
glucocorticoid receptor and provokes alteration of the stress hormone-
regulating hypothalamic-pituitary-adrenal axis, with implications for the
psychic sphere (Binder EB et al. 2004). Genetic mutations leading to FKBP51



hyperexpression have been correlated with major depressive disorders (Binder
EB et al. 2004).

Nervous system

In the nervous system, FKBP51 prevents clearance of tau protein by
regulating its phosphorylation status (Jinwal UK et al. 2010). Tau is a highly
soluble microtubule-associated protein, particularly abundant in neurons, that
is important for the stability of axonal microtubules (Goedert M et al. 2000).
FKBPS51-mediated isomerization of tau reduces its phosphorylation pattern and
prevents its clearance, which results in microtubule stabilization (Jinwal UK et
al. 2010). By contrast, tau hyperphosphorylation leads to its abnormal buildup,
with self-assembly of tangles of paired helical filaments and straight filaments
(Alonso A et al. 2001). Accumulation of these aggregates, which have a
neurotoxic effect, is a common feature for a group of diseases termed
tauopathies, the most common being Alzheimer's disease (Goedert M et al.
2000; Alonso A et al. 2001).

NF-kB activation

FKBPS51 isomerase activity is important for the enzymatic function of the
inhibitor kB kinase (IKK) a (Boumeester T et al. 2004). The NF-«xB
transcription complex belongs to the Rel family, which comprises five
mammalian Rel/NF-xB proteins: RelA (p65), c-Rel, RelB, NF-«xBl1
(p50/p105), and NF-kB2 (p52/100) (Ghosh S et al. 1998). The activity of NF-
kB is controlled by cytoplasmic shuttling to the nucleus in response to cell
stimulation. The NF-«B dimers containing RelA or c-Rel are retained in the
cytoplasm through interaction with inhibitors (IxBs) (Baldwin AS Jr. 1996). In
the canonical pathway of NF-«kB activation, IKKa forms with IKKp and a
regulatory subunit of IKKa, namely NEMO, the IKK kinase complex, that
mediates the phosphorylation of IkB proteins in response to various stimuli
(Baldwin AS Jr. 1996). Phosphorylated IkBs create a recognition signal for
ubiquitinating enzymes, which mark IxBs for rapid 26S proteasomal
degradation (Baldwin AS Jr. 1996). This process allows p50/RelA dimers to
translocate to the nucleus, where they stimulate the expression of multiple
target genes involved in immune response, inflammation, cell survival, anti-
apoptosis, and cancerogenesis (Ghosh S et al.1998; Karin M et al. 2002).
IKKa also works independent of the IKK complex. This occurs, for instance,
in the alternative NF-«xB pathway, which results in activation of p52/RelB
heterodimers (Xiao G et al. 2001). In this pathway, IKKa requires an
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upstream kinase, namely NF-«xB-inducing kinase (NIK), and induces
phosphorylation of pl00 to produce mature p52 (Xiao G et al. 2001).
Furthermore, active IKKo phosphorylates CREB-binding protein (CBP) at
serine 1482 and serine 1386. Such phosphorylation enhances NF-xB-mediated
gene expression and suppresses pS53-mediated gene expression, thereby
promoting cell proliferation and tumor growth (Huang WC et al. 2007) (Fig.3).
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Fig.3. Schematic representation of the NF-xB activation pathways, namely
canonical-, atypical- and non canonical- pathway (see text).
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Role of FKBP51 in cell growth and malignant transformation

FKBP51 was first cloned in the mouse where it appeared to be restricted to
T lymphocytes (Baugman G et al. 1995). Subsequent studies in humans
confirmed that FKBP51 is abundantly expressed in T lymphocytes and is also
expressed in several other tissues; although, it is not a uniform distribution
(Baugman G et al. 1997). There is increasing evidence that enhanced
expression of FKBP51 sustains cell survival and growth in both non neoplastic
and neoplastic conditions. The FKBP51 homolog in Arabidopsis, PAS-1, plays
a critical role in the growth and development of this organism (Vittorioso P et
al. 1998). In mammals, FKBP51 has a specialized role during cell division and
is preferentially expressed in mitotically active cells, in the very early phases
of differentiation (Liu TM et al. 2007; Menicanin et al. 2009; Yeh WC et al.
1995). FKBP51 is among the top candidates genes expressed during early
mesenchymal differentiation into the three mesodermal lineages namely
osteogenesis/chondrogenesis/adipogenesis (Menicanin et al. 2009). At this
stage, FKBP51 is co-expressed with ZNF145 (Menicanin et al. 2009). ZNF145
is a member of the Krueppel C2H2-type zinc-finger protein family, it encodes
a zinc finger transcription factor that interacts with a histone deacetylase and is
involved in cell cycle progression (Menicanin et al. 2009; Yeh WC et al. 1995;
Zhang et al. 1999). Abnormal rearrangement of ZNF145, due chromosomal
translocation t(11;17), causes acute promyelocytic leukemia (Zhang et al.
1999).

Myeloproliferative disorders

The concept that FKBP51 is an essential factor for cell proliferation is also
supported by studies on myeloproliferative disorders (Komura E et al. 2003;
Komura E et al. 2005; Giraudier S et al. 2002). FKBP51 is overexpressed in
idiopathic myelofibrosis (Komura E et al. 2003), a chronic myeloproliferative
disorder characterized by megakaryocyte hyperplasia and bone marrow
fibrosis. Overexpression of FKBPS51 in this disorder regulates the growth
factor independence of megakaryocyte progenitors and induces an apoptotic
resistance to cytokine deprivation mediated by the JAK/STATS pathway
(Komura E et al. 2003). It has been shown that STATS is dephosphorylated on
tyrosine residues more slowly in an FKBP51-overexpressing cell line. This
condition sustains cell survival mechanisms, as suggested by the pro-apoptotic
effect of a dominant negative variant of STATS. The high pSTATS levels are,
in turn, sustained by persistent JAK2 phosphorylation. The spontaneously
megakaryocyte growth was abolished by the JAK2 inhibitor AG490.
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Furthermore, FKBP51 overexpression promotes fibrosis, that is mediated by
upregulation of TGF-a synthesis (Komura E et al. 2005).

Glioma

Enhanced FKBP51 expression is associated with apoptosis resistance and
enhanced proliferation in gliomas (Jiang W et al. 2008). A study of specimens
from 192 patients, including glioblastoma multiforme, oligodendrogliomas,
astrocytomas, and mixed gliomas, showed the FKBPS51 expression level
correlated with grading (Jiang W et al. 2008). The study of patient survival
showed that the expression of FKBP51 correlated with overall glioblastoma
patient survival rates; that is, the glioblastoma patients with high levels of
FKBP51 had shorter survival than those with intermediate levels (Jiang W et
al. 2008). Moreover, using both hyperexpression and knock-down approaches,
it was shown that FKBP51 proliferative and anti-apoptotic properties in
gliomas were mediated by NF-kB activation (Jiang W et al. 2008).

Prostate cancer

In prostate cancer, FKBP51 is upregulated in association with cyclophilin
Cyp40 (Periyasamy S et al. 2010). In androgen-dependent tumor cell lines of
prostate cancer, FKBP51 hyperexpression increased androgen receptor
transcriptional activity in the presence and absence of androgens; whereas,
knockdown of FKBP51 dramatically decreased androgen dependent gene
transcription and proliferation. In androgen-independent prostate cancer,
FKBP51 was also hyperexpressed (Periyasamy S et al. 2010). Most
intriguingly, a very recent paper implicates IKKa in the androgen independent
growth of prostate cancer (Ammirante M et al. 2010).

FKBPS51 is an important molecular determinant in the anticancer
activity of rapamycin

In a previous study our laboratory provided evidence supporting the
involvement of FKBP51 in the resistance to cancer therapies through
mechanistic studies of the antitumor activity of rapamycin (Avellino R et al.
2005; Romano MF et al. 2004). Rapamycin is a conventional
immunosuppressant agent with anticancer properties (Sabatini DM. 2006).
Both immunosuppression and anticancer effects of rapamycin are classically
ascribed to inhibition of the mammalian target of rapamycin (mTOR) (Sabatini
DM 2006), which is the core of an evolutionarily conserved signaling pathway
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that controls the cell cycle in response to changing nutrient levels (Schmelzle T
and Hall MN. 2000). The rapamycin/FKBP complex interacts with the FKBP-
rapamycin binding domain in mTOR, adjacent to the catalytic kinase domain,
and blocks its function (Choi J et al. 1994). mTOR is a member of the ataxia-
telangiectasia-mutated (ATM) family of kinases that functions as a checkpoint
for nutritional status in G1 (Brown EJ et al. 1994). It is a downstream protein
in the phosphatidylinositol 3 kinase (PI3k), protein kinase B (PkB or Akt)
signaling pathway (Burgering BM and Coffer PJ. 1995; Gao X and Pan D.
2001). Many genomic aberrations in human cancers result in activation of this
pathway, which alters the control of survival and leads to defective apoptosis
(Hennessy BT et al. 2005). Generally, such genomic aberrations involve
deletions of the tumor suppressor gene PTEN, the inositol 3-phosphatase and
tensin homologue, which dephosphorylates phosphoinositides at the D3
position, thereby terminating the PI3k/Akt cascade (Wu X et al. 1998). A
number of rapamycin analogs have been developed over recent years and have
shown antitumor activity across a variety of human cancers in clinical trials
(Sabatini DM. 2006).

However, our recent studies identify FKBP51 as an additional important
molecular determinant of the drug’s anticancer activity (Avellino R et al. 2005;
Romano MF et al. 2004; Jiang W et al. 2008). In a study conducted in
melanoma, a tumor in which PTEN is often mutated (Wu H et al. 2003), we
found that rapamycin markedly enhanced doxorubicin-induced apoptosis
(Avellino R et al. 2005). However, contrary to expectations, the apoptosis
sensitizing effect of rapamycin appeared to be independent of blockage of the
PI3k/Akt/mTOR pathway and was instead associated with inhibition of NF-kB
signalling. Rapamycin, but not wortmannin, a PI3k inhibitor, induced a block
of the IKK kinase phosphorylating ability (Avellino R et al. 2005). The effect
of rapamycin on NF-«kB was reproduced using FKBP51 siRNA, which
depleted the cell of this protein. In accordance, the NF-kB regulated genes,
Bcl-2 (Catz SD and Johnson JL. 2001) and c-IAP1 (Wu MX et al. 1998), were
decreased; these genes have been implicated in tumor cell resistance to
doxorubicin (Lopez de Menezes DE et al. 2003; Vaziri SA et al. 2003). The
finding that rapamycin can sensitize cancer cells to apoptosis, independent of
mTOR inhibition, was confirmed by our laboratory in childhood acute
lymphoblastic leukemia (ALL) (Avellino R et al. 2005). This cancer comprises
a heterogeneous variety of subtypes. In most of these leukemias, blasts are
sensitive to the apoptosis-inducing effect of rapamycin because of constitutive
activation of the PI3k/Akt pathway, which sustains blast survival (Watowich
SS et al. 1996). Rapamycin increased doxorubicin-induced cell death, even in
samples that did not respond to PI3k inhibition, while wortmannin was unable
to cooperate with the anthracycline drug. The apoptosis sensitizing effect of
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rapamycin was counteracted by hyperexpression of the NF-kB RelA subunit in
leukemic cells (Avellino R et al. 2005). Increased cytotoxicity to doxorubicin
was observed in leukemic cells depleted of FKBP51 (Romano MF et al. 2004).
These results support the conclusion that rapamycin may also be effective
against neoplasias that express the tumor suppressor PTEN. Consistent with
this conclusion, we found rapamycin retained the capacity to cooperate with
NF-kB-inducing chemotherapeutics in PTEN reconstituted tumors (Romano
MF et al. 2004).

Melanoma

Melanocytes exert a protective role against UV radiation for the skin, by
distributing pigment from melanosomes to keratinocytes. Cutaneous melanoma
arises from uncontrolled proliferation of melanocytes, melanin-producing
cells, located in the basal layer of the epidermis (Chin L. 2003). Melanoma can
also occur in the eye (ocular), meninges and digestive tract and is the most
aggressive form of skin cancer, surpassing most solid tumors in terms of
metastatic potential. The incidence of this tumor is increasing. Melanoma
pathogenesis is driven by both genetic and environmental risk factors. Its
incidence is influenced by skin pigmentation, sun-exposure history and
geographical location. Melanoma progression can begin with the development
of either dysplastic or benign nevi (common acquired or congenital) (Chin L.
2003). These can then progress to the radial growth phase, in which the growth
expands laterally, but remains localized to the epidermis. At this phase, cells
are still dependent on growth factors, and are not anchorage independent or
tumorigenic. Progression to the vertical growth phase is hallmarked by
invasion into the dermis, subcutaneous tissue and upper epidermis. In the
vertical growth phase, cells are no longer growth factor dependent, are
anchorage independent and presage distal metastasis (Fig.4).
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Fig.4. Schematic representation of melanoma progression stages. Melanocytes
are pigment-synthesizing cells that are normally confined to the basal layer of the epidermis.
These cells, by sending out arborizing dendritic processes, contact keratinocytes in basal and
superficial layers of the skin, thus forming an epidermal melanin unit. Once within the
keratinocytes, the pigment protects the skin by absorbing and scattering harmful solar
radiation. Five distinct stages have been proposed in the evolution of melanoma on the basis of
its histological location and stage of progression: common acquired and congenital nevi
without dysplastic changes; dysplastic nevi with structural and architectural atypia; radial-
growth phase (RGP) melanoma; vertical-growth phase (VGP) melanoma; and metastatic
melanoma. Both benign and dysplastic nevi are characterized by disruption of the epidermal
melanin unit, leading to increased numbers of melanocytes in relation to keratinocytes. These
precursor lesions progress to in situ melanoma, which grow laterally and remain largely
confined to the epidermis, so this stage is defined as the RGP melanoma. This is in contrast to
the VGPmelanoma, which both invades the upper layer of the epidermis and beyond, and
penetrates into the underlying dermis and subcutaneous tissue through the basement
membrane, forming expansile nodules of malignant cells. The transition from RGP toVGP is
the crucial step in the evolution of melanoma that presages the acquisition of metastatic
potential and poor clinical outcome. Consistent with that, the total thickness/height of a
primary melanoma lesion is still one of the most predictive parameters for metastatic disease
and adverse clinical outcome (Chin L. 2003).
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Clinical staging of melanoma progresses from an in situ growth to one
increasing in thickness and vertical invasion, to regional lymph-node spread
and, finally, to distal metastasis. Vertical invasion may be representative of the
degree of progression and is often measured by the Breslow thickness, a
measure of the thickness of the tumor from the upper layer of the epidermis to
the innermost depth of invasion (Balch CM et al. 2001). The prognosis is bad
in advanced stages of melanoma because of resistance to conventional
anticancer treatments and the high metastatic potential of this tumor.
Moreover, melanoma can remain quiescent for years after resection of primary
tumor and then recur; recurrences are due both to local persistence of
malignant cells, after surgical resection, and to micro metastases derived from
lymphatic or hematogenous dissemination (Norris LB and Beam S. 2008).
Currently, no efficient therapeutic strategies are available to control the
advanced disease.

The use of radiotherapy, the most common antitumor treatment, is
controversial for advanced melanoma; it serves mainly as a palliative treatment
because of the tumor’s radioresistance. The response to ionizing radiation
involves DNA damage recognition, repair, and the induction of signaling
cascades leading to cell cycle checkpoint activation and stress-related
responses. (Dewey WC et al. 1995; Wallace SS. 1994). Apoptosis is a common
biological mechanism for eliminating damaged cells involving the activation
of enzymes known as caspases, and leading to endonuclease-mediated
internucleosomal fragmentation of DNA (Hengartner MO. 2000) (Fig.5).
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Fig.5. Apoptosis. Apoptosis is a common biological mechanism for eliminating damaged
cells involving the activation of enzymes known as caspases, and leading to endonuclease-
mediated internucleosomal fragmentation of DNA.
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Stress-inducing agents are able to activate also autophagy, namely type II cell
death (Elliott A and Reiners Jr JJ. 2008; Ogata M et al. 2006). Autophagy is a
process of intracellular bulk degradation in which cytoplasmic components,
including organelles, are sequestered within double-membrane vesicles that
deliver the contents to the lysosome/vacuole for degradation (Eskelinen EL.
2008) (Fig.6).
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Fig.6. Autophagy. Autophagy is a process of intracellular bulk degradation in which
cytoplasmic components, including organelles, are sequestered within double-membrane
vesicles that deliver the contents to the lysosome/vacuole for degradation.

It is controversial whether this recently discovered process causes death or,
instead, protects cells (Baehrecke EH. 2005). Indeed, the products derived
from autophagy are recycled to maintain essential cellular processes. However,
there are several lines of evidence that support a role for autophagy in
increasing the threshold for apoptosis, thereby sustaining cell survival under
conditions of stress (Mathew R et al. 2007).

Activated NF-kB is one of the pathways responsible for the radioresistance of
melanoma cells and strategies for inhibiting its influence are proven to be
useful in restoring the radio-response of melanomas (Munshi A et al. 2004).
FKBP51 involvment in control of NF-kB activation supports a role for this
protein in promoting radio-resistance.
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AIM OF THE STUDY

Aim of this study was to investigate the role of FKBP51 in the control of
response to ionizing radiation (IR) of malignant melanoma. In this regard, the
present study was focussed on characterization of the role of FKBP51 in IR-
activation of NF-kB signaling, and cell death pathways termed apoptosis, or
programmed cell death type 1 and autophagy, or programmed cell death type
2. A further purpose was to investigate expression, in primary melanoma
samples, of FKBP51, whose expression is highly increased in melanoma cell
lines, to find out eventual association with prognostic factors. Finally, study of
FKBP51 expression was extended to a variety of human tumors, to find out
eventual protein deregulation. Results from this study identify a candidate
target for radio-sensitizing strategies against malignant melanoma and a
potential novel tumoral biomarker.
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MATERIALS AND METHODS

Cell culture

The melanoma cell line SAN (Romano MF et al. 2004; Benassi B et al.
2007) was established from a patient’s tumor lymphonodal metastasis and was
provided by Dr. Gabriella Zupi (Experimental Preclinic Laboratory, Regina
Elena Institute for Cancer Research, Roma, Italy). Cells were cultured in RPMI
1640 medium (Lonza, Belgium) supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 200mM glutamine, and 100 U/ml penicillin-streptomycin
(Lonza) at 37°C in a 5% CO, humidified atmosphere. The melanoma cell lines
G361 and SK-MEL-3 (Trotta PP et al. 1987) (derived from a primary tumor
and a lymphonodal metastasis, respectively) were cultured in McCoy’s
modified medium (Sigma Aldrich, Saint Louis, MO, USA) supplemented with
10% heat-inactivated FBS, 200mM glutamine and 100 U/ml penicillin-
streptomycin at 37°C in a 5% CO, humidified atmosphere. The melanoma cell
line A375 (Giard DJ et al. 1973) derived from a metastatic tumor, was cultured
in Dulbecco’s Modified Eagle’s Medium (Lonza) supplemented with 15%
heat-inactivated FBS, 200mM glutamine, and 100 U/ml penicillinstreptomycin
at 37°C in a 5% CO, humidified atmosphere. G361, SK-MEL-3, and A375
were kindly provided by Dr. Rosella Di Noto (CEINGE, Naples, Italy).

Cell transfection

At 24 h before transfection, cells were seeded into six-well plates at a
concentration of 2x10° cells/ml to obtain 30-60% confluence at the time of
transfection. Then, the cells were transfected with specific short interfering
oligoribonucleotide (siRNA) or with a non-silencing oligoribonucleotide (NS
RNA) as control, at a final concentration of 50 nM using Metafectene
(Biontex, Munich, Germany) according to the manufacturer’s
recommendations. NS RNAs and siRNAs corresponding to human cDNA
sequences for FKBP51, FKBP12, RelA, xIAP, and Becn-1 were purchased
from Qiagen (Germantown, Philadelphia, PA, USA) (Romano S et al. 2010).
For over-expressing Becn-1, cells were transfected with a pEGFP-N1 vector
carrying Becn-1 (kind gift of Dr. Sharon Tooze, London Research Institute,
Lincoln's Inn Fields Laboratories, London, UK), and with a pEGFP-N1 vector
as control. At 48 h after transfection, cells were irradiated with a 6 MV X-ray
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of a linear accelerator (Primus, Siemens, Miinchen, Deutschland) and
processed according to the different experimental procedures.

Clonogenic assay

This assay was performed as described earlier (Franken NAP et al. 2006)
Briefly, melanoma cells, not transfected and transfected with FKBP51 siRNA
or with NS RNA, were irradiated at IR doses between 1 and 8 Gy, harvested
and plated in triplicate at a density of 500 cells/plate. After 10 days, the formed
colonies were stained with crystal violet and counted. The mean colony count
was calculated for each treatment (both IR dose and type of cell transfection).
The number of colonies in the irradiated dishes was divided by the number of
colonies in the non-irradiated dishes and expressed as a percentage. The graph
of percent survival (y axis) against IR dose (x axis) was performed in
semilogarithmic scale.

Cell lysates, western blot and immunoprecipitation assay

Whole cell lysates were prepared by homogenization in modified RIPA
buffer. For phospho-IkBa, IkBa and IxBf3 detection, cytosolic extracts were
obtained from cells resuspended in a different lysing buffer (Romano S et al.
2010). Cell debris was removed by centrifugation. Protein concentration was
determined using the Bradford protein assay. Cell lysates were equalized for
total protein, run in 10-14% SDS in polyacrylamide gel electrophoresis
(PAGE) and transferred onto a methanol-activated polyvinylidene difluoride
membrane (Millipore, Tokyo, Japan), which was incubated with the primary
antibody. The goat polyclonal antibodies against FKBP51, FKBP12, and Actin
(Santa Cruz Biotechnology, Santa Cruz, CA, USA); the rabbit polyclonal
antibodies against Becn-1, phospho-IkBa (Ser 32) IkBa, IkBp (Santa Cruz
Biotechnology), LC3 (Novus Biologicals, Littleton, CO, USA), caspase-7
(Sigma, Saint Louis, MO, USA), and cleaved caspase-3 (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 Aldrich), xIAP (Stressgene, San Diego, CA, USA) and Bax
(Santa Cruz Biotechnology) were used diluted 1:1000. The blots were
developed with an electrochemiluminescence system (ECL) (GE Healthcare-
Amersham, Buckinghamshire, UK). For immunoprecipitation assay, whole
cell lysates were prepared by melanoma cells not irradiated and 3h after
irradiation with 4 Gy. After obtaining a homogeneous suspension, protein
concentration was determined using the Bradford method and 500 pg of
protein extract were precleared for 1 h. For immunoprecipitation, 15 pg anti-
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FKBP51 (rabbit polyclonal, H100) or anti-IKKo/p (rabbit polyclonal, N-19)
(Santa Cruz Biotechnology, CA, USA) were added together with 25 ul of
protein A/G-Sepharose (Santa Cruz Biotechnology) and precipitation took
place overnight with rotation at 4°C. Immunoprecipitated and whole cell
lysates were then separated by 14% SDS-PAGE and subjected to immuno-blot
with goat polyclonal anti-FKBP51 (F-13), or the rabbit anti-IKKo/3.

Transmission electron microscopy

Melanoma cells, not transfected or transfected with Becn-1 siRNA, or with
NS RNA, were irradiated at 4Gy, harvested after 6 h from IR and plated on 60
mm dishes. At 30-50% confluence, the cells were fixed with 2%
glutaraldehyde in 0.2M 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 dehydrated in ethanol and embedded in epoxy resin. Thin
sections were cut and stained with uranyl acetate and lead citrate, and
examined under a Jeol JEM1200 EX2 Transmission Electron Microscope
(Jeol, Tokyo, Japan).

Nuclear exstracts, EMSA and oligonucleotides

Cell nuclear extracts were prepared following the procedure thoroughly
described (Romano S et al., 2010). Protein concentrations were determined
using the Bradford method. The NF-kB oligonucleotide (Wallace SS. 1994)
was end-labeled with [y**P] ATP using a polynucleotide kinase (Roche, Basel,
Switzerland). End labeled DNA fragments were incubated at room temperature
for 20 min with 5 pg of nuclear protein, in the presence of an incubation
mixture (Romano S, 2010). In supershifting experiments, rabbit antibodies
against pl105/p50, p65, cRel, RelB (Santa Cruz Biotechnology), and against
p52 (kindly provided by Professor Shao-Cong Sun, Department of
Microbiology and Immunology, Pennsylvania State University College of
Medicine, Hershey, PA, USA) were added to the incubation mixture. In
competition assays, a 50x molar excess of NF-kB, or NFAT cold oligo, was
added to the incubation mixture. Protein-DNA complexes were separated from
the free probe on a 6% polyacrylamide (w/v) gel run in 0.25x Tris Borate
EDTA buffer at 200 mV for 3 h at room temperature. The gels were dried and
exposed to X-ray film (Fuji film, L.E.P., Naples, Italy).
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Analysis of apoptosis

Caspase-3 and -9 activity was determined using the Carboxyfluorescein
Fluorochrome Inhibitor of Caspases Assay (FLICA) Kits (B-Bridge
International, San Jose, USA,) according to the instructions of the
manufacturer. Cells are permeable to the fluorochrome inhibitor that binds
covalently to the activated caspase, thereby inhibiting enzymatic activity. Cells
were analyzed by flow cytometry and the green fluorescent signal was a direct
measure of the number of active caspases (Romano S et al. 2010).
Phosphatidylserine externalization, investigated by annexin V staining, and
analysis of DNA content by propidium iodide incorporation were performed
by flow cytometry. The peptide caspase-3 inhibitor Z-Asp-Glu-Val-Asp
fluoromethyl ketone (Z-DEVD-fmk) was purchased by Sigma Aldrich.

Real-time PCR

Total RNA was isolated by Trizol (Invitrogen, Carlsbad, CA, USA) from
melanoma cells harvested 6 h after IR, and from peripheral blood lymphocytes
(PBLs), according to the instructions of the manufacturer. From paraffinized
tumors RNA was isolated using the High Pure RNA Paraffin Kit (Roche
Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s
instructions. In all samples, a total of 1 pg of each RNA was used for cDNA
synthesis with Moloney Murine Leukemia Virus Reverse Transcriptase
(Invitrogen). Gene expression was quantified by real-time PCR using the
1QSYBR Green Supermix (Biorad, Hercules, CA, USA) and specific real-time-
validated QuantiTect primers for Bax, Becn-1, and XIAP (Qiagen) and specific
primers for B-actin (Fw
5’CGACAGGATGCAGAAGGAGA3’;RevS’CGTCATACTCCTGCTTGCTT
GCTG3’) and FKBP51 (Fw 5’GTGGGGAATGGTGAGGAAACGC3’; Rev
5’CATGGTAGCCACCCCAATGTCC3’). Relative quantitation of each
transcript across multiple samples was performed by using a coamplified -
actin internal control for sample normalization. For paraffinized tumors RNA
the values of each sample were compared to PBL (expression=1) for an
estimate of the relative expression change fold of FKBP51.

Confocal microscopy

Cells were fixed, permeabilized and incubated with mouse monoclonal
anti-Bax (Santa Cruz Biotechnology) and rabbit polyclonal LC3 (Novus
Biologicals), diluted 1:40 in PBS 0.5% BSA for 1 h in a humidified
atmosphere. The cells were then extensively washed in PBS before staining
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with secondary goat anti-mouse Alexa Fluor 546 and anti-rabbit Alexa Fluor
488 (Molecular Probe, Invitrogen Corporation, Carlsbad, CA, USA). Nuclei
were counterstained with Hoechst 33258 and the cells were mounted on glass
slides with PBS containing 50% glycerol. The analysis of immunofluorescence
was performed with a confocal laser scanner microscopy Zeiss 510 LSM (Carl
Zeiss Microimaging GmbH, Miinchen, Germany), equipped with Argon ionic
laser (Carl Zeiss Microimaging GmbH, Miinchen, Germany) (Romano S et al.
2010). Images for the double-staining immunofluorescence were acquired by
sequential scanning to eliminate the cross talk of chromophores in the green
and red channels and then saved in TIFF format to prevent the loss of
information. They had been acquired with a resolution of 1024x1024 pixel
with the confocal pinhole set to one Airey unit.

Cell sorting and immunostaining of ABCG2 cells

SAN melanoma cells were incubated with a monoclonal antibody against
human ABCG2-pycoerythrin (PE) conjugated (R&D Systems, Minneapolis,
MN, USA). Briefly, cells were fixed, and intracellular indirect immunostaining
was performed with anti-FKBP51 (H-100) (Santa Cruz Biotechnology) and a
secondary fluorescein isothiocyanate (FITC)-conjugated antibody. Expression
of FKBP51 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 (BD Biosciences).
The ABCG2" population was >77% in purified cells. The sorted cells were
immediately fixed, deposited on a slide (Cytoslide Shandon, Waltham, MA,
USA) by spinning in a cytocentrifuge (Cytospin 3, Shandon) and subjected to
FKBP51 immunohistochemical staining.

Immuhistochemistry

Serial sections of 4-mm thickness from routinely formalin-fixed, paraffin-
embedded blocks were cut for each case of cutaneous malignant melanoma
(CMM), breast, lung, prostate, ovary, pancreas and colon cancer and relative
normal tisuues. Section were then mounted on poly-I-lysine-coated glass
slides, as described earlier (Giard DJ et al. 1973). Briefly, deparaffinized
sections were incubated with the anti-FKBPS51 primary antibody (F-13; Santa
Cruz Biotechnology) diluted 1:50 overnight at 4°C. The standard streptavidin-
biotin-peroxidase complex technique was performed. Hematoxylin was used
for nuclear counterstaining. Only cells with a definite brown cytoplasmatic
immunostaining were judged as positive for FKBP51 antibody. The
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immunohistochemical expression of FKBP51 in CMM was evaluated
semiquantitatively as the percentage of positive tumor cells among the total
melanoma cells present in at least 10 representative fields and scored
according to an arbitrary scale (Staibano et al. 2005) as follows: 0 (no
immunopositive cells); + (<5% of positive cells); ++ (5<25% of positive cells);
+++ (>25% of positive cells).

Animal studies

SAN melanoma cells, 3x10° in a volume of 100 ul PBS, were injected s.c.
into one flank of 24 6-week-old athymic nu/nu mice (Charles RiverLaboratory,
Wilmington, MA, USA). Mice were maintained under specific pathogen free
conditions in the Laboratory Animal Facility of the National Cancer Institute,
G Pascale Foundation, Naples, Italy. All studies were conducted in accordance
with Italian regulations for experimentations on animals. Mice were observed
daily for the visual appearance of tumors at the injection sites. Tumor
diameters were measured using calipers and calculated as the mean value
between the shortest and the longest diameters. When tumors reached ~10mm
in mean diameter, mice were subjected to a single intratumor injection of
FKBP51 siRNA, or NS RNA, subjected to tumor irradiation and killed 24 or
48 h after irradiation (Romano S et al. 2010). Each tumor was divided into two
parts: one portion was formalin-fixed and paraffinembedded for
immunohistochemistry and the other was processed for the preparation of
whole cell lysates. For immunohistochemical assays, 5-mm-thick paraffin-
embedded sections were incubated with a rabbit polyclonal antibody against
cleaved caspase-3 (Aspl75) (Cell Signaling) or isotype-matched control
antibody. Lysates of excised tumors were prepared by homogenization in
modified RIPA buffer in a Dounce Homogenizer (Romano S et al. 2010).
Samples were equalized for total protein and run in SDS-PAGE
electrophoresis. Western blot filter was incubated with the rabbit polyclonal
antibody 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 t-test. The y*-test was used to assess the difference
between categorical variables. The Spearman’s rank correlation coefficient
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 (SPSS Inc., Chicago, IL, USA).
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RESULTS

FKBP51 downmodulation sensitizes melanoma cells to IR-
induced apoptosis

In order to investigate the role of FKBP51 in the cellular response to
ionizing radiations (IR), melanoma cells were transfected with a short
interfering (si) RNA. Such siRNA was previously (Romano MF. 2004) shown
to efficiently downmodulate the protein and to be specific for FKBP51, since
other FKBP expression levels were not affected (Romano S et al. 2008). In
Figure 7, representative results of the effect of FKBP51 gene silencing in the
SAN melanoma cell line are shown. The specificity of the downmodulating
effect of FKBP51 siRNA was also shown (Fig.7A). A clonogenic assay was
performed using cells transfected with FKBP51 siRNA, non-silencing (NS)
RNA, or nothing. Melanoma cells, knocked down for FKBP51, showed a
sensitizing enhancement ratio (Chen AY et al. 1997) of 1.5 (7.2 Gy/4.8 Gy).
This ratio was calculated on the basis of the radiation dose necessary to obtain
the end point of a 90% inhibition of colony formation. As shown in figure 7B,
the line corresponding to 10% survival intercepts the dose response curve of
control cells (not transfected or transfected with NS RNA) at 7.2 Gy, whereas
that of FKBP51-depleted cells occurred at 4.8 Gy. This result suggests that
decreased levels of FKBP51 remarkably increase the cytotoxic effect of
radiation in melanoma cells. To investigate the cellular response to Rx in cells
depleted of FKBPS51, we investigated by western blot hallmarks of autophagy
(Kabeya Y et al. 2000) and apoptosis (Hengartner MO. 2000), in particular the
autophagic protein Beclin-1 (Becn-1), the light chain 3 (LC3)-I to LC3-II
conversion, the pro-apoptotic protein Bax and the active fragments of caspase
3 and 7. Whole cell lysates were prepared from cells transfected with the
specific sSiRNA or NS RNA. At 48 h after transfection, cells were exposed to
4Gy dose of IR and harvested at 0, 2, 4, 6, and 9 h. Figure 7C shows the
presence of the autophagosome membrane recruited LC3-II isoform in non-
irradiated cells, both transfected and not transfected with FKBP51 siRNA,
which is consistent with a basal level of autophagy. The isoform disappeared 6
h after IR exposure in FKBP51-depleted cells, but not in NS RNA-transfected
cells. An increase in Becn-1 levels was detected in non-silenced cells after 4 h,
suggesting that this increase had a role in sustaining the LC3-I to LC3-II
conversion. In contrast, the appearance of the active fragment of the execution
caspases-3 and -7 (Chandler JM et al. 1998) in FKBP51-depleted cells, as early
as 4 h after IR exposure, suggests the activation of apoptosis. Interestingly,
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Bax levels decreased in irradiated non-silenced cells, concomitant to increase
of Becn-1 levels and LC3-I to LC3-II conversion.
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Fig.7. Activation of apoptosis in irradiated melanoma cells depleted of

FKBP51. (A) Western blot assay of FKBP51 in cell lysates obtained from the melanoma
cell line SAN transfected with FKBP51 siRNA, FKBP12 siRNA, or a non-silencing (NS)
oligoribonucleotide as control. (B) Clonogenic assay of irradiated cells transfected with
FKBP51 siRNA, NS RNA, or not transfected. Cells were irradiated with the indicated doses of
ionizing radiation (Rx), harvested, and plated in triplicate. After 10 days, the colonies were
stained with crystal violet and counted. (C) Western blot assay of Becn-1, LC3-II, Bax,
caspase-3 and -7 in cell lysates prepared from melanoma cells transfected with FKBP51
siRNA or NS RNA. Cells were irradiated with 4 Gy IR and harvested at the indicated times.
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Autophagy was confirmed by transmission electron microscopy; a quantitation
analysis of autophagic profiles/cell area showed a clear increase in
autophagosomes 6 h after IR exposure (Fig.8A).

Apoptosis was confirmed by flow cytometry. Figure 8B shows the flow
cytometric histograms of caspase-9 and -3 activation, annexin V binding, and
propidium iodide incorporation in irradiated cells. A measure of cell death by
annexin V binding in 15 independent experiments clearly showed that IR
induced a remarkable increase in the cell death of FKBP51-depleted cells
(48.7£11.8) compared with that of non-silenced cells (26.7+8.1) (P=0.000).
The mean values of cell death for non-irradiated, non-silenced or silenced cells
were 18.0+4.4 and 27.9+8.5, respectively (P=0.022). This finding suggests that
knocking down of FKBP51 reduces the threshold for cell death. The induction
of apoptosis in FKBP51-depleted cells was confirmed using the pan-caspase
inhibitor z-Valine-Alanine-Aspartic Acid (zVAD), which clearly inhibited IR-
induced cell death (Fig.8C). The sensitizing effect of FKBP51 siRNA on IR-
induced apoptosis was observed also in G361, A375, and SK-MEL-3
melanoma cell lines (Figure 9). These data showed that FKBP51 plays a
relevant role in counteracting apoptotic processes stimulated by IR. Cellular
events consistent with autophagy, such as an increase in Becn-1 levels and the
autophagosome membrane associated LC3-II isoform, but very few with cell
death were observed in irradiated melanoma cells, suggesting that autophagy
supports the survival of the tumor cells. Transmission 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 pre-treated with FKBP51 siRNA. These data suggested that
FKBP51 plays a relevant role in counteracting apoptotic processes stimulated
by IR. In particular it promotes an autophagic response in irradiated melanoma
cells, which enhances the treshold for apoptosis and most probably sustains
cell survival.
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Fig.8. IR induces autophagy in melanoma but apoptosis in condition of
FKBP51 knockdown. (A) Transmission electron microscopy image of an irradiated
melanoma cell, 6 h after exposure at a 4 Gy dose of ionizing radiation. Scale bar, 500 nm.
Graphic representation of autophagic profiles/cell area in non-irradiated (0 h) and irradiated (6
h) cells. AVd, degradative autophagic compartment; AVi, initial autophagosome. (B) Flow
cytometric histograms of active caspases-9 and -3, annexin V binding, and the propidium
iodide incorporation of SAN melanoma cells transfected with NS RNA or FKBP51 siRNA.
Cells were irradiated with 4 Gy and harvested after 6, 48, and 72 h to measure caspase
activity, annexinV binding, and propidium iodide incorporation, respectively. (C) Graphic
representation of the apoptosis of melanoma cells transfected with FKBP51 siRNA. At 48 h
after transfection, cells were incubated with the indicated doses of zZVAD and irradiated with 4

Gy of IR. After another 48 h, cells were harvested and apoptosis was determined by annexin V
staining.
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Fig.9. FKBP51 knock-down sensitizes different melanoma cell line to
apoptosis. Graphic representation of the apoptosis of SK-MEL3, G361 and A375 melanoma
cell transfected with NS RNA or FKBP51 siRNA. Forty-eight hours after transfection, cells
were irradiated at 4Gy of IR and harvested after further 48 h. Apoptosis was analyzed by
annexin V staining in flow cytometry; in figure are shown averages and standard deviations of
five different experiments.
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FKBPS51 is essential for IR-induced activation of NF-kB

IR induces NF-kB activation (HabrakenY et al. 2006). The kinetics of IxB
degradation showed a decrease in IkBa levels and the complete disappearance
of IxkBp, as early as 4 h after irradiation, with a return to the basal level after
20 h (Fig.10A). The activation of NF-xB was confirmed by electrophoretic gel
mobility shift assay (EMSA) (Fig.10B). FKBPS51 is an important co-factor of
IKK kinase complex (Boumwester T. 2004). Figure 10C shows that a
molecular interaction between FKBP51 and IKK occurs during IR, in fact,
IKK co-immunoprecipitated with FKBPS51 in irradiated cells. The relevant role
of FKBP51 in IKK kinase function was confirmed by measuring IkBoa
degradation and the levels of phospho-IkBa (Ser 32) in irradiated FKBP51-
silenced cells, in comparison with irradiated non-silenced cells. Increased

levels of phospho-IkBa could be detected in irradiated melanoma cells, but not
when FKBP51 was downmodulated (Fig.10D).

31



A B

[11]
0 246 81620h 0 05 2 4 6 8 16 20h ¥

- - IkBo

NFAT

—— — IkBp

<—NF-xB

Actin

competition

C Total Lysate IP FKBP51 IP IKK /B
- +

R

o S L1 o

rerst e e SRDOD DN o
D

0 4 6 0 4 6 h

- e % we o  [Bo
" g3 -
a8 T °F " & p-lkBo

S s e e mew e Actin

NS RNA FKBP51
siRNA

Fig.10. IR induces NF-xB activation and FKBP51/IKK interaction. (A)
Western blot assay of IkBa and IkBf levels in cytoplasmic extracts prepared from irradiated
SAN melanoma cells harvested at the indicated times. (B) An electrophoretic mobility shift
assay (EMSA) using nuclear extracts prepared from irradiated melanoma cells harvested at the
indicated times. The last two lanes show a competition assay performed with the same kB cold
oligonucleotide or an unrelated cold oligonucleotide (NFAT) that was added to the incubation
mixture. (C) Total cell lysates were prepared by melanoma cells not irradiated and 3h after
irradiation with 4 Gy. Cell lysates were immunoprecipitated (IP) with FKBP51 antibody, or
IKKa/p antibody. Immunoprecipitated and total lysates were then subjected to western blot
and FKBP51 and IKK o/ were analyzed. (D) Western blot assay of IkxBa and phospho- IkBa
(Ser 32) levels in cytoplasmic extracts prepared from melanoma SAN cells transfected with
FKBP51 siRNA, or a NS RNA as control. After 48h from transfection cells were irradiated at
4Gy and harvested at the indicated times.
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In line with NF-kB activation, an increase in the level of the caspase inhibitor
X-linked inhibitor of apoptosis protein (XIAP) was observed. As expected,
such an increase was not observed in FKBP5I1-silenced cells (Fig. 11A).
Consistent with the notion that xIAP transcription is under NF-kB control
(Karin M et al. 2002), reduced levels of XIAP mRNA, both basal and IR-
induced, were found in p65-silenced cells compared with those in non-silenced
cells (Fig.11B). The upregulation of XxIAP had a role in the inhibition of
irradiated melanoma cell apoptosis. In fact, when XIAP expression was
silenced with a specific siRNA, the IR stimulated caspase activation and cell
death (Fig.11C). Taken together, these findings suggest that FKBP51-silenced
cells fail to activate NF-xB-controlled anti-apoptotic genes when irradiated.
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Fig.11. Lack of NF-xB activation and xIAP induction in melanoma cells

depleted of FKBP51. (A) EMSA using nuclear extracts and western blot assay of whole
cell lysates obtained from melanoma cells transfected with NS RNA or FKBP51 siRNA. At 48
h after transfection, cells were irradiated with 4 Gy of IR and, after an additional 6 h
incubation, harvested for the preparation of both nuclear extracts and whole cell lysates. (B)
Effect of XxIAP downmodulation on IR-induced apoptosis. Western blot assay of XIAP levels in
melanoma cells transfected with NS RNA or xIAP siRNA. At 48 h after transfection, cells
were irradiated with 4 Gy IR. Cells were harvested after 6 h for whole cell lysate preparation.
At the same time, a flow cytometric analysis of caspase-3 activation was performed. The graph
represents the mean values and standard deviations of active caspase-3 from three different
experiments, each performed in triplicate. Apoptosis was measured 48 h after irradiation by
annexin V binding. A representative result of three independent experiments, performed in
triplicate, is shown. (C) Normalized expression rates of XIAP mRNA (a.u.: arbitrary units) in
melanoma cells SAN, which were transfected with p65 siRNA or a NS RNA, and irradiated or
not with a 4 Gy dose. Vertical bars indicate standard deviations. Values were obtained from
three independent experiments.
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Rx-induced NF-kB sustains autophagy

In order to investigate whether the levels of Becn-1 were enhanced by NF-
kB activation, we attempted to downmodulate the p65 subunit of NF-xB. The
supershift assay provided evidence that p65 represents the main component of
the NF-xB complex activated by IR in our cell system. As shown in figure
12A, the IR-induced NF-kB band was supershifted by anti-p50 and anti-p65
antibodies. Melanoma cells transfected with p65 siRNA, or a NS RNA as
control, were irradiated and, after 6 h, total cell lysates were prepared. A
western blot assay showed that p65 siRNA, but not NS RNA, downmodulated
the protein (Fig.12B). Radiation treatment enhanced the levels of Becn-1 in
non-silenced cells, but this was not observed in cells depleted of p65. An
increase in the levels of the LC3-II isoform was found in irradiated cells, but
not when p65 was downmodulated (Fig.12B). The IR-induced increase in
Becn-1 protein was associated to increase in BECN-1 mRNA levels. Such
increase was not observed in p65-silenced cells (Fig.12C). This result suggests
that p65 was essential for Becn-1 expression. Our finding is in accordance with
the very recent demonstration that p65 exerts transcriptional control on BECN-
1 gene expression (Copetti T et al. 2009).
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Fig.12. 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 IR. The extract was incubated with [y-32P] ATP
end-labeled NF-kB consensus oligonucleotide in the absence or presence of the indicated
antibodies against NF-xB and run in a 6% acrylamide gel electrophoresis. (B) Western blot
assay of p65, Becn-1, and LC3-II levels in melanoma cells transfected with NS RNA or p65
siRNA. At 48 h after transfection, cells were irradiated with 4 Gy Rx. Cells were harvested
after 6 h for whole cell lysate preparation. (C) Normalized expression rates of BECN-1 mRNA
(a.u., arbitrary units) in melanoma cells SAN, which were transfected with p65 siRNA or a NS

RNA, and irradiated or not with a 4 Gy dose. Vertical bars indicate standard deviations. Values
were obtained from three independent experiments.
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To investigate whether Becn-1, an important component of the autophagic
machinery (Eskelinen EL. 2008; Baehrecke EH. 2005; Mathew R et al. 2007),
has a role in the apoptosis inhibition of irradiated cells, we used specific
siRNA to downmodulate Becn-1. A western blot assay of whole cell extracts
prepared from cells 6 h after irradiation showed an increase in the level of
LC3-II isoform in cells transfected with NS RNA, but not those depleted of
Becn-1 by specific siRNA (Fig.13A). This finding was confirmed by
transmission electron microscopy; we performed TEM analysis of Becn-1
silenced cells, at times 0 and 6 h after irradiation. In accordance with previous
results, there was no induction of autophagy after irradiation of Becn-1
silenced cells. A quantitation analysis of autophagic profiles/cell area showed a
clear decrease in autophagosomes 6 h after IR exposure of Becn-1 silenced
cells. Representative images of the cells are shown in figure 13B. These results
are in accordance with the concept that Becn-1 is essential for the activation of
autophagy (Eskelinen EL. 2008; Bachrecke EH. 2005; Mathew R et al. 2007).
An analysis of cell death after an additional 40 h of incubation showed that the
percentage of annexin V-positive cells clearly increased in Becn-1-depleted
cells (Fig.13A).
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Fig.13. Becn-1 exerts an essential role in apoptosis inhibition in melanoma

cell. (A) The effect of Becn-1 depletion on IR-induced apoptosis. A representative western
blot of Becn-1 levels in melanoma cells transfected with NS RNA or Becn-1 siRNA is shown.
At 48 h after transfection, cells were irradiated with 4 Gy IR. A portion of cells was harvested
after 6 h 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, each performed in triplicate, is shown. (B) Representative TEM

images of Becn-1 silenced cells, at times 0 and 6h after irradiation with a 4Gy dose. Scale bar,
500nm.
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In order to confirm these data, we analyzed apoptosis also in presence of high
levels of Beclin-1. Melanoma cells were transfected with a vector carrying
EGFP-tagged BECN-1 to over-express beclin-1, or an EGFP vector as control.
Transfection efficiency was assessed by both a flow cytometric analysis and a
western blot assay of Beclin-1 and LC3 (Fig.14A,B). We found that 35.5% and
29.8% of cells, transfected with EGFP and BECN-1/EGFP, respectively,
expressed the exogenous gene. Exogenous beclin-1 was functional, as
suggested by increased levels of LC3 II isoform in cells transfected with the
fusion protein, compared to cells transfected with control vector, which
indicates an increase in basal autophagy. To investigate the effect of Becn-1
over-expression on apoptosis of FKBP51 depleted cells, we co-transfected
BECLIN1/EGFP plasmid (or EGFP plasmid as control) and FKBP51 siRNA.
Forty-eight h after irradiation, cells were collected, stained with annexin V-PE
and analyzed by flow cytometry. Green fluorescent cells were gated as in A,
according to FL-1/SSc parameters, and then the percentage of annexin V-PE
positive cells was calculated. Beclin-1 over-expression clearly decreased the
levels of apoptosis, that were lower than those of cells co-transfected with
EGFP and FKBP51 siRNA (Fig.14C). To confirm apoptosis, we measured the
levels of active caspase-3 by indirect immunofluorescence. In accordance with
apoptosis data, the levels of active caspase-3 were reduced in cells over-
expressing beclinl (Fig.14D). These findings suggest that activation of NF-«B
in irradiated melanoma induces autophagy and that this mechanism is, at least
in part, responsible for lack of cell death.
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Fig.14. Becn-1 overexpression inhibits apoptosis in melanoma cell. (A) Flow
cytometric histograms of melanoma cells transfected with a vector carrying EGFP-tagged
BECN-1 or an EGFP vector as control. A gate was placed on EGFP expressing cells based on
FL1/SSc parameters. The percentages of EGFP™ cells were: 0.6, 35.5, 29.8 in not transfected,
EGFP-transfected and BECN-1/ EGFP-transfected cells, respectively. (B) Western blot assay
of Beclinl and LC3 levels in cell lysates prepared from cells transfected with BECN-1/EGFP
or EGFP. (C) Analysis of apoptosis of melanoma cells co-transfected with NS RNA+EGEFP,
NS RNA+BECN-1/EGFP, FKBP51 siRNA+EGFP and FKBP51 siRNA+ BECN-1/EGFP.
Cells were irradiated after 48h from transfection and harvested after a further 48 h incubation.
Apoptosis was analyzed by flow cytometry. The percentage of annexin V positive events was
calculated in cells gated as in A. Mean values and standard deviations of three independent
experiments, each performed in triplicate, are represented. (D) Flow cytometric histograms of
cleaved caspase-3. Cells, co-transfected with FKBP51 siRNA+EGFP and FKBP51
siRNA+BECN-1/EGFP, were harvested after 0, 4 and 6h from irradiation at 4Gy. Then, cells
were fixed, permeabilized, and incubated with a cleaved caspase-3 antibody. Cells were
analyzed by flow cytometry and the percentage of cells expressing cleaved caspase-3 was
calculated in a gate performed as in A.
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Rx-induced autophagy increases the threshold for apoptosis

To clarify the mechanism by which Becn-1 inhibited apoptosis, we
investigated the levels of Bax, which is an important component of the
permeability transition pore in mitochondrion-dependent apoptosis (Kim H et
al. 2006). Western blot showed reduced Bax levels in irradiated melanoma
cells, which is consistent with its degradation. In Becn-1-silenced cells, Bax
levels were higher compared with those in non-silenced cells after irradiation
(Fig.15A). Normalized expression rates of Bax mRNA in cells transfected
with BECN-1 siRNA, or a NS RNA, by Real-time PCR, did not show any
relevant increase of Bax transcript after depletion of Becn-1, thus suggesting a
post-transcrptional regulation (Fig.15B).
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Fig.15. Becn-1 downregulation counteracts bax degradation in irradiated

melanoma cell. (A) The effect of IR on Bax levels in Becn-1-depleted cells. A
representative western blot of Bax levels in melanoma cells transfected with NS RNA or Becn-
1 siRNA is shown. At 48 h after transfection, cells were irradiated with 4 Gy IR. Cells were
harvested after 4 h for whole cell lysate preparation. (B) Normalized expression rates of Bax
mRNA in cells transfected with BECN-1 siRNA or a NS RNA, by Real-time PCR.
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Bax localization was investigated by confocal microscopy, in double
fluorescence with LC3 (Fig.16A). Bax was mostly localized in the nucleus, in
basal conditions, and to some extent in the cytosol. After irradiation, nuclear
Bax apparently translocated to the cytosol. The presence of colocalization
areas in LC3 aggregates (see enlarged detail in Fig.16A) suggests a possible
inclusion of Bax in autophagic vacuoles (Fig.16A). A semi-quantitative
western blot analysis of Bax levels in cells irradiated, in the absence or
presence of inhibitors of lysosomal proteolysis, showed a decrease in Bax
levels in irradiated cells, but not when inhibitors of lysosomal proteases were
added to the cell culture (Fig.16B). These findings confirm that Becn-1
expression is controlled by NF-kB. Moreover, by showing the IR-induced
autophagic degradation of Bax, these results provide an explanation through
which autophagy represses apoptosis.
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Fig.16. IR induces Bax delocalization and degradation. (A) Confocal images of
cells fixed after 0, 4 h, and 6 h from irradiation with 4 Gy and stained with anti-Bax (red
fluorescence) and anti-LC3 (green fluorescence). Enlarged detail of colocalization areas. Bar 5
mm. (B) Western blot of Bax levels in melanoma cells irradiated for 6 h with 4 Gy, in the
absence or presence of 0.25mM leupeptin and 10 pg/ml pepstatin. Protease inhibitors were
added to the culture medium 1 h before cell harvest. Bax expression levels were quantified by
densitometry using NIH Image 1.61 for Macintosh. Integrated optical densities, normalized to
actin, were expressed versus baseline level.
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FKBPS51 is expressed in malignant melanoma-stem/initiating
cells

Normal stem cells have a high drug efflux capability because of the
expression levels of ATP-binding cassette (ABC) transporters, which actively
pump drugs out of the cell. The ABC, subfamily G, member 2 (ABCG2) is a
member of this superfamily of ABC transporter proteins, and it is known to be
not only a member of the membrane transporters implicated in multidrug
resistance but also a molecular determinant of cancer stem/initiating cells of
melanoma (Monzani E et al. 2007). To find out whether FKBP51 targeting can
overcome radioresistance in such cells with enhanced tumorigenic potential,
we investigated if 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
ABCG?2" cells (0.5% of total cells), according to ABCG2-PE/SSc parameters
(Fig.17A). The expression of FKBP51 in gated cells was then analyzed in the
FL-1 channel. The percentage of FKBP51" events was comparable in ABCG2"
and ABCG2" cells, whereas the mean fluorescence intensity (MFI) was clearly
higher in ABCG2" cells, when compared with that in ABCG2 cells, suggesting
an increased production of FKBPS51 in cells with enhanced tumorigenic
potential. 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) (Fig.17B). We then investigated
the effect of IR on the apoptosis of ABCG2" cells. Forty-eight h after
irradiation, melanoma cells transfected with NS RNA or FKBP51 RNA were
harvested and stained with ABCG2-PE and annexin V-FITC. The enhanced
percentage of annexin V-positive events in ABCG2 gated cells clearly
indicated a radiosensitizing effect of FKBP51 siRNA on these cells. This
biparametric analysis of apoptosis was performed also in other melanoma cell
lines called SK-MEL3, G361 and A375. In conclusion, we demonstrated that
ABCG2" melanoma cells contain intracytoplasmic FKBP51 at higher levels
than ABCG2" cells. Moreover, ABCG2" cells are also killed by IR after pre-
treatment with siRNA. Taken together, these findings suggest that FKBP51
may be a suitable target for eliminating cancer-stem cells of melanoma.
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Annexin V

Fig.17. FKBP51 is expressed in ABCG2" cells. (A) Flow cytometric histograms of
the ABCG2 gating strategy and FKBP51 expression in SAN melanoma cells. Cells were
stained with PE-conjugated isotype control antibody or mouse monoclonal ABCG2-PE. The
cells were then fixed, permeabilized, and incubated with or without rabbit anti-FKBP51. After
a second staining with anti-rabbit FITC, cells were analyzed by flow cytometry. ABCG2
marked a subpopulation of melanoma cells. According to ABCG2/SSc parameters, two gates
were placed, one for ABCG2" cells (red) and another for ABCG2" cells (blue). The expression
of FKBP51 was measured in the gated populations in the FL1-channel. Bars indicate the
percentage of FL1-positive events, and the values of mean fluorescence intensity (MFI) are
also indicated. (B) Detection of FKBP51 by immunohistochemistry. SAN melanoma cells
expressing ABCG2 were separated from the whole population by BD FACSaria cell sorting,
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fixed, and subjected to the immunohistochemical examination of FKBP51. (C) Effect of
FKBP51 depletion on IR-induced apoptosis of ABCG2" melanoma cells. Flow cytometric
histograms of the annexin V binding of ABCG2" melanoma cells gated as in A. Melanoma
cells from SAN, SK-MEL3, A375, and G361 cell lines were transfected with NS RNA or
FKBP51 siRNA and irradiated with 4 Gy IR. After 48 h, cells were harvested and stained with
ABCG?2-PE and annexin V-FITC to measure apoptosis.

In vivo targeting of FKBP51 vradiosensitizes melanoma
xenografts

We confirmed that the downmodulation of FKBPS51 radiosensitized
melanoma in vivo. We produced human melanoma xenografts in
imminocompromised mice. To investigate apoptosis in tumor xenografts, the
activation of caspase-3 was determined by the immunohistochemistry of tumor
sections and western blot of tumor lysates. Strong immunoreactivity for
cleaved caspase-3 was found in the tumor tissues from xenografts pretreated
with FKBP51 siRNA before irradiation. Only a few apoptotic cells were
detected in both non-irradiated (Fig.18A) and irradiated (Fig.18B) 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 (Fig.18C). In contrast, a prevalence of
apoptotic melanocytes with clear caspase-3 immunopositivity was present in
irradiated silenced tumors (Fig.18D). Western blot confirmed the prominent
activation of caspase-3 in tumors pretreated with FKBP51 siRNA (Fig.18E).
These finding confirm in vivo that the double treatment FKBP51 siRNA and
IR activates apoptosis in melanoma.

44



VNY SN

VNUJ!S 1SdaM4

+ - + - NSRNA
- + - 4+ FKBP51siRNA
- + + IR

. & @ Cleaved caspase3

— — e S Actin

Fig.18. IR-induced apoptosis in tumor xenografts pretreated with FKBP51

SiRNA. Immunohistochemistry and western blot assay of cleaved caspase-3 in tumor
sections. Tumors were excised 48 h after irradiation. For immunohistochemistry, the avidin-
biotin complex technique was used. Original magnification, x250 (A, B, C); x150 (D). The
morphology of apoptotic nuclei was indicated by blue arrows; green arrows indicate mitosis.
Enlarged details of apoptotic nuclei from panel D. (E) Whole tissue lysates prepared from the
same tumors were run in SDS-PAGE for the western blot assay and cleaved caspase3 levels
were analyzed.
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FKBPS51 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 (Department of
Biomorphological and Functional Sciences, University Federico II of Naples,
Italy) were examined for FKBP51 expression. In normal skin, no
immunopositive melanocytes were found. Table 1 presents the patient profiles
relative to the cases studied. In most patients (58/80, 72%), a low (+)
immunopositivity was found in melanocytes during the radial growth phase.
Melanocytes in the vertical growth phase displayed a stronger
immunopositivity (++) compared with radial melanocytes (P<0.001, Pearson
x>= 62.082). A significant correlation was found between FKBP51 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).
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Table 1. FKBP51 expression in cutaneous malignant melanoma (CMM) and patients’ profiles.

Case Age Sex Breslow FKBP51r FKBP51v Follow up (y)
)

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 ++ ++ 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 + ++ ON
39 29 F 1.01-2.00 + ++ 9
40 42 M 1.01-2.00 + ++ 7
41 37 F 1.01-2.00 ++ ++ 7R.N
42 65 M 1.01-2.00 + ++ 7
43 43 M 1.01-2.00 ++ ++ N
44 44 F 1.01-2.00 + ++ 6
45 18 F 1.01-2.00 + ++ 4
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46 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 ++ ok 12
54 36 M 2.01-4.00 + ++ 12
55 39 M 2.01-4.00 + ++ 11
56 50 F 2.01-4.00 + +H+ 11
57 48 F 2.01-4.00 ++ ++ 11
58 45 M 2.01-4.00 ++ +++ 1IN,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 ++ ok 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 ++ +++ 9N,M,D
68 37 F 2.01-4.00 ++ ++ ON.M
69 45 F 2.01-4.00 + ++ 9
70 49 F 2.01-4.00 ++ ++ 9N,M,D
71 32 M 2.01-4.00 + ++ N
72 38 F 2.01-4.00 + ++ 6N
73 38 M 2.01-4.00 + ++ 3
74 32 M 2.01-4.00 ++ +++ 3N.M
75 40 M 2.01-4.00 ++ +++ 3
76 46 F 2.01-4.00 ++ bt 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 2.01-4.00 + ++ 2

FKBP51r, FKBP51 radial growth; FKBP51v, FKBP51 vertical growth; R, recidivation; N, lymph
node; M, metastasis; D, tumor death.
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Figure 19 shows representative immunohistochemical 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. Data obtained
from this study on 80 melanoma patients reinforce the translational implication
our previous findings. The relevant data from this analysis is that FKBP51 1)
was expressed in all cutaneous malignant melanomas analyzed but not in
normal skin; ii) expression was higher in melanocytes during the vertical
growth phase compared to the radial growth phase; iii) expression correlated
with the thickness of the tumor lesion; iv) expression was maximal in
metastatic melanoma.
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Fig.19. FKBP51 expression in normal skin and cutaneous malignant
melanoma (CMM). FKBP51 immunochemical staining of normal skin (red arrows
indicate melanocytes, original magnification, x200); primary malignant melanoma spindle
cells (original magnification, x250); primary malignant melanoma epithelioid cells
(magnification, x250); and dermal metastasis from malignant melanoma (original
magnification, x150), using the avidin—biotin complex technique.
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FKBPS51 is a possible novel tumoral marker

Data provided so far support the conclusion that FKBP51, a protein with
important biological roles in normal cells (Sinars CR et al. 2003; Bouwmeester
T et al. 2004; Baughman G et al. 1995), acquires a pro-oncogenic potential
when its expression is deregulated, which is what occurs in melanoma. Such
deregulation might sustain survival networks that protect the melanoma against
killing. Therefore we asked if FKBP51 could play a role in tumor progression
of other cancers. We performed an immunohistochemistry study of expression
of FKBP51 in fifty tumoral samples, acquired from our pathology section,
including breast, lung, pancreas, ovary, and prostate (10 samples for each
tumor), and a comparable number of normal tissue samples. At the same time,
a quantitative measure of FKBP51 mRNA was performed in RNAs exctracted
by deparaffinized tissues. An intense FKBP51 signal was found 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 immunohistochemistry were the 10 breast cancer samples and 2
out of 10 pancreatic tumors. Interestingly, these two pancreatic tumors
belonged to the well-differentiated histotype (G1). Figure 20A shows
representative immunohistochemical findings. Measurement of FKBPS51
mRNA levels in deparaffinized tissues using real-time PCR confirmed the
immunohistochemistry results (Fig.20B).
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Fig.20. FKBP51 immunochemical staining of normal and neoplastic tissues.
(A) FKBP51 immunochemical staining of different tumoral tissues and normal counterpart,
using the avidin—biotin complex technique. Hematoxylin was used for nuclear counterstaining.
(B) Normalized expression rates of FKBP51 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 standard deviations of arbitrary units from three different real-
time experiments, each performed in triplicate. The values of each sample were compared to
PBL (expression=1) for an estimate of the relative expression change fold of FKBP51.

Moreover, we performed a wide immunohistochemistry study of FKBP51
expression in 21 colon tumoral samples. FKBP51 was found expressed in
normal colonic mucosa, particularly in proliferative basal zone of normal
glands. An increased expression of the protein was found in 15 out of 21 tumor
analyzed (Fig.21A). Interestingly, FKBP51 cellular compartimentalization in
colon carcinoma changed with grading. FKBP51 was mostly cytosolic in well-
differentiated colon cancer (G1), whereas it was nuclear in undifferentiated
histotype (G3) (Fig.21B). Immunohistochemistry data were confirmed by
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Realtime-PCR. FKBP51 mRNA transcription rates were found higher in colon
cancer, compared to normal colon (Fig.21C). Taken together, these findings
suggest that FKBP51 plays a relevant role in cancer biology and can become in
the near future a novel tumor biomarker.
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Fig.21. FKBP51 immunochemical staining of normal and neoplastic colon

tissue. (A) FKBP51 immunochemical staining of 21 colon tumoral and normal tissues, using
the avidin—biotin complex technique. Hematoxylin was used for nuclear counterstaining. (B)
FKBP51 compartimentalization in colon cancer. FKBP51 cellular compartimentalization in
colon carcinoma changed with grading. FKBP51 was mostly cytosolic in G1 (yellow), whereas
it was nuclear in G3 (blu) and both nuclear and cytoplasmic in G2 (green). (C) Normalized
expression rates of FKBP51 mRNA (a.u., arbitrary units) in colon deparaffinized tissues.
Values represent median of arbitrary units from different real-time experiments, each
performed in triplicate.
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CONCLUSIONS

Among cancers, malignant melanoma is one of the most resistant to

treatment. Patients diagnosed with advanced stage melanoma have a very poor
prognosis and relatively few treatment options. Given the rising incidence of
melanoma and the paucity of effective treatments, 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 its involvement in the protection of melanoma
against IR-induced apoptosis. Our data showed that FKBP51 counteracts
apoptotic processes stimulated by IR by sustaining autophagy, which supports
the survival of the tumor cells. FKBP51 is required for NF-kB activation; in
fact, FKBP51 silencing prevented the IR-induced nuclear translocation of this
transcription factor and activated apoptosis. FKBP51 knocking-down provoked
extensive apoptosis also in vivo, as showed by the study of tumor sections from
melanoma xenografts. Furthermore, we provide evidence that FKBPS51 is
espressed at high levels in cancer stem/initiating cell of melanoma and that
also these cells are killed by IR, after pretreatment with siRNA. This finding
suggests that FKBP51 is a suitable target for eliminating such cells responsible
for tumor self-renewal and generate the heterogeneous cancer cells that
comprise the tumor. The translational implication of our findings was
reinforced by the correlation of FKBP51 expression levels with the thickness
of the tumor lesion and with prognostic factors.
FKBP51 is a protein with important biological roles in normal cells that
acquires a pro-oncogenic potential when its expression is deregulated, which is
what occurs in melanoma. Such deregulation sustains survival networks that
protect the melanoma against killing. Besides melanoma, FKBP51 is expressed
in several other cancers; this opens the door to the development of a novel
tumoral biomarker.
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Abstract

Inhibition of nuclear factor (NI)-xB/Rel can sensitise many tumour cells to death-inducing stimuli, including chemotherapeutic
agents, and there are data suggesting that disruption of NF-xB may be of therapeutic interest in melanoma. We found that rapa-
mycin sensitised a human melanoma cell line, established from a patient, to the cytolytic effects of doxorubicin. Doxorubicin is a
striking NF-kB/Rel-inducer, we therefore investigated if rapamycin interfered with the pathway of NF-kB/Rel activation, i.e.
IxBa-phosphorylation, -degradation and NF-kB/Rel nuclear translocation, and found that the macrolide agent caused a block
of IKK kinase activity that was responsible for a reduced nuclear translocation of transcription factors. Western blots for Bel-2
and c-IAP] showed increased levels of these anti-apoptotic proteins in cells incubated with doxorubicin, in accordance with NEF-
kB/Rel activation, while rapamycin clearly downmodulated these proteins, in line with its pro-apoptotic ability. The effect of the
macrolide on NF-k B/Rel induction appeared to be independent of the block in the PI3k/Akt pathway, because it could not be
reproduced by the phosphatidyl inositel 3 kinase (PI3k) inhibitor, wortmannin. Recently, the immunophilin, FKBP51, has been
shown to be essential for the function of IKK kinase. We found high expression levels of FKBP5! in melanoma cells. Moreover,
we confirmed the invelvement of this immunophilin in the control of IKK activity. Indeed, IxBa could not be degraded when
FKBP51 was downmodulated by short-interfering RNAs (siRNAs). These findings provide a possible mechanism for the downmod-
ulation of NIF-xB by rapamycin, since the macrolide agent specifically inhibits FKBP51 isomerase activity. In conclusion, our study
demonstrates that rapamycin blocked NF-kB/Rel activation independently of PI3k/Akt inhibition suggesting that the macrolide
agent could synergise with NF-xB-inducing anti-cancer drugs in PTEN-positive tumours.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction have anti-cancer effects, decreasing cell proliferation
and increasing apoptosis [1-3]. Its anti-cancer activity

Rapamycin, a conventional immunosuppressant is classically ascribed to its binding to FKBP12 [4]
agent that is used to prevent immunoclogical rejection and forming a complex that inhibits the serine/threo-
in organ transplantations, has recently been shown to nine kinase — mammalian target of rapamycin (mTOR)

[5-7]. mTOR, in response to growth factors, hormones,
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[9-11]. Rapamycin was found to inhibit the oncogenic
transformation of human cells induced by either P13k
or Akt [12]. Thus, it is expected to act as an anti-cancer
agent, in neoplasias that lack the tumour suppressor
gene, PTEN [13]. This gene encodes a lipid and protein
phosphatase that, by reducing the cellular levels of
phosphatidylinositol triphosphate, antagonises the ac-
tion of PI3k [14-17]. Nevertheless, data suggests rapa-
mycin inhibits the induction of NF-xB/Rel after
different stimuli in various cell types [18-20]. In addi-
tion, these findings have recently been strongly sup-
ported by the discovery that the rapamycin-binding
mmmunophilin, FKBP51, is an important cofactor of
the TKK-a subunit of the TxB-kinase (IKK) complex
[21]. NF-kB transcriptional activity is normally inhib-
ited by IxB proteins that sequester it in the cytoplasm
[22]. The 700-900 kD IKK complex phosphorylates
two critical serine residues {S32 and 836) in IxBs, trig-
gering events that lead to the proteolytic degradation of
these inhibitors [23,24], and thereby allowing nuclear
translocation of NF-kB/Rel proteins. Active NF-xB
factors modulate the expression of a number of genes
that sustain cell survival [25-28] and it is widely de-
scribed that inhibition of this transcriptional activity
sensitises many tumour cells to death-inducing stimuli,
including chemotherapeutic agents [26,29,30]. Data sug-
gesting that rapamycin was able to inhibit the NF-xB/
Rel nuclear activity induced by CD28 in Jurkat cells
[L8], by msulin in myoblasts [19] and by lipopelysaccha-
ride {L.LPS) in rat hepatocytes [20], prompted us to
investigate if this macrolide agent might, also inhibit
chemotherapy induced-NF-xB and overcome drug
resistance in aggressive tumours, such as melanoma. In-
deed, melanomas are known to be poorly responsive to
current anti-cancer drugs, but disruption of NF-kB has
been shown to be of therapeutic utility [30]. To this
end, we utilised the anthracycline drug, doxorubicin,
that activates NF-xB/Rel transcription factors [31]
and studied whether rapamycin was able to inhibit
the induction of NF-kB/Rel and promote apoptosis in
a human melanoma cell line established from a patient.

2. Materials and methods
2.1. Cells and reagenis

A melanoma cell line was established from a patient’s
primary tumour and was provided by Dr. Gabriella Zupi
{Experimental Preclinic Laboratory, Regina Elena Insti-
tute for Cancer Research, Roma, Ttaly). Cells were cul-
tured in Roswell Park Memorial Institute (RPMTI) 1640
medium (ICN Biomedicals, Ohio, USA) supplemented
with 10% heat-inactivated foetal calf serum (FCS) (v/v),
glutamine and antibiotics at 37 °C in a 5% CQO, humified
atmosphere. Purified primary T lymphocytes were ob-

tained from heparinised fresh peripheral blood of healthy
donors by a two step-centrifugation, first through a Fi-
coll-Hipaque {ICN Biomedicals, Ohio, USA)and second
50% Percoll (v/v) (1ICN Biomedicals, Ohio, USA) density
gradient. The purified cells were >93% CD3". Rapamy-
cin {Rapamune, Wyeth Ayerst Laboratories. Marietta,
PA), doxorubicin hydrocloride (Sigma—Aldrich. St.
Louis, Missouri) and wortmannin (Sigma-Aldrich) were
used at the concentrations indicated. Cells were preincu-
bated for 20 h with rapamycin or wortmannin before
adding doxorubicin.

2.2, Analysis of cell death

For analysis of cell viability, the MTT (methylthiazol-
etetrazolium) test was performed as described in [32].
Absorbance was measured at 550 nm using a microplate
spectrophotometer. The mean of the absolute absorbance
values of the treated samples was divided by the absolute
absorbance of the control samples and expressed as the %
of cell viability. Caspase 3 activity was analysed using the
Caspase-3 Fluorometric Assay Kit {Perbio Science, Bel-
gium) according to the manufacturer’s instructions. Cells
(2 % 10°) were lysed in a buffer containing 10 mM Tris (pH
7.5), 130 mM NaCl, 1% Triton X-100 (v/v), 10 mM NaPi,
10 mM NaPPi; then 50 pg of protein was analysed. Anal-
ysis of apoptosis by propidium iodide incorporation was
performed using permeabilised cells by flow cytometric
analysis. Cells (2 x 10%) were harvested 24 h after the addi-
tion of doxorubicin to the cultures, washed in phosphate-
buffered solution (PBS) and resuspended in 500 pl of a
solution containing 0.1% sodium citrate {w/v), 0.1% Tri-
ton X-100 {v/v) and 50 pg/ml propidium iodide {Sigma
Chemical Co., Gallarate, Italy). Following incubation
at 4 °C for 30 min in the dark, cell nuclei were analysed
using a Becton Dickinson FACScan flow cytometer. Cel-
lular debris was excluded from the analysis by raising the
forward scatter threshold, and the DNA content of the
nuclei was registered on a logarithmic scale. The percent-
age of the elements in the hypodiploid region was
calculated.

2 3. IKK immunoprecipitation and kinase assay

Melanoma cells {1 x 10%), preincubated or not with
rapamycin (100 ng/ml), were cultured in the absence or
presence of doxorubicin {10 pM). After a 5-h incubation,
cells were harvested, washed and lysed in a buffer con-
taining 20 mM HEPES, pH 7.4, 150 mM NaCl, 10% glyc-
erol (v/v), 1% Triton X-100 (v/v), 1 mM Na3V04, 20 mM
B-glycerophosphate, 1 mM NaF and a complete protease
inhibitor mixture (Roche). After a 30-min incubation on
ice, the lysates were cleared by centrifugation for 15 min
at4°C at 14 000 rotations per minute (rpm). Endogenous
TKK was immunoprecipitated using an anti-IKK anti-
body H470 (Santa Cruz Biotechnology) plus protein A-
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agarose and the kinase activity was assayed using gluta-
thione-S-transferase {(GST)-IxB (Santa Cruz Biotech-
nology) as a substrate, as described in [33]. Briefly, 500
ug of immunoprecipitate was incubated with kinase buf-
fer (20mM HEPES, pH 7.4, 10 mM MgCl,, 25 mM (-
glycerophosphate, 1| mM dithiothreitol (DTT), 1 mM
Na3V04) in the presence of 0.1 mM adenosine triphos-
phate (ATP), [y->°P]JATP and GST-IkB. After a 10-min
incubation at 37 °C, the reactions were terminated by
boiling in sodium dodecylsulphate {SDS) sample buffer,
and the products were resolved by 10% SDS—polyacryla-
mide (w/v) gel electrophoresis. Phosphorylated proteins
were detected by autoradiography.

2.4. Cell Iysates and Western bloiting analysis

Fordetection of TkBa, cytosolic extracts were obtained
from 1 x 10° cells resuspended in 100 yl of lysis buffer (10
mM HEPES, pH 7.9, | mM ethylene diamine tetra acetic
acid {EDTA), 60 mM KCI, 1 mM DTT, 1 mM phenyl
methyl sulphonyl fluoride (PMSF), 50 pg/ml antipain,
40 pg/ml bestatin, 20 pg/ml chymostatin, 0.2% (v/v) Non-
idet P-40) for 15 min inice. For detection of Bcl-2, c-IAP1
and FKBP51, whole cell lysates were prepared by homog-
enisation in modified RIPA bulffer (150 mM sodium chlo-
ride, 50 mM Tris-HCl, pH 74, 1 mM EDTA, 1 mM
PMSF, 1% Triton X-100 (v/v), 1% sodium deoxycholic
acid (w/v), 0.1% SDS (w/v), 5 pg/ml of aprotinin and 5
ng/ml of leupeptin). Cell debris was removed by centrifu-
gation. Protein concentrations were determined using the
Bio-Rad protein assay. Thecell lysate was boiled for Smin
in 1x SDS sample buffer (50 mM Tris-HCIpH 6.8, 12.5%
glycerol, 1% SDS (w/v), 0.01% bromophenol blue (w/v))
containing 5% B-mercaptoethanol, run on 10% SDS {(w/
v) polyacrylamide gel, transferred onto a membrane filter
{Cellulosenitrate, Schleider and Schuell) and finally incu-
bated with the primary antibody. Anti-human-antibodies
against IkB « (a rabbit polyclonal antibody from Santa
Cruz Biotechnology), Bcl-2 (a mouse monoclonal anti-
body from Santa Cruz Biotechnology), ¢-IAP1 (a mouse
monoclonal antibody from BD Pharmingen), FKBP51
(a rabbit polyclonal antibody from Abcam Limited,
UK) were used at a dilution of 1:500. After a second incu-
bation with peroxidase-conjugated goat anti-rabbit IgG
(Santa Cruz Biotechnology) or anti-mouse IgG (Santa
Cruz Biotechnology), the blots were developed using the
enhanced chemiluminescence (ECL) system {Amersham
Pharmacia Biotech).

2.5. Nuclear extracts, electrophoretic mobility shift assay
(EMSA), and oligonucleotides

Cell nuclear extracts were prepared from 1 x 10° cells
by homogenisation of the cell pellet in two volumes of
10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl,, 1
mM EDTA, 0.5mM DTT, 0.5 mM PMSF and 10% glyc-

erol {v/v). Nuclei were centrifuged at 1000g for 5 min,
washed and resuspended in two volumes of the above
specified solution. KCI (3M) was added until the concen-
tration reached 0.39 M KCI1. Nuclei were extracted at 4 °C
for 1 h and centrifuged at 10 000g for 30 min. The supern-
atants were clarified by centrifugation and stored at —80
°C. Protein concentrations were determined using the
Bradford method. The NF-«B consensus 5'-CAACGG-
CAGGGGAATCTCCCTCTCCTT-3"  oligonucleotide
[34] was end-labelled with [y->°P] adenosine triphosphate
{ATP) (Amersham) using a polynucleotide kinase
{Roche). End-labelled DNA fragments were incubated
at room temperature for 20 min with 5 pg of nuclear pro-
tein, in the presence of 1 pg poly(d1-dC), in 20 pl of a buf-
fer consisting of 10mM Tris-HCIL, pH 7.5, 50 mM NaCl, 1
mM EDTA, 1 mM DTT and 5% glycercl (v/v). In super-
shifting experiments, rabbit antibodies against the C-ter-
minal peptide (529-551) of human p65 or against the N-
terminal peptide (1-21) of pl05/p50 (kindly provided by
Dr. Warner C. Greene, Gladstone Institute of Virology
and Immunology, San Francisco, CA) were added to
the incubation mixture. Protein-DNA complexes were
separated from the free probe on a 6% polyacrylamide
{(wfv) gel run in 0.25% Tris borate buffer at 200 mV for 3
h at room temperature. The gels were dried and exposed
to X-ray film (Kodak AR).

2.6. Transfection of siRNA

Twenty-four hours before transfection with short-in-
terfering RNA (siRNA) oligonucleotide corresponding
to the target sequence 5-ACCUAAUGCUGAGCU-
DAU-3' of the sense-strand of human FKBP51 (Dhar-
macon Research Inc.) or a scrambled duplex as a
control {Dharmacon Research Inc.), cells were seeded
into six-well plates in medium without antibiotics at a
concentration of 2.5 x 10°/ml, to obtain 30-50% conflu-
ence at the time of transfection. The siRNA or the scram-
bled oligo were transfected at a final concentration of 50
nM using Oligofectamine (Invitrogen) according to the
manufacturer’s recommendations. After 3 days, the cells
were processed for Western blotting analysis.

2.7. Statistical analysis

Statistical analysis of the results was performed by
the Student’s ¢ test.
3. Results

3.1. Rapamycin enhanced doxorubicin-induced apoptosis
in human melanoma cells

Melanoma tumours are poorly responsive to the
cytotoxic effects of doxorubicin [30]. We found that
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rapamycin greatly enhanced the amount of cell death in-
duced by the anthracycline in melanoma cells. Analysis
of cell wviability by the MTT assay showed that
84.4 + 6.1% of doxorubicin-treated cells were still alive
after 16 h of incubation. As shown in Fig. 1, Panel (a),
rapamycin alone did not substantially affect melanoma
cell survival, while in the presence of doxorubicin, the
macrolide agent reduced cell viability to 56.3 £0.1%.
Analysis of caspase 3 activity confirmed that rapamycin
alone did not activate the apoptotic process in mel-
anoma cells. Indeed, the levels of active caspase 3 in cells
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cultured in RPMI with or without rapamycin were com-
parable and <6 U/ml. Fig. 1, Panel (b) shows the kinet-
ics of caspase 3 activation in cells cultured with
doxorubicin, with or without rapamycin. We found that
the anthracycline drug alone produced an eightfold in-
crease in the basal caspase 3 activity, while the addition
of rapamycin produced a further 25% increase after a 8-
h incubation. Analysis of apoptosis by propidium iodide
incorporation and flow cytometry, revealed that doxo-
rubicin induced 34.3% * 8.2 apoptosis after 24 h in the
absence of rapamycin and 55.9% % 9.3 when the macro-
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Fig. 1. Rapamycin enhances doxorubicin-induced apoptosis in human melanoma cells. (Panel (a)) Cells, preincubated or not with rapamycin at the
indicated doses, were cultured in the absence or the presence of 10 pM doxorubicin. After a 16-h incubation, cell viability was analysed by the
methylthiazoletetrazolium (MTT) assay. (Panel (b)) Cells, preincubated or not with rapamycin (100 ng/ml), were cultured with 10 pM doxorubicin.
After 6, 8 and 10 h, cells were harvested and the lysates obtained were analysed using a fluorometric assay to detect caspase 3 activation. (Panel (c))
Cells, preincubated or not with rapamycin (100 ng/ml), were cultured in the absence or the presence of 10 pM doxorubicin. After a 24-h incubation,
cells were harvested and an analysis of the amount of apoptosis was performed by propidium iodide incorporation and flow cytometry. (Panel (d))
Cells, preincubated or not with rapamycin (100 ng/ml), were cultured in the absence or the presence of doxorubicin at the indicated doses. After 24 h
of incubation, cells were harvested and an analysis of apoptosis was performed by propidium iodide incorporation and flow cytometry.
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lide was added to the cultures (P = 0.042) (Fig. 1, panel
(c)). A dose-response curve of doxorubicin-induced
apoptosis and its modulation by rapamycin is shown
in Fig. 1, panel (d). Results represented in Fig. 1, were
obtained in four different experiments, each performed
in triplicate.

3.2. Doxorubicin induced NF-xBiRel nuclear activation in
human melanoma cells

The response of the cells to anthracyclines is modu-
lated by activation of NF-kB/Rel transcription factors
[31]. Western blots and EMSA verified that doxorubicin
induced, kB a degradation and NF-xB/Rel nuclear
translocation, in the melanoma cells (Fig. 2, panels (a)
and (b)). IikBa degradation was detected after a 3-h
incubation and was complete after 5 h. Analysis of the
NF-kB/Rel complexes by supershifting showed mainly
p50/p65 heterodimers (Fig. 2, panel (b)).

3.3. Rapamycin inhibited doxorubicin-induced NI-x B/ Rel
activation in human melanoma cells

To investigate if the pro-apoptotic effect of rapamy-
cin on doxorubicin-induced apoptosis could be related
to the inhibition of cell survival pathways governed by
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Fig. 2. Doxorubicin induces NF-kB/Rel activation in human mel-
anoma cells. (Panel (a)) Western blotting analysis of IkB « protein.
Cells were cultured in the presence of 10 pM doxorubicin and after 1-,
3-, 5-h of incubation were harvested and cytosolic extracts were
obtained. (Panel (b)) electrophoretic mobility shift assay (EMSA)
analysis of nuclear extracts obtained from human melanoma cells
cultured in the absence or the presence of 10 pM doxorubicin for 5 h.
A competition assay with the indicated cold oligos demonstrated the
specificity of NF-kB band. Supershifting analysis showed the presence
of p50/p65 heterodimers.
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Fig. 3. Rapamycin inhibits doxorubicin-induced IkBot phosphoryla-
tion and degradation and NF-kB/Rel nuclear translocation. Mel-
anoma cells, preincubated or not with rapamycin (100 ng/ml), were
cultured in the absence or presence of 10 pM doxorubicin. After a 5-h
incubation, cells were harvested and lysates were analysed using a IKK
kinase assay to detect phosphorylated-IkBe, or by Western blotting to
verify IkBo degradation. Nuclear extracts were also analysed by
EMBSA to detect NF-kB/Rel nuclear translocation.

NF-«B/Rel transcription factors, we first analysed the
effect of rapamycin on the NF-xB/Rel nuclear activity
induced by doxorubicin. We incubated cells, pretreated
or not with rapamycin, in the absence or the presence
of doxorubicin and after 5 h obtained nuclear- and cyto-
solic-extracts. Then, we analysed the catalytic activity of
the IKK kinase complex using a kinase assay and, at the
same time, investigated IxBa degradation and NF-«B/
Rel nuclear translocation by Western blotting analysis
and EMSA, respectively. Fig. 3 shows that rapamycin
inhibited the phesphorylation of the IxkB substrate, the
degradation of IkB « and the nuclear translocation of
NF-kB/Rel complexes induced by doxorubicin.

3.4. Rapamycin downmodulated the levels of Bcl-2 and
-4 Pl

Among the NF-kB/Rel-regulated genes, Bcl-2 [24]
and c-TAP1 [25] have been implicated in the resistance
of tumour cells to the cytotoxic effects of doxorubicin
[35,36]. For this reason, we investigated if rapamycin
could sensitise melanoma cells to anthracycline-cytotox-
icity through a decrease in the levels of these anti-apop-
totic proteins. Western blotting analysis of cell lysates
obtained after 6 h of culturing showed that doxorubicin
upregulated Bcl-2 and c-TAP1 expression levels in mel-
anoma cells, but to a lesser extent in the presence of
rapamycin {Fig. 4). Although several reports suggest
that anti-apoptotic members of Bcl-2-family could be
stimulated through PI3k/Akt activation [37], analysis
of phosphorylated-Akt at Thr308 or Serd73 did not re-
veal an increase of Akt activation following doxorubicin
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Fig. 4. Rapamycin counteracts the doxorubicin-induced increase in
Bel-2 and c-IAP1 expression levels Melanoma cells, preincubated or
not with rapamyecin (100 ng/ml), were cultured in the absence or
presence of 10 pM doxorubicin. After a 6-h incubation, whole cell
lysates were obtained and subjected to Western blotting for the
detection of Bel-2 and ¢-IAP1.
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Fig. 5. Wortmannin does not inhibit doxorubicin-induced NF-xB/Rel
activation. Melanoma cells, preincubated or not with rapaniycin (100
ng/ml) or wortmannin (10 pM), were cultured in the absence or the
presence of 10 pM doxorubicin. After a 5-h incubation, cells were
harvested and eytosolic or nuclear extracts for Western blotting and
EMSA analysis respectively, were obtained.
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treatment (data not shown). Thus, their upregulation
was apparently related to NF-kB/Rel activation. These
results suggest that the doxorubicin-induced NF-kB/
Rel activation in melanoma cells resulted in an increase
in the expression of anti-apoptotic genes, namely Bcl-2
and c-IAPI, and this was responsible for the poor cyto-
toxic effects of the drug. By contrast, rapamycin, by
counteracting the NF-kB/Rel nuclear translocation, de-
creased the levels of these proteins, thereby enhancing
apoptosis, in these cells.

3.5. PBKIAkt parhway inhibition was not involved in the
NF-xBlRel downmodulation produced by rapamycin

To verify if the inhibition of NF-kB/Rel activation
was due to inhibition of the PI3K/Akt/mTOR pathway,
we investigated if the PI3K inhibitor wortmannin was
able to antagonise IkB o degradation and NF-xB/Rel
nuclear translocation in response to doxorubicin. Fig.
5 shows that wortmannin could not inhibit doxorubi-
cin-induced NF-«B/Rel nuclear translocation and IkB
a degradation. Thus, we conclude that the downmodu-
lation of NF-kB/Rel activity is independent of the inhi-
bition of the phosphatidylinositol triphosphate kinase
pathway. These findings suggest that rapamycin could
synergise with anti-cancer drugs that activate NF-kB/
Rel transcription factors in PTEN-positive tumours.

3.6. The rapamycin-binding protein FKBP51, iy expressed
at high levels in melanoma cells and is involved in the NF-
kB signalling pathway

FKBP51 has been cloned in T lymphocytes, where it
appears to be particularly abundant [39]. This immuno-
philin displays a peptidyl-prolyl-isomerase activity that
has been shown to be essential for the function of
IKK-o [21]. Rapamycin binds very specifically to this
protein and inhibits the isomerase activity [39]. Fig. 6,
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Fig. 6. FKBP51 is expressed at high levels in melanoma cells and is involved in the NF-xB signalling pathway (Panel (a)) Western blotting analysis of
FKBP51 expression levels in cell lysates (20 pg) obtained from the melanoma cell line and two different preparations of purified primary T
lymphocytes. (Panel (b)) Western blotting analysis of FKBP51 expression levels of cell lysates (2.5 pg) obtained from the melanoma cell line
transfected or not with FKBP31 short interfermg RINA (siRNA) or the scrambled oligo as a control. (Panel (¢)) Western blotting analysis of [kB o
expression levels of cells transfected with FKBP51 siRNA and cultured with or without doxorubicin (10 pM).
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panel (a) shows that FKBP51 is expressed at high levels
in melanoma cells in comparison to two different prepa-
rations of purified primary T lymphocytes. To investi-
gate the role of FKBP51 in the NF-kxB activation
pathway, we downmodulated the immunophilin using
a siRNA approach. As is shown in Fig. 6, panel (b), cells
transfected with FKBP51 siRNA displayed a striking
decrease in their protein expression levels, compared
with cells incubated with control medium or transfected
with a scrambled oligo. We then verified if doxorubicin
was still able to induce IxBa degradation in the presence
of low FKBP51 levels. Fig. 6, panel {c) shows that IxBa
disappeared in control- or scrambled-oligo-transfected
cells cultured with doxorubicin, according to its degra-
dation, while it did not in the FKBP51 siRNA-trans-
fected cells. These experiments suggest that FKBP51 is
synthesised in melanoma cells and controls IKK activity
in this tumour.

4, Discussion

Both the PI3k/Akt- and NF-kB/Rel pathways are
involved in oncogenic processes and promote cell sur-
vival following stimuli which lead to cell death [12—
14,25-29]. The inhibitory effect of rapamycin on the
downstream effectors of the phosphatidylinositel tri-
phosphate pathway is well known [1-13]. Herein, we
demonstrated that rapamycin downregulated the NF-
kB/Rel activation induced by doxorubicin, independ-
ently of PI3k/Alkt inhibition. Furthermore, we showed
that the macrolide agent was able to sensitise poorly
responsive human melanoma cells [30] to anthracy-
cline-triggered apoptosis, apparently by antagonising
the induction of the anti-apoptotic genes, Bel-2 and
c-IAP1, that are under NF-kB control. Several reports
suggest that anti-apoptotic members of the Bcl-2-family
can be upregulated by PI3k/Akt [37]. However, analysis
of phosphorylated-Akt at Thr308 or Ser473 did not re-
veal an increase of phospho-Akt following doxorubicin
stimuli (data not shown), thus the increased Bel-2 and
c-IAP1 protein expression levels appeared to be related
to NF-kB/Rel activation. A critical step in the activation
of NF-«B is the phosphorylation of IkB proteins by the
IKK complex targeting them for degradation by the
proteasome [38]. We analysed the pathway of doxorubi-
cin-induced NF-«B activation, from I kB« phosphoryla-
tion to nuclear translocation of the transcription factors
and found that rapamycin inhibited IKK kinase activity.
Recently, an integrated approach of proteomic NF-kB
pathway mapping detected new components involved
in this signal transduction pathway [21]. Among them,
FKBP51, with peptidyl-prolyl-isomerase activity, was
identified as an important IKK-a cofactor. Further-
more, functional analysis with RNA interference re-

vealed that the immunophilin was essential for the
overall signalling process leading to NF-iB nuclear
translocation [21]. We found high levels of expression
of FKBP51 in melanoma cells. In addition, we con-
firmed the involvement of this immunophilin in the con-
trol of IKK activity. Since rapamycin binds with high
affinity to FKBP51 [39], and specifically inhibits its
isomerase activity [39], it is reasonable to assume that
it can affect IKK catalytic function through this mecha-
nism. The IKK complex is an important target for ther-
apeutic intervention, since it represents the converging
point for the activation of NF-xB by a broad spectrum
of stimuli that sustain cell survival and tumour progres-
sion. Indeed, a new class of drugs, based on molecules
that inhibit the NF-kB signalling pathway have now
been developed for the treatment of diseases which re-
sult from abnormal cell proliferation and cell death,
including cancer [40]. Our findings suggest that rapamy-
cin, when associated with drugs that induce NF-xB acti-
vation, could improve the effectiveness of treatments,
even for aggressive tumours, such as melanoma, that
are often resistant to standard anti-cancer therapies.
Our observation that rapamycin acts through IKK is a
novel mechanism that should increase interest in this
molecule as an anti-cancer agent. Furthermore, our find-
ings that the effect on NF-kB was independent of PI3k/
Akt inhibition suggests that the drug could synergise
with chemotherapeutic drugs in  PTEN-positive
tumours.
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Rapamycin stimulates apoptosis of childhood acute lymphoblastic leukemia cells

Raffaella Avellino, Simona Romano, Rosanna Parasole, Rita Bisegni, Annalisa Lamberti, Vincenzo Poggi, Salvatore Venuta, and

Maria Fiammetta Romano

The phosphatidyl-inositol 3 kinase (PI3k)/
Akt pathway has been implicated in child-
hood acute lymphoblastic leukemia (ALL).
Becauserapamycin suppresses the onco-
genic processes sustained by PI3k/Akt,
we investigated whether rapamycin af-
fects blast survival. We found that rapamy-
cin induces apoptosis of blasts in 56% of
the bone marrow samples analyzed. Us-
ing the PI3k inhibitor wortmannin, we
show that the PI3WAkt pathway is in-
volved in blast survival. Moreover, rapa-

mycin increased doxorubicin-induced
apoptosis even in nonresponder samples.
Anthracyclines activate nuclear factor kB
(NF-kB), and disruption of this signaling
pathway increases the efficacy of apopto-
genic stimuli. Rapamycin inhibited doxo-
rubicin-induced NF-xB in ALL samples.
Using a short interfering (si) RNA ap-
proach, we demonstrate that FKBP51, a
large immunophilin inhibited by rapamy-
cin, is essential for drug-induced NF-xB
activation in human leukemia. Further-

more, rapamycin did not increase doxoru-
bicin-induced apoptosis when NF-xB was
overexpressed. In conclusion, rapamycin
targets 2 pathways that are crucial for cell
survival and chemoresistance of malignant
lymphoblasts—PI3kfAkt through the mam-
malian target of rapamycin and NF-xB
through FKBP51—suggesting that the drug
could be beneficial in the treatment of child-
hood ALL. (Blood. 2005;106:1400-1406)

2005 by The Ametican Society of Hematology

Introduction

In recent decades, conventional chemotherapy has produced a
dramatic improvement in survival of childhood acute lymphoblas-
tic lenkemia (cALL)!; however, refractory or relapsed disease
remains a problem. Anticancer drug research is aimed at develop-
ing new compounds directed against inappropriately activated
cell-signaling pathways that stimulate the uncontrolled growth of
neoplastic cells.> A deregulated cytokine circuitry has been pro-
posed in the malignant transformation of lymphoid precursors in
primary B- and T-lineage ALL.> Other reports suggest that the
insulin-like growth factor system plays a pathogenetic tole in
cALL*> Phosphorylation of cytokine®” or growth factor recep-
tors*® generate docking sites for signaling molecules, thereby
activating the phosphatidyl-inositol 3 kinase (PI3k)/Akt-protein
kinase B survival pathway,*” which promotes blast growth.*>

The carbocyclic lactone-lactum antibiotic rapamycin, which has
been approved by the Food and Drug Administration for the
prevention of allograft rejection,® exerts an anticancer effect by
decreasing cell proliferation and increasing apoptosis.®1® There-
fore, rapamycin is expected to suppress cytokine responses! and
tumor-cell survival.l2 The mammalian target of rapamycin (mTOR)
is a serine-threonine kinase that regulates protein translation,
cell-cycle progression, and cellular proliferation. % In response to
growth factors, hormones, mitogens, and amino acids,*7 mTOR
is activated through phosphorylation by Akt'® and in turn activates 2 key
translational regulators: the initiation factor 4E binding protein (4E-BPD), ¢
and p70-kDa S6 ribosomal protein kinase (p70S6k).'* The pathways
governed by mTOR and p70S6k are involved in the survival of
malignant lymphoblasts,® which explaing the antileukemic activity of

rapamycin detected in human cell lines and in a murine model.' Taken
together, these findings prompted us to investigate whether rapamycin
induces apoptosis of ALL blasts.

We recently demonstrated that rapamycin sensitized a poorly
responsive human melanoma cell line to doxorubicin-induced
apoptosis.2® Anthracycline compounds activate nuclear factor kB
(NF-kB)/Rel nuclear translocation,” and disruption of this signal-
ing pathway increases the efficacy of apoptogenic stimuli.>? We
showed that the immunophilin FKBP51 is required for IkBa
degradation after stimulation with doxorubicin.2® FKBP51, which
is specifically inhibited by rapamycin binding,” exerts peptidyl-
prolyl-isomerase activity that catalyzes the isomerization of peptidyl-
prolyl-imide bonds in subunit o of the IKK kinase complex, and is
required for IKK function®* Given the foregoing, we investigated
whether rapamycin inhibits anthracycline-induced NF-kB/Rel activity
in blasts from cALL, and incteases sensitivity to chemotherapy.

Finally, to assess the role of FKBPS1 in NF-kB/Rel activation in
lymphoid cells, we down-modulated FKBP51 levels in the Jurkat
lenkemic cell line using a short interfering (si) RNA approach, and
investigated whether IkBa degradation and NF-kB/Rel nuclear translo-
cation ocenrred in the absence of the IKKa cofactor.

Patients, materials, and methods
Cells and culture conditions

Bone marrow samples were obtained between April 2002 and October 2004
from 15 children affected by B-ALL and from 10 children affected by
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Table 1. Patient profiles
Age, WBC count, Genetic
Patient no. Sex y.mo % Blasts Lineage 109 Immunophenotype rearrangement GR* RRt
F 113 100 B 111.680 CD10,CD19, CD34 T(12,21) Good Yos
2 M 6.11 100 T 15.760 GD10,CD7, CD2, CD3cy, GD4, — Good Yes
cDh8
3 ] 210 84 T 118.740 CD7,CD4, CD8, CD10, CD2, — Good Yes
CD3*™
4 F 11.10 100 T 108510 CD7,CD34, CD3cy, CD2, CD5, TdT Partial deletion Poor No
chromosome 1
5 M 145 100 B 40.600 CD10,CD34, CD19, DR, CD33, — Good No
cD13
G M 13.10 95 B 56.130 CD19, CD7%a-cy CD22, CD24, DR, — Good Yos
7 M B3 100 B 5.790 CD10,CD19, CD24, TdT, CD34, NT Good No
GD38
8 ] 94 20 T 3.650 CD5, CD7, CD3gy, CD1a — Poor Yes
9 ] 39 90 B 98100 GD34,CD19, CD10, DR, CD13, 1(9;22) Poor No
CD33, TdT
10 M 74 100 T 314950 CD3cy, CD4, CD8, CD10, GD7, — Poor Yeos
CDS5, TdT
11 F 123 a0 T 334.900 CD2,CD3, GD4, CD8, CDY Partial deletion Good Yeos
chromosome 4
12 ] 4.0 100 B 45500 GD19,CD34, CD1O — Poor No
13 M 148 100 B 20240 GD10, CD19, CD20, DR, GD34+/~, — Good Yes
TdT
14 M 18 100 B 17.810 GD10,CD19, DR, TdT — Good Yes
15 F 37 100 B 108.700 CD34, CD19, CD10, DR Hyperdiploid Poor No
16 F 27 100 B 196.000 CD10, CD19, CD20, DR, CD34 Hyperdiploid Poor No
17 M 2.0 a8 T 92 500 CD5, GD2, GD7, CD3cy, CD10, — Poor No
CD4, CD8
18 F 1.9 08 B 124560 CD34,CD19, DR W4,11) Poor Yes
19 ] 57 100 T 16.800 GCD2, CD5, CD7, TdT, CD10+/~ — Good Yes
20 F 35 a8 B 78.400 Tdt, CD10, CD19, CD20, DR t(12;21) Good No
21 ] 811 a8 T 21.990 GCD3cy, CD7, CD5, TdT, CD34, TCR — Good Yes
22 ] 10.7 60 B 3.630 CD10,CD19, CD22, CD34, Tv8 T NT Good Yes
23 F 910 99 B 34190 CD19, CD34, TdT — Poor No
24 M 1141 99 T 310.000 CD7,CD2, GD5, CD8,cyCD3, TdT — Poor No
25 F 93 a0 B 6.970 CD10,CD19, CD33, CD34, TdT — Good Yeos

— indicates not found; NT, nol tested.
*GR: an in vivo response to glucocorticoids after a 7-day prednisone prophase.
1RR: an in vitro response to rapamycin.

T-ALL (Table 1). Twenty-two samples were collected at diagnosis, 2 at
relapse (patients 18 and 22), and 1 from a patient who partially responded to
therapy (patient 8). It is declared that informed consent was provided by the
patients’ parents in accordance with the Declaration of Helsinki for these
studies, conducted in the departments of Biochemistry and Medical
Biotechnologies, University of Naples Federico II (Naples, Italy); Pediatric
Onco-Hematology, AORN Pausilipon (Naples, Italy); and Clinical and
Experimental Medicine, “Magna Graecia” University (Catanzaro, Italy).

Mononuclear cells from the 25 bone marrow samples were separated
through Ficoll-Hypaque gradient (ICN Biomedicals, Aurora, OH). The
percentage of blasts in mononuclear-cell specimens was more than 90%,
except for refractory ALL, in which it was 59.1%. Cells (1 * 10 cells/mL)
were cultured in 10% fetal calf serum (FCS; Biochrom KG, Berlin,
Germany) RPMI 1640 (Cambrex Bio Science, Verviers, Belgium), supple-
mented with antibiotic and glutamine (Cambrex Bio Science) at 37°C ina
5% CO, humidified atmosphere, with and without rapamyein (Rapamune;
‘Wyeth Averst Laboratories, Marietta, PA).

Cell transfection, plasmids, and siRNA

TJurkat cells (2 » 107) in the logarithmic growth phase were resuspended in
400 pL serum-free RPMI 1640 and transfected with 20 pg plasmid DNAby
electroporation at 250 V and 960 mF using the Gene Pulser (Bio-Rad
Laboratories, Hercules, CA). The cells were transferred to culture flasks and
incubated in complete medium supplemented with 1 mg/mL G4 18 (Roche,

Basel, Switzerland) to obtain stable lines. The cDNA coding for p65
(RelA), cloned in a pCMV4 vector carrying resistance for G418, was kindly
donated by Dr Shao-Cong Sun (Pennsylvania State University College
of Medicine).

For siRNA transfection, cells at a concentration of 5 ¥ 10°/ml were
incubated for 24 hours in 6-well plates in medium without antibiotics. This
was followed by transfection of the oligonucleotide 5'-ACCUAAUGCU-
GAGCUUAUAJTAT3" corresponding to the sense strand of the target
sequence 5'-AAACCUAAUGCUGAGCUUAUA-3" of human FKBPSI
(Dharmacon Research, Chicago, IL) or of a scrambled duplex as control
(Dharmacon Research). The siRNA or the scrambled oligo was transfected
at the final concentration of 50 1M using Metafectene (Biontex, Munich,
Germany) according to the manufacturer’s recommendations. Two days
later, 5 pM doxorubicin was added to the culture medium and cells were
harvested 5 hours later and processed for Western blot analysis or
electrophoretic mobility shift assay (EMSA).

Analysis of apoptosis

We used the lipophylic cation 5,5',6,6" tetrachloro- 1,1',3,3'-tetraethylben-
zimidazol-carbocyanine iodide (JC-1) and flow cytometry to analyze the
mitochondria membrane potential. In this procedure, the color of the dye
changes from orange to green as the membrane potential decreases.2
Briefly, 5 > 10° cells were incubated for 10 minutes at 37°C with 10 pg/mL
JC-1 (Molecular Probes, Leiden, The Netherlands), washed, and analyzed
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by flow cytometry, Phosphatidylserine externalization was investigated by
annexin ¥V staining in double or single finorescence, Next, 5 % 10° cells
ware incubated with annexin V—fluorescein iscthiocyanate (FTTC) (Pharm-
ingzn/Becton Dickinzson, San Diego, CA) or phyceerythrin (PE,; Alexis, San
Diego, CA) conjugated in 100 pwL binding buffer containing 10 mM HEPES
(W-2-hydroxyethylpiperazine-N'-2-sthanesulfonic acid YNaOH pH 7.5, 140
mM NaCl, 2.5 mM CaCl, for 15 minutes at room temperatire in the dark,
Subszquently, 400 pL of the same buffer was added to sach sample and the
cellzwers analyzed in the Becton Dickinson FACScan flow cytometer. The
meouse monoclonal antibody, anti-CD7-FITC, —CD3-FE, o —CD20-PE
(PharmingznBecton Dickinson), was addsd in double fluorescence tests,
Caspaze-3 activity was detected with the caspass-3 flnorometric assay kit
(Perbic Science, Erembodegem, Belginum) according to the mamifacturer’s
instructions. The cells (2 X 10%) were lysed in a buffer containing 10 mM
Thz (pH 7.5), 130 mM NaCl, 1% Triton X-100, 10 mM NaFPi, and 10 mM
NaFFi, and 50 pg protein was analyzed.

Cell lysates and Western blot analysis

For IkBe detaction, cytosolic exfracts were obtained by resuspending the
cells in lysing buffer (10 mM HEPES, pH7.9, 1 mM EDTA [ethylenediami-
nefefraacetic acid], 60 mM KCL, 1 mM dithicthreitol [DTT], 1 mM PREF
[phenylmethylalfonyl ineride], 50 pe/mL antipain, 40 pg/mL bestatin, 20
pgimL chymostating 0.2% volfvol Nonidet P-40) for 15 minutes in ice. For
Alt, phospho-Akt, péS, and FEKBPS1 detection, whole-cell lysates were
prepared by homogenization in modified RIEA buffer (150 mM sodium
chloride, 50 mM Tris-HCL pH 74, 1 mM EDTA, 1 mM PMSE, 1% Ttiton
X-100, 1% sodinm deoxycholic acid, 0.1% sodium dodecyl sulfate [SDE], 5
pe/mL aprotinin, 5 pgimL leupepting, Cell debris was removed by
centrifugation, Protein concenfration was determined with the Bio-Rad
protein assay. The cell lysate was boiled for 5 mimtes in 1x SDS sample
buffer (50 mM Tris-HCl pH 68, 12.5% glycercl, 1% SD&, 0.01%
bromophencl blue) containing 5% beta-mercaptosthanol, ran on 10%
SDE—polyacrylamide gel electrophoresis, transferred onto a membrane
filter (Cellulosenitrate; Schleider and Schuell, Keene, NH), and incubated
with the primary antibody, The anti-IkBe and -pS3(Reld) were rabbit
polyclonal antibodiss from Santa Cruz Bictechnology (Santa Cruz, CAY;
anti-Akt, anti-phospho-Akt (Thr3 08, and anti-phospho-Akt (Serd73) were
rabbit polyclonal antibodies parchased from Cell Signaling (Beverly, MA).
Anti-FKEBFPS51 was a rabbit polyclonal antibody purchased from Abcam
{Cambridge, United Kingdom). After a second incubation with perozidase-
conjugated goat anti—rabbit IoG or anti-mouse IgG (beth from Santa Cruz
Eiotechnology), the blots were developed with the enhanced chemilumines-
cence (ECL) system (Amersham Fharmacia Biotech, Piscataway, NI

Nuclear extracts, EMSA, and oligonucleotides

Cell miclear exfracts were prepared by call-pellet homogenization in 2
volumes of 10 mM HEPES, pH 7.9, 10 mM KCL 1.5 mM MgCl,, 1 mM
EDTA, 05 mM DTL 0.5 mM PMEF, and 10% glycerol volfvol, Nuclei
weare cenfrifiged at 1000g for 5 mimites, washed, and resuspended in 2
volumes of the same solution, KClwas added to reach 0.39 M KCl. Nuclei
ware extracted at 4°C for 1 hour and centrifuged at 10 000g for 30 mimites,
The supernatant was clarified by centrifugation and stored at —20°C,
Protzin concentration was determined with the Bio-Rad protzin assay. The
NF-«EB consensus 5 -CAACGGECAGGGGAATCTCCCTCTCCTTS olige-
miclectide was end-labsled with y-[*?P] adenosine triphosphate (ATF;
Amersham Pharmacia Bictech) using a polymiclectide kinase (Roche).
End-labeled DINA fragments were incubated at room temperature for 135
minutes with 5 pg nuclear protein, in the pressnce of 1 pg poly(dl-dC), in
20 pL of a buffer consisting of 10 mM Tris-HCL, pH 7.5, 50 mM NaCl, 1
mM EDTA, 1 mM DTT, and 5% glycerol volfvol. In competition assays, a
50 molar excess of NF-kB or miclear factor of activated T cells (NFAT)
cold oligonuclectide was added to the incubation mixture, Protein-DINA
complexes were separated from free probe on a 6% polyacrylamide wiivol
gzl mn in 0.25x% Tris borate buffer at 200 mV for 3 hours at room
temperature, The gels were dried and exposed to xray film (Kodak AR,
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Statistical analysis

Statistical analysis of the apoptosizs data was performed by means of the
paired Student {test, The chi squars test wasusedto compare categorical data,

Results
Rapamycin-induced apoptosis of cALL blasts

We evaluated apoptosis in cultured mononuclear cells from 25
bone marrow samples obtained from patients with cALL (15

>

i* *
!.'b- % 1l
" * g™ .
E'r ?‘ k] 5 s
Sa gk o %‘
o' el 5
- -1 monomers L] 199
i # 2 $
' § ™
5: !f 016% | & I i l
El 3846%| " @
- - None Rapamycin
W Pt P
Annexin V-FITC
B
- -“ -
pt.8 ” pt.22 pt.25
o ] S0 A
, e
- / - ™~ -
. M “ / " /r/
% ] o / -
Lo / L o
'g‘i:uumm. EEETET T E T
§ Loe N 1w
- t.19 - s t.18 s T lymphocytes
; = P - = P SR ity
/ .
- . -t ) d/,_, -
oy w 5
3‘[ .r!. $——"
» - e - - . . - - - - » o o = = =

Rapamycin (ng/ml)

C el O Nene
z 804 @ Rapamycin
g
e
= 60
Z
g w0
<
= 20
0

1 2 3 6 8 10 1113 14 18 19 2| 22 25 Patent

Figure 1. Rapamycln Induces apoptosis of primary mallgnant lymphoblasts. (4)
Analysis of mitochendrial membrane petential (i), phosphatidyl-serine externalization
{il}, and caspase 2 catalylic activity (i) of cALL blasts cultured with rapamycin (50
ngfml). After & hours of inclbation, mitochondrial potertial was analyzed by
calculating the amount of JG-1 monomers by flow eytometry, Annexin ¥ binding and
caspase 9 activity were measured by flow cytometny and fluorometric assay,
respectively, after 24 hours of incubation. The percentages on the bars indicate the
amourt of annexin V—positive cells. (B) Dose/response curve to raparmysin. Malig-
nant ymphocytes from 5 different samples and peripheral B or T lymphocytes from a
healthy donor were incubated with rapamycin at different concentrations. After 24
hours, the cells were harvested and apoptosis was evaluated by annexin v stairing
and flow cytometry. For B and T ymphooyte analysis, the whole PEMCs were
acquired in flow cytometry, after which B or T cells were gated on the basis of
COSSc or CO20/SSe parameters, and the percertage of annexin W+ cells was
calculated. Pt indicates patient number. (C) Mean values =+ standard deviation (S0) of
rapamycir-induced apoptosis inresponder samples. Apoptosis was evaluated by annexin
W staining of ALL blasts, from the indicated patierts, after 24 hours of incubation with o
without raparmycin (100 ng/mL).
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Flgure 2. Normal bone marrow mononuclear cells display low sensitivity to
celkdeath stimull compared with blasts. Flow cytometry evaluation of apoptosis of
leukemic (CO3-/ACDT+) o normal (CO3+/COT+, CD3~/COY-) mononuclear-cell
populations {patient 8), incubated for 24 hours with 25 ngfmb raparmycin. The calls
were gated onthe basis of FL1 (CD7-FITC)iside scatter (S5¢) or FLA{CDA-PE)SSe
parameters and the percentage of annexin-positive cells was measured.

BcALL and 10 T-cALL) and exposed to rapamycin. We found that
rapamycin significantly (P = .004) increased basal-cell death in 14
(7BcALLand 7 T-cALL) of the 25 leukemia samples (56%:; Table
1), Thus, 46.6% of B-cALL and 70.0% of TcALL samples
regponded to the drug (responder group). Interestingly, the re-
sponse of blasts to rapamycin in vitro correlated with prednisone
regponse in vivo (F = .01). Indeed, 11 of the 14 patients who
regponded to prednisone in vivo responded to rapamycin in vitro.
Similarly, 8 of the 11 poor responders to prednisone in vivo,
including the 2 hyperdiploid patients, did not respond to rapamycin
in vitro. It is noteworthy that the patient with the t(4;11) rearrange-
ment (patient 18) was among the 3 poor responders to glucocorti-
coids who responded to rapamycin. Rapamycin caused mitochon-
drial depolarization after 6 hours of incubation (Figure 1A). After
an additional 19 hours, the proportion of annexin V* cells was
increased more than 80% with an enhancement of caspase 3
catalytic activity of more than 100%. Figure 1B shows dose/
regponse curves relating to 5 donors. At 20 ng/ml, rapamycin
increased basal-cell death by at least 25%. The apoptotic effect
increased as the rapamycin dose increased. The active doses of
rapamycin were within the range considered to be therapeutically
achievable.?® Indeed, although the maximum serum level should
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(0.5 pM). (C) Dosefresponse effect of raparmycin on doxorubicn-nduced apoptosis,
ALL cells (patiert 7) were cultured with and without 0.5 pM doxorubicin and with or
without rapanmycin at the indicated concentrations; 24 hours later, apoptosis was
rmeasured by annexin ¥ staining. (D) Flow ortometry diagrams of apoptosis of blasts,
from patiert 20, cultured with doxorubicin at the indicated concentrations, with and
without raparmyan (100 ngiml). The percantages onthe bars indicate the amaournt of
annexin Y—positive cells.

not exceed 15 ng/mL, it must be taken into account that approxi-
mately 95% of rapamycin is vehicled by red blood cells because of
its high lipophilicity.2é Rapamycin did not appear to affect the
survival of normal peripheral T and B lymphocytes (Figure 1B).
The mean values of apoptosis in the rapamycin-responsive samples
are shown in Figure 1C; each experiment was in triplicate.

Normal bone marrow cells were less sensitive than cALL blasts
to rapamycin-induced apoptosis

We next evaluated if rapamycin is cytotoxic for the normal hematopoi-
etic counterpart of cALL cells. To this aim, we used annexin V in double
fluorescence and flow cytometry to examine the effect of rapamycin in
diverse bone marrow cell subpopulations from a patient with refractory
cALL (patient 8). Figure 2 shows the flow cytometry diagrams of
rapamycin-induced apoptosis of normal mononuclear cells (CD3" or
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CD77) compared with that of CD37/CD7* blasts. At a rapamycin
concentration between 20 ng/ml and 100 ng/mL., the extent of apoptosis
of normal bone marrow mononuclear cells was less than 15%. These
results suggested that rapamycin counteracted a cell signaling pathway
that is deregulated in cALL blasts.

Akt was activated in rapamycin-sensitive samples

To determine if the phosphatidyl-inositol pathway is involved in
blast survival, we investizated the effect of the PI3k inhibitor
wortmannin®? on cALL-cell death. Our data show that wortmannin
induced levels of apoptosis comparable to those induced by
rapamycin in 11 of the 15 samples from the responder group,
whereas none of the samples from nonresponder patients under-
went apoptosis when stimulated with wortmannin. Figure 3A
shows the flow cytometry diagrams of annexin V binding to cALL
blasts from 2 samples, cultured for 24 hours with rapamycin
(100 ng/mL) or wortmannin (1 pM). Analysis of phospho-Akt by
Western blotting assay revealed high expression of both Serd73-
and Thr301-phospho-Akt in patient 1 and of Thr301-phospho-Akt
in patient 2 (Figure 3B). These findings suggest that the PI3k/Akt
pathway is involved in the survival of malignant lymphoblasts.

Rapamycin enhanced doxorubicin-induced apoptosis

Anthracycline compounds are widely used to treat leukemias. We
investigated if rapamycin could enhance doxorubin-induced cALL
blast apoptosis. To this end, we cultured primary leukemic cells
from 15 bone marrow samples (8 samples responding and 7
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Flgure 5. Rapamycin Inhlblts doxorublein-Induced NF-xB actlvation In ALL
blasts. (&) EMSA analysis of nuclear extracts from ALL cells (patiert 5) cultured for 5
hours with 0.5 ph doxorubicin, with and without rapamycin (100 ngimb) of
wortmannin (1 phiy. A competition assay performedwiththe same NF-<B cold oligo or
an urrelated oligo (see "Materials and methods") indicated the spedificity of the
MF-xB band. (B Flow cytometny diagrams of apoptosis of ALL blasts, from the same
patient, cultured for 24 hours with 0.5 M doxorubicin, with and without raparmycin
(100 ng/mbL) or wortmannin (1 wM). The percentages over the bars indicate the
amourt of annexin V—positive cells.
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nonresponding to rapamycin) for 24 hours with 500 nM doxorubi-
cin, in the presence and absence of rapamycin (100 ng/mL), and
then evaluated apoptosis by measuring annexin V staining in flow
cytometry. In responder samples (Figure 4A), both rapamycin and
doxorubicin significantly increased cell death over basal levels
(F < .001 and .005, respectively). The addition of rapamycin to
doxorubicin-exposed cells increased apoptosis versus cells ex-
posed to doxorubicin alone, in both responder (Figure 44A; F = .001)
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Flgure 7. FKBP51 controls drug-Induced NF-«B actlvaton In human lkeukemla.
{A) Western blotting analysis of FKBPS1 expression levels in cell lysates obtained
from transtected of nortransfected Jurkat cells, with FKEPST siFNA or the scrambled
cligo as cortrol. (B) Western bloftting analysis of kBe expression levels in cells
transfected with FKEPS1 siRMA and cultured with of without daxorubicin (5 ph) for 5
hours. (C) EMSA analysis of nuclear extracts from Jurkat cells transtected with
FEBPES1 siAMA and cultured with or without doxorubicin (5 pM) for 5 hours. A
competition assay, withthe same —«B cold oligo or an unrelated oligo (see "Materials
and methods", indicated the specificity of the NF-xB band.
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and nonresponder samples (Figure 4B; P = .001). Therefore,
rapamycin exerts a proapoptotic effect even when it is unable to directly
activate cell death. As is shown in Figure 4C, the cooperative effect of
rapamycin plus doxorubicin was detected at doses more than or equal to
20 ng/mL. Figure 4D shows a sample in which rapamycin or doxotubi-
cin alone did not induce cell death, whereas the 2 dmgs together
enhanced basal apoptosis by mote than 90%.

Rapamycin inhibited doxorubicin-induced NF-xB/Rel activation
in cALL cells

To identify the mechanism by which rapamycin enhanced doxoru-
bicin-induced apoptosis in cALL blasts, we investigated if rapamy-
cin was able to counteract the induction of NF-kB/Rel transcription
factors?®in cALL blasts. In fact, anthracycline compounds activate
transcription factors that play an important role in chemoresis-
tance.?! Ag shown in Figure 5A, rapamycin, but not wortmannin,
inhibited the translocation of NF-kB/Rel complexes in blast nuclei.
Furthermore, rapamycin, but not wortmannin, enhanced doxorubi-
cin-induced apoptosis (Figure 5B). These results suggest that
rapamycin can sensitize cAlL blasts to anthracycline drugs by
inhibiting activation of NF-kB/Rel transcription factors through a
mechanism independent of PI3k/Akt inhibition.

The enhancement of apoptosis by rapamycin was antagonized
by p65(RelA) hyperexpression

To determine if rapamycin-indnced enhancement of apoptosis was related
to NF-kB down-modulation, we investigated whether rapamycin -
creased apoptosis when NF-kB was overexpressed. In these experiments
we used the Jurkat leukemic cell line in which we transfected PCMV4
vector carrying the p63 subunit of NF-«B and resistance to genetycin, thus
obtaining stable transfectants (Figure 6A). As shown in Figure 6B,
doxorubicin activated NF-xB in Jurkat cells, whereas rapamycin antago-
nized this effect. Moreover, as expected, p65 transfectants constitutively
expressed NF-«kB in nuclei, but control cells did not. We subsequently
incubated po35- and void vector—stable transfectants both with and without
doxorubicin for 24 hours, and analyzed apoptosis by propidiom iodide
incorporation. Rapamycin did not enhance apoptosis in cells hyperexpress-
ing po5. In fact, it increased apoptosis by 59.4% in control cells (P = .032)
and by only 3.9% in RelA hyperexpressing Jurkat cells (Figure 6C). We
therefore conclude that down-modulation of NF-kB/Rel transcription
factors 1s a mechanism by which rapamycin enhances apoptosis and that
rapamycin can cooperate with NF-kB-inducing drugs.

The rapamycin-binding protein FKBP51 controls NF-xB
activation in leukemia

The immunophilin FKBP51 is required for IKK-a functioning.**
Rapamycin specifically binds to FKBP51 and inhibits its peptidyl-
prolyl-isomerase activity.”® FKBP51 was first cloned in lympho-
cytes in which it was abundant.”® To assess the role of FKBP51 in
the NF-kB activation pathway in human lenkemia, we down-
modulated immunophilin levels in Jurkat cells nsing the siRNA
technique. As shown in Figure 7 A, the expression levels of FKB51
wete remarkably decreased in Jurkat cells transfected with FKBPS51
siRNA than in cells incubated with control medivm or transfected
with a scrambled oligonucleotide. We then investigated the ability
of doxorubicin to induce IkBa degradation and NF-kB nuclear
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translocation when FKBPS51 was down-modulated. Figure 7B
shows that IkBa levels decreased in control- or scrambled-oligo—
transfected cells cultured with doxorubicin, but not when FKBP51
was down-modulated. Accordingly, NF-kB complexes were not
detected by EMSA in nuclear extracts from FKBP51 siRNA-
transfected cells (Figure 7C). These findings suggest that FKBP51
controls NF-kB activation in human lenkemia.

Discussion

mTOR mediates PI3k/Akt-driven cell proliferation and sur-
vival.'>>-1¥ In line with this finding, rapamycin has been reported
to exett its major anticancer effect in neoplasias that lack the PI3k
antagonist, phosphatase and tensin homolog (PTEN).'>2® mTOR
controls the synthesis of proteins essential for cell-cycle progres-
sion and cellular proliferation'*!? by phosphorylating 2 key
translational regulators: the initiation factor 4E binding protein
(4E-BPI),'¢ and the 70-kDa S6 ribosomal protein kinase (p70S6k).1*
Several lines of evidence support the view that abnormal survival
signals from the phosphatidyl-inositol cascade lead to neoplastic
transformation of lymphoid precursors.®”!? The finding that rapa-
mycin exerts antiproliferative and apoptotic effects on B-precursor
lenkemia, in vitro and in vivo, by mechanisms involving the
inhibition of mMTOR and p70S6k.!® provided the rationale for new
therapeutic strategies against acute lymphoblastic leukemia. In
agreement with these findings, we show that rapamyecin induces
apoptosis of blasts in 56% of bone marrow samples from patients
with cALL. Moreover, we found that apoptosis can be induced, in
responder samples, also by inhibiting PI3k using the specific
inhibitor wortmannin.?” These findings, together with the detection
of constitutive activation of Akt in 2 different cALL bone marrow
satples, support previous evidence™™!® that the phosphatidyl-
inositol pathway is involved in blast survival.

We also found that rapamycin increased doxorunbicin-induced
cell death, even in nonresponder samples, whereas the PI3k
inhibitor wortmannin did not act in concert with doxorubin, These
findings suggest that rapamycin may also exert a proapoptotic
activity by mechanisms independent of PI3K/Akt/mTOR inhibi-
tion. We demonstrate that the immunophilin FKBP51 controls
drug-induced NF-kB activation in human leukemia, which ex-
plains the proapoptotic effect of rapamycin. Immunophilins are the
first target of the drug?>2* and, in fact, the binding of rapamycin to
FKBP12 is crucial for mTOR inhibition.? Immunophilins are
abundant cytosolic proteins endowed with inherent peptidyl-prolyl
cis-trans isomerase activity that is inhibited by drug ligand
binding.?*** Given the biologic relevance of this class of pro-
teins,***%-%? it is not surprising that rapamycin induces effects
independent of PI3k/Akt/mTOR inhibition.

In conclusion, our findings suggest that rapamycin might be
effective in the treatment of cALL, despite the biologic heterogene-
ity of the disease. Finally, our study, in agreement with other
reports showing that immunophilins are involved in a host of
diseases that do not necessarily involve the same signaling
pathway,”* opens the way to the development of a range of new
drugs specifically targeting immunophilins.®*
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Giordano, Arturo, Raffaella Avellino, Paolo Ferraro, Simona
Romano, Nicola Corcione, and Maria Fiammetta Romano. Rapa-
mycin antagonizes NF-«kB nuclear translocation activated by TNF-«
in primary vascular smooth muscle cells and enhances apoptosis. A J
Physiol Heart Cire Physiol 290: H2459 -H24635, 20006. First published
January 20, 2006; doi:10.1152/ajpheart.00750.2005.—Several lines
of evidence support the view that rapamycin inhibits NF-kB. TNF-a,
a potent inducer of NF-kB, is released after artery injury (e.g., balloon
angioplasty) and plays an important role in inflammation and reste-
nosis. We investigated the effect of rapamycin on NF-kB activation
and apoptosis in vascular smooth muscle cells (VSMCs) stimulated
with TNF-a. Using EMSA, we found that TNF-o caused NF-«B
nuclear translocation in VSMCs after 1 h of incubation. Rapamycin
inhibited Ik Ba degradation, thereby preventing nuclear translocation.
Activation of NF-kB was accompanied by an increase of Bel-xL. and
Bfl-1/A1 proteins, detected by Western blot assay, whereas rapamycin
prevented the TNF-a-induced enhancement of these antiapoptotic
proteins. The extent of apoptosis of VSMCs exposed to TNF-a was
significantly enhanced by rapamycin. The effect of rapamycin ap-
peared to be independent of the phosphatidylinositol 3-kinase/Akt-
protein kinase B survival pathway, because the phosphatidylinositol
3-kinase inhibitor wortmannin neither prevented IkBa degradation
nor increased apoptosis of cells incubated with TNF-o. Finally, we
demonstrate that the large immunophilin FK-506 binding protein
FKBP51 is essential for TNF-ai-induced NF-kB activation in VSMCs.
Our findings show that rapamycin inhibits NF-kB activation and acts
in concert with TNF-a in indoction of VSMC apoptosis.

inflammation; restenosis; vascular injury

BALLOON ANGIOPLASTY IS A POTENT stimulus for smeoth muscle
cell proliferation (43). Rapamycin is a potent inhibitor of
neointimal formation after artery injury. Indeed, the implanta-
tion of stents coated with a rapamycin-containing biopolymer
has dramatically decreased the incidence of in-stent restenosis
(39, 43). Rapamyecin acts by binding to the ubiquitous cytosolic
FK-506 binding protein FKBP12 to form a complex that
inhibits the serine/threonine kinase function of the mammalian
target of rapamycin (mTOR) (9, 15, 35, 38). mTOR is activated
through the phosphatidylinositol 3-kinase/Akt-protein kinase B
survival pathway (13) and controls the synthesis of proteins
essential for cell cycle progression (14, 31) by phosphorylating
two key translational regulators: the initiation factor 4E bind-
ing protein (4E-BPT) (14) and the 70-kDa 56 ribosomal protein
kinase (p705°%) (31). Rapamycin also increases levels of the
cyclin-dependent kinase inhibitor p27%®! (21) and, reportedly,
blocks the cell cycle at the Gi-to-S fransition in vascular
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smooth muscle cells (VSMCs) (19). However, the findings that
cell cycle progression and proliferation can occur despite
4E-BPI dephosphorylation (22) and that rapamycin inhibited
intimal hyperplasia in p27-knockout mice by decreasing pro-
liferation and enhancing apoptosis (34) suggested that other
mechanisms are involved in the capacity of rapamycin to
prevent poststent restenosis.

Inhibition of NF-kB prevented neointimal formation after
balloon injury in a rat carotid artery model (44). NF-kB is an
important element in the activation of the inflammatory cyto-
kines and adhesion molecule genes involved in lesion devel-
opment after vascular injury (25). Moreover, NF-kB factors
modulate expression of a number of genes that sustain cell
survival (3, 10, 42, 46); among these, Bel-xL and BA-1/A1 play
an important role in the pathogenesis of vascular lesion for-
mation (17, 28, 29, 39). Bel-xL is expressed at high levels after
artery injury and is considered a key regulator of VSMC
apoptosis (17). Inhibition of Bel-xl. dramatically induces
VSMC apoptosis (29), and differences in Bcl-xL. expression
may account for differences in sensitivity to apoptosis after
VSMC injury (28). Also Bfl-1/A1 is involved in resistance to
VSMC apoptosis and contributes to development of athero-
sclerotic lesions in diabetes (37). TNF-a, which is released at
high levels after artery injury (43), stimulates expression of
Bel-x1 and Bfl-1/A1 by activating NF-k B transcription factors
(1, 36), and TNF-a-induced apoptosis, reportedly, is sup-
pressed by these proteins (10, 46).

Rapamycin has been shown to inhibit NF-k B in various cell
types (20, 31, 41). We thus investigated whether it antagonizes
the induction of Bel-x1 and BfI-1/A1 in VSMCs stimulated
with TNF-a. We also analyzed the effect of rapamycin on
apoptosis of cells incubated with TNF-w. It is conceivable that,
besides blocking proliferation, this drug limits the accumula-
tion of neointimal cells in injured vessels by enhancing their
apoptosis.

We attempted to clarify the role of the large immunophilin
FK-506 binding protein FKBP351 (5), which is specifically
inhibited by rapamycin (5), in NF-xB/Rel activation in
VSMCs. Indeed, mapping of the TNF-a-NF-«kB signal trans-
duction pathway showed that FKBP31 is an IKKa cofactor
essential for the function of the IKK kinase complex (7).

MATERIALS AND METHODS

Cell cultire and reagents. YSMUCs from Wistar rat thoracic aorta
(kindly provided by Dr. . Esposito, Dept. of Cardiovascnlar and
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indicate this fact.
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Immunological Sciences, University of Naples Federico IT) (18) were
cultured in medivm 199 (ICN Biomedicals, Aurora, OH) supple-
mented with 10% heat-inactivated FCS (ICN Biomedicals). The
experiments were performed when the cells were at passage 4-6.
Rapamycin (Rapamune) was obtained from Wyeth Ayerst Laborato-
ries (Marietta, PA), wortmannin from Sigma Aldrich (St. Louis, MO),
and TNF-a from Roche Diagnostics (Basel, Switzerland).

Western blot analysis. For IkBa detection, cytoplasmic extracts
were obtained from 1 X 10° cells resuspended in 100 pl of lysing
buffer [10 mM HEPES, pH 7.9, 1 mM EDTA, 60 mM K{Cl, 1 mM
DTT, 1 mM PMSF, 50 pg/ml antipain, 40 pg/ml bestatin, 20 pg/ml
chymostatin, and 0.2% (vol/vol) Nonidet P-40] for 15 min in ice. For
Bel-xL., Bi-1/A1, p65/RelA, and FKBPS1 detection, whole cell ly-
sates were prepared by homogenization in modified RIPA buffer (150
mM NaCl, 50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM PMSF, 1%
Triton X-100, 1% sodium deoxycholic acid, 0.1% SDS, 5 ng/ml
aprotinin, and 5 pg/ml leupeptin). Cell debris was removed by
centrifugation. Protein concentration was determined by a protein
assay (Bio-Rad, Richmond, CA). The cell lysate was boiled for 5 min
in 1 SDS sample buffer (50 mM Tris-HCI, pH 6.8, 12.5% glycerol,
1% SDS, and 0.01% bromphenol blue) containing 5% P-mercapto-
ethanol, run on a 10% SDS-polyacrylamide gel, transferred to a
membrane filter (Cellulosenitrate, Schleicher and Schuell, Keene,
NH), and incubated with the primary antibody. The antibodies against
[kBo (a rabbit polyclonal antibody; Santa Cruz Biotechnology, Santa
Cruz, CA), Bel-xL (a mouse monoelonal antibody; Santa Cruz Bio-
technology), Bfl-1/A1 (a rabbit polyclonal antibody; Santa Cruz
Biotechnology), FKBP51 (arabbit polyclonal antibody; Abcam, Cam-
bridge, UK), and p65/RelA [a rabbit polvclonal antibody against
COOH-terminal peptide (529-551) kindly provided by Dr. Shao-
Cong Sun, Pennsylvania State University College of Medicine] were
added to the incubation mixture at a dilution of 1:500. After a second
incubation with peroxidase-conjugated goat anti-rabbit IgG (Santa
Cruz Biotechnology) or anti-mouse IgG (Santa Cruz Biotechnology),
the blots were developed with the enhanced chemiluminescence
systemn (ECL, Amersham Pharmacia Biotech, Piscataway, NI).

EMSA. Cell nuclear extracts were prepared from 1 > 10° cells by
cell pellet homogenization in two volumes of 10 mM HEPES, pH 7.9,
10 mM K1, 1.5 mM MgCl,, 1 mM EDTA, 0.5 mM DTT, 0.5 mM
PMSF, and 10% glycerol. Nuclei were centrifuged at 1,000 g for 5
min, washed, and resuspended in two volumes of the above-specified
solution. K1 (3 M) was added to reach 0.39 M KCl. Nuclei were
lysed at 4°C for 1 h and centrifuged at 10,000 g for 30 min. The
supernatants clarified by centrifugation were collected and stored at
—80°C. Protein concentration was determined with a protein assay
(Bio-Rad). The NF-kB consensus 5 -CAACGGCAGGGGAATCTC-
CCTCTCCTT-3" (32) oligonucleotide was end-labeled with
[y->?P]ATP (Amersham Pharmacia Biotech) using a polymuclectide
kinase (Roche). End-labeled DNA fragments were incubated at room
temperature for 20 min with 5 g of nuclear protein in the presence
of 1 pg of poly(dl-dC) in 20 pl of a buffer consisting of 10 mM
Tris+HCI, pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, and 5%
glycerol. In competition assays, a 50> molar excess of NF-kB or
nuclear factor of activated T cells (NF-AT) cold oligonucleotide was
added to the incubation mixture. The rabbit antibody against p65 (see
above) or a preimmune antibody was used in the supershift assay.
Protein-DNA complexes were separated from free probe on a 6%
polyacryvlamide gel run in 0.25>< Tris-borate buffer at 200 mV for
3 h at room temperature. The gels were dried and exposed to X-ray
film (Kodak AR).

Cell transfection and small inferfering RNA, A small interfering
(siy RNA was designed for the rat FKBP51 gene [5'-AGGCGAGAU-
CUGCCACUUA-3' (sense); Dharmacon Research, Boulder, COJ.
The siRNA for the human p65 gene [5-GCCCUAUCCCU-
UUACGU-3 (sense)] (40), which shares 77% homology with the rat
gene, was kindly provided by Prof. M. C. Turco (DIFARMA,
Fisciano, Italy). Scrambled duplexes were used as controls (Dharma-
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con Research). At 24 h before transfection of the oligonucleotide, the
cells were incubated in six-well plates in medium without antibiotics
at 5 > 10° cells/ml. The siRNA or the scrambled oligonuclectide was
transfected at the final concentration of 50 nM using Metafectene
(Biontex, Munich, Germany) according to the manufacturer’s instruc-
tions. After 2 days, 20 ng/ml of TNF-o were added to the culture
medinm, and 1 or 2 h later, the cells were harvested and processed by
Western blot assay or EMSA.

Analysis of apoptosis. Phosphatidylserine externalization was in-
vestigated by annexin V staining. Briefly, 1 x 10° cells were resus-
pended in 100 pl of binding buffer (10 mM HEPES-NaOH, pH 7.5,
140 mM NaCl, and 2.5 mM (CaCly) containing 5 pl of annexin
V-FITC (Pharmigen/Becton Dickinson, San Diego, CA) for 15 min at
room temperature in the dark. Then 400 pl of the same buffer were
added to each sample, and the cells were analyzed with a flow
cytometer (FACScan, Becton Dickinson). A TdT-mediated dUTP
nick end-labeling assay was performed with the In Situ Cell Death
Detection Kit (Roche) using TMR red according to the manufacturer’s
instructions. Briefly, 1 X 10% cells were fixed with 2% (val/vol)
paraformaldehyde in PBS for 15 min at room temperature, washed,
and permeabilized with 0.1% Triton X-100 in PBS for 2 min in ice.
After a second wash, the cells were incubated with TMR red labeling
solution for 1 h at 37°C and analyzed by flow cvtometry.

Statistical analysis. Values are means and SD of independent
experiments. The statistical significance of differences between means
was estimated using the paired Student’s #-test, because the two series
of samples compared were the same and differed only in the treatment
applied. P < 0.05 was considered statistically significant.

RESULTS

Rapamycin inhibits TNF-a-induced NF-xB/Rel activity in
VSMCs. High levels of TNF-a have been detected after balloon
angioplasty {45). To investigate whether neointimal cells were
sensitive to signals induced by TINF-a receptor triggering, we
evaluated the induction of NF-xB/Rel nuclear activity by
EMSA in VSMCs incubated with TNF-a for 30, 60, and 90
min. NF-kB proteins appeared in VSMC nuclei after 60 min of
incubation with TNF-a (Fig. 14). The band indicated by the
arrow in Fig. 1 corresponds to specific NF-kB complexes,
because it was supershifted by anti-p65 (Rel A) antibodies. This
finding suggests that the band consists of RelA dimers. On the
contrary, incubation with the preimmune antibody did not
change the migration pattern of the band (Fig. 1B). To inves-
tigate whether rapamycin inhibited NF-kB/Rel nuclear activity
induced by TNF-a, we incubated VSMCs with and without
TNF-av and with and without rapamycin for 1 h and then
analyzed the nuclear extracts by EMSA. Addition of rapamy-
cin to TNF-a-stimulated VSMCs caused a decrease in NF-k B/
Rel nuclear levels compared with cells stimulated with TNF-a
alone (Fig. 10).

NF-kB nuclear translocation is preceded by IkBa degrada-
tion (3). We therefore investigated whether rapamycin pre-
vented this process by measuring Ik Ba cytoplasmic levels in
Western blot. TNF-« induced IkBo degradation after 45 min,
and Ik Ba levels were restored after 120 min (Fig. 24). Rapa-
mycin did not cause the disappearance of IkBa, which indi-
cates that the NF-kB inhibitor was not degraded. In contrast to
rapamycin, wortmannin, a specific phosphatidylinositol 3-ki-
nase inhibitor, did not prevent TNF-a-induced Ik Ba degrada-
tion (Fig. 2B). Thus our findings suggest that rapamycin
inhibits NF-xB independently of blockage of the phosphati-
dylinositol 3-kinase/Akt pathway.
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Fig. 1. Rapamycin inhibits TNF-a-induced NF-kB/Rel activity in vascular
smocth muscle cells (WEMCs), A! effect of TNF-ao on NF-kB/Rel nuclear
translocation in ¥3MCs Nuclear exfracts prepared from VSMCs culturad for
30-90 min with 20 ng/ml TNF-a were incubated with [y *?P]ATP-end-labzlad
NF-kB consznaiz and subjected to EMSA. B: supershift analysis of nuclear
complexas induced by TNF-a in rat ¥V3MCs, Nuclear extracts prepared from
YVEMCs cultared for 1 h with 20 ng/ml TNF-oa were incubated with
[v*P]ATP-end-labeled NFE consensus with and without anti-ps3 or pra-
immune antibody and subjected to EMSA, C effect of rapamycin on TNF-a-
induced NF-kEB/Rel muclear translocation in VEMCs Nuclear exfracts prae-
pared from VEMCs caltured for 1 h with and withont 20 ng/m] TNF-a and
with and without 100 ng/ml rapamyocin wers incubated with [y*?P]ATP-end-
labeled NF-kB consenais and subjected to EMSA, Results from 3 different
experiments show that intensity of the NF-xB band, expressed as integrated
optical density and determined using NIH Image 1.61 for Macintosh, was
significantly increased in TNF-a samples compared with control (P = 0.008)
or rapamycin + TNF-a specimens (P = 0.02),

Rapamycin counteracts the TNF-w-induced increase of anti-
apoptotic proteins. NF-kB/Rel transcription factors regulate
the expression of genes that protect cells against death. Among
these genes, Bel-xL (10) and Bfl-1/A1 (46) are induced by
TNF-a and are responsible for resistance to TNF-a-triggered
cell death. Furthermore, both genes are involved in the control
of smooth muscle cell apoptosis (17, 29, 30, 37). We therefore
evaluated the effect of TNF-a and rapamycin on Bel-xL and
Bfl-1/A1 expression in VSMCs by Western blot assay. Repre-
sentative results of two different experiments are shown in Fig.
3. TNF-a enhanced the basal expression of Bel-xL by twofold,
whereas it induced the expression of Bfl-1/A1, which was
negligible in control cells. Coincubation of rapamycin and
TNF-a caused a =50% decrease in Bel-xL and Bfl-1/A1
protein levels compared with samples incubated with TNF-o
alone. This finding is in agreement with inhibition of NF-«B.
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Fig, 3. Effect of TNF-a and rapamycin on induction of BclxL and Bfl-1/A1
in ¥SMCsz. BelzL and Bfl-1/A1 expression levels in whole cell lysates
preparad from cells eultured for 2 h with and without 20 ng/m] TNF-a and with
and without 100 ng/ml rapamycin were analyzed by Western blot, Exprassion
levels were quantified by densitometry and expressed vs. bassline (Bol-Xp) or
TNF-a-induced level (BA-1/A1),

Rapamycin enhances dapoptosis of VSMCs stimulated with
TNF-c. NF-kB inhibition sensitizes many cell types to TNF-
a-induced apoptosis (10, 42). Consequently, it is feasible that
rapamycin, which inhibited NF-«B, modulates apoptosis of
VSMCs stimulated with TNF-a. To address this issue, we
cultured VSMCs with TNF-a in the presence and absence of
rapamycin and analyzed cell death. Furthermore, because rapa-
mycin also inhibits phosphatidylinositol 3-kinase/Akt through

Fig. 2. Effect of rapamycin on TNF-a-in-

90" 120' TNF-u duced IkBa degradation in VEMCs A:
Wastern blot analysis of IkBa levels in cy-
1B, toplasmic lysates preparsed from czlls oul-

KB

tured for 0-120 min with 20 ng/m]l TNF-a
and with and without 100 ng/ml rapamycin,
B! Wegtern blot analysiz of IkBa levels in
cytoplasmic lysates prepared from cells cul-
tured for 1 h with and without 20 ng/ml

| TNF-a and with and without 100 ng/ml
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rapamycin or 1 pM wortmannin, Densitom-
efry analysiz of IkBa levels in 3 different
experiments, determined by NIH Image 1.61
for Macintosh, show deoreased lewels in
TNF-a specimens compared with contrel
(P = 0.035) or rapamycin + TNF-a samples
(P = 0.02), No difference was detectad be-
tween samplag treated with TNF-a alone and
thoss treated with TNF-ao + wortmannin.

Rapamycin
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blockage of mTOR kinase activity, we examined the effect of
the specific phosphatidylinositol 3-kinase inhibitor wortman-
nin on apoptosis of VSMCs incubated with TNF-o.. AnnexinV
stained 31.5% (SD 6.2) of cells cultured in 10% FCS-medinm
199 and 40.0% (SD 6.6) of cells cultured in the presence of
TNF-a (# = 0.1; Fig. 44). Addition of rapamycin (100 ng/ml)
to TNF-o-stimulated cells significantly increased cell death
[60.1% (SD 1.1), P < 0.03; Fig. 44]. Rapamycin alone at
=200 ng/ml caused a slight increase of basal apoptosis (P >
0.09). Wortmannin also slightly increased basal apoptosis (P =
0.1) but did not act in concert with TNF-«. Indeed, the extent
of apoptosis of VSMCs cultured with wortmannin + TNF-a
was similar to that of cells cultured with the cytokine alone
(Fig. 4A4). These findings suggest that the cooperative
effect of rapamycin and TNF-a on VSMC apoptosis involved
mechanisms unrelated to phosphatidylinositol 3-kinase/Akt in-
hibition. This cooperative effect was confirmed by TdT-medi-
ated dUTP nick end-labeling assay. The percentage of cells
that incorporated dUTP in their DNA increased after addition
of rapamycin to TNF-o-stimulated cells (Fig. 45).

FKBP51 controls TNF-o-induced NF-xB activation in
VSM Cs. Components of the FKBP family are the first target of
rapamycin (5, 11, 12). These abundant cytosolic proteins are
endowed with peptidyl-prolyl-isomerase activity, which is re-
quired for many cellular processes and is specifically inhibited
by rapamycin (5). Among these, FKBP51 catalyzes the isomer-
ization of peptidyl-prolyl-imide bonds in the a-subunit of the
IKK kinase complex and is essential for IKK function (7). To
assess the role of FKBP51 in the NF-kB activation pathway in
VSMCs, using the siRNA approach, we downmodulated im-
munophilin levels in primary rat VSMCs. FKBP51 protein
levels were clearly lower in VSMCs transfected with FKBPS51
siRNA than in cells incubated with control medium or trans-
fected with a scrambled oligonucleotide (Fig. 54). We then

A

Fig. 4 Rapamycin enhances apoptosis of
VEMCTs stimulated with TNF-a. A: effect of
rapamycin and wortmannin on apoptosis of
VEMCs culturad in the absance and presznee
of TNF-a. Cell death values (means = SD)
ware measurad by annexin ¥V staining and
flow cytometry., ¥V3MCs were cultured for
24 h in 10% FCS-medinm 199 with and
withont 20 ng/ml TNF-a and with and with-
out rapamycin or wortmannin, Data are from
4 different experiments, each done in tripli-
cate, *Significantly different (F < 0.03%
rapamycin (=100 ng/ml) + TNF-a wvs.
TNF-a alone, B: effect of rapamycin on apop-
togis of VEMCs cultured with TNF-a, Flow

O Medium
O TNF-

60 o

40

% of annexin V* cells
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investigated the ability of TNF-a to induce IkB degradation
and NF-«kB nuclear translocation when FKBP51 was down-
modulated. IkB levels decreased in control cells and in scram-
bled-oligonucleotide-transfected cells cultured with TNF-o
(Fig. 58), which indicated IxB degradation. On the contrary,
the levels of the inhibitor did not decrease when FKBP51 was
downmodulated. Accordingly, EMSA showed the absence of
NF-kB complexes in nuclear extracts from FKBP51 siRNA-
transfected cells stimmlated with TNF-o (Fig. 5C). These
findings suggest that FKBP51 controls NF-kB activation in
VSMCs. A competition assay showed the specificity of the
NF-kB band. This band disappeared when the extract was
incubated with the *’P-labeled NF-«B oligonucleotide in the
presence of a 50X molar excess of unlabeled NF-«B oligonu-
cleotide, but not in the presence of unlabeled NF-AT.

Lack of induction of Bcl-xL in p65- or FKBPSI-depleted
cells. To verify that the induction of antiapoptotic proteins by
TNF-o depended on NF-«kB activation, we used the siRNA
technique to downmodulate the levels of p65 and used Western
blot to analyze the expression levels of Bel«L in VSMCs stim-
ulated with TNF-a.. TNF-a caused a twofold increase in BelxL
basal levels in cells transfected with the control oligonucleotide,
but not when p65 was downmodulated (Fig. 64). This result
suggests that the frans-activating property of p65/Rel A is essential
for the induction of Bel-xL stimulated by TNF-o.. Similar results
were obtained in FKBP51-depleted cells, notwithstanding the
stable levels of p65. These findings support the concept that
FKBP51 is important in NF-«B signaling (7).

DISCUSSION

Various signaling pathways, activated during vascular injury
by a number of cytokines (6), concur in determining postan-
gioplasty restenosis (43). NF-«kB contributes to angioplasty-
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induced lumen loss by inducing an inflammatory response (23,
25, 44) and a decreased rate of apoptosis (23), whereas the
phosphatidylinositol 3-OH-kinase cascade controls VSMC
proliferation (23). Among the cytokines released at the site of
artery injury, TNF-o, which is mainly produced by infiltrating
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scrambled oligonncleotide as control were as-
sayed by Western blot, Expression levels were
quantified by densitometry and expresssd vs.
baseline level, B effect of FKBPS1 depletion
on  TNF-a-induced IkBa degradation in
VEMCs IkBa levels in cytoplasmic lysates
prepared from nonftransfected VSMCs and
VEMCs transfected with FKEP51 siRNA or
scrambled oligomiclectide as control and cul-
tured for 1 hwith and without 20 ng/ml TNF-a
ware assayad by Western blot, Expression lev-
zle were quantified by densitometry and ex-
prassed va. bassline level, C effect of FKBFS1
depletion on TNF-a-induced NF-kB/Ral m-
clear translocation in VEMCTs, Nuclear extracts
prapared from VEMCs cultured for 1 hwith 20
ngfml  TNF-a  were  incubated  with
[y-3*P]ATP-2nd-labeled NF-kB consensus and
abjected to EMSA, A competition assay, per-
formed with the same NF-xE cold oligomicle-
otide or an unrelated oligomiclectide, demon-
strated specificity of the NF-wBE band (arrow).
Results are representative of 2 different exper-
itments, NF-AT, miclear factor of activated T
calls.
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monocytes/macrophages (24), is particularly intriguing.
TNF-a is a pleiotropic cytokine (4), and its receptor binding
leads to activation of apoptosis, mitogen-activated protein
kinase (MAPK), phosphatidylinositol 3-OH-kinase, and IKK
(16), thereby eliciting a broad spectrum of cellular responses.

TNF-cx

Bel-xL

Fig. &, Effect of TNF-a on induction of Bel-xL in
VEMCs depleted of pS5 or FEBP31. A: Western blct

assay of Bel=xL, pél, and FKEP31 expression levels in
whole czll lysates from ¥VSMCs transfected with specific
péS 2iRNA or scrambled oligonuclectide (olizo) as con-

— trol and cultured for 2 h with and without 20 ng/ml
TNF-a. B: Western blot assay of Bel=zLl, ps5, and
FEKEF31 expression levels in whole cell lysates from
- VEMCs fransfected with specific FKBP51 siRNA or
W e— — FKBP51 scrambled oligonucleotide ag control and culturad for 2 h
with and without 20 ng/ml TNF-a.
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Suppression of apoptosis, which is NF-kB dependent (4, 23,
42, 46), augments the inflammatory response to TNF-a (23).
We investigated the effects of TNF-aw on NF-xB activation and
apoptosis in VSMCs and their modulation by rapamycin. Our
study suggests that rapamycin interferes with IKK function
and, hence, prevents TNF-a-induced NF-«kB activation. This
notion is supported by the finding that rapamycin exerted an
anti-inflammatory effect in a human model of angioplasty (27).
Accordingly, we found that induction of the prosurvival Bel-2
homologs Bel-Xp, and Bfl-1/A1, which are transcriptional tar-
gets of NF-kB (10, 46), was inhibited by rapamycin, and, as
expected, the extent of apoptosis of VSMCs cultured with
rapamycin + TNF-o was greater than that of cells cultured
with the cytokine alone. Taken together, these findings suggest
that, besides blocking cell proliferation, rapamycin controls
neointimal hyperplasia by cooperating with endogenous
TNF-w to induce VEMC apoptosis. This concept is consistent
with the finding of apoptosis in a porcine coronary angioplasty
model treated with rapamycin (33).

Although TNF-a through TNF-a receptor type 1 (TNFR1)
induces tyrosine phosphorylation of the p85 subunit of phos-
phatidylinositol 3-OH-kinase (16), thereby activating the phos-
phatidylinositol 3-kinase/Akt pathway, the effect of rapamycin
on NF-kB activation and apoptosis seemed to be independent
of this signaling pathway, because the phosphatidylinositol
3-kinase inhibitor wortmannin neither prevented Ik Ba degra-
dation nor increased apoptosis of VSMCs cultured with
TNF-oa. In contrast, we demonstrate that the large immunophi-
lin FKBP51 (5) is required for TNF-a-induced NF-kB activa-
tion in VSMCs. Rapamycin very specifically binds to FKBP51
and inhibits its isomerase activity (5), which is required for
function of the IKK kinase complex (7). Therefore, it is
reasonable to assume that it counteracts NF-kB activation by
affecting the TKKwa cofactor (7). The finding that rapamycin
reduces the phosphorylating activity of IKK on its IkB sub-
strate (31) supports this hypothesis.

Data from our present study may have an impact on the
synthesis of natural-product derivatives, in particular small
molecules that are able to modulate the action of the target and
improve the bicavailability of a drug (2). Indeed, a low tissue
distribution of the drug has been cited as a cause of the
unsuccessful outcome of oral rapamycin therapy for recalei-
frant restenosis (8). Thus far, the rapamycin derivatives used in
clinical trials have been tested for their ability to inhibit mTOR
(26). Our finding that IKK is also a target of rapamycin raises
the possibility that molecules specifically targeting IKK may
improve clinical outcome after balloon dilatation.

In conclusion, our study shows that rapamycin inhibits
NF-kB activity in VSMCs and downmodulates antiapoptotic
proteins possibly responsible for reduced sensitivity to death
signals that might counteract smooth muscle cell growth after
artery injury,
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Abstract

Suppression of apoptosis by survival signals 1s considered a hallmark of malignant
transformation and resistance to anti-cancer therapy. The phosphoinositide-3 kinase
(PI13k)/ Akt pathway and NF-xB transcription factors are potent mediators of tumour cell
survival. The carbocyclic lactone-lactam antibiotic rapamycin, a widely used
immunosuppressant, inhibits the oncogenic transformation of human cells induced by
PI3k or Akt by blocking the downstream mTOR kinase. However, inhibition of the
PI3k/Akt/mTOR cascade may not be the only mechanism whereby rapamycin exerts
anticancer effects. We previously demonstrated that rapamycin inhibits NF-xB by acting
on FKBP51, a large immunophilin whose isomerase activity is essential for the
functioning of the IKK kinase complex. This suggested that rapamycin may be effective
also against neoplasias that express the tumour suppressor PTEN, which, by reducing
cellular levels of phosphatidyl-inositol triphosphate, antagonizes the action of PI3k. To
address this 1ssue, we over-expressed PTEN 1n a human melanoma cell line characterized
by high phospho-Akt and phospho-mTOR levels, and examined the effect of rapamycin
on the apoptotic response to the NF-«B inducer doxorubicin versus cisplatin, which does
not activate NF-xB. Rapamycin increased both cisplatin- and doxorubicin-induced
apoptosis. Transient transfection of PTEN remarkably decreased phospho-mTOR levels
and increased sensitivity to cisplatin’s cytotoxic effect. Under these conditions,
rapamycin failed to enhance cisplatin-induced apoptosis. This finding supports the notion
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that inhibition of a survival pathway increases the efficacy of cytotoxic drugs, and
suggests that the pro-apoptotic effect of the rapamycin-cisplatin association requires
activated mTOR. Rapamycin retained the capacity to enhance doxorubicin-induced
apoptosis in cells over-expressing PTEN, which confirms our earlier observation that
mnhibition of the PI3k/Akt/mTOR pathway is not involved in the effect exerted by the
rapamycin-doxorubicin association. These findings indicate that constitutive activation of
mTOR is sufficient but not necessary for rapamyein’s anti-cancer effect. Finally, we show
that a decrease in FKBP51 expression levels, obtained with the small interfering RNA
technique in the leukemic cell line Jurkat, increased doxorubicin-induced apoptosis,
suggesting that this rapamycin ligand is involved in resistance to chemotherapy-induced
apoptosis.

In conclusion, rapamycin affects more than one signalling survival pathway and more
than one target. Our data may impact on the synthesis of rapamycin derivatives. Thus far,
rapamycin derivatives used in clinical trials have been tested for their mTOR-inhibiting
effect. Our study opens the door to a novel class of anti-cancer drugs that specifically
target immunophilins.

Introduction

Apoptosis is the predominant mechanism by which cancer cells die when subjected to
chemotherapy [1,2]. The resistance of tumour cells to anticancer agents can result from the
development of survival signals [3]. Signalling pathways responsible for cell survival can be
constitutively activated in cancer cells due to mutation or loss of tumour-suppressor genes [4] and
may even be induced by chemotherapy itself [5]. Understanding how tumour cells evade apoptotic
events may provide a new paradigm for cancer therapy [6]. The phosphoinositide-3 kinase
(PI3k)/Akt pathway and NF-«B transcription factors are considered potent mediators of cell
survival in cancer [7-9].

The PI3k/Akt pathway plays an important role in regulating glucose metabolism in normal
cells [10], it 1s inactive in resting cells and often deregulated in cancer cells [4,7]. Extracellular
survival signals, delivered as soluble factors or through cell attachment, can inhibit apoptosis by
activating this pathway [10-12]. Upon growth factor binding, transmembrane receptor tyrosine
kinases undergo auto- or trans-phosphorylation, which creates binding sites for PI3k in their
cytoplasmic domains. This, in turn, enables recruitment of active PI3k to the inner surface of the
plasma membrane [10-12], where PI3k causes membrane phosphoinositides to generate
phosphatidylinositol 3,4-bisphosphate and phosphatidylinositol 3,4,5-trisphosphate (PIP3), and
activates the serine/threonine kinase Akt [10-12] Termination of the PIP3 signal occurs through
the action of PTEN, the inositol 3-phosphatase and tensin homologue deleted on chromosome 10
in many tumours [4]. Essentially, PTEN dephosphorylates phosphoinositides at the D3 position.

Akt controls a host of signalling molecules, including tuberin, the product of the TSC2 gene
[13]. Phosphorylation of tuberin inactivates the tuberous sclerosis complex formed by hamartin
(produced by the TSCI gene) and tuberin, thereby activating the mammalian target of rapamycin
(mTOR) [13]. mTOR is a serine-threonine kinase, whose effector molecules are the ribosomal
protein 56 kinase [14] and the eukaryotic initiation factor 4E binding protein 1 (4E-BPI) [15],
which regulate ribosome biogenesis and the translation of proteins invelved in cell cycle
progression and proliferation [14-16]. In many human cancers, the PI3k/Akt pathway 1s targeted
by genomic aberrations including mutations, amplifications and rearrangements [4,7,17].
Whatever the mechanism, activation of this pathway results in disturbance of the control of cell
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growth and survival and defective apoptosis, which contributes to a competitive growth
advantage, metastatic competence and therapy resistance [7].

Another important factor involved in oncogenesis and chemoresistance is NF-xB [5,9,18].
The NF-xB transcription complex belongs to the Rel family, which is constituted by five
mammalian Rel/NF-xB proteins that exert transcriptional activity: RelA (p65), c-Rel, RelB, NF-
kB1 (p50/p105) and NF-xB2 (p52/100) [ 18,19]. RelA, c-Rel and RelB are synthesized as mature
proteins, whereas p50 and p52 are first synthesized as large precursors (pl05 and pl100) that are
processed by the proteosome [18,19]. The activity of NF-xB is controlled by shuttling from the
cytoplasm to the nucleus in response to cell stimulation. NF-xB dimers containing RelA or c-Rel
are retained 1n the cytoplasm through interaction with inhibitors of NF-xB (IxBs) [15-17] In
response to a variety of stimuli, IkBs are phosphorylated by the activated kB kinase (IKK)
complex, a ~900-kDa multiprotein complex responsible for signal-dependent phosphorylation of
IxB [18-20]. This complex contains two catalytic subunits, IKKao and IKKf, and an essential
regulatory subunit NEMO or TKKy. IxkB phosphorylation is followed by rapid ubiquitin-
dependent degradation by the 265 proteosome [18-20]. This allows NF-xB dimers to translocate
to the nucleus, where they stimulate the expression of target genes. Once in the nucleus, NF-xB
dimers are further modified, mostly through phosphorylation of Rel proteins, to optimize their
transcriptional activity [6]. NF-xB’s oncogenic activity is closely linked to its anti-apoptotic
function [9,18,19,21]. Activation of NF-xB has proved to be a pivotal mechanism of tumour
chemoresistance [5,9,18]. This is supported by the observation that inhibition of NF-xB
sensitizes cancer cell lines to chemotherapy [9,21]. NF-xB induces resistance to cancer therapies
by modulating the regulation of various antiapoptotic genes [18], including the inhibitors of
apoptosis (IAPs) [22], the caspase 8 inhibitory protein (¢FLIP) [23], Al/Bfll [24], and TNF-
receptor-associated factor (TRAT) 1 and 2[25]

Rapamycin, the product of Strepromyces hygroscapicus, targets the PI3k/Akt [26,27] and NF-
kB signaling pathways [28,29]. Although conventionally used as an immunosuppressant agent,
rapamycin is an effective anticancer agent that both decreases cell proliferation and increases
apopotosis [14,30]. Rapamycin is associated with a much lower risk of cancer recurrence versus
other immunosuppressant agents because it controls the growth of primary and metastatic tumours
and angiogenesis [30]. Its anti-cancer activity 1s classically ascribed to binding to FK506 binding
protein (FKBP)12 [31]. This results in a complex that, in turn, binds to mTOR and inhibits its
kinase activity [26].

Rapamycin inhibits the oncogenic transformation of human cells induced by PI3k or Akt
[27]. Consequently, its major therapeutic indication 1s neoplasias that lack the tumour suppressor
gene PTEN [17] However, we recently reported data suggesting that rapamycin can exert
anticancer effects also by inhibiting NF-xB [28,29]. We demonstrated that rapamycin reduces the
phosphorylating activity of IKK on its IxB substrate [28] by blocking FKBP51, which is an
important cofactor of the IKK-a subunit [32] Because of its effect on NF-xB, rapamycin
sensitizes melanoma [28] and leukemic cells [29] to the action of anthracyclins. Thus, it is
conceivable that rapamycin may be effective also in PTEN-positive tumours when associated with
NF-xB-inducing chemotherapeutic drugs. To address this issue, we transfected PTEN in a human
melanoma cell line characterized by high levels of phospho-Akt and -mTOR, and investigated the
pro-apoptotic effect of rapamycin in association with cytotoxic agents that either induce or do not
induce NF-xB. We also attempted to determine the role of FKBP51 as a factor of resistance to
chemotherapy by down-modulating the protein level using the small interfering (s1) RNA
technique [33]
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Effect of Rapamycin on Cancer Cell Apoptosis

Rapamycin Enhances Apoptosis of Cancer Cells Expressing Activated
MTor

A loss of PTEN protein and function has been implicated in the early stages of
melanomagenesis [34]. Therefore, the PI3k/Akt survival pathway is likely to be constitutively
activated in this tumour. In accordance with this concept, we found the active form of both Akt
and mTOR in our human melanoma cell line [28], as demonstrated by the decrease of phospho-
protein level s after incubation with the PI3k inhibitor wortmannin (Fig.1). Survival pathways can
be activated also by anti-cancer agents [35] As shown in Figure 2, the anthracyclin doxorubicin,
but not the alkylating cisplatin, induced NF-«B transcription factors in melanoma cells.
Treatment of tumour cells with rapamycin did not stimulate apoptosis per se, but strikingly
enhanced apoptosis induced by both chemotherapeutics (Figs 3 and 4).

Wortmannin

Medium

phospho-Akt—> ™= -

phospho-mTor—>

Fig. 1. Akt and mTOR are Actin—=> =~ =  camwtidively activated in
melanoma cells. Westem blot ageay of phogpho-Akt
(Ser 473) and phospho-mTOR (Ser2d48) expression levels of lysates from melanoma cells incubated
with and without wortmannin (1 PM)’ for 3 hrs. Whole cell lysates were prepared by homogenization in
modified RTFA buffer (150 mM sodium-chloride, 50 m Tris-HCL, pH 7.4, 1 mM ethylenediamine
tetraacetic acid, 1 mM phenylmethylsulfonyl flucride, 1% Triton 3-100, 1% sodium deoxycholic acid,
0.1%% zodium dodecylsulfate, 5 pg/ml of aprotinin, 5 pgfml of leupeptin). Cell debris was removed by
centrifugation. The cell lysate was boiled for 5 min in 1z 3DS sample buffer (50 md Tris-HC] pH 6.8,
12.5% glycercl, 1% sodium dodecylzulfate, 0.01% bromophenol blue) containing 5% beta-
mercaptoethanol, rn on 1004 SD3 polyacrylamide gel electrophoresis, transferred onto a membrane
filter (Cellulosenitrate, Schleider and Schuell, Keene, WH) and incubated with the primary antibody.
Anti-phospho-Akt (3erd73) and anti-phospho-mTOR (Ber2d448) were rabbit polyclonal antibodies {Cell
Signaling Technology, Beverly, M) After a gsecond incubation with peroxidage-conjugated goat anti-
rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA) the blots were developed with the ECL system
(Amersharmn Pharmacia Biotech, Pigcataway, J). Actin was used as the control for loading.
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Medium
Cisplatin
Doxorubicin

NF-kB =P -

———

Fig. 2. Effect of cisplatin and doxorubicin on NF- B activation. Electrophoretic mobility shift assay of
nuelear extracts from melanoma cells cultured with or without cisplatin (25 PM) or doxorubicin (3 pI\d)
for 5 hrs. The band indicated by the arrow corresponds to NF- B complexes. Nuclear extracts were
prepared by cell pellet homogenization in two volumes of 10 mM Hepes, pH 7.9, 10 mM KCl, 1.5 mM
MgClz,1 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF and 10% glycerol v/v. Nuclei were centrifuged at
1,000 g for 5 min, washed and resuspended in two volumes of the above-specified solution. KC1 was
added to reach 0.39 M KCl. Nuclei were extracted at 4°C for 1 h and centrifuged at 10,000 g for 30 min.
The supernatant was clarified by centrifugation and stored at -80°C. The NF- B consensus §°-
CAACGGCAGGGGAATCTCCCTCTCCTT-3' oligonucleotide was end-labeled with [‘/-3 2P] ATP
(Amersham Pharmacia Biotech) using a polynucleotide kinase (Roche, Basel Switzerland). End-labeled
DNA fragments were incubated at room temperature for 15 min with 5 g of nueclear protein, in the
presence of 1 ng poly(dI-dC), in 20 !-11 of a buffer consisting of 10 mM Tris-HCI, pH 7.5, 50 mM NaCl, 1
mMEDTA, 1 mM DTT and 5% glycerol viv. Protein-DNA complexes were separated from free probe on a
6% polvacrylamide w/v gel run in 0.25X Tris borate buffer at 200 mV for 3 hrs at room temperature. The
gels were dried and exposed to X-ray film (Kodak AR).

Rapamycin Enhances Apoptosis of Cancer Cells Reconstituted with
PTEN

To investigate the effect of rapamycin on chemotherapy-induced apoptosis in the context of
PTEN over-expression, we transiently co-transfected PTEN and green fluorescent protein (GFP) in
melanoma cells, and measured apoptosis induced by doxorubicin and cigplatin in the abszence and
in the presence of rapamycin. As shown in Figure 5, phospho-mTOR levels, determined in GFP-
gated cells by flow cytometry, were clearly lower in PTEN-transfected cells than in both control
cells and cells transfected with mutated PTEN.
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Rapamycin

Cisplatin - 2.5uM 10uM 25uM

Fig. 3. Rapamycin enhances cisplafin-induced apopfods. Ieasurement of apoptosis of melanoma cells
cultured with cisplatin at different doses, in the absence or the presence of 100 ngfrnl rapermyrin.
Lpoptosis, using the propidium iodide incorporation assay, was evaluated ing:enneabﬂized cells b
flow cytormetry. The cells were harvested after 24 hes of cilture, washed in PBS and resnspended in 500
1 of a solution containing 0.1% sodium citrate, 0.1 %% Triton Z-100 and 50 I_J_g.l'mL propidinn iodide
Sigma Aldrich, Ttaly). After incubation at 4°C for 30 min in the dark, cell rclel were examined with
flowr cytore try. DM A corndent was recorded on a logarithndc scale. The percentage of the elements in the
hypodiploid region was calculated.

Rapamycin

DNA content
Doxorubicin = 0.6 uM 3 uM 15 uM

Fiz. 4 Rapamycin enhances doxorubicin-induced apopfosiz. Ileamarement of apoptosis of melanorma
cells cultured with different doses of doxondbicin, in the absence or the presence of 100 ngiml
raparnyrin, Apoptosis, using the propidiu iodide ncorporation assay, was evaluated in permeabilized
cells by flow cytornetry, Cells were harvested after 24 hes of culture, washed in PBS and resuspended in
500 I-Il of 4 solution containing 0.1% sodium citrate, 0.1% Triton 2-100 and 30 P_g.l'mL pro pid urn
iodide (Sigtna Aldvick, Ifaly). &After incubation at 4°C for 30 min in the dark, cell nueclei were examined
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by flow cytometsy. DA content was recorded on a logarithmic scale. The percentage of the eements in
the yrpodiploid region was caleulated.
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Fig 5 FTEM-framsfection decreases phospho-mTOR levels . A Flow eytometric dot plots of melanoma
cells norreticoding or etwoding GFF. A gate was placed on GFP’ cells. B Flow cytometric histograms of
phospho-m TOR exgpressicn in GFP-gated cells (a), cells transfected with GFP; (b)), cells co-tratsfected
with GFF+ PTEHN,; (c), cells co-transfected with GFP+mutated PTEN . Staining of GFP-gzated cells with
isotype cortrol Igis also shown MMelanoma cells in the logarithmic growth phase were resaspended in
seram-free RPMI 1640 and transfected with 5 uE of plasmid encoding GFF plus 15 e of plasmid
etwoding PTEN or mutated PTEN, by electroporation at 250 m¥ and 960 IJF uaing the Gene Pulser (Bio-
Rad Laboratories, Herowles, CA, TEA). The cells were transferred to six-well plates in 10% FCZ RFMI
1640 supplemented with antibiotic and glutamine at 37°C in a 5% CO2 humidified atmosphere. The
cDH & encoding for PTEN or mutated PTEN [48] was kindly provided by Dr. David Stokoe (Cancer
Research Institute, UCSF, CA&). Three days later, the cells were collected, fixed perm eabilized atid an
indirect immunofluorescence with anti-phospho-mTOR antibody (Cell Signaling Technology, Bevetly,
MA) was performed using a PE-conjugated secondary antibody.

This demonsttates that the protein encoded by the plasmid was functional. Subsequently, we
incubated the cells with csplatin or doxorsbicin, in the absence and in the presence of raparnycin,
and measuredapoptosis usngthe TdT-mediated dU TP nick end-labelling ( TUNEL) assay [36]
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GFP-positive cells wete gated (Fig 5&), and we evaluated the petcentage of ecells
incarporatitg JUTE (apoptotic cells) using flow cytometty. As shown in Figee 6, rapatoein
significartly enhanced cisplatin-induced apoptosis in both control cells (p=0.006) and cells
tratsfected with mutated PTEN (=003, bt not in cells transfected with PTEN (3=0.2).
Mloreover, cisplatindnduced apoptosis was greater (p=004) in PTEH transfected cells than in
cotdrol cells. Thete was o differenice in dgplatindinduced apoptosis between condrol cells and
cells transfecte d with mtated PTEN. This result indi cated that inhibition of mTOR increases the
efficacy of cisplatinn, and that the pro-apoptotic effect of the rapamycite dsplatin association
depetided on the presenice of activated mTOR. Unlike cisplatitetreated cells dororubicin odtires
wret e setsitive to rapamycin pro-gpoptotic effect also under conditions of PTEN over-expresaon
Indeed, rapamycin significantly (p=0 02 enhanced anfhwacydindnduced apoptosis in PTEH-
transfected cells (Fig 7). These findings support o previous stadies [26,27 | that the cooperative
effect between raparmyrain and NE-x B-inducing dinszs ocoats irrespective of mTOR inkibition

H =
*p=0.006
i ;
E h “p=0.03 [l Control medium
o
o
ot
“ -
g $ El Rapamycin
v 20+ s N
N ™ B cisplatin
= \\\ §
410
: % B Rapamycin#
: Cisplati
. ; b h splatin
- PTEN PTEN
mutated

Fiz. 6. Effect of rapanyein on cisplainimduced apoptosis in PTEMyansfected cells. Graphic
representation of apoptosis perertages determuned mm flowr cvtommetry, error bars mdicate standamd
deviatons. Melanoma cells m the loganthmic growrth phase were resuspended in semam-free EFMI 1640
and transfected (see legend to Fig. 5). Three daws later, raparwein (100 nefml) and or cisplatin (25 P—M)
was added to the muliares and after inmubation for a farther 3 hys, TUH EL wras performed with the In Sia
Cell Death Detection K1t TME red (Roche, Basel, Switzedand), acccrding to the mamfactirer’s
instmctions. Exefly, cells were fixed with 2% paraformaldelyede in FES wiv, for 15 min at room
temperatare, washed and permeabilimed wath 0.1% TEITON x-100 m PBZ, for 2 nun mn 1ce. After a second
wash, the cells wew mmbated with TME red labelling sohition for 1 hr at 37°C ard exannned by floar
cvtometry. The percentase of GFP-zated cells meorporating dUTE wras calmlated.
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Fiz. 7. Effect of raparpein on dosorubicin-induced apaptosis in PIEM transfected cells. Graphue
representation of apoptosis pemwertages determuned by flosr cytometyr, ervor bars indicate standard
deviatons. Melanoma cells m the loganthmie growrth phase were resuspended in semam-free EFMI 1640
and tmrsfected (see legend to Fig 5). Three days later, raparmyein (100 ngfml) and or docombicin (3
u]fl.lf[:l vwas added to the maltares and after inmibation for a farther 9 hys, TUNEL was performed with the In
S1t Cell Death Detection Kit TME ®d (Eoche, Basel, Switzerland), according to the marnfachiver’s
mstmehons. Bnefly, cells were fixed with 2% paraformaldelyde in FES wiv, for 15 mun at room
temperative, washed and permeabilized with 0.1% TEITOW x-100 in PES, for 2 min in ice. After a second
wash the cells wer moubated with TME red labelling salution for 1 hr at 37°C and exanoned with flosr
cytometry. The percentaze of GFP-zated cells meorporating dUTE wras calmlated.

The Rapamwdn-Binding Protein FEBPE1l is Responsible for
Chemaresistance

FEBPz ate the first celludar target of rapamyein and FEBPS] cordrols chemotherapneinduced
HF-xE activation [25,29]. We recently reported that rapamyein dd not inerease dororubicits
incuced apoptosiz in the levkemic cell line Twkdt, which byper-expresses the pf 5 suburdt of NE-
B [27]. Tlis illustrated the importance of inactivation of this tanscription factor in rapatueycin
tegdation of apoptosis T o vetify whether FKBP3] was irsrolved in resi statice to doe orubdeity, we
dovrtrmodhiilated FEKEPS] expression levels vsing the siRNA techwdcue in Jwkat cells and
irvedizated dox orubicit itduced apoptosis by o opd i 1odide incorporation by flow oo ety
Treatment of the cells with FIEBP51 aRNA efficiently reduced the expression levels of this
protein (Fig, 847 and enhanced doxorabicin-induced gpoptosis bermoore than 60% (Fig, 5E).
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Daxorublein
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Fig 8. Downmmodwiation of FEEPST increases doxorubicin-induced qpopiosis. A Western blot agzay of
FEBF51 expression levels in cell lysates obtained from non-transfected Jurlat cells and from Jurlat
cells transfected with specific siEMA or the scrambled oligomicleotide as control. Cells were incubated
for 24 hrs in siz-well plates in medium withoot antibiotics before transfection of the oligonucleotide
S-ACCUAAUGCUGAGCUUTAUTAATAT-3" corresponding to the sense strand of the target sequence 5°-
AAACCUIAAUTGCUGAGCUUIATA-S af human FKBFS1 (Dhammacon Fesearch Inc., Boulder, CO) or of a
scramnbled duplex as control (Dharmacon Research Inc). The siFMA or the scrambled oligo was
transfected at the final concentration of 50 ol using Metafectene (Biontex, Mumch, Germany)
according to the manufacturer’s recommendations. Three days later, whole cell lysates were prepared by
homogenization in modified RIFA buffer and assayed in Western blot to determine FEBP51 expression
lewels, Anti-FEKBPS51 was a goat polyclonal antibody (Sigma Aldrich, [taly). Actin was used as the
control for loading B Flow cytometric histograms of DNA content, bar indicates hypodiploid region
fapaptosis). Cells transfected as described in A were cultured with rapamycin EIEIEI ngfml) andi/or
dozorubicin (3 HM;" Twenty-four hrs later, cells were harvested, washed in PB S and resuspended in 500
Hl of a solution containing 0.1% sodium citrate, 0.1% Tnton X-100 and 50 Hgfm]_, propidium iodide
(Sigrna Aldhch, Ialy) After incubation at 4°C for 30 min in the dark, cell mucdlel were analyzed in flow
cytormetry. DA content was recorded on a logarithenic scale, and he percentage of the elements in the
hypodiploid region was caloulated.

Conclusion

Modern anti-cancer therapy is based on the use of innovative agents able to antagomize
signalling pathways that are deregulated in cancer. & number of rapamycin analogs have been
developed over recent years, the most notable being the cell cyce inhibitor 779 (CCI-779), RAD-
001 and AP23573 [37] Rapamycin and its analogs are the most promising candidates for the
treatment of tumours that lack the suppressor function of PTEN [8,17] However, our data suggest
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that constitutive activation of mTOR is sufficient but not necessary for the anti-cancer effect of
rapamycin [28,29]. Several lines of evidence support the view that rapamycin inhibits NF-xB [38-
40] and, as a consequence, it inhibits the expression of anti-apoptotic genes that are under NF-xB
transcriptional control [28,29] and that are involved in the resistance of cancer cells to
chemotherapy.

In the present study, we transfected PTEN in a human melanoma cell line to abate the
expression of activated mTOR, and investigated the apoptosis-enhancing effect which rapamyein
exerts in association with two cytotoxic drugs: doxorubicin, which induces NF-xB, and cisplatin
that does not. We found that rapamycin retains the ability to enhance apoptosis in PTEN-
transfected cells cultured with doxorubicin but not in the same cells cultured with cisplatin.
Consequently, 1t appears that the cooperative effect between rapamycin and cisplatin requires the
presence of activated mTOR. This is in agreement with reports that inhibition of mTOR enhances
the cytotoxic effect of cisplatin [41]. Indeed, resistance to cisplatin treatment was attributed to
overexpression of elongation factor alpha and of genes involved in ribosomal biogenesis that leads
to the production of repair and/or survival proteins [42]. Differently, the cytotoxicity of the NF-
kB-inducer doxorubicin was enhanced by rapamycin even in the context of PTEN reconstitution.
Our previous finding that the large immunophilin FKBP51 is involved in the control of
chemotherapy-induced NF-xB activation [28,29] provided a mechanism for NF-xB down-
modulation by rapamycin. In agreement with these findings, we now show that FKBP31 down-
modulation increases doxorubicin-induced apoptosis, an observation that implicates FKBP51 in
resistance to anthracyclin compounds.

As mentioned above, FKBPs are the first target of rapamyein and, in fact, binding to
FKBPI12 is crucial for mTOR inhibition. FKBPs are immunophilins, which are abundant,
cytosolic proteins endowed with inherent peptidyl-prolyl cis-trans isomerase activity. Rapamycin
very specifically binds to FKBPs and inhibits their isomerase activity, which is important for
several biological functions of the cell, namely, response to transforming growth factor (TGF)-p
[43], control of intracellular calcium release [44], sensitivity to glucocorticoids [45], and TKK
kinase complex function [32]. FKBP12 interacts with the cytoplasmic domain of TGF-B type [
receptor [43] and acts as a molecular guardian of this receptor to prevent it from leaky signalling
under sub-optimal ligand concentrations [43]. Moreover, FKBP12 interacts stoichiometrically
with multiple intracellular calcium release channels thereby controlling cellular calcium influx
[44]. FKBP51 and FKBP52 regulate the affinity of glucocorticoid receptors that form complexes
with Hsp-90 and Hsp-binding co-chaperones [45]. Finally, FKBP51 is a co-factor of IKKea [32]
Given the biological relevance of this class of proteins, it is not surprising that rapamycin exerts
effects independent of PI3k/Akt/mTOR inhibition.

The identification of increased FKBP12 expression in high-grade childhood astrocytoma [46]
and of FKBP51 in idiopathic myelofibrosis, which is responsible for growth factor independence
of bone marrow progenitor proliferation [47], suggest that FKBPs are involved in cancerogenesis.
In line with these findings, our studies implicate FKBP51 in resistance to apoptosis, thus
opening the door to the development of a new class of anti-cancer drugs that specifically target
immunophilins.

Our research provides the first demonstration that FKBPs are involved in the control of
apoptosis. FKBP rotamase activity is essential for several biological processes in mammalian
cells. Therefore, it cannot be excluded that, besides affecting NF-x«B, FKBPs act on other
regulatory steps of the apoptotic machinery. There 1s a need for studies designed to elucidate the
role of immunophilins in apoptosis regulation.
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Aims FK506-binding protein (FKBP) 12 is an inhibitor of transforming growth factor (TGF)-3 type | recep-
tors. Several lines of evidence support the view that TGF-B stimulates vascular smooth muscle cell
(VSMC) proliferation and matrix accumulation. We investigated the effect of FK506, also known as
tacrolimus, on cellular proliferation and on matrix protein production in human VSMCs.

Methods and results We measured cell proliferation with flow cytometry using BrdU incorporation and
fluorimetrically by measuring DNA concentration with Hoechst 33258. Western blot assay of whole-cell
lysates was used to measure the levels of signalling proteins involved in proliferative pathways, in par-
ticular B-catenin, pErk, pAkt, pmTOR, and cyclin D1. Collagen synthesis was also investigated by
Western blotting. The TGF- signal was studied by both Western blotting and confocal microscopy.
We used the SiRNA technique for FKBP12 gene silencing. Our results show that FK506 stimulates
VSMC proliferation and collagen type | production. FK506 enhanced B-catenin levels and activated
the extracellular signal-regulated kinase, Akt, and mammalian target of rapamycin kinase, which are
important effectors of proliferation. Accordingly, cyclin D1 expression was increased. We also demon-
strate that FK506 activates the TGF-B signal in VSMCs and that, through this mechanism, it stimulates

cell proliferation.

Conclusion FK506 can act as a growth factor for VSMCs.

1. Introduction

A large body of evidence suggests that transforming growth
factor (TGF)-B simulates intimal growth in vascular smooth
muscle cells (VSMCs) by inducing cellular proliferation and
matrix accumulation.'™® Direct transfer of the TGF-B gene
into arteries stimulates fibrocellular hyperplasia.® Systemic
infusion of TGF-B protein in animal models of arterial injury'™
4 promotes intimal growth. Moreover, TGF-B antagonists
decrease intimal growth in animal models of arterial injury.>®

TGF-B is a pleiotropic cytokine important in the control of
cell proliferation and differentiation, embryonic develop-
ment, angiogenesis, and wound healing.*”'® It can trigger
a variety of biological responses by activating Smad tran-
scription factor, depending on the cellular context and
nuclear components that recruit Smad to specific target
genes.’ TGF-B signals to the nucleus by binding to a specific
pair of membrane receptors, type | (TBR-1) and type Il

* Corresponding author. Tel: +39 0817463125; fax: +39 0817463205.
E-mail address: romano@dbbm.unina.it

(TBR-1l), that contain a cytoplasmic serine-threonine
kinase domain.'® Binding of the ligand to TRR-Il results in
the formation of a TRR-I/TBR-II heteromeric complex and
activation of TRR-Il kinase.'® Activation of TBR-l requires
phosphorylation of the glycine-serine (GS) region by
TBR-II. Activated TRR-I specifically recognizes and phosphor-
ylates Smad 2 and 3 or R-Smads.'° This process results in the
release of Smad 2 and unmasking of its nuclear import func-
tion, thereby leading to rapid accumulation of the activated
Smad complex in the nucleus.’'? Smad 4 functions as a
shared partner or Co-Smad and is required for transcrip-
tional complexes to assemble. Once in the nucleus, acti-
vated Smad associates with partner DNA-binding co-factors
that contact Smad and a specific DNA sequence, thereby
resulting in transcription activation or repression.®!!
TGF-B receptor signalling is negatively regulated by
FK506-binding protein (FKBP) 12, an abundant and highly con-
served 12 kDa cytosolic protein that exerts peptidyl-prolyl
isomerase activity.'® FKBP12 regulates fundamental aspects

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2008.
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of cell biology, due to specific protein-proteininteractions and
modulation of partner conformation and activity." Among its
multiple biological functions, FKBP12 is a common inhibitor
of TGF-B type | receptors.”>'> Indeed, it binds to the GS
region, thereby blocking access to activators. In line with this
concept, the TGF-pB pathway is overactive in fibroblasts from
FKBP12-knock out mice.'® FK506, the canonical ligand of
FKBP12, promoted TGF-p receptor transphosphorylation in a
mink epithelial cell line."® FK506 is a macrolide compound iso-
lated from Streptomyces tsukubaensis'” and has potent immu-
nosuppressive properties.'®'? Structurally, FK506 has two
domains, a domain bound by FKBP12 and an effector domain
that, together with FKBP12, forms a composite surface that
interacts with calcineurin, thereby inhibiting its phosphatase
activity.2? Calcineurin is activated by Ca®*-dependent signal
transduction events, such as T-lymphocyte activation, and in
turn dephosphorylates the cytoplasmic subunit of the nuclear
factor of activated T {NFAT) cells, thereby allowing its translo-
cation to the nucleus where it associates with a nuclear subunit
to form the fully active NFAT complex.?! NFAT is an essential
component of the transcriptional apparatus required for the
expression of IL-2 and other cytokine genes, including
interleukin-3, interferon v, and tumour necrosis factor a.?
As an immunosuppressive agent, FK506 is approximately 100
times more potent than cyclosporine.® Cytokines released in
the site of arterial injury, as occurs, for example, after
balloon angioplasty, play an important role in inflammation
and restenasis.?! Because some anti-restenosis devices used
in interventional cardiology release FK506,%% the aim of our
study was to investigate whether such compound can activate
the TGF-pB signal in VSMCs and affect cell proliferation. This in
vitro study can provide possible mechanisms governing vascu-
lar remodelling, after FK506-eluting stent implantation.

2. Methods

2.1 Cell culture and reagents

VSMCs were human aortic smooth muscle cells purchased from
Cambrex Bio Science (Cambrex Profarmaco, Milan, Italy). The
cells were cultured in Clonetics SmGM-3 BulletKit medium, accord-
ing to the manufacturer’s instructions. They were starved of sup-
plement growth factors for 48 h, after which FK506 or TGF-p was
added to the medium. The experiments were performed when
cells were at the 6-10 passage. FK506, TGF-B, and cyclosporin
(Sigma Aldrich, St Louis, MO, USA) were used at the doses indicated
under the Results section. SB 431542,% which inhibits receptors of
the TGF-B superfamily type | activin receptor-like kinase (ALK),
was purchased from Sigma Aldrich and used at the concentration
of 5 pM.

2.2 Cell lysates and Western blot assay

Whole-cell lysates were prepared by homogenization in the modi-
fied RIPA buffer. The lysate was cleared by centrifugation at
14 000 rpm for 20 min. The lysate was run on SDS-polyacrylamide
gel electrophoresis, transferred onto a membrane filter (Cellulose-
nitrate, Schleider and Schuell, Keene, NH, USA}, and incubated
with the primary antibody.

The antibody against phospho (p} SmadZ (Ser 465/467) (rabbit
polyclonal; Chemicon, Temecula, CA, USA), Smad4, and pErk
(mouse monoclonal; Santa Cruz Biotechnology, Santa Cruz, CA,
USA)}, cyclin D1 and Smad 2/3 (rabbit polyclonal; Santa Cruz
Biotechnology), pAkt, pmTOR, and extracellular signal-regulated
kinase (Erk) 1/2 (rabbit polyclonal, Cell Signaling Technology,

Danvers, MA, USA}, FKBP12 (rabbit polycolonal; Santa Cruz Biotech-
nology} collagen type | (mouse monoclonal, clone SP1D8, Develop-
mental Studies Hybridoma Bank, lowa City, |A, USA)} were all used
diluted 1:200. After a second incubation with peroxidase-
conjugated anti-rabbit IgG or anti-mouse IgG (Santa Cruz Biotech-
nology}), the blots were developed with the ECL system (Supersignal
West Pico, Celbio, Pierce, Rockford, IL, USA}.

2.3 Immunofluorescence and microscopy

To investigate VSMC growth on bare stents, cells were plated onto
35 mm plastic dishes together with a stent in the absence or pre-
sence of 100 ng/mL FK506. After 9 days of culture, the stents
were removed from the dishes, fixed in 4% paraformaldehyde
in PBS for 20 min and cells were permeabilized for 5 min in 0.1%
Triton X-100 in PBS. Cells were then washed twice in PBS
and nuclei were stained with 2’'-(4-hydroxyphenyl}5-(4-methyl-
1-piperazynyl)-2,5'-bi(1H-benzimidazoil}-6- (1-methyl-4piperazyl)
benzimidazole trihydrochloride (Hoechst} 33258 fluorescent reagent
(0.5 pg/mL in PBS} (Sigma Aldrich} for 10min. Stents were
mounted on glass slides with PBS containing 50% glycerol. Stained
fluorescent nuclei were visualized on a Zeiss Axioscop Z microscope
(Zeiss, Gottingen, Germany) and images were taken with a Zeiss
Axiocam.

To investigate Smad nuclear translocation, VSMCs were plated
onto 12 mm glass coverslips. Cells were treated with 10 ng/mL
TGF-p or with 100 ng/mL FK506 for 60 min. Cells used as control
were treated with the medium alone. Cells were fixed in 4% paraf-
ormaldehyde in PBS for 20 min, washed twice for 5 min each time,
with 50 mM NHACL in PBS permeabilized for 5min in 0.1% Triton
X-100 in PBS. Cells were then blocked in 1% BSA in PBS for 1h
and washed twice in PBS. A mouse monoclonal anti-Smad4
diluted 1:100 in PBS 0.5% BSA for 1 h in a humidified atmosphere
served as primary antibody. Cells were then extensively washed
in PBS before staining with secondary goat anti-mouse Alexa
Fluor 488 conjugated (Molecular Probe, Invitrogen Corporation,
Carlsbad, CA, USA}. Nuclei were counterstained with Hoechst
33258 (0.5 pg/mL in PBS) (Sigma Aldrich) for 10 min. Finally,
cells were washed in PBS and mounted on glass slides with PBS con-
taining 50% glycerol.

Immunofluorescence analysis was performed using a confocal
laser scanner microscope (LSM 510 Meta; Zeiss). The lambda of
the argon ion laser was set at 488 nm. Fluorescence emission was
revealed by BP 505-530 band pass filter for Alexa Fluor 488.
Nuclear Hoechst 33258-stained cells were excited with mercury
lamps and images acquired in a single channel using a 460-489
band pass filter. Double-staining immunofluorescence images were
acquired in the green and blue channels at a resolution of 1024 x
1024 pixels.

2.4 Proliferative assays

To measure the concentration of DNA in VSMCs that were grown on
stents, cells were seeded onto six-well plates with a stent in each
well, in the absence or presence of 100 ng/mL FK506. The stents
were removed from wells after 9 days of culture and introduced
in a tube with 1mL of a penmeabilizing solution containing
Hoechst 33258 (0.5 pg/mL in 0.1% sodium citrate, w/v; 0.1%
Triton X-100, v/v}. After 30 min incubation at room temperature,
tubes were vortexed and centrifuged at 400¢ for 10 min to collect
cells. The supernatant was discarded, stents were examined using
a microscope to verify the absence of cells, and the pellets were
resuspended in 500 pL of RIPA buffer. The DNA in lysates was read
with a fluorimeter at an excitation wavelength of 354 nm and at
an emission of 461 nm.

Cell proliferation was measured with 5-bromo-2’-deoxy-uridine
labelling and with a detection kit (Detection Kit |1, Roche Diagnostics
Corporation, Indianapolis, IN, USA} following the manufacturer’s
instructions. Briefly, cells were plated onto 24-well plates in the
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Figure 1 Transforming growth factor-3 stimulates vascular smooth muscle cell proliferation and collagen production. {4) Flow cytometric histograms of Brdl
incorporation in vascular smooth muscle cells. Cells were cultured with and without 10 ng/mL transforming growth factor-3. After incubation for 3 days, 10 uM
BrdU was added to the cultures and 4 h later cells were collected, fixed with ethanol, and incubated with anti-BrdU-FITC monoclonal antibody. The bar indicates
the per cent of cells incorporating Brdd in their DNA. The data presented are representative of five different experiments, each performed in triplicate.
{8) Western blot assay of cyclin D1 levels in whole-cell lysates {30 pg) of vascular smooth muscle cells incubated with 10 ngsmL transforming growth factor-3
for 0, 30min, 3, 4, and 16 h. Similar results were obtained in other two different experiments. {C) Westerm blot assay of collagen type | levels in whole-cell
lysates {30 pg) of vascular smooth muscle cells treated with 10 ng/mb transforming growth factor-3 for 0, 8, and 16 h. The data of collagen upregulation was

confirmed in another two independent experiments.

absence or presence of different doses of FK506 or 10 ng/mLTGF-6.
After incubation for 3 days, 10 pt BrdU was added to the cultures,
and, after a further 4h, cells were collected, fixed with ethanol,
and incubated with anti-BrdU monoclonal antibody. The per cent
of BrdU incorporation was measured in flow cytometry {FACScan
Becton Dickinson, San Diego, CA, USA).

2.5 Immunoprecipitation of membranes

Cells harvested after a 2 h incubation with FK506 were osmotically
lysed in distilled water and subjected to three cycles of rapid freez-
ing and thawing, after addition of protease inhibitors and phospha-
tase inhibitors. During thawing, the extract was sonicated for
10 min. After obtaining a homogeneous suspension, protein concen-
tration was determined with the Bradford method and 500 pg of
protein extract was pre-cleared for 1 h. For immunoprecipitation,
15 pg anti-TRR-1 {rabbit polyclenal H-100) or anti-FKBP12 f{goat
polyclonal N-12; Santa Cruz Biotechnology) was added together
with 25 pL protein A-Sepharcse (Santa Cruz Biotechnology), and
precipitation took place overnight with rotation at 4°C. Samples
were separated by 14% SDS-PAGE together with a molecular
wefght marker and transferred onto membrane filter.

2.6 Cell transfection and short interfering RNA

Twenty-four hours before transfection of two different short inter-
fering [slRNAs corresponding to the target sequences GUTTGAA-
GATGGAAAGAAA and GAAACAAGCCCTTTAAGTT of the FKBP12 gene
{Qiagen, Valencia, CA, USA) or of a scrambled duplex as control,
VSMCs were incubated in medium without antibiotics at the concen-
tration of 2.5 x 10°/mL te obtain 30-50% confluence at the time of
transfection. The siRNA or the scrambled oligo was transfected at
the final concentration of 50 nM using Metafectene (Biontex,
Munich, Germany) according to the manufacturer’s recommen-
dations, and 72 h later, cells were harvested to prepare cell
lysates. The effect of siRNA on protein expression was determined
by Western blot.

2.7 Statistical analysis

The results reported are the mean and the standard deviation of
independent experiments. The statistical significance of differences

between means was estimated using Student’s f-test. Valuesof P <
0.05 were considered statistically significant.

3. Results

3.1 Transforming growth factor-p stimulates
DNA and collagen synthesis in vascular
smooth muscle cells

TGF-p stimulates proliferation of VSMCs and matrix protein
production.Z-® We confirmed this cbservation in our experi-
mental model of human VSMCs. Indeed, TGF-B (10 ng/mL}
significantly increased VSMC proliferation as measured by
BrdU incorporation (Figure 1A). In five experiments, each
carried out in triplicate, the proportion of cells incorporat-
ing BrdU in their DNA was significantly higher (P = 0.02}
in TGF-B-stimulated cells than in unstimulated cells
(Figure 1A}. In accordance with the results of BrdU assay,
Western blot showed enhanced levels of cyclin D1 in TGF-
B-cultured cells (Figure18). Furthermore, collagen type |
levels were increased in whole-cell lysates prepared from
VSMCs cultured with TGF-B (Figure 7C}. Taken together,
these findings support the concept that TGF-§ is a promoter
of cell proliferation and extracellular matrix formaticn
in VSMCs.

3.2 FKb506 activates the transforming growth
factor-§ signalling

FK506 activates receptor | transphosphorylation, which is
important for kinase activity and signal transduction.”® we
investigated whether FK506 activates the TGF- signal in
VSMCs. Using Western blot assay, we studied the kinetics
of pSmad2 levels in whole-cell lysates prepared from
VSMCs cultured with 10 ng/mL TGF-B or 100 ng/mL FK506.
We found that the levels of pSmad2 in VSMCs cultured
with TGF-B increased as early as 2min after incubation
and persisted for 3-4h, after which they decreased
(Figure 2A}. Similar results were obtained with cells



Page 4 of §

A. Giordano et al.

(A)

TGFp 0 2 5 15 30 60 120 180 240 min

e e ——— pSmad2

T T — e e o s s e STN10 213

(B)

FKS506 0 2 5 15 30 60 120 180 240 min

S, v~ —— s —— ST 0213

(C) v & &
@V (\é& oée Qé (‘\ &
RGP S I
o O P P &
FELF LS
& E ¢S

pSmad2

m““ Smad2/3

Figure 2 FK506 activates the transforming growth factor-3 receptor | kinase
activity in vascular smooth muscle cells. {4) Kinetics of transforming growth
factor-p-induced Smad 2 phospharylation. Westem blot assay of pSmad 2 {er
465 4673 levels in whole-cell lysates {30 pg) of vascular smooth muscle cells
incubated with 10 ngs/mL transforming growth factar-3 for 0, 2, 5, 15, 30, 60,
124, 180, and 240 min. {8) Kinetics of FKB06-induced Smad 2 phosphorylation.
Western blot assay of pSmad 2 {Ser 465 467) levels in whole-cell lysates
{30 pg) of vascular smooth muscle cells incubated with 100 ng/mL FK506
for 0, 2, 5, 15, 30, 60, 120, 180, and 240 min. {C) Dosefresponse effect of
FK506 on Smad 2 phosphorylation. Western blot assay of pSmad 2 {Ser 465
467) levels in whole-cell lysates {30 pg) of vascular smooth muscle cells incu-
bated with 1, 20, 50, 100, and 250 ng/mL FK506 and 300 ngs mL cyclosporin,
as control, for 1h. Smad 2/3 was used as loading control. Each experiment
presented was performed at least three times.

cultured with FK506 (Figure 2B). We investigated whether
the effect of FK506 was dose-dependent. As shown in
Figure 2C, the optimal dose of FK506 for Smad2 activation
was =50 ng/mL. Smad phosphorylation was not found in
VSMCs cultured with another calcineurin inhibitor, cyclos-
perine, which binds to cyclophilin A." This finding confirms
the specificity of the effect observed with FK506. Receptor-
mediated phosphorylation increases the affinity of Smad2
for Smad4 and rapid accumulation of the complex in the
nucleus.” 2 Immunoflucrescence of VSMCs stained with
anti-Smad4 and confocal microscopy showed that FK506
induced nuclear translocation of Smad (Figure 3}. Taken
together, these results suggest that FK506 activates TGF-B
signalling in VSMCs.

3.3 FK506 removes FKBP12 from TBR-1 thereby
activating the signal

Displacement of FKBP12 from its binding to the GS region
of TPR-1 is essential for the activation of the kinase
activity.'> To investipate whether FK506 displaces
FKBP12 binding, we incubated the cells with or without
100 ng/mL FK506 and prepared whole-cell lysates for
co-immunoprecipitation experiments. As shown in Figure 4A,

Figure 3 FK506 induces Smad nuclear translocation. Cells were incubated
with control medium {4 and 8) or treated with 10ng/mL transforming
growth factor-g {C and 0 or 100 ngs/mL FK506 (£ and F). After incubation
for 1 h, cells were stained with Smad 4 {4, C and E} to visualize protein local-
ization, or Hoechst 33258 (B, 0, and F) to visualize nuclei. Localization of
Smad4 was both cytosolic and nuclear in control cells {4), whereas it was
clearly nuclear in cells treated with transforming growth factor-g {C) or
FK506 {£). Bar 10 um. The data were confirmed at least in five different
experiments.

TBR-1 co-immunoprecipitated with FKBP12 in unstimulated
VSMCs but not in FK506-stimulated VSMCs, suggesting that
the drug removed FKBP12. To determine whether this
effect was sufficient to activate the kinase activity, we
depleted the cells of FKBP12 using two different siRNAs
and measured the levels of phosphorylated Smad2. We
found that pSmad levels were remarkably increased in
FKPB12-depleted cells (Figure 4B}. Taken together these
findings suggest that FKBP12 controls activation of the
TGF-B signal in VSMCs.

3.4 FK506 promotes vascular smooth muscle cell
growth

We next studied the effect of FK506 on VSMC growth. Cells
were incubated with FK506 and proliferation was investi-
gated by measuring BrdU incorporation in cell DNA. As
shown in Figure 5A, the proportion of cells incorporating
BrdU dose-dependently increased in FK506 cultures. The
levels of p-catenin, Erk, protein kinase B (PkB/Akt), and
the mammalian target of rapamycin (mTOR} were increased
(Figure 5B}, which indicates that FK506 activated the
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Figure 4 FK506 activates TRR-1 by remaving FKBP1Z. {4} FKBP12/TRR-1 interaction in vascular smooth muscle cells. Total lysates, prepared from cells incubated
with and without FK506 {100 ngs/mL) for 2 h, were subjected to immunoprecipitation {IP) with anti-TRR-1 or FKBP1Z antibody. Immunoprecipitated and total
lysates were then subjected to Western blot with anti-TER-1 or -FKBP1Z. The data were confirmed in another independent experiment. {8) Westem blot
assay of FKBP12Z and pSmad 2 levels in total lysates prepared from non-transfected vascular smooth muscle cells, from vascular smooth muscle cells transfected
with a scrambled duplex or with two different FKBP12 siRNAs, 3 days after tramsfection. Smad 2/3 and actin were used as loading control. The data were repre-

sentative of three different experiments.

signalling pathways governing cell proliferation. Consistent
with this finding, the cell cycle regulator cyclin D1 was
induced in FK506-treated cells. Similar to TGF-3, FK506
increased collagen type | synthesis (Figure 5C}. FK506 strik-
ingly stimulated VSMC proliferation even in condition which
does not favour cell adhesion, as it occurs in the case of
metal surface.?® Figure 5D shows results of a 9 day culture
of cells seeded onto plates containing a metal stent and incu-
bated with or without 100 ng/mL FK506. The metal stent was
not invaded by proliferating cells in culture dishes without
FK506. In fact, very few nuclei were visualized on stents
removed by such dishes. Nermally, once the cells reach the
confluence, they detach from the plate and die. But, in the
presence of FK506, cell growth continued on the metal
support, suggesting that cells were refractory to death.
Although the finding of growth on bare stents has no transla-
tional implication, it strengthens the hypothesis that FK506
exerts a pro-survival and proliferative effect. Stents were
stained with Hoechst 33258 and examined by microscopy
and fluorimetrically to evaluate DNA concentrations in the
nuclei. Results of absorbance from three different experi-
ments were 32.121 4+ 2.001 and 77.126 £ 1.691 0D for cells
cultured with and without FK506, respectively.

1.5 Selective inhibition of transforming

growth factor-p type | receptor kinase

prevents FK506-induced proliferation of vascular
smooth muscle cells

To verify that the proliferative response to FK506 depended
on activation of the TGF-B signal, we used 5B431542, which

is a selective inhibitor of TGF-p type | ALK receptors. This
compound efficiently inhibited receptor kinase activity, as
indicated by the reduced levels of pSmad in VSMCs cultured
with FK506 plus 5B431542 compared with the levels of cells
cultured with FK506 alone (Figure 6A). Treatment of the
cells with SB431542 dramatically inhibited proliferation in
FK506 cultures (Figure 68}, which suggests that Smad 2
phosphorylation is essential for transduction of the prolif-
erative signal stimulated by FK506.

4. Discussion

Here we demonstrate that the immunosuppressant FK506 or
‘tacrolimus’ acts as a growth factor for VSMCs. This com-
pound is structurally related to rapamycin, which signifi-
cantly prevents the incidence of in-stent restenosis®’ when
administered coated to eluting stents in angioplastic pro-
cedures. FKBP12 is the intracellular ligand of both FK506
and rapamycin.®-2° Although both drugs bind to the same
immunophilin receptor, the resulting immunophilin-drug
complexes interfere with distinct intracellular signalling
pathways. The interaction between FKBP12 and FK506
results in a complex that inhibits calcineurin phosphatase,!®
which controls lymphocyte activation,’ whereas the
binding of FKBP12 to rapamycin produces a complex that
inhibits mTOR?® downstream from the phosphatidyl-inositol
3 kinase (PI3k}/Akt-PkB survival pathway.”” There is great
interest in therapeutically targeting VSMC growth with
agents delivered by stents implanted in coronary vessels.?”
As a step in this direction, polymer-free stents coated with
FK506 have been developed.”
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Figure 5 FK506 stimulates vascular smooth muscle cell proliferation. {4) Dose/ response effect of FK506 on vascular smooth muscle cell proliferation. Graphic
representation of mean values and standard deviations of per cent of cells incorporating BrdU in their DNA, in five different experiments, each performed in
triplicate. Cells were cultured with and without 20, 100, and 250 ng/mL FK506. After incubation for 3 days, 10 uM Brdld was added to the cultures and 4 h
later cells were collected, fixed with ethanol, and incubated with anti-Brdd monoclonal antibody. The per cent of BrdU incorporation, measured by flow cyto-
metry, was significantly increased by FK506 at the doses of 100 ng/mL {f = 0.003) and 250 ngs/ mL FK506 {# = 0.001), compared with that found in cells cultured
with medium alone. {B) FK506 activates signalling kinases invalved in cell proliferation. Western blot assay of B-catenin, pErl, palkt, pmTOR, and cyclin D1 Levels
in vascular smooth muscle cell lysates prepared from cells cultured with 100 ngs/mL FK506, for 0, 30 min, 4, 8, 12, 16, and 24 h. Erl 1/2 and Alct were used for
loading control. Comparable results were obtained in two other different experiments. {C) Westem blot assay of collagen type | levels in whole-cell lysates of
vascular smooth muscle cells treated with 100 ngs/mL FK506 for 16 b, The result confirmed two other independent experiments. () FK506 stimulates vascular
smooth muscle cell growth on a metal stent. Vascular smooth muscle cells were cultured in dishes containing a metal stent with and without 100 ngsmL FR506.
After 9 days of culture, the stent was removed from the dish and nuclei were stained with Hoechst 33258 and visualized with a Zeiss Axioscop 2. Bar 25 um. In

three different experiments, the mean absorbance was 32,121 4+ 2.001 and 77.126 4+ 1.691 0D for cells cultured with and without FK506, respectively.

It is noteworthy that migration and proliferation of smooth
muscle cells in injured vessels are stimulated by cytokines
released by infiltrating mononuclear cells.** Therefore,
FK506, which is a potent inhibitor of lymphocyte acti-
vation,'®2%3 appeared to be a good candidate to counteract
this phenomenon. Nevertheless, contrary to rapamycin,
which exerts immunosuppressant,2®2® anti-proliferative,?®
and pro-apoptotic® effects, little is known abeut the effect
of FK506 on cell growth. Here we show that FK506 activates
the TGF-B signal in VSMCs. In fact, FK506 increased levels
of phosphorylated Smad and nuclear translocation of the
Smad complex in VSMCs.

This finding is in accordance with studies showing that
FKBP12 ligands, i.e. FK506 and rapamycin, promote TGF-B
receptor transphosphorylation.'® We found that FK506 pro-
voked FKBP12 release from the cytoplasmic tail of the
TGF-pB receptor. This displacement was apparently sufficient
to trigger the receptor kinase activity, as suggested by the

appearance of phosphorylated Smad in cells depleted of
FKBP12.

TGF-pB plays an important role in promoting excess intimal
hyperplasia after vascular injury, thereby concurring in rest-
enosis after coronary angioplasty.'™® Consistent with this
notion, TGF-B enhanced proliferation and extracellular
matrix production in our specific cellular context of human
VSMCs, as indicated by increased BrdU incorporation,
cyclin D1 upregulation, and induction of collagen type 1
synthesis.

We found that, similar to TGF-p, FK506 stimulated cell
growth. We thus investigated the pathways governing vascu-
lar remodelling and VSMC proliferation in cells cultured with
FK506. Our data show that FK506 increased the levels of
B-catenin, a key regulatory molecule of the highly con-
served Wnt pathway®? that centrols the dynamic process of
vascular remodelling.?? Several lines of evidence implicate
B-catenin in the development of intimal thickening. 3%
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Figure 6 Effect of transforming growth factor-3 type | receptor kinase inhibition on FK506-induced proliferation of vascular smooth muscle cell. {4) Western
blot assay of pSmadZ levels in whole-cell lysates prepared from vascular smooth muscle cells incubated with 100 ng/mL FK506 for 1 and 3 hin the absence or the
presence of 5 uM 58431542, Comparable results were obtained in two other different experiments. {8) Flow cytometric histograms of BrdU incorporation in vas-
cular smooth muscle cells. Cells were cultured with 10 ng/mL transforming growth factor-3 or with 100 ng/ mL FK506 in the absence or the presence of 5 pM
58431542, After incubation for 3 days, 10 uM BrdU was added to the cultures and 4 h later cells were collected, fixed with ethanol, and incubated with
anti-BrdU-ATC monoclonal antibody. The bar indicates the per cent of cells incorporating BrdU in their DMA. The experiment was representative of three inde-
pendent experiments, each performed in triplicate. The per cent of BrdU incotporation was significantly decreased by 58431542 both in FK506 {£ = 0.05) and in

transforming growth factor-g {f = 0.003) cultures.

In an in vive model of intimal thickening, p-catenin
expression co-localized in proliferating VSMC within the
developing intima.™ p-catenin regulates VSMC proliferation
in response to stimulation by growth factors via the regu-
lation of the cell cycle genes cyclin D1 and p21.7 Interest-
ingly, the Wnt/B-catenin pathway can be activated in
response to various stimuli,™ including TGF-B.*>?7*® In
agreement with this concept, we found that FK506-induced
proliferation was prevented when the TGF-p type | receptor
kinase was inhibited. The increase in B-catenin levels was
accompanied by the activation of Erk and Akt, which are
important mediators of B-catenin signalling.*®*® Further-
more, consistent with reports that mTOR can be activated
through tuberin phosphorylation by both Erk*' and Akt,*
mTOR levels were also increased in FK506-treated VSMCs.

It is noteworthy that all these signalling kinases drive bio-
chemical networks that directly regulate the expression of
genes responsible for cell cycle progression.*! In accordance
with this finding, we found that the expression of cyclin D1
was enhanced in FK506 cultures. The Akt pathway also
exerts a primary role, synergistically driven by mTOR, in
cell survival.*!"*? Indeed, stimulation of Akt preduces phos-
phorylation of downstream targets involved in apoptosis
control.* Phosphorylation of FOXO3A, a member of the
forkhead family of transcription factors, leads to inhibition
of its transcription activity. This results in the down-
regulation of the pro-apoptotic BH3-enly molecule, Bim.*
Moreover, Akt-induced phosphorylation of another pro-
apoptotic Bcl-2 family member protein, namely Bad,
causes its dissociation from the complex with Bel-xL,
thereby allowing cell survival.*’ Therefore, Akt activation
may result in resistance to death-inducing signals possibly
released in the site of vascular injury.

Although rapamycin also activates TGF-B receptor signal-
ling because of the binding to FKBP12 (not shown}, it did not
increase the levels of cyclin D1 and collagen type 1 (not
shown}. This finding suggests that the proliferative and pro-
fibrotic stimuli are inhibited downstream the pathway

consequent to mTOR blockage by FKBP12/rapamycin
complex itself. Also in the case of immunosuppressicn, rapa-
mycin acts on the signalling pathway of T-cell activation
downstream to FK506. In fact, while FK506 blocks transcrip-
tion of the IL-2 gene, rapamycin has no effect on gene tran-
scription but rather has a potent inhibitory effect on growth
factor-induced proliferation.

Our findings support the conclusion that FK506 is a poten-
tial stimulus of necintima fermation when administered
coated to intravascular stents. This implies that, although
FK506 dampens cytokine-induced VSMC migration and pro-
liferation through its immunocsuppressant mechanism, it
exerts a direct proliferative effect on these cells. There-
fore, the clinical outcome of patients receiving FK506-
eluting stents depends on the balance between these
opposite effects. Curiously, the stent name, ‘Janus’, who
is the Roman god with two faces looking in opposite direc-
tions, reflects our conclusions.
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ABSTRACT

Background

Loss of response to transforming growth factor-beta (TGF-{3) is thought to contribute to the pro-
gression of chronic lymphocytic leukemia. Recent findings of over-activation of the TGF-f3 signal
in FKBP12-knockout mouse prompted us to investigate whether FK506, the canonical ligand of
FKBF can activate the TGF-[3 signal in chronic lymphocytic leukemia.

Design and Methods

We studied 62 chronic lymphocytic leukemia samples from patients with Rai/Binet stage 0 to
4 disease. The TGF-[ signal was investigated by western blotting and flow cytometry. The levels
of Bcl2-family members and death-associated-protein kinase were also investigated by west-
ern blotting, whereas apoptosis was studied in flow cytometry. Down-modulation of FKBP12
was obtained by gene silencing with short interfering RNA.

Results

Twenty-two out of 62 chronic lymphocytic leukemia samples were sensitive to TGF-p-induced
apoptosis. All but two of the responsive samples undernwent apoptosis also when cultured with
FK506, but not with cyclosporine. Thirteen samples that were not sensitive to TGF-p were sen-
sitive to FK506. Overall, response to FK5086 occurred in 33 samples. FK506 induced Smad?2
phosphorylation and nuclear translocation. Accordingly, death-associated-protein kinase, a
transcriptional target of Smad, was induced. At the same time, Bel-2 and Bel-xL levels
decreased whereas the levels of Bim and Bmf increased. A loss of mitochondrial membrane
potential preceded caspase activation and cell death. FK506 removed FKBP12 from its bind-
ing to the TGF-p-receptor. FKBP12 release activated the receptor-kinase activity as suggested
by the enhanced levels of phospho-Smad found in cells depleted of FKBP12.

Conclusions

Our study shows that most chronic lymphocytic leukemia cells escape the homeostatic control
of TGF-p and that FK506 restores the TGF-f3 signal in a proportion of non-responsive samples.
We demonstrated that FK506 activates TGF-[3 receptor | kinase activity in chronic lymphocytic
leukemia, which transduces apoptosis by a mitochondrial-dependent pathway.
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Introduction

Transforming growth factorbeta (IT'GEp) is a
pleiotropic cytokine important in the control of cell
growth and differentiation.”* In nommal cells, TGF-$
acts as a tumor suppressor by inhibiting cell prolifera-
tion or promoting cellular differentiation or apoptosis.®
Several lines of evidence support the view that the loss
of sensitivity to TGF-p promotes leukemic transforma-
tion™” and contributes to the clinical and biclogical pro-
gression of chronic lymphocytic leukemia (CLL)*
This hematologic malignancy is a slowly progressing
leukemia characterized by the gradual expansion of
morphologically small, functionally inactive clonal B
cells due to defective apoptosis.”

TGE - signals to the nucleus by binding to a specif-
ic pair of membrane receptors, type I (I GFBR1) and
type 1 {TGFBR2), which contain a cytoplasmic serine-
threonine kinase domain.** Binding of the ligand to
TGFBR2 results in the formation of a TGFBR1/TGFBR2
heteromeric complex and activation of TGFBR2
kinase** Activation of TGFBR1 requires phosphoryla-
tion of the GS (glycine, serine) region by TGFBRZ.
Activated TGFBR1 specifically recognizes and phos-
phorylates signaling molecules that act downstream
receptors (Smad) 2 and 3 or R-Smad?”* In the basal
state, R-Smad are retained in the cytoplasm. In the case
of Smad?2, this retention is mediated by interactions
with the Smad anchor for receptor activation (Sara).” In
addition to limiting Smad movements, contact with
Sara occludes a region of SmadZ2 that mediates nuclear
import.” Receptormediated phosphorylation not only
increases the affinity of Smad2 for Smad4” but also
decreases its affinity for Sara. Smad4 functions as a
shared parmer or Co-Smad and is required for the
assembly of transcriptional complexes.®” This process
results in the release of Smad2 and unmasking of its
nuclear import function thereby leading to rapid accu-
mulation of the activated Smad complex in the nucle-
us. % Once in the nucleus, both R- and Co-Smad are
able to activate transcription.®?"

TGF-p is apoptotic for hematopoietic cells.”
Although the mechanism involved in TGF-p-induced
apoptosis is not well known, mitechondria appear to
be important mediators of this process.””

Identification of molecules able to restore the TGF-f
response in B-CLL can have important implications in
the treatment of this disease.™"® A network of regulato-
ry inputs controls the TGF-p signaling pathway?® A
recent study of fibroblasts from FK506 binding protein
(FKBP) 12-knockout mice showed that the TGF-f3 path-
way is overactive in cells lacking this protein.” FKBF12
is a common inhibitor of the TGF-p family type I recep-
tors,"™* it binds to part of the GS region towards the N-
terminal end of the serine-threonine kinase domain of
TCFEBR1*? thereby blocking access to activators.
Ligand binding induces the release of FKBP12, which is
essential for propagating the signal>*"7"**° The finding
that FKBP12-binding molecules, such as FK506 and
rapamycin, are able to promote receptor transphospho-
rylation, " prompted us to investigate whether FK506,
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the canonical ligand of FKBP12,"* could restore TGE-f3

response and stimulate apoptosis of CLL cells.

Design and Methods

Cell culture and reagents

CLL cells were isolated from the heparinized blood
taken from &2 out-patients, after informed consent, by
differential centrifugation through a Ficoll-Hypaque
density gradient (ICN Flow, Opera, ltaly). The study
was approved by the Bthics Committee of Federico 11
University of Naples. Only CLL patients who had
>80% CD19 cells co-expressing CD5 were included in
the study. Cells were cultured in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal calf
serumn (FCS; ICN Flow). FK506, cyclosporine and TGF-
p (Sigma Aldrich, St. Louis, MS, USA) were used at the
doses indicated in the Results section. The peptide cas-
pase 3 inhibitor Z-Asp-Glu-Val-Asp fHuoromethyl
ketone (Z-DEVD-fmk, Sigma Aldrich) was used at the
dose of 20 uM. Table 1 shows the clinical profiles of the
patients studied, related to the time of blood sampling.
The patients did not receive any therapy in the 6
months, at least, preceding blood collection. Peripheral
blood [ymphocytes were isolated from the heparinized
blood of healthy donors by differential centrifugation
through a Ficoll-Hypaque density gradient; B lympho-
cytes were sorted from peripheral blood [ymphocytes
with a BD FACSAria™ (BD Biosciences, San Jose, CA
USA). The purified population was = 97 % CD20".

Cell Iysates and western blot assay

Whole cell Iysates were prepared by homogenization
in modified RIPA buffer [150 mM sodium chlonide, 50
mM TrissHCl, pH 7.4, 1 mM ethylenediamine
tetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl
fluorite (PMSEF), 1% Triton X-100, 1% sodium deoxy-
cholic acid, 0.1% sodium dodecylsulfate (SDS), 5
ug/ml aprotinin and 5 pg/ml leupepdn]. Cell debris
was removed by centrifugation. Cell fractionation was
obtained as described elsewere® with small changes.
Briefly, cells were washed twice with phosphate-
buffered saline (PBS) and resuspended in 200 pL buffer
A [10 mM TRIS HCI pH 7.4, 10% glycerol, 1mM
MeClz, 1 mM PMSE & pg/mlL aprotinin and 5 pg/mL
leupeptin] for 15 min on ice, before adding 2 ul. of 10%
Nonidet P-40. The cells were vortexed for 20-30 sec
and spun for 10 min at 3000 rpm to spin down the
nuclei. The cytoplasmic fraction was saved, and the
nuclear pellet was washed once with buffer A. Nuclei
were resuspended in modified RIPA buffer and extract-
ed at 4°C for 30 min. Cell [ysates were runin 10% SDS
in polyacrylamide gel electrophoresis (PAGE) along
with a molecular weight marker and transferred onto a
membrane filter (Cellulosenitrate, Schleider and
Schuell, Keene, NH, USA), which was incubated with
the primary antibody.

The rabbit polycdonal antibodies against phospho-
Smad2 (Ser 465/467) (Chemicon Temecula, CA, USA),
caspase3 (Pharmigen/Becton Dickinson, San Diego,
CA, USA), Smad 2,3 (H-465) and Bim (H-191) (Santa



Cruz Biotechnology, Santa Cruz, CA, USA); the mouse
monoclonal ant-Bel-xL (H-53), Bel-2 (100), Smad4 (B-8),
histone H1 {AE-4) (Santa Cruz Biotechnology), death-
associated potein kinase (DAPK-53) (Sigma Aldrich),
EF-1- (Upstate, Chartlottesville, Virginia, USA) and the
goat polyclonal anti-Bmf (Santa Cruz Biotechnology),
were used diluted 1:500-1:1000. The blots were devel-
oped with an electrochemiluminescence system
(Supersignal West Pico, Celbio, PIERCE, Rockford, IL,
USA).

Immunofiuorescence

For nudear immuncfluorescence, nuclei were puri-
fied from CLL cells by hypotonic lysis of plasma mem-
brane and sucrose gradient. Briefly, cells were washed
twice with PBS and resuspended in 200 pL buffer A [10
mM TRIS HCI pH 7.4, 10% glycerol, 1 mM MgCls, 1
mM PMSE, 5 pg/ml aprotinin and & pg/mlL leupeptin]
for 15 min on ice, before 2 pl of 10% Nonidet P-40
were added. The cells were vortexed for 20-30 sec and
spun for 10 min at 3000 rpm to spin down the nuclei.
The pellet was washed once with buftfer A, resuspend-
ed in buffer A and a cushion carefully laid beneath it
(30% sucrose w/v in buffer A). After centrifugation at
6000 rpm for 15 min (4° C), the supematant was
removed and the final pellet washed with buffer B [20
mM TRIS HCL pH 8.0, 75 mM NaCl, 0.5 mM EDTA
pH 8.0, 0.85 mM dithiothreitol (DTT), 0.125 mM
PMSEF]. Nuclei isolated from 10-20x10° BCLL cells were
subjected to immunostaining for 30 min at 4°C and
analyzed by a FACScan 30 (BD) flow cytometer.

For intracellular staining with anti-phosphoeSmad 2
antibody, B cells were fixed with 2% paraformalde-
hyde in Tris buffered saline (TBS) (10x TBS = 0.5M Tris
Base, 9% NaCl, pH 7.6) for 20 min and pemmeabilized
with 0.2%TRITON x100 in TBS for 3 min in ice.
Afterwards, cells were incubated with anti-
phosphoSmad2 for 30 min at 4°C. After the cells had
been washed, phosphoSmad2 was detected by
immunostaining with a secondary flucrescein isothio-
cyanate (FITC) -corjugated ant-rabbit antibody and
measured in flow cytometry.

Immunoprecipitation of membranes

Cells were osmotically lysed in distilled water and
subjected to three cycles of rapid freezing and thaw-
ing. During thawning, extract was sonicated for 10
min. After obtaining a homogeneous suspension, pro-
tein concentration was determined using the Bradford
method and 500 ug of protein extract were precleared
for 1 hour. For immunoprecipitation, 15 ug anti-
TGFBR1 (rabbit polyclonal H-100) or anti-FKBP12 (goat
polyclonal N-19), (Santa Cruz Biotechnology) were
added together with 25 ul. protein A-Sepharose {(Santa
Cruz Biotechnology) and precipitation took place
overnight with rotation at 4°C. Samples were separat-
ed by 14% SDS-PAGE along with a molecular weight

marker and transferred onto a membrane flter.

Cell transfection and short interfering (si)RNA
Twenty-four hours before transfection of siRNA cor-
responding to the target sequence GCGGCTAGGTGT-

Activation of TGFp signal in CLL

TATCTGA of the FKBP12 gene (Qiagen, CA, USA) or
of a scrambled duplex as a control, cells were incubat-
ed in medium without antibiotics at the concentration
of 5%x10°%/mL. The siRNA or the scrambled oligo was
transfected at the final concentration of 50 nM using

Table 1. Patients’ profiles and response of samples.

BINEL/RAI IDFF Bulky disease  RIGFP® R FKS08°
1. 0/A Low - - Yes
2 0/A Low - - Yes
3 0/A Low - - Yes
4, 0/A Low - - Yes
b; 0/A Low - - -
6. I/A Low - - Yes
i 0/A Low - - -
8. 0/A Low
9, 0/A Low - - -
10, 0/A Low - Yes Yes
11. 0/A Low - Yos Yes
12, 0/A Low - Yos Yes
13, 0/A Low - Yes Yes
14, 0/A Low - Yes Yes
15. 0/A Low - Yas Yes
16. I/A Low - Yas Yes
17. I/A Low - Yes Yes
18 I/A Low - Yes Yes
19. I/A Low - - Yes
20, I/A Low -
2. I/A Low
2. I/A Low
2. I/A Low
2. I/A Low - - -
. I/B Low - - Yes
2. I/B Low - - -
2. I/B Low
28. I/B Low
29, I/B Low - - -
30. I/B Low - Yes Yes
3. I/B Low - Yes Yes
32, /A Low - Yes Yes
3 /B Low - Yas -
M, /B Low - Yas Yes
35, II/B Low - Yes Yes
36. II/B n/a - Yes Yes
. I/B Low - Yes Yes
8. Il/B Low - Yes Yes
39, /B Low - - Yes
40, II/B High - - Yes
4, II/B Low - - Yes
42, Il/B Low - - -
43 /B Low - - Yes
44, lI/B High - - Yes
15, II/B Low - - -
46, Il/B Low
4. Il/B Low
18, II/B Low - -
49, II/C Low - Yes
50. e n/a - -
5. /¢ Low -
52 /¢ High Yes - -
53, l/c Low - Yes Yes
b4, lyc Low - Yes Yes
bh. IV/C Low - Yos Yes
ha. IV/C n/a - - -
5. IV/C Low
ha. IV/C Low -
5. IV/C High Yes - -
60. IV/C High Yes - Yes
61. IV/C High Yes - -
62, IV/C High Yes

*LDT lymphocyte doubling time (Low: >12 months); "R TGF: in vitro response
to TGE-; ‘R FK506: in vitro vesponse to FKS06.
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Metafectene (Biontex, Munich, Germany) according to
the manufacturer's recommendations and after 48
days, cells were harvested to prepare cell lysates. The
effect of siRNA on protein expression was confirmed
by westem blotting.

Analysis of apoptosis

Phosphatidylserine extemalization was investigated
by arnnexin V staining. Briefly, 1x10° cells were resus-
pended in 100 pl of binding buffer {10 mM
Hepes/NaOH pH 7.5, 140 mM NaCl, 2.5 mM CaClz)
containing 5 ul. of annexin V-FITC (Pharmigen/Becton
Dickinson, San Diego, CA, USA) for 15 min at room
temperature in the dark. Then 400 ul of the same
buffer were added to each sample and the cells were
analyzed with a Becton Dickinson FACScan flow-
cytometer. The lipophilic cation 5,5,6,6 tetrachloro-
1,1,3,3 -tetraethylbenzimidazol-carbocyanine icdide
(JC-1) was utilized to study mitochondrial membrane
potential. In this procedure, the color of the dye
changes from crange to green as the membrane poten-
tial decreases, due to JC-1 aggregates dissolving in
monomers. Briefly, 5x10° cells were incubated for 10
minutes at 37°C with 10 pg/mlL JC-1 (Molecular
Probes, lLeiden, The Netherlands), washed, and ana-
[yzed by flow cytometry.

Statistical analysis

The results of continuous variables are reported as
medians and interquartile ranges. Frequencies are used
for categorical data. The statistical significance of dif-
ferences between groups of continuous data was esti-
mated using the Mann-Whitney non-parametric
unpaired test. Fisher's exact test was used to assess dif-
ferences between categorical variables. p values <0.05
were considered statistically significant. The statistical
analysis was performed using SPSS statistical package
(SPSS Inc. Chicago, IL, USA).

Results

FK506 induces death of B-CLL cells

To inwestigate the effect of FK506 on CLL cell apop-
tosis, we cultured the cells with TGF-$ (10 ng/mlL),
FK&06 (100 ng/ml) or the cydophilin A inhibitor
cyclosporine (300 ng/ml) and measured cell death by
annexin V staining and flow cytometry, after 24 h of
incubation. As expected, we found spontaneous apop-
tosis of CLL cells after their i viro culture” TGE-p
increased basal apoptosis by at least 20% in 22 of 62
samples. Figure 1A is a graphic representation of medi-
an values and interquartile ranges of apoptosis in sam-
ples that were and were not responsive to TGF-f5. The
median apoptosis in non-responsive samples was
22.0% (range 16.0-27.7%) and 22.0% (range 17.2-
26.0%) in the absence and presence of TGF-f, respec-
tively. The median apoptosis in responsive samples
was 26.0% (range 20.7-29.2%) and 35.5% (range 30.7-
43.7%) in the absence or presence of TGE-f} (#<0.001),
respectively.

Table 1 shows the CLL patients’ profiles in relation to
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the response of the samples. Interestingly, the propor-
tion of patients with low (>12 months) [ymphocyte
doubling time (LDT) was statistically higher (p=0.04) in
TGE-B responders (100% low LDT) than in non-
responders (81% low LDT). LDT is defined as the time
needed for lymphocytes to deuble in number from the
amount present at diagnosis.” This finding supports
the concept that TGE-f inhibits cell growth. Regarding
response to FK&06, basal apoptosis was increased in 33
samples (Figure 1B). All but two of the samples sensi-
tive to TGF-p were also sensitive to FK506. Median
apoptosis in FK506-non-responsive samples was 22.0%
(range 17.5-27.5%) and 22.0% (range 16.5-28.0%) in
the absence or presence of the macrolide, respectively.
The median apoptosis in FK306-responsive samples
was 26.0% (range 21.5-30.0%) and 39.5% (range 29.7-
42.2%) in the absence or presence of the drug
(#<0.001}, respectively. Interestingly, FK506 and TGE-f
induced a similar degree of apoptosis in responsive
samples. Cyclosporine did not induce cell death sug-
gesting that the mechanism respensible for immuno-
suppression, ie. calcineurin inhibition, was not
involved in activation of the apoptotic machinery.
FK506-induced apoptosis was remarkable at doses =10
ng/ml (Figure 1C) and reached the maximum level as
early as 16 h after incubation (Figure 1D).
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Figure 1. FK506 induces apoptosis of cells from patients with CLL.
Graphic representation of median values and interquartile ranges
of apoptosis measured by annexin V staining and flow cytometry.
Cells were cultured with or without TGF-f (10 ng/mL). (A) With
and without FK506 (100 ng/mL) or cyclosporine (300 ng/mL). (B)
After 24 h cells were harvested, incubated with annexin V-FITC
and analyzed in a flow cytometer. Each experiment was per-
formed in triplicate. (C) Dose/response curve of FK506-induced
apoptosis in a responsive sample. Cells were cultured with FK506
at the indicated doses. After 24 h of incubation, cells were har-
vested and apoptosis was determined by annexin V staining and
flow cytometry. The experiment was performed in triplicate; the
graphic shows the mean values of the triplicate experiments, (D)
Kinetics of FK506-induced apoptosis. Cells were cultured with
100 ng/mL FK506 and were harvested at different times (8, 18,
24 and 40 h) and analyzed for apoptosis with annexin V staining
and flow cytometry. The experiment was performed in triplicate
and the mean results are reported.




FK506 activates the Smad complex

To test our hypothesis that the apoptotic response to
FK506 of BCLL cells resulted from activation of the
TGEF-p signal, we investigated activation of Smad pro-
teins by measuring the levels of phospho-Smad2 in
cells incubated with FK506. Figure 2 shows western
blot assays of three different samples, the first of which
responded to both FK506 and TGF-, the second one to
FK506 but not to TGF-p and the third one did not
respond to FK506. Phospho-Smad2 levels were
increased in samples undergoing apoptosis, suggesting
that activation of the TGF-f3 signaling pathway pro-
moted cell death in FK306 cultures. To determine
whether this response to TFG-p by CLL cells corre-
sponded to a physiological effect, we studied the
response of nomal peripheral B lymphocytes to the
cytokine. As shown in Figure 3A, phospho-Smad2 lev-
els were increased after 1 h of incubation of purified B
[ymphocytes with TGF-f5. Similarly, FK5306 activated
Smad in the same cells. Apoptosis analysis showed a
slight increase of cell death in both TGF-B- and FKK506-
cultures.

The levels of phospho-Smad2 in CLL cells cultured
with FK506 increased as early as 10 min after incuba-
tion, peaked at 3 h and decreased after 4 h Figure 4A).
Nuclear translocation of Smad-complex was found in
isolated nuclei stained with antd Smad4 and analyzed
by flow cytometry Figure 4B). Smad nuclear transloca-
tdon was confirmed by western blot assay of lysates
obtained by cell fractionation. As shown in Figure 4C,
the increase of Smad4 in nuclei was accompanied by its
decrease in the cytoplasm. We used anti-histone H1 as
a nuclear loading control and monodonal antibody
against the protein synthesis elongation factor, EF-1¢,”
as a cytosolic loading control.
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Figure 3. Effect of TGF-3 and FK506 on normal B lymphocytes. (A)
Flow cytometric analysis of phospho-Smad levels in purified B
lymphocytes (CD20*297%) cultured in the absence or presence of
10 ng/mL TGF-3 or 100 ng/mL FK506 for 1 h. (B) Flow cytomet-
ric analysis of apoptosis of B lymphocytes cultured with 10 ng/mL
TGF-p and FK506 at different doses. Total peripheral blood lym-
phocytes were incubated with the indicated doses of the reagents
for 48 h. Then, analysis of apoptosis was performed in double
staining with annexin V-FITC and CD20-PE. Lymphocytes were
identified using a FSC/SSC dual parameter dot plot {(gate R1). All
events in R1 were sent to a second display of CD20/8SC in which
CD20" cells {gate R2) were easily distinguished from non-B cells.
Annexin V expression was measured using a logical gate (R1 and
R2) which allows only the events which are in both R1 and R2 to
be analyzed. The data presented are representative of three inde-
pendent experiments.
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Figure 2. FK506-induced apoptosis is preceded by Smad2-phosphorylation. Western blot assay of phospho-Smad2 at Ser 465-467 in
whole cell lysates (30 ug) from three different CLL samples. The samples used were, in order, n. 30 (TGF-3 responsive) and n. 80 and
45 (TGF-3 non-responsive). Five other samples analyzed did respond to FK506 and showed phosphorylation of Smad2. Cells were cul-
tured with the indicated reagents (100 ng/mL FK508, 10 ng/mL TGF-p) and, after 3 h, a portion of cells was harvested for whole cell
lysate preparation, whereas the remaining cells were harvested after a further 21 h and analyzed for apoptosis with annexin V staining

and flow cytometry.
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FK506 modulates the expression levels of both
pro- and anti-apoptotic members of the Bei-2 family
of proteins

Death-associated protein kinase is a transcriptional
target of Smad'® that links Smad to TGE-p mitochondr-
ial events." We used western blot assays to investigate
whether FK506 increased the levels of this protein in
CLL cells. We also evaluated the expression levels of
the anti-apoptotic Bd-2 and Bel-xL, and the pro-apop-
totic BH3-only molecules, Bim and Bmf, which are
implicated in commitment to TGF-B-induced apopto-
5i8.”** We found that the appearance of death-associat-
ed protein kinase was accompanied by a decrease of
Bel-2 and Bel-xL and an increase of Bim (Figure 5A).
Bim is an essential regulator of [ymphoid system home-
ostasis and appears to be essential for inducton of B-
cell apoptosis. All the three Bim isoforms, Bim=, Bimu
and Bims, which exert comparable activity,”” were
upregulated by FK506 in two different samples (Figure
5B). Similarly, the levels of expression of Bel-2 modify-

ing factor or Bmf were also increased (Figure 5C).

FK506 induces mitochondrial depolarization and
activation of caspase 3

In accordance with the modulation of Bel-2 family
member proteins, the study of mitochondrial mem-
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Figure 4. FK506 activates nuclear translocation of Smad com-
plex. Kinetics of FKB0&-induced Smad2 phosphorylation. (A)
Western blot assay of phospho-Smad2 (Ser 465-467) levels in
whole cell lysates (30 pg) of CLL cells (sample #30,TGF-p respon-
sive) incubated with 100 ng/mL FK506 for the indicated times.
{B) Flow cytometric histograms of Smad4 expression in purified
CLL nuclei. Cells (sample #30,TGF-p responsive) were incubated
with 100 ng/mL FK5086. After 3 h, cells were harvested and puri-
fied nuclei were subjected to indirect immunofluorescence with
anti-Smad4. Nuclear autofluorescence was localized between
102-10° decades of the logarithmic scale, whereas Smad4-posi-
tive nuclei appeared in the 10* decade. Staining with anti-histone
or anti EF-1c. served as a control of nuclear purification. (C)
Waestern blot assay of Smad4 levels in cell lysates (20 ug)
obtained by CLL cell fractionation {sample #60, not responsive to
TGF-B) after 3 h incubation with 100 ng/mL FK5086. Anti-histone
H1 or anti EF-1o served as a loading control for nucleus and
cytosol, respectively.

brane potential with the lipophilic cation JC-1 showed
depolarization in FK506 cultures, whereas this did not
occur when cyclosporine was added to the culeure
medium (Figure 6A). A dose-response effect was
observed by stimulating the cells with different FK506
doses (Figure 6B). Figure 6C shows the kinetics of
FK506-induced mitochondrial depolarization in a
responsive sample. More than 70% of cells depolarized
after 8 h. Activation of caspase3 is a hallmark of apop-
tosis and represents the converging point of both intrin-
sic (downstream mitochondria) and extrinsic (down-
stream death receptors) pathways. Previous reports
implicate caspase3 in TGF-B-induced apoptosis;” we,
therefore, investigated whether the active form of cas-
pase3 appeared in cells incubated with FK506. Westem
blot assay of whole cell lysates prepared after 16 h of
incubation revealed the presence of activated caspase3,
which resulted from cleavage adjacent to Aspl75

(Figure 7).

FK506 activates TGFBR1 by removing FKBP12 from
TGFBR1

Displacement of FKBP12 from its binding to the G5
region of TGFBR1 is essential for activation of the kinase
activity?*" By co-immunoprecipitation studies, we found

that FK506 interfered with the FKBP12/TGEFBRI interac-
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Figure 5. FK506 induces death-associated protein (DAP) kinase
and modulates several members of the Bcl-2 protein family. (A)
Western blot assay of DAP kinase, Bel-2, Bel-XL and Bim levels in
whole cell lysates (30 pg) of CLL cells {(sample #30, TGF- respon-
sive) incubated with 100 ng/mL FK506 for 3 h. {B) Western blot
assays of the three Bim isoform levels in whole cell lysates (30
ng) of CLL cells from two samples (#30, responsive to TGF-3 and
#39, not responsive to TGF-3) incubated with 100 ng/mL FK506
for 10 h. (C) Western blot assay of Bmf levels in whole cell lysates
(30 pg) of CLL cells from two different samples (#30, responsive
to TGF and #39, not responsive to TGF-3) incubated with 100
ng/mL FK506 for 10 h.

FK506
None
FIK506

Actin

| 1044 | haematologica | 2008; 93(7)




tion. As shown in Figure 8A, TGFBR1 co-immunopre-
cipitated with FKBP12 in unstimulated- but not in
FK506-stimulated peripheral blood lymphocytes, sug-
gesting that the drug removed FKBP12. In order to
investigate whether this effect was sufficient to acti-
vate the kinase activity, we depleted the cells of
FKBP1Z and measured the levels of phosphorylated
Smad2. FHgure 8B shows that a remarkable increase in
phosphoSmad levels was associated with reduced lev-
els of FKBP12. Consistent with the activadon of the
TGE-p signal, enhanced levels of Bimu were also found.
The effect of FKBP12 down-modulation on activation
of the TGF-p signal was also confirmed in CLL. Figure
9 shows results from a sample responsive to FIK506.
Panel A shows flow cytometric histograms of annexin
V staining of CLL cells after culture for 24 h in the
absence or presence of 100 ng/mL FK506 and with or
without the caspase3 inhibitor Z-DEVD-fmk. The per-
centage of FK506-induced cell death appeared remark-
ably reduced by the caspase inhibitor. In the experi-
ments whose results are shown in panel B, the same
cells were transfected with FKBF12 siRNA or a scram-
bled duplex as a control. After 48 h, total lysates were
prepared and analyzed in westem blot assays to meas-
ure the levels of FKBP12 and pSmad. Reduced levels of
FKBP12 were accompanied by enhanced levels of
pSmad. After a further 24 h, apoptosis was measured
by amnexin V staining (panel C). FKBP12 down-modu-

Activation of TGFb signal in CLL

lation produced levels of apoptosis comparable to those
induced by FK506. Similatdly to FK506 cultures, Z-
DEVD-fmk decreased apoptosis of cells transfected
with FKBP12 siRNA. These results were confirmed in
two other independent experiments.

Discussion

There is growing interest in understanding and thera-
peutically targeting TGF-f-mediated processes in can-
cer'” including hematologic malignancies.! Herein, we
show that FK506 activates TGF-B-signaling in CLL.
FK506, or fujimycin, the canonical ligand of FKBP12,” is
a 23-membered macrolide lactone mainly used to pre-
vent organ rejection after allogeneic transplants.™ B lym-
phocytes from subjects with CLL show heterogenous
responses to TGF-B;" accordingly, our results indicated
that 35.4% of the CLL samples analyzed (22/62) were
sensitive to the TGF-p apoptotic effect. FK506 restored
response to TGE-p in a further 17.7% of samples, there-
by increasing the percentage of responses to 53.2%. Our
data show that normal B lymphocytes also responded to
TGE-p with low levels of apoptesis, which is in accor-
dance with the notion that TGF-f is an important regu-
lator of hematopoietic homeostasis. The response to
TGE-B, found in some of the CLL samples, appeared,

therefore, to be a conserved physiological effect.
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FK506 activates TGE- receptor kinase activity.® In
CLL cells cultured with FK506, the appearance of phos-
phorylated Smad2 was detected as early as 10 min after
incubation. The level of phosphorylated Smad2 peaked
after 3 h and disappeared after 4 h. Smad complexes
were found in the nucleus after 3 h of incubation with
FK&06. At the same time, there was an increase in lev-
els of death-associated protein kinase, which is a target
of transcriptional activation by Smad." In accordance
with reports that Bim is activated and funcdons as an
important initiator of TGF-B-induced apoptosis in both
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a human gastric carcinoma cell line* and a B-cell line,*
Bim was upregulated in CLL cells cultured with FK506.
Bmf is another BH3-only protein implicated in TGF-p-
induced apoptosis” which plays a role in regulating the
growth and survival of B cells® and CLL cells* Bim and
Bmf are activators of Bax-Bak,” which are pro-apoptot-
ic Bel-2 members that are the downstream effectors
controlling the mitochondrion-dependent cell death
program. It is now well established that the role of and-
apoptotic Bcl-2 members correlates with their ability to
sequester BH3-activators, thereby preventing the acti-

Figure 7. FK506 activates caspase 3.
Western blot assay of active caspase 3 in
whole cell lysates (30 ng) obtained from
chronic lymphocytic leukemia cells of three
different samples incubated with the indi
cated reagents (100 ng/mL FK508, 10
ng/mL TGF-3, 300 ng/mL cyclosporine) for
16 h. The samples used were, in order, #60,
#3, and #43 (not responsive to TGF-3). The
primary antibody used in this assay recog-
nizes procaspase 3 and the activated cas-
pase3 resulting from cleavage adjacent to
Aspl75.
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Figure 8. FK506 activates TPR-l by removing
FKBP12. (A) FKBP12/Tp3R-l interaction in
peripheral blood lymphocytes. Cell lysates

=
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T EB
§ %g == were subjected to immunoprecipitation {IP)
= X5 &8 with anti-TBR-l or FKBP12 antibody.
T R Immunoprecipitated and total lysates were
then subjected to western blotting with anti-

TBR-l or -FKBP12, (B) Western blot assay of
FKBP12, phosphoSmad2 and Bim levels in
total lysates prepared from non-transfected
peripheral blood Ilymphocytes and from
peripheral blood Ilymphocytes transfected
with FKBP12 siRNA or a scrambled duplex
as a control. Smad2 was used as the load-

ing control.
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Figure 9. FKBP12 down-modulation causes apoptosis of CLL cells. {A) Flow cytometric histograms of annexin V staining. Chronic lymphocyt-
ic leukemia cells were cultured in the absence or the presence of 100 ng/mL FK506 and with or without the caspase3 inhibitor Z-DEVD-fmk
(20 uM), then apoptosis was measured after 24 h. (B) The same cells were transfected with FKBP12 siRNA or a scrambled duplex as a con-
trol. After 48 h, total lysates were prepared and analyzed by western blotting to measure the levels of FKBP12 and pSmad. (C) Flow cytomet-
ric histograms of annexin V staining of chronic lymphocytic leukemia cells transfected with FKBP12 siRNA or a scrambled duplex as a con-
trol. Forty-eight hours after transfection, 20uM Z-DEVD-fmk was added to the cultures and, after a further 24 h, apoptosis was measured.
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vators from triggering the lethal action of Bax-Balk*®
FK506-induced apoptosis was preceded by a rapid
decrease of Bcl-2 and Bel-xL. In such condition, it is fea-
sible that Bim caused loss of mitochondrial membrane
potential and apoptosis in CLL because of lack of the
neutralizing action of Bcl-2 and BelxL.

FK506 removed FKBP12 from the cytoplasmic tail of
the TGF-f3 receptor. This displacement was apparently
sufficient to activate the receptor kinase activity, as sug-
gested by the appearance of posphoSmad in cells deplet-
ed of FKBP12. An inhibitory effect of TGFBR1 function
was observed in  FKBP12-overexpressing cells by Chen
and colleagues.” The increased expression of FKBP12,
that we found in some cases (data not shows) may, there-
fore, be one of the reasons for a lack of or no response to
TGE-B. Reduced expression of TGFBR1 has been found
by several authors in CLL* and suggested as a cause of
insensitivity to TGE-p. It is feasible that in a condition of
low receptor level, even normal levels of FKBP12 may be
inhibitory and, possibly, the signal might be enhanced
by FK506 also in these cases. Moreover, receptor muta-
tions that affect binding but not the kinase domain
might also account for response to FK506 but not TGF-
p. The absence of response to both TGF-ff and FK306 is
in accordance with the findings of recurrent mutations in
the signal sequence of TGFBR1, which are responsible
for defective kinase activity.”

Taken together, these findings suggest that FK506
induced activation of the TGF-p signal transduction
pathway. In accordance with several reports suggesting
that loss of response to TGE- might provide a selective
advantage to CLL B lymphocytes and contribute to the
expansion of neoplastic clone,*" our study showed an
association between response to TGF-f and a LDT
greater than 12 months, suggesting that the cytokine
inhibited tumor cell growth. Therefore, rescue of TGF-
[ response in CLL by FK506 could represent a break-
through in the treatment of this commen hematologic
malignancy.

Previous studies have shown that FK506 can reverse

Activation of TGFb signal in CLL

the multidrug resistance phenotype® and does not sup-
press bone marrow activity, whereas it apparently
stimulates very early hematopoietic progenitor cells.®
Consequently, FK506 appears to be a promising agent
that deserves future investigation in combined
chemotherapy.

Immunosuppressive agents have recently been used
in anti-cancer therapy with rapamycin and its analogs®
However, our study indicates that the apoptotic effect
of FK506 occurs irrespectively of an immunosuppres-
sive mechanism. Consequently, it is feasible that deriv-
atives of FK506 that have the same FKBP12-binding
properties as FK506 but lack the calcineurin binding
domain, and thus lack functional immunosuppressant
activity, could exert the same effect as FK506 in CLL.

In conclusion, cur study shows that most CLL cells
escape the homeostatic control of TGF-p. This finding
is common to many tumors™® in which mutations of
components of the TGF-§ response pathway hamper
restoration of the signal. We demonstrate that FK506
can re-activate the TGF-f signal in CLL, thereby

increasing the proportion of responsiveness.
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Role of FK506-binding protein 51 in the control of
apoptosis of irradiated melanoma cells

S Romano', A D’Angelillo’, R Pacelli?, S Staibano®, E De Luna', R Bisogni', E-L Eskelinen®, M Mascolo®, G Cal®, C Arra® and
MF Romano*'

FK506-binding protein 51 (FKBP51) is an immunophilin with isomerase activity, which performs important biological functions in
the cell. It has recently been involved in the apoptosis resistance of malignant melanoma. The aim of this study was to investigate
the possible role of FKBP51 in the control of response to ionizing radiation (Rx) in malignant melanoma. FKBP51-silenced cells
showed reduced clonogenic potential after irradiation compared with non-silenced cells. After Rx, we observed apoptosis in
FKBP51-silenced cells and autophagy in non-silenced cells. The FKBP51-controlled radioresistance mechanism involves NF-xB.
FKBP51 was required for the activation of Rx-induced NF-xB, which in turn inhibited apoptosis by stimulating X-linked inhibitor
of apoptosis protein and promoting authophagy-mediated Bax degradation. Using a tumor—xenograft mouse model, the in vivo
pretreatment of tumors with FKBP51-siRNA provoked massive apoptosis after irradiation. Inmunohistochemical analysis of 10
normal skin samples and 80 malignant cutaneous melanomas showed that FKBP51 is a marker of melanocyte malignancy,
correlating with vertical growth phase and lesion thickness. Finally, we provide evidence that FKBP51 targeting radiosensitizes
cancer stem/initiating cells. In conclusion, our study Identifies a possible molecular target for radiosensitizing therapeutic
strategies against malignant melanoma.

Cell Death and Differentiation advance online publication, 21 August 2009; doi:10.1038/cdd.2008.115

Malignant melanoma is an aggressive necplasm. The prog-
nosis is bad in the advanced stages of the disease because of
resistance to conventional anticancer treatments and the high
metastatic potential of this tumor. Currently, no efficient
therapeutic strategies are available to control the advanced
disease.” The use of radiotherapy, the most common
antitumor treatment, is controversial for advanced melanoma;
it serves mainly as a palliative treatment because of the
tumor’s radioresistance. In an attempt to elucidate the
mechanism protecting malignant melancma against the killing
effect of ionizing radiation {Rx), we investigated the cellular
response to Rx in different human melanoma cell lines.

The DNA damage response is complex and relies on the
simultaneous activation of different networks. The response
involves DNA damage recognition, repair, and the induction of
signaling cascades leading to cell cycle checkpeint activation
and stress-related responses.>® Apoptosis is a common
biological mechanism for eliminating damaged cells involving
the activation of enzymes known as caspases, and leading to
endonuclease-mediated internucleocscmal fragmentation of
DNA.* Type Il cell death, induced by stress-inducing agents,
is autophagy,®® which is a process of intracellular bulk

degradation in which cytoplasmic components, including
organelles, are sequestered within double-membrane vesi-
cles that deliver the contents to the lysosome/vacuole for
degradation.” It is controversial whether this recently dis-
covered process causes death or, instead, protects cells.? In
fact, the preducts derived from autophagy are recycled to
maintain essential cellular processes. However, there are
several lines of evidence that support a role for autophagy in
increasing the threshold for apoptosis, thereby sustaining cell
survival under conditions of stress.?

Recently, ocur studies implicated the large immunophilin
FK508-binding protein 51 (FKBP51) in the control of
apoptosis induced in malignant melanoma by DNA-damaging
agents, such as anthracyclin compounds.'® We previcusly
showed that FKBP51 is essential for the NF-«xB activation
induced by doxorubicin. It is noted that NF-«B controls
apoptosis at the genetic level and has been implicated in the
radioresistance of melanoma.'""'? It is widely known that the
NF-xB transcription complex belongs to the Rel family, which
comprises five mammalian Rel/NF-xB proteins: RelA (p65},
c-Rel, RelB, NF-xB1 (p50/p105), and NF-xB2 (p52/100)."
The activity of NF-xB is controlled by cytoplasmic shuttling to
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the nucleus in response to cell stimulation. The NF-xB dimers
containing RelA or c-Rel are retained in the cytoplasm through
interaction with inhibitors {lxBs}.™ In response to a variety of
stimuli, IxBs are phosphorylated by the activated IxB kinase
(IKK} complex, ubiquitinated, and degraded by the 265
proteosome.’®™ This process allows NF-xB dimers to trans-
locate to the nucleus, where they stimulate the expression of
multiple target genes.'®%

In this study, we attempted to investigate the role cof
FKBFP51 in the activation of NF-xB by Rx and in the protection
of tumor cells against Rx-induced killing, using different cell
lines. Though we detected very low levels of apoptosis, we
observed cellular events consistent with autophagy after
cell irradiation. By downmeodulating the FKBP51 level, we
obtained the induction of massive apoptosis after irradiation,
both in vitro and in vivo. We investigated the mechanism of
apoptesis regulation and found that FKBP51 controlled
radioresistance through the activation of NF-xB. These
results suggest that FKBP51 is a promising candidate target
for radiosensitizing strategies against malignant melanoma.
The translational implication of our findings is reinforced by
the clinical evidence of clear immunoreactivity for FKBP51 in
all skin samples of cutaneous malignant melanomas (CMMs}
from 80 patients. Finally, our study provided evidence that
silencing FKBP51 also radiosensitized cancer cells bearing
stem markers, which is considered predictive of tumor
radiocurability.’®

Results

FKBP51 downmodulation sensitizes melanoma cells to
Rx-induced apoptosis. To investigate the role of FKBP51
in the cellular response tc Rx, melanoma cells were
transfected with a shert interfering (si} RNA previously
shown to efficiently downmodulate the protein.'® Figure 1
shows representative results of the effect of FKBP51
gene silencing in the SAN melanoma cell line. The down-
modulating effect of FKBP51 siRNA was specific because it
could not be reproduced by a siRNA for FKBP12'’
(Figure 1a). A clonogenic assay was performed using cells
transfected with FKBP51 siRNA, non-silencing (NS) RNA, or
ncthing. Knocking down FKBP51 in melancma cells
produced a sensitizer enhancement ratio'® of 1.5 (7.2 Gy/
4.8 Gy}. This ratio was calculated on the basis of the radiation
dose necessary to obtain the end point of a 90% inhibition of
colony formation. As shown in Figure 1b, the line corres-
pending to 10% survival intercepts the dose response curve
of control cells (not transfected or transfected with NS RNA}
at 7.2 Gy, whereas that of FKBP51-depleted cells occurred
at 4.8Gy. This result suggests that decreased levels of
FKBP51 remarkably increase the cytotoxic effect of radiation
in melancma cells. To investigate the cellular response to
Rx in cells depleted of FKBP51, the light chain 3 (LC3)-I
to LC3-Il conversion and levels of cleaved caspase-3,
hallmarks cf autophagy19 and apoptos.is.,4 respectively,
were investigated by western blot. Whole cell lysates were
prepared from cells transfected with the specific siRNA or
NS RNA. At 48h after transfection, cells were exposed to
4 Gy dose Rx and harvested at 0, 2, 4, 8, and 9 h. Figure 1c

Cell Death and Differentiation

shows that the presence of the autophagosome membrane
recruited the LC3-ll isoform in non-irradiated cells, both
transfected and not transfected with FKBP51 siRNA, which is
consistent with a basal level of autophagy. The isoform
disappeared 6 h after Rx exposure in FKBP51-depleted cells
but not in NS RNA-transfected cells. An increase in Beclin-1
(Becn-1} levels was detected in non-silenced cells after 4 h,
suggesting that this increase had a role in sustaining the
LC3-l to LC3-ll conversion. In contrast, the appearance of
the active fragment of the execution caspases-3 and -72° in
FKBP51-depleted cells, as early as 4 h after Rx exposure,
suggests the activation of apoptosis. Interestingly, Bax levels
decreased in irradiated non-silenced cells, concomitant to
increase of Becn-1 levels and LC3-1 to LC3-Il conversion.
Autophagy was confirmed by transmission electron micro-
scopy; a quantitation analysis of autophagic profiles/cell area
showed a clear increase in autophagoscmes 6h after Rx
exposure (Figure 1d). Apoptosis was confirmed by flow
cytometry. Figure 1e shows the flow cytometric histograms
of caspase-9 and -3 activation, annexin V binding, and
propidium icdide incorporation in irradiated cells. A measure
of cell death by annexin V binding in 15 independent
experiments clearly showed that Rx induced a remarkable
increase in the cell death of FKBP51-depleted cells (48.7 +
11.8} compared with that of non-silenced cells (26.7 + 8.1}
(P=0.000}. The mean values of cell death for non-irradiated,
non-silenced or silenced cells were 18.0 + 4.4 and 27.9 + 8.5,
respectively (F=0.022). This finding suggests that knocking
down FKBP51 reduces the threshold for cell death. The
inducticn of apoptosis in FKBP51-depleted cells was con-
firmed using the pan-caspase inhibiter z-Valine—-Alanine—
Aspartic Acid (2VAD}, which clearly inhibited Rx-induced cell
death (Figure 1f}. The sensitizing effect of FKBP51 siRNA on
Rx-induced apoptosis was observed also in G361, A375, and
SK-MEL-3 melancma cell lines (not shown).

FKBP51 downmodulation prevents the Rx-induced
activation of NF-xB. Rx induces NF-«xB activation.”! We
found that the kinetics of IxB degradation showed a decrease
in IxBux levels and the complete disappearance of 1xBf as
early as 4 h after irradiation, with a return to the basal level
after 20 h (Figure 2a). The activation of NF-xB was confirmed
by electrophoretic gel mobility shift assay (EMSA}
(Figure 2b}. Accerding to our earlier findings, the treatment
of cells with FKBP51 siRNA prevents both I1xB degradation
and the nuclear translocation of the transcription factor. In
line with NF-xB activation, an increase in the level of the
caspase inhibitor X-linked inhibiter of apoptosis protein
(xIAP) was observed. As expected, such an increase was
not observed in FKBP51-silenced cells (Figure 2c).
Consistent with the nction that x/AP transcription is under
NF-«B control,'® reduced levels of X/AP mRNA, both basal
and Rx-induced, were found in p65-silenced cells compared
with those in non-silenced cells (Figure 2d}. The upregulation
of xIAP had a role in the inhibiticn of irradiated melanoma
cell apoptosis. In fact, when xIAP expressicn was silenced
with siRNA, the Rx stimulated caspase activation and cell
death (Figure 2e). Taken together, these findings suggest
that FKBP51-silenced cells fail to activate NF-xB-controlled
anti-apoptotic genes when irradiated.
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Activation of apoptosis in iradiated melanoma cells depleted of FKBPB1. (a} Western blot assay of FIKBP51 in cell lysates obtained from the melanoma cell line

SAN transfected with FKBP51 siRNA, FKBP12 siRNA, ora non-silencing (NS} oligoribonucleotide as control. (b} Clonogenic assay of irradiated cells transfected with FKBP51
siRNA, NS RMA, or not transfected. Cells were iradiated with the indicated doses of ionizing radiation (Rx), harvested, and plated in triplicate. After 10 days, the coloniss were
stained with crystal viclet and counted. (¢} Western blot assay of Been-1, LC3-1I, Bax, caspase-3 and -7 in cell lysates prepared from melanoma cells transfected with FIKBP51
siRNA or NS RMA. Cells were irradiated with 4 Gy Re and harvested at the indicated times. {d} Transmission electron microscopy image of an imadiated melanoma cell, 6h
after exposure at a 4 Gy dose. Scale bar, 500 nm. Graphic representation of autophagic profiesicell area in non-iradiated (0 h} and iradiated (6 h} cells. AVd, degradative
autophagic compartment; AVi, initial autophagosome. (e} Flow cytometric histograms of active caspases-8 and -3, annexinV binding, and the propidium iodide incorporation of
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transfection, cells were incubated with the indicated doses of ZVAD and irradiated with 4 Gy RBx. After another 48 h, cells were harvested and apoptesis was determined by
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Rx-induced NF-xB sustains autophagy. To investigate
whether the enhanced levels of Becn-1 were because of
NF-xB activation, we attempted to downmodulate the p65
subunit of NF-xB. A supershift assay provided evidence that
p65 represents the main component of the NF-xB complex
activated by Rx in our cell systemn. As shown in Figure 3a,
the Rx-induced NF-xB band was supershifted by anti-p50
and anti-p65 antibodies. Melanoma cells transfected
with p65 siRNA or a NS RNA control were irradiated
and, after 6 h, total cell lysates were prepared. A western
blot assay showed that pB5 siRNA, but not NS RNA,

downmodulated the protein (Figure 3b). Radiation
treatment enhanced the levels of Becn-1 in non-silenced
cells, but this was not observed in cells depleted of p65
(Figure 3b). An increase in the levels of the LC3-1I isoform
was found in irradiated cells but not when p65 was
downmodulated (Figure 3b). The Rx-induced increase in
Becn-1 protein was associated to increase in BECN-1 mRNA
levels (Figure 3c). Such increase was not observed in p65-
silenced cells (Figure 3c). This result suggests that p65
was essential for Becn-1 expression. Qur finding is in
accordance with the very recent demonstration that p65

Cell Death and Differentiation
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Figure 2 Lack of NF-«B activation and xAP induction in melanoma cells depleted of FKBP51. (a} Westem blot assay of keBx and B g levels in cytoplasmic extracts
prepared from irradiated SAN melanoma cells harvested at the indicated times. (b} An electrophoretic mobility shift assay (EMSA} using nuclear extracts prepared from
iradiated melanoma cells harvested at the indicated times. The last two lanes show a competition assay performed with the same B cold oligonucleotide or an unrelated cold
cligonucleotide (NFAT} that was added to the incubation mixture. (¢} EMSA using nuclear extracts and westem blot assay of whole cell lysates obtained from melanoma cells
transfected with non-silencing (NS} RMNA or FKBP51 siRMA. At 48 h after transfection, cells wers imadiated with 4 Gy ionizing radiation (Rx} and, after an additional 6-h
incubation, harvested for the preparation of both nuclear extracts and whole cell lysates. (d} Mormalized expression rates of XIAP mRNA (a.u., arbitrary units} in melanoma
cells SAN, which were transfected with p65 siRMA or a non-silencing BNA, and iradiated or not with a 4 Gy dose. Vertical bars indicate standard deviations. Values were
obtained from three independent experiments. (e} Effect of AP downmodulation on Rx-induced apoptosis. Westem blot assay of AP levels in melanoma cells transfected
with NS RMA or xIAP siBMA. At 48 h after transfection, cells were irradiated with 4 Gy Rx. Cells were harvested after 6 h for whole cell lysate preparation. Atthe same time, a
flow cytometric analysis of caspase-3 activation was performed. The graph represents the mean values and standard deviations of active caspase-3 from three different
experiments, each performed in triplicate. Apoptosis was measured 48 h after irradiation by annexin V binding. A representative result of three independent experiments,

performed in triplicate, is shown

exerts transcriptional control on BECN-1 gene expression #
To investigate whether Becn-1, an important component of
the autophagic machinery,”™ has a role in the apoptosis
inhibition of irradiated cells, we used specific siRNA tfo
downmodulate Becn-1. A western blot assay of whole cell
extracts prepared from cells 6h after irradiation showed an
increase in the level of LC3-1l isoform in cells transfected with
NS RNA but not those depleted of Becn-1 by specific siRNA
(Figure 3d). This finding is in accordance with the concept
that Becn-1 is essential for the activation of autophagy.” An
analysis of cell death after an additional 40-h incubation
showed that the percentage of annexin V-positive cells
clearly increased in Becn-1-depleted cells (Figure 3d). This
finding was confirmed in two other independent experiments.
To investigate the mechanism by which Becn-1 inhibits
apoptosis, we investigated the levels of Bax, which is an
important component of the permeability transition pore in
mitochondrion-dependent apoptosis.®® Western blot showed
reduced Bax levels in irradiated melanoma cells, which is
consistent with its degradation. In Becn-1-silenced cells, Bax
levels were higher compared with those in non-silenced cells
after irradiation (Figure 3g). Bax localization was investigated
by confocal microscopy, in double fluorescence with LC3.

Cell Death and Differentiation

Bax was mostly localized in the nucleus, in basal conditions,
and to some extent in the cytosol. After irradiation, nuclear
Bax apparently translocated to the cytosol. The presence of
colocalization areas in LC3 aggregates (see enlarged detail)
suggests a possible inclusion of Bax in autophagic vacuoles
(Figure 4a). A semi-quantitative western blot analysis of Bax
levels in cells irradiated in the absence or presence of
inhibitors of lysosomal proteolysis showed a decrease in Bax
levels in irradiated cells, but not when inhibitors of lysosomal
proteases were added to the cell culture (Figure 4b). This
finding supports the hypothesis of an Rx-induced autophagic
degradation of Bax.

Taken together, these findings suggest that Becn-1
expression is controlled by NF-xB, and that autophagy may
be an additional mechanism through which such transcrip-
tional activity represses apoptosis.

FKBP51 is expressed in malignant melanoma-initiating
cells. Normal stem cells have a high drug efflux capability
because of the expression levels of ATP-binding cassette
(ABC) transporters, which actively pump drugs out of the cell.
The ABC, subfamily G, member 2 (ABCG2) is a member of
this superfamily of ABC transporter proteins, and it is known
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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

- D
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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

Cell Death and Differentiation

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
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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
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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.

Cell Death and Differentiation

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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