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Abstract

Inhibition of nuclear factor (NF)-kB/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.
IkBa-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 Bcl-2
and c-IAP1 showed increased levels of these anti-apoptotic proteins in cells incubated with doxorubicin, in accordance with NF-
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 inositol 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 FKBP51 in melanoma cells. Moreover,
we confirmed the involvement of this immunophilin in the control of IKK activity. Indeed, IxkBa could not be degraded when
FKBP51 was downmodulated by short-interfering RNAs (siRNAs). These findings provide a possible mechanism for the downmod-
ulation of NF-«kB 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

Rapamycin, a conventional immunosuppressant
agent that is used to prevent immunological rejection
in organ transplantations, has recently been shown to
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have anti-cancer effects, decreasing cell proliferation
and increasing apoptosis [1-3]. Its anti-cancer activity
is classically ascribed to its binding to FKBP12 [4]
and forming a complex that inhibits the serine/threo-
nine kinase — mammalian target of rapamycin (mTOR)
[5-7]. mTOR, in response to growth factors, hormones,
[8,9] mitogens and amino acids [9-11] is activated
through the phosphatidyl inositol 3 kinase (PI3k)
(PI3k)/Akt cascade [8,9] and regulates protein transla-
tion, cell cycle progression and cellular proliferation
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[9-11]. Rapamycin was found to inhibit the oncogenic
transformation of human cells induced by either PI3k
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-kB/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
immunophilin, FKBP51, is an important cofactor of
the IKK-o subunit of the IxB-kinase (IKK) complex
[21]. NF-xB 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 S36) in IkBs, 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-kB
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-kB/
Rel nuclear activity induced by CD28 in Jurkat cells
[18], by insulin in myoblasts [19] and by lipopolysaccha-
ride (LPS) in rat hepatocytes [20], prompted us to
investigate if this macrolide agent might, also inhibit
chemotherapy induced-NF-«kB 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-kB/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 reagents

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, Italy). Cells were cul-
tured in Roswell Park Memorial Institute (RPMI) 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% CO, 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) (ICN 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 x 10°) were lysed in a buffer containing 10 mM Tris (pH
7.5), 130 mM NacCl, 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 uM). 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), ] 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
IKK 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)-IxkB (Santa Cruz Biotech-
nology) as a substrate, as described in [33]. Briefly, 500
pg 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-*PJATP and GST-IkB. After a 10-min
incubation at 37 °C, the reactions were terminated by
boiling in sodium dodecylsulphate (SDS) sample bulffer,
and the products were resolved by 10% SDS—polyacryla-
mide (w/v) gel electrophoresis. Phosphorylated proteins
were detected by autoradiography.

2.4. Cell lysates and Western blotting analysis

For detection of IkBa, cytosolic extracts were obtained
from 1 x 10° cells resuspended in 100 pul of lysis buffer (10
mM HEPES, pH 7.9, 1 mM ethylene diamine tetra acetic
acid (EDTA), 60 mM KCIl, 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 in ice. For detection of Bcl-2, c-IAP1
and FKBP51, whole cell lysates were prepared by homog-
enisation in modified RIPA buffer (150 mM sodium chlo-
ride, 50 mM Tris—-HCI, pH 7.4, 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
pg/ml of leupeptin). Cell debris was removed by centrifu-
gation. Protein concentrations were determined using the
Bio-Rad protein assay. The cell lysate was boiled for 5 min
in I1x SDS sample buffer (50 mM Tris—HCI pH 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 o (a rabbit polyclonal antibody from Santa
Cruz Biotechnology), Bcl-2 (a mouse monoclonal anti-
body from Santa Cruz Biotechnology), c-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, 0.5 mM 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 KCl. 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-kB 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(dI-dC), in 20 pul of a buf-
fer consisting of 10 mM Tris—HCI, pH 7.5, 50 mM NaCl, 1
mM EDTA, 1 mM DTT and 5% glycerol (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 p105/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
(w/v) gel run in 0.25x 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 viability 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 uM 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 uM 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 uM 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
(¢)). 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-kB/Rel 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, IkB o degradation and NF-kB/Rel nuclear
translocation, in the melanoma cells (Fig. 2, panels (a)
and (b)). IxBa 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 NF-1xB/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 o protein.
Cells were cultured in the presence of 10 uM 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 uM 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 IkBa 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 uM doxorubicin. After a 5-h
incubation, cells were harvested and lysates were analysed using a IKK
kinase assay to detect phosphorylated-IxBo, or by Western blotting to
verify IkBo degradation. Nuclear extracts were also analysed by
EMSA to detect NF-kB/Rel nuclear translocation.

NF-kB/Rel transcription factors, we first analysed the
effect of rapamycin on the NF-kB/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-kB/
Rel nuclear translocation by Western blotting analysis
and EMSA, respectively. Fig. 3 shows that rapamycin
inhibited the phosphorylation of the IxB substrate, the
degradation of IkB o and the nuclear translocation of
NF-kB/Rel complexes induced by doxorubicin.

3.4. Rapamycin downmodulated the levels of Bcl-2 and
c-1API

Among the NF-xB/Rel-regulated genes, Bcl-2 [24]
and c-IAPI1 [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-IAP1 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 Ser473 did not re-
veal an increase of Akt activation following doxorubicin
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Fig. 4. Rapamycin counteracts the doxorubicin-induced increase in
Bcl-2 and c-IAP1 expression levels Melanoma cells, preincubated or
not with rapamycin (100 ng/ml), were cultured in the absence or
presence of 10 uM doxorubicin. After a 6-h incubation, whole cell
lysates were obtained and subjected to Western blotting for the
detection of Bcl-2 and c-IAPI.
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Fig. 5. Wortmannin does not inhibit doxorubicin-induced NF-kB/Rel
activation. Melanoma cells, preincubated or not with rapamycin (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 cytosolic 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-xB/Rel activation. These
results suggest that the doxorubicin-induced NF-xB/
Rel activation in melanoma cells resulted in an increase
in the expression of anti-apoptotic genes, namely Bcl-2
and c-IAPI1, 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. PI3KIAkt pathway inhibition was not involved in the
NF-kBlRel 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-kB/Rel
nuclear translocation in response to doxorubicin. Fig.
5 shows that wortmannin could not inhibit doxorubi-
cin-induced NF-xB/Rel nuclear translocation and IkB
o 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-xB/
Rel transcription factors in PTEN-positive tumours.

3.6. The rapamycin-binding protein FKBP51, is 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-a [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-kB signalling pathway (Panel (a)) Western blotting analysis of
FKBPSI1 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 FKBP51 short interfering RNA (siRNA) or the scrambled oligo as a control. (Panel (c)) Western blotting analysis of IkB 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 FKBPS51 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-kB 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 IkBa 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 FKBPS51 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 phosphatidylinositol 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/Akt 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, Bcl-2 and
c-IAP1, that are under NF-«xB 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 Bcl-2 and
c-1AP1 protein expression levels appeared to be related
to NF-kB/Rel activation. A critical step in the activation
of NF-«kB is the phosphorylation of kB proteins by the
IKK complex targeting them for degradation by the
proteasome [38]. We analysed the pathway of doxorubi-
cin-induced NF-kB activation, from I kBa 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-o cofactor. Further-
more, functional analysis with RNA interference re-

vealed that the immunophilin was essential for the
overall signalling process leading to NF-xB 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-kB 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-kB 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-xB was independent of PI3k/
Akt inhibition suggests that the drug could synergise
with chemotherapeutic drugs in PTEN-positive
tumours.
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