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1. CARACTERIZACION DEL EFECTO ANTICANCEROSO DEL
CICLODEPSIPEPTIDO SERRATAMOLIDE (AT514)






Resultados

Capitulo 1.1. Estudio del efecto citotoxico y citostatico in vitro del agente
anticanceroso AT514 en células de cancer de mama.

(“Soto-Cerrato V, Montaner B, Martinell M, Vilaseca M, Giralt E, Pérez-Tomas R. Cell
cycle arrest and proapoptotic effects of the anticancer cyclodepsipeptide serratamolide
(AT514) are independent of p53 status in breast cancer cells. Biochem Pharmacol 2005;71(1-
2):32-417).

Durante la busqueda de nuevas sustancias anticancerosas de origen natural identificamos
una molécula conocida como serratamolide (AT514), la cual fue purificada de la cepa
bacteriana Serratia marcescens 2170. Nos propusimos como objetivos analizar en detalle los
efectos que pudiera tener AT514 in vitro sobre la viabilidad y la proliferacién celular de
varias lineas celulares de cancer de mama y cancer de ovario. Observamos una disminucion
en la viabilidad celular mediante el ensayo del MTT, mds o menos marcada dependiendo del
tipo celular, y con unos valores de concentracion inhibitoria del 50% de la poblacion celular
que iban de 5,6 a 11,5 uM. Al ser analizado por citometria de flujo, observamos que en la
linea celular MCF-7 dicha disminucién era debida a un bloqueo del ciclo celular en la fase
G¢/G;, aunque a tiempos mds largos se observaba muerte por apoptosis, mostrada por la
activacion de caspasas. En cambio, las células MDA-MB-231 directamente sufrian apoptosis
tras el tratamiento con AT514, identificado por la presencia de cuerpos apoptéticos, la rotura
del ADN por los espacios internucleosomales, modificaciones en miembros de la familia de
proteinas de Bcl-2 asi como por la activacion de las caspasas. Por ultimo, quisimos analizar si
la proteina p53, producto del gen supresor de tumores ampliamente mutado en canceres
humanos, era necesaria para el efecto anticanceroso provocado por AT514. Los resultados
mostraron que AT514 ejercia sus efectos tanto en lineas celulares con p53 funcional como
mutada. Por todo ello, podemos concluir que AT514 puede producir tanto parada del ciclo
celular en Gy/G; como muerte por apoptosis dependiendo del tipo celular y el tiempo de
exposicion a la droga, provocando sus efectos de forma independiente del estado de p53

confiriéndole asi ventajas terapéuticas sobre otros quimioterapéuticos usados en la actualidad.
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In a search for new anticancer agents, we have identified serratamolide (AT514), a cyclo-
depsipeptide from Serratia marcescens 2170 that induces cell cycle arrest and apoptosis in
various cancer cell lines. A cell viability assay showed that the concentrations that cause
50% inhibition (ICso) in human cancer cell lines range from 5.6 to 11.5 uM depending on the
cellline. Flow cytometry analysis revealed that AT514 caused cell cycle arrest in Go/G, or cell
death, depending on the cell type and the length of time for which the cells were exposed to
the drug. Subsequent studies revealed that AT514-induced cell death is caused by apoptosis,
as indicated by caspases activation (8, 9, 2 and 3) and cleavage of poly (ADP-ribose)
polymerase (PARP), release of cytochrome ¢ and apoptosis inducing factor (AIF) from
mitochondria, and the appearance of apoptotic bodies and DNA laddering. Alterations in
protein levels of Bcl-2 family members might be involved in the mitochondrial disruption
observed. AT514 induced p53 accumulation in wild-type p53 cells but cell death was
observed in both deficient and wild-type p53 cells. Our results indicate that AT514 induces
cell cycle arrest and apoptosis in breast cancer cells irrespectively of p53 status, suggesting
that it might represent a potential new chemotherapeutic agent.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Depsipeptides are bio-oligomers composed of hydroxy and
amino acids linked by amide and ester bonds. Many
depsipeptides show very promising biological activities,
including anticancer, antibacterial, antiviral, antifungal and
anti-inflammatory properties [1]. In particular, cyclodepsipep-
tides (cyclic depsipeptides), such as Didemnin (A-E), Kahala-
lide F (KF), and FR901228 are currently under active anticancer
research specifically focused on identifying their mechanism
of action [2-4].

Apoptosis is a tightly regulated form of cell death in which
cells actively participate in their own destruction. Drug-
induced apoptosis is mainly initiated by either the activation
of cell surface receptors or by directly targeting mitochondria
[5]. Bcl-2 family members are responsible for integrating the
apoptotic stimulus at the mitochondrial level and are involved
in this cascade by either promoting (Bax, Bid) or preventing
(Bcl-2, Bcl-X;) mitochondria-dependent apoptosis [6]. This
process is accompanied by the activation of aspartate-specific
proteases called caspases [7]. In the receptor pathway, the
initiator caspase 8 is activated, whilst in the mitochondrial
pathway, cytochrome c is released into the cytoplasm and in
turn caspase 9 is activated by forming a complex with Apaf-1.
The tumor suppressor protein p53 or caspase 2 have been
reported to activate the second pathway in response to DNA
damage. Both pathways ultimately activate the effector
caspases 3 or 7, which cleaves a wide range of substrates,
leading to the morphological and biochemical changes that
are the hallmarks of apoptosis [8]. Cells undergoing apoptosis
shrink and lose their normal intercellular contacts and
subsequently exhibit cytoplasmic and chromatin condensa-
tion and internucleosomal cleavage of DNA. In the final stages,
cells become fragmented into small apoptotic bodies, which
are then eliminated by phagocytosis.

Malfunctions of apoptosis can have health implications, as
in the case of cancer. Resistance acquired by tumor cells after
conventional chemotherapy is a major problem in cancer
treatment. Thus, there is a need to develop new anticancer
agents and therapeutic regimens for successful treatment.
Consequently, the fact that apoptosis is a precisely regulated
process that is frequently altered in tumor cells makes it a
desirable target for the induction of cell death in cancer cells
[9]. Indeed, it has already been described that most anti-
tumoral agents kill tumor cells by activating apoptosis [10].

In our laboratory, during a search for new potential
anticancer agents, we observed the presence of serratamolide
(AT514) in cultures of the bacterial strain Serratia marcescens
2170 in the stationary growth phase. AT514 is a hydrophobic
cyclic depsipeptide and is the main component of cell-wall
lipids. It confers to bacteria wetting and spreading properties,
reducing the surface tension of water and therefore increasing
its adhesion to solid surfaces [11], and contributes to the
virulence of S. marcescens [12]. In this view, given the lack of
studies related to cancer therapy using AT514, we have
investigated whether this molecule has cytotoxic activity
against human cancer cells. We show that AT514 arrests the
cell cycle at Go/G; and induces apoptosis in human breast
cancer cell lines. Furthermore, we describe the molecular
apoptotic events triggered by this new symmetrical cyclic

depsipeptide as well as its independence of the tumor
suppressor protein p53. Taken together, the results of this
study indicate that AT514 might represent a potential new
anticancer agent since it effectively induces apoptosis in
breast cancer cells irrespectively of p53 status.

2. Materials and methods
2.1.  Purification and characterization of serratamolide
(AT514)

AT514 (serratamolide), cyclo[(3R)-3-hydroxydecanoyl-L-seryl-
(3R)-3-hydroxydecanoyl-i-seryl], was extracted by shaking
Serratia marcescens 2170 cells with a mixture of methanol
and 1 N HCI (24:1). After centrifugation (6800 x g for 15 min),
the solvent of the supernatant was evaporated under vacuum.
Atmospheric pressure liquid chromatography of the extract
was performed on silica gels (pore size 60 A) with chloro-
form:methanol (6:4) as solvents. The eluted fractions contain-
ing the two major products (further characterized as
prodigiosin and serratamolide) were pooled and the chloro-
form/methanol extract was vacuum evaporated, redissolved
in H,0 and lyophilized. The sample mixture was analyzed by
electrospray ionization/mass spectrometry (ESI-MS) using a
VG-Quattro® triple quadrupole mass spectrometer (Micro-
mass, VG-Biotech, UK) and by matrix-assisted laser desorption
(MALDI) using a Voyager delayed extraction (DE) time of flight
(TOF) mass spectrometer (PerSeptive Biosystems, Framing-
ham, USA). The product with a molecular weight (m/z 515)
consistent with that expected for serratamolide was isolated
from the pigmented mixture by two consecutive medium
pressure liquid chromatography (MPLC) steps. MPLC was
performed on a system containing a CFG® Prominent/
Duramat pump, a variable wavelength LKB® Bromma 2158
UVICORD SD detector (206 nm filter), a Gilson FC 205 collector,
and a Pharmacia-LKB REC 101 register. In the first step, a
Lichroprep Cg reversed-phase glass column (20 cm x 4 cm)
was used with a 0-100% B linear gradient (A: 0.01M
ammonium acetate pH 7.0; B: 100% acetonitrile), 1000 ml
total volume at a flow rate 240 ml/h. The eluted fractions were
analyzed by HPLC (high performance liquid chromatography)
on a Shimadzu LC-6A instrument with a Nucleosil® Cg
analytical reversed-phase column (25cm x 0.4cm) and by
MALDI-TOF. Fractions containing serratamolide were pooled,
vacuum evaporated, and lyophilized. The second MPLC
purification step was performed using a C;g reversed-phase
glass column (26 cm x 2.5 cm) and a 35-55% B linear gradient
(A: H,0 0.045% trifluoroacetic acid; B: CH;CN 0.036% trifluor-
oacetic acid), 800 ml total volume at a flow rate 120 ml/h. The
eluted fractions were analyzed by MALDI-TOF and HPLC. A
pure product (96% purity determined by HPLC) was obtained
after pooling, vacuum evaporation, and lyophilization of the
desired fractions. Quantification was performed by amino acid
analysis on a Beckman 6300 automatic analyzer with a
sulfonated-polystyrene column (25cm x 0.4cm, Beckman
7300/6300). The product was characterized by mass spectro-
metry and nuclear magnetic resonance (NMR) spectroscopy
(Fig. 1A). Exact mass determination was performed by
chemical ionization (CI) with methane in an AutoSpec
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Fig. 1 - (A) Structure of serratamolide (AT514). (B) AT514 effect on cell viability after 24 h of drug exposure (from 2 to 16 pM)

was analyzed by MTT assay.

magnetic sector mass spectrometer N/S-X134: m/z 515.335020
(M +H)*. ESI-MS: m/z 515.2 (M + H)*. MALDI-TOF: m/z 515.8
(M + H)*, 537.8 (M + Na)*, 553.8 (M + K)*. (Co6H4sN,0g) requires
514.3254 (MWmonoisotopic) *H NMR (CDs;OH, 500 MHz,
p.p.m.): 7.88 (d, 1INH), 5.28 (m, 1H), 4.47 (m, 1H), 4.07 (dd,
1H), 3.82 (dd, 1H), 2.67 (dd, 1H), 2.33 (dd, 1H), 1.66 (m, 2H), 1.3 (m,
10H), 0.89 (t, 3H). The results were in agreement with previous
NMR studies [13].

2.2. Cell lines and culture conditions

Breast cancer cell lines MDA-MB-231 (cells with mutated p53)
and MCF-7 (cells with wild-type p53) were purchased from

ATCC (Rockville, MD) and cultured in DMEM:HAM F12 (1:1).
The ovarian carcinoma clones from the A2780 cells were a
generous gift from Dr. Karran (Cancer Research, London, UK)
and were previously described [14]; the A2780 SC1 p53+ retain
an intact p53 response while in the A2780 SC1 p53—, the p53
response was inhibited by introducing a dominant negative
mutant p53 (p53vall35). Both were cultured in DMEM. Media
were purchased from Biological Industries (Beit Haemek,
Israel) and supplemented with 10% heat-inactivated fetal
bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin,
2mM r-glutamine, and 50 mg/ml gentamycin (GIBCO BRL,
Paisley, UK). Cells were grown in a humidified atmosphere of
air containing 5% CO, at 37 °C.
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2.3.  Cell viability assay

Cell viability was determined using the MTT assay [15]. Cells
were plated in triplicate wells (2 x 10* cells/well) in 100 ul of
growth medium in 96-well plates and treated with increasing
concentrations of AT514 (2-16 pM) or drug diluent (DMSO).
Adherent cell lines were plated 24 h before treatment at a
concentration of 1 x 10* cells/well. After 24 h incubation with
AT514, 10 pM of MTT (Sigma Chemical Co., St. Louis, MO) was
added to each well for an additional 4h. The blue MTT
formazan precipitate was then dissolved in 100 pl of iso-
propanol: 1IN HCI (24:1). The absorbance at 570 nm was
measured on a multiwell plate reader. Cell viability was
expressed as a percentage of control and ICsy represents the
concentration of drug causing 50% inhibition of the increase in
absorbance compared with control cells. Data are shown as
the mean value + S.E.M. of three independent experiments.

2.4.  Assessment of cell cycle arrest

Cells (1 x 106) were treated with 4, 8, and 12 uM AT514 for24 h
and fixed in 70% ethanol at —20 °C overnight. Then, they were
washed in PBS and incubated with 25 pl of 1 mg/ml propidium
iodide (Bender MedSystems Inc., Burlingame, CA) and 5 pl of
10 mg/ml DNase free RNase (Boehringer Mannheim, Man-
nheim, Germany) for 30 min at 37 °C in the dark. Fluorescence
was measured by flow cytometry on a FACSCalibur fitted with
a 488 nm Ar laser, and data were analyzed using CellQuest Pro
software (Becton Dickinson, San Jose, CA) and ModFit LT cell
cycle analysis software (Verity software, Topsham, ME).

2.5.  Analysis of internucleosomal DNA fragmentation

Cells (5 x 10° cells/ml) were treated with AT514 for 24 h. After
washing the cells in PBS, they were lysed in 400 pl of lysis buffer
(10 mM Tris-HCl pH 7.4, 1 mM EDTA, 0.2% Triton X-100) for
15 min at 4 °C. Then, cell lysates were centrifuged at 14 000 x g
for 15 min to separate low molecular weight DNA from intact
chromatin, and supernatants were treated with 0.2 mg/ml
proteinase K (Sigma Chemical Co.) in a buffer containing
150 mM NacCl, 10 mM Tris-HCl pH 8.0,40 mM EDTA, and 1% SDS,
for 4h at 37 °C. After two extractions with phenol:chlorofor-
m:iso-amylalcohol (25:24:1), the aqueous supernatants were
precipitated with two volumes of ethanol plus 140 mM NacCl at
—20 °C overnight, and recovered by centrifugation at 14 000 x g
for 15 min at 4 °C. The DNA pellets were then washed twice in
cold 70% ethanol, air-dried, and resuspended in 15 pl of TE
(10 mM Tris-HCl pH 8.0, 1 mM EDTA) and treated with DNase
free RNase for 1h at 37 °C. Finally, DNA was analyzed by
electrophoresis on a 1.2% agarose gel.

2.6. Hoechst staining

Cell morphology was evaluated by fluorescence microscopy
following Hoechst 33342 DNA staining (Sigma Chemical Co.).
Cells (2 x 10° cells/ml) were incubated in the absence (control
cells) or presence of AT514 for 24 h. They were then washed in
PBS and resuspended in PBS containing 2 ng/ml Hoechst 33342
and incubated for 30 min at 37 °C in the dark. After incubation,
cells were washed in PBS and examined with a Carl Zeiss Jena

microscope and photographed with an Olympus DP11 digital
camera.

2.7. Western blot

Cells (2 x 10° cells/ml) were exposed to 4, 8, or 12 uM AT514 for
24 h. They were then washed in PBS prior to addition of a lysis
buffer (85 mM Tris-HClpH 6.8, 2% SDS, 1 ng/ml aprotinin, 1 pg/
ml leupeptin, and 0.1 mM phenylmethanesulfonyl fluoride).
For the measurement of cytochrome c and AIF release from
mitochondria, lysis buffer (250 mM sucrose, 1 mM EDTA,
0.05% digitonin, 25mM Tris pH 6.8, 1mM dithiothreitol,
1pg/ml leupeptin, 1pg/ml pepstatin, 1pg/ml aprotinin,
100 M phenylmethanesulfonyl fluoride) was used for 30s,
lysates centrifuged at 12000 x g at 4°C for 3min and the
supernatants (cytosolic extract) were separated from pellets
(fraction that contains mitochondria). In all cases, 50 pg
protein extracts were separated by SDS-PAGE on a 15%
polyacrylamide gel and transferred to Immobilon-P mem-
branes (Millipore, Bedford, MA). Blots were blocked in 5% dry
milk diluted in TBS-T (50 mM Tris-HCI pH 7.5, 150 mM NacCl,
0.1% Tween-20) for 1h and then incubated overnight with
primary antibodies. Antibodies were obtained from the
following sources: cleaved caspase 3 (Cat#9661), cleaved
caspase 7 (Cat#9491) and anti-Bid (Cat#2002 and 2003) were
from Cell Signaling Technology (New England Biolabs,
Hertfordshire, UK); anti-PARP (Cat#sc-7150), anti-procaspase
2 (Cat#sc-625), and anti-Bcl-X;, (Cat#sc-634) were from Santa
Cruz biotechnologies (Santa Cruz, CA); anti-caspase 8
(Cat#559932) and anti-cytochrome c (Cat#556433) were from
Pharmingen (BD biosciences, Palo Alto, CA); anti-Bcl-2
(Cat#0P60T) and anti-AIF (Cat#PC536) were from Oncogene
Research Products (Boston MA); anti-p53 (Cat#MS-186-P1) was
from Neomarkers (Fremont, CA); anti-Bax (Cat#AHP471) was
from Serotec Ltd. (Oxford, UK); and anti-caspase 9 (Cat#05-572)
was from Upstate (Lake Placid, NY). All primary antibodies
were used according to the manufacturer’s instructions.
Antibody binding was detected using a secondary antibody
conjugated to horseradish peroxidase (Biorad, Hertfordshire,
UK) and the ECL detection kit (Amersham, Buckinghamshire,
UK). Protein bands were quantified with the image analysis
software program Phoretix 1-D advanced. Results were
presented as normalized fold changes respect control.
Normalization has been done using vinculin as a loading
control.

2.8.  Gene expression analysis

Cells (2 x 10° per ml) were treated with 0 (control), 4, 8, or 12 uM
ATS514. Total RNA extraction was performed using Ultraspec™
RNA (Biotex Laboratories, Texas, USA). The RNA pellet was
washed twice in 75% ethanol, dissolved in H,O, and cDNA
synthesis was performed using random hexamers and MuLV
reverse transcriptase according to the manufacturer’s instruc-
tions (Applied Biosystems, Warrington, UK). The final concen-
tration of cDNA was 1 g in 50 pl. Each cDNA sample was
analyzed for expression of Bcl-2 family members using the
fluorescent TagMan 5’ nuclease assay. Oligonucleotide primers
Bcl-2 (Cat#Hs00153350_m1), Bax (Cat#Hs00180269_m1), Bcl-X;
(Cat#Hs00236329_m1), and GAPDH (Cat#Hs99999905_m1), and
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probes were initially designed and synthesized as Assay-on-
Demand Gene Expression Products (Applied Biosystems). The 5
nuclease assay PCRs were performed using the ABI PRISM 7700
Sequence Detection System for thermal cycling and real-time
fluorescence measurements (RT-PCR) (Applied Biosystems).
Each 50 pl reaction consisted of 1X TagMan Universal PCR
MasterMix (PE Biosystems), 1X Assay-on-Demand mix contain-
ing forward primer, reverse primer, and TagMan quantification
probe (Applied Biosystems), and 100 ng cDNA template. Reac-
tion conditions comprised an initial step of 92 °C for 10 min,
then 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The levels of
Bcl-2 family members obtained were normalized by mRNA
expression of GAPDH. The relative mRNA expression was then
presented in relation to the control. Data were analyzed using
“Sequence Detector Software” (SDS Version 1.9, Applied
Biosystems).

3. Results

3.1. Effect of AT514 on cell viability

The antiproliferative effect of AT514 was determined using the
MTT reduction assay in breast and ovarian tumor cell lines.

Fig. 1B shows the AT514 effects on cell viability after 24 h of
drug exposure ranging from 0 to 16 uM AT514. Cell viability
significantly decreased in all cancer cells. In the breast cancer
cell lines MCF-7 and MDA-MB-231, ICs, values were 11.5 + 0.9
and 9.6 + 1.1 pM, respectively. However, whereas MDA-MB-
231 cell viability decreased more than 80%, MCF-7 viability
only decreased 50% at the same doses, which could be
explained not by cell death but by a cell cycle blockade. Both
ovarian cancer cell lines, A2780 SC1 p53+ (p53 wild type) and
A2780 SC1 p53— (in which the p53 response was inhibited by
introducing a dominant negative mutant p53 (p53vall35))
showed a marked decrease in cell viability. Their ICso values
were 8.8 +£ 0.6 and 5.6 + 0.4 uM, respectively, being wild-type
p53 cells less sensitive than their mutated p53 counterparts.

3.2.  AT514 induces cell cycle arrest and delayed
cell death in MCF-7

Since AT514 induced a decrease in MCF-7 cell viability of
approximately 50%, we next investigated whether this effect
could be due to cell cycle arrest. Thus, we analyzed cell cycle
progression by flow cytometry using propidium iodide in MCF-
7 cells exposed to doses of AT514 ranging from 4 to 12 uM for
24 h. Fig. 2A shows a concentration-dependent accumulation
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Fig. 2 - Cytostatic and cytotoxic effects of AT514. (A) AT514 induces cell cycle arrest or apoptosis depending on length of
exposure in MCF-7 cells. Cells were treated with 4, 8, and 12 pM AT514 for either 24 or 48 h, incubated with propidium
iodide, and analyzed by flow cytometry. (B) Apoptosis induction was analyzed by the appearance of caspase activation and
PARP cleavage by western blot. Vinculin is shown as a loading control.
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Fig. 3 - AT514 induces apoptosis in MDA-MB-231 cells after 24 h AT514 treatment. (A) Hoechst staining was used to assess
nuclear condensation. (B) DNA fragmentation was visualized by analysis of DNA laddering.

of cells in G¢/G; (from 47.5 +5.5% to 78.9 + 1.0%), whilst the
percentage of cellsin S phase decreased sharply. Nevertheless,
after incubation with AT514 for 48 h, induction of cell death by
apoptosis was detected (21 + 4.6% at 12 uM AT514), as shown
by the appearance of active caspases 9 (34 kDa) and 7 (20 kDa)
and the cleaved form of the caspase substrate PARP (89 kDa)
(Fig. 2B). Hence, in this cell type, the effect of AT514 depends
upon the length of exposure, blocking cell cycle progression
after short periods and inducing cell death after longer
exposure.

3.3.  AT514-induced apoptosis

In the other cell types, AT514 caused more than 80% decrease
in cell viability hence it was due to cell death. In order to
confirm that AT514-induced cell death was caused by
apoptosis, classic morphological features of apoptosis were
analyzed. The presence of nuclei condensation and apoptotic
bodies was assessed using nuclear staining with Hoechst
33342 and an analysis of DNA laddering was performed to
reveal internucleosomal DNA fragmentation. Both of these
markers of apoptosis were present in AT514-treated MDA-MB-
231 cells (Fig. 3A and B, respectively).

3.4.  Caspase activation by AT514

To evaluate whether apoptosis induced by AT514 was
accompanied by caspase activation, MDA-MB-231 cells were
exposed to 4, 8, and 12 uM AT514 for 24 h (ICys, ICso, and ICys,
respectively) and immunoblotting studies were then per-
formed (Fig. 4). Levels of the inactive form (procaspase) of the
initiators caspase 8 and caspase 2 (55/50 and 48kDa,
respectively) decreased significantly at the higher dose, while

cleaved caspase 8 (40/36 kDa) gradually appeared. Levels of the
active forms of the mitochondrial pathway initiator caspase 9
(34 kDa) and the effector caspase 3 (20 kDa) also increased.
This effect was especially marked at higher doses. Examina-
tion of the caspase substrate PARP (116 kDa) after AT514

MDA-MB-231
AT514 (M) 0 4 8 12
55/50 kDa[ | - - -
Procasp 8 | " SR st S
40/36 kDa[ | S —
Procasp 2
48 kDa
Caspase 9 [
34 kDa
Caspase 3
20 kDa
PARP — -
116/89 kDa— - ! ! 2
Vinculin
130 kDa  |"GE_—GGSm— S— _—

Fig. 4 - Caspase activation and PARP degradation in MDA-
MB-231 cells after AT514 exposure. Cells were incubated
with 4, 8, and 12 pM AT514 for 24 h and immunoblotting
was performed for the inactive proform of caspases 8 and
2, the active form of caspases 9 and 3, and the caspase
substrate PARP. Vinculin is shown as a loading control.
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treatment showed accumulation of the cleaved product of this
protein (89 kDa). Thus, caspases are clearly activated after
exposure to AT514, especially at higher doses.

3.5.  Mitochondrial membrane disruption after AT514
treatment

To further study key events in the apoptotic process, the
release of apoptogenic factors, such as cytochrome c and AIF,
from mitochondria into the cytosol was analyzed by Western
blot (Fig. 5A). Cytochrome c and AIF protein levels were
determined in the cytosolic fraction of samples treated with
AT514. AIF levels showed a dose-dependent increase in
response from 4 to 12 pM AT514. In contrast, cytochrome c
was only detectable at higher doses of AT514, suggesting that
apoptosis induced at lower doses might be mediated by AIF
rather than cytochrome c.

As disruption of mitochondria is mediated by Bcl-2 family
members during mitochondria-mediated apoptosis, their
protein and mRNA levels were analyzed by immunoblotting
and RT-PCR respectively. Levels of the antiapoptotic proteins
Bcl-2 and Bcl-X; decreased in a concentration dependent
manner, while significant levels of the proapoptotic Bax
protein appeared at 12 pM (Fig. 5B). The proapoptotic form of
Bid (t-Bid 17 kDa) increased as disappearance of the large form
(22 kDa) was observed, especially at the higher dose. mRNA
levels were not significantly affected by AT514 treatment
(Fig. 5C), suggesting that Bcl-2 family members are modified at
the translational rather than at the transcriptional level. These
AT514-induced changes may be involved in the release of
apoptogenic factors from the mitochondria.

3.6.  AT514 effects are independent of p53 status

p53 is a protein able to induce either cell cycle arrest or
apoptosis in response to stress-induced DNA damage. AT514
effects were observed in both, wild type p53 (p53+) and mutant
P53 (p53-) cell lines, indicating that AT514 acts independently
of p53 status. However, in order to study whether exists a role
for p53 on the different effects triggered by AT514, MDA-MB-
231 cells (cell line with p53—), which underwent apoptosis, and
MCF-7 cells (cell line with p53+), which underwent cell cycle
arrest, were further analyzed. As expected, the levels of p53
protein were not increased by AT514 treatment in MDA-MB-
231 (Fig. 6A). However, p53 levels were also unaltered in MCF-7
cells at the time and doses that AT514 induced cell cycle arrest,
but not when it provoked apoptosis (at 12 uM for 48 h) (Fig. 6B).
Moreover, p53 response to AT514 treatment was studied in
wild type p53 (p53+) A2780 SC1 cells and mutated p53 (p53-)
A2780 SC1 cells. ICys, IC5o and IC;5 concentrations were used
and p53 accumulation was observed only in A2780 SC1 p53+
cells (almost two folds increase) but not in the p53 deficient
clone, as expected (Fig. 6C). Although both of them underwent
cell death at the higher dose (Fig. 1B), A2780 SC1 p53+ cells
were less sensitive to the drug than their mutated p53
counterparts. The accumulation of functional p53 protein
might be the reason why A2780 p53+ detect and react to drug
damage in a different way than A2780 p53— cells. Altogether,
P53 appears not to be necessary in the cellular response to
AT514 exposure although its accumulation is induced by the
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Fig. 5 - Involvement of Bcl-2 family members in MDA-MB-
231 mitochondrial disruption. Cells were treated with 4, 8,
and 12 pM AT514 for 24 h. (A) Cytosolic extracts were
isolated in order to analyze the appearance of
mitochondrial apoptogenic factors such as AIF and
cytochrome c by Western blotting. Actin is shown as a
loading control. (B) Total extracts were used to analyze Bcl-
2, Bcl-X,, Bid, t-Bid and Bax protein levels after AT514
treatment. Vinculin is shown as a loading control. (C) Bcl-
2, Bax, and Bcl-X;, gene expression changes analyzed by
real-time PCR. The values obtained were normalized using
mRNA expression of GAPDH.
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Fig. 6 — Analysis of p53 protein accumulation after AT514
treatment. Cells, p53 mutated (p53—) or p53 wild type
(p53+), were incubated with increasing concentrations of
AT514 for 24 h or 48 h and p53 protein levels were
analyzed by Western blot. Quantification of the bands was
performed and normalized change folds respect non-
treated cells are shown in brackets. Normalization has
been done using vinculin as a loading control.

AT514 cytotoxic effect in those cells with functional p53, but
not when AT514 induces cell cycle arrest.

4, Discussion

The induction of apoptosis, or programmed cell death, is
thought to be one of the most interesting therapeutic
strategies with which to specifically target cancer cells [16].
The limited efficacy of current conventional chemotherapy
treatments necessitates the development of new therapeutic
agents. The emergence of new anticancer compounds from
natural sources with advantageous properties and novel
mechanisms of action is continuous, and offers a promising
future in the battle against cancer. The cyclodepsipeptides are
a broad family of natural products characterized by the
presence of at least one ester linkage [1]. Many depsipeptides

exhibit a diverse range of biological activities, including
antibiotic, antifungal, immunosuppressant or anti-inflamma-
tory and antitumoral effects. Many of the cyclodepsipeptides
discovered so far have remarkable in vitro and in vivo
anticancer properties against a wide range of tumoral cell
lines and some of them are currently undergoing clinical trials
in humans [17]. In this study, we have provided the first
evidence that the ciclodepsipeptide serratamolide (AT514)
induces cell cycle arrest and cell death in various cancer cells.
Cell death mediated by AT514 caused caspase activation and
induced morphological features typical of apoptosis. This is
consistent with the characterization of other depsipeptides,
such as FR901228 and IC101, as proapoptotic agents [18-20], a
feature shared by almost all currently used chemotherapeutic
agents.

Most cytotoxic agents, irrespective of their primary targets,
are now thought to kill cells predominantly through the
induction of mitochondrial modifications [8,21]. Thus, mem-
bers of the Bcl-2 family constitute a group of proteins that play
important roles in apoptosis regulation [21]. Among the
various Bcl-2 homologs identified to date, Bcl-2, Bcl-X;, and
Bax represent the best-characterized members [22]. In this
study, we found that AT514 induces downregulation of Bcl-2
and Bcl-X; and upregulation of Bax in breast cancer cells.
Interestingly, real-time PCR analysis showed that AT-514
treatment did not result in changes in Bcl-2, Bcl-X;, or Bax
mRNA levels, suggesting that the effects of the ciclodepsipep-
tide on this protein family occur at a translational level. Bcl-X;,
expression has very recently been proposed to serve as a
molecular target for anticancer therapy. Thus, new anticancer
agents currently under investigation such as 2,3-DCPE [23] are
able to downregulate Bcl-X; expression, resulting in mito-
chondria-mediated cell death. Similarly, in the present study
we are also able to observe a Bcl-X; decrease after AT514
treatment, which might be involved in the mitochondrial
disruption. However, downregulation of Bcl-X; is not observed
in apoptosis induced by 5-fluouracil or paclitaxel, suggesting
that apoptosis itself does not result in downregulation of Bcl-
Xy [23]. Another proapoptotic member of the Bcl-2 family is t-
Bid. As we have shown here, after treatment with 12 uM AT514
the inactive precursor bid (~22 kDa) almost disappears and the
truncated form (t-Bid) is generated. This process may mediate
Bax translocation to the mitochondria and cause the release of
cytochrome c [24]. Similar to our results, t-Bid and the initiator
caspase 2, which can activate apoptosis by the intrinsic
pathway in response to DNA damage, do actively participate in
the apoptotic process induced by other depsipeptides such as
FR901228 [25].

AlF, a resident protein of the inter-mitochondrial space,
has been implicated as a crucial early effector of apoptosisin a
caspase-independent process [26]. We show how AIF was
released from mitochondria in a dose-dependent manner
starting at 4 pM (ICzs) AT514, while cytochrome c and caspase
activation were not detected until 12 pM (IC;s) AT514. More-
over, flow cytometry studies at 4 uM showed no cell cycle
arrest (data not shown). These observations suggest thatin the
presence of low AT514 concentrations AIF released from the
mitochondria triggers caspase-independent apoptosis. When
we increased the amount of the drug, cytochrome c appeared
in the cytosol and triggered caspase-dependent apoptosis.
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This is corroborated by the caspase activation that was
observed at higher doses. The ability to induce cell death both
by the caspase-independent and the caspase-dependent
apoptotic pathway is a property shared with other proapop-
totic drugs such as irufolven, a chemotherapeutic agent
currently under clinical trials [27].

In reference to the mechanism of action of the depsipep-
tides, it has been observed that KF induces cell death
preferentially via oncosis in tumor cells. KF-treated cells
underwent a series of profound alterations including severe
cytoplasmic swelling and vacuolization, dilatation and vesi-
culization of the endoplasmic reticulum, mitochondrial
damage, and plasma membrane rupture, however, the nuclear
envelope was preserved and no DNA degradation was
detected [28]. Another depsipeptide, FR901228, is a histone
deacetylase inhibitor and has been shown to acetylate
histones H3 and H4 concomitant with induction of cell death
by apoptosis in many solid tumors, T-cell leukemias and
multiple myeloma [29]. FR901228 is currently under clinical
trials for B-cell chronic lymphocytic leukemia treatment.
Increased acetylation of H3 and H4 histones upon treatment
with AT514 was not observed (data not shown) indicating that
both depsipeptides activate different mechanisms for the
induction of apoptosis. In a recent paper, we have been able to
demonstrate that ATS514 interferes with the Akt/NF-kB
survival pathway, inducing Akt dephosphorylation at Ser
473 and decreasing NF-kB activity by dramatically reducing
the levels of the p65 NF-kB component in B-cell chronic
lymphocytic leukemia [30]. However, the molecular target of
AT514 remains to be elucidated.

Differences were observed in the response of the two
breast cancer cells, MCF-7 and MDA-MB-231, to AT514
treatment. MCF-7 cells underwent cell cycle arrest in Go/G,
while MDA-MB-231 died by apoptosis at the same doses and
times. The latter is a cell line that has mutated p53, a protein
able to induce cell cycle arrest or apoptosis depending upon
the level of DNA damage. This suggested the possibility that
accumulation of active p53 could be mediating the cell cycle
blockade induced by AT514. However, since no p53 accu-
mulation was observed in MCF-7 cells at the cytostatic
conditions, this possibility could be ruled out. Moreover, at
cytotoxic conditions, we could observe a p53 increase in both
wild-type p53 cells used (MCF-7 and A2780 SC1 p53+).
Therefore, cellular responses to AT514 exposure are trig-
gered either in wild-type or mutated p53 cells. This suggests
that p53 is not essential for the execution of these processes
but p53 is implicated when it has a functional status. This
property is a potential therapeutic advantage, as p53 is
mutated in the vast majority of human tumors [31]. Another
possible explanation for the delayed apoptosis in MCF-7 cells
might be due to caspase 3 deficiency caused by a gene
mutation [32]. This caspase is the most important effector
caspase described, and deficiency in its gene product could
confer a slight resistance to the drug. This phenomenon has
already been characterized in these cells in response to other
proapoptotic factors such as UV light [33]. The induction of
apoptosis by AT514 even in the absence of caspase 3 is
another promising therapeutic property.

Taken together, these results suggest that relatively low
concentrations of AT514 induce cell cycle arrest and apoptosis

in cancer cells irrespectively of p53 status raising the
possibility of its use as a new anticancer drug.
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Resultados

APENDICE I: Resultados complementarios del Capitulo 1.1. Ampliacién del estudio
del efecto in vitro sobre la viabilidad celular del agente anticanceroso AT514 en otras

células humanas cancerosas.

Ademas de los estudios realizados del efecto de AT514 sobre la viabilidad de diferentes
lineas celulares de cancer de mama y ovario, también se analizo dicho efecto en otras lineas

celulares cancerosas y no cancerosas de diferentes origenes.
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Figura 28. Valores de ICs, de diferentes lineas celulares tras el tratamiento con AT514.

El resultado general obtenido tras el analisis de las diferentes lineas celulares se muestra
en la figura 28. Los rangos de ICs, de las cancerosas van desde 4,4 uM para las células de
origen hematopoyético Raji hasta los 14,7 pM que necesita la linea de cancer de pulmon
GLC4/S, siendo ésta la menos sensible al tratamiento con AT514. Por otro lado, los valores de
las lineas no cancerosas van de 16,2 uM para las células normales de rifion MDCK, hasta
132,8 para los fibroblastos NIH3T3. El resultado general obtenido tras el analisis de las
diferentes lineas celulares permite concluir que las células cancerosas son algo mas sensibles

a AT514 que las no cancerosas.

83






Resultados

Capitulo 1.2. Obtencion de modelos de cincer de mama y estudio de la toxicidad de

AT514 in vivo.

Una vez comprobada satisfactoriamente la capacidad anticancerosa in vitro de AT514,
procedimos a desarrollar modelos de cancer de mama humano y a evaluar la toxicidad de
dicha sustancia en ratones, con el fin de poder designar una dosis maxima tolerable y con ella
valorar la posible capacidad terapéutica antitumoral y/o antimetastasica de AT514 en tumores

humanos.

1.2.1. Obtencion de modelos de cancer de mama

Objetivo

Implantacion de lineas tumorales humanas, de forma ectotopica y ortotdpica, en ratones
atimicos con la consecuente obtencion de tumores. Se estudiara su evolucion y desarrollo
desde su deteccion, evaluando su tamafio y velocidad de crecimiento para poder disefiar la
curva de crecimiento tumoral. Asimismo, valoraremos la vascularizacion, grado de

necrosis del tumor y la posible aparicion de metastasis en otros 6rganos.

Material

Animales: Para la realizacion de estos estudios se utilizaron ratones atimicos hembra de
4-6 semanas de la cepa Balb/c Nude (Charles River Laboratories Espafia S.A.) que se
mantuvieron en camaras aisladas para evitar su contacto directo con patéogenos. Se les
proporciond comida y bebida ad libitum, se mantuvieron a una temperatura controlada de
20-22°C y con ciclos de luz/oscuridad de 12/12h. Fueron estabulados en el animalario de
pequeifios roedores del Institut de Recerca Oncologica. La experimentacion se llevé a cabo
en cabinas de flujo laminar vertical, en condiciones especificas libres de patogenos. Todos
los procedimientos a los que se sometieron los animales se realizaron de acuerdo con las
recomendaciones para el correcto tratamiento y uso de animales de laboratorio, asi como
los procedimientos de trabajo fueron minuciosamente evaluados por un comité ético
especialista en experimentacion animal.

Lineas celulares: MDA-MB-231 y MDA-MB-468.
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Disefio vy metodologia

Induccion de tumores mamarios: Las lineas celulares MDA-MB-231 y MDA-MB-468

se mantuvieron en cultivo exponencial in vifro sin ningun tipo de antibidtico dos pases
antes de la inoculacion en los animales. También se comprobd que estaban libres de
micoplasmas. Los tumores ectotdpicos se indujeron inoculando de forma subcutanea (SC)
las células resuspendidas en 200 pl de medio DMEM:HAM. Se procedio elevando la piel
de la zona dorsal del animal, se introdujo la aguja y, si ésta se pudo mover hacia los
laterales con libertad, se procedié a la introduccion de las células. Para la induccion de los
tumores ortotdpicos se realizaron técnicas quirurgicas con tal de inocular las células en el
organo del cual procedian, en este caso la mama (IMFP, de intramammary fat pad;
almohadilla de grasa mamaria). Previamente se anestesiaron las ratonas por via
intraperitoneal con 0,20-0,25 ml (segun sus pesos) de una solucidén anestésica compuesta
por Ketamina (100 mg/kg ratén) y Xilacina (10 mg/kg ratén). Se procedio6 a desinfectar la
region inguinal donde se encontraba la mama con una soluciéon dérmica de povidona
yodada (Topionic®) y se realizé una apertura de unos 5 mm para poder visualizar el tejido
mamario y poder realizar la puncion. Para inocular las células en 200 pl de medio
DMEM:HAM dentro de la grasa mamaria se us6 una jeringuilla de insulina con aguja de
27G y material de cirugia estéril. La aparicion de una burbuja de liquido nos sirvi6 de
control para saber que no se habia derramado nada sobre la superficie. Antes y después de
inocular las células se limpid con alcohol de 70° la zona del 6rgano en la que se realizé la
puncién. Con ello evitamos la diseminacion de éstas en otras zonas que no fueran las
deseadas, de forma que obtuvimos tumores experimentales bien localizados los cuales
podian provocar la posible aparicion de metastasis espontaneas. Después de la
intervencion se suministrd el analgésico Buprenorfina (0,05 — 0,1 mg/kg) cada 12 horas.
Una vez terminada la intervencion para inocular las células, se cerrd la incision utilizando
grapas de 9 mm (Becton-Dickinson®) y se volvié a desinfectar el area operada con una
solucién de povidona yodada (Topionic®), dejando reposar a los animales sobre una gasa
estéril y bajo el calor que proporciona una lampara con bombilla de 100 W a unos 20 cm

hasta que se despertaron de la anestesia.

Seguimiento del crecimiento del tumor: Una vez el tumor primario fue externamente

palpable, se midi6 su tamafio cada 2-3 dias con un pie de rey para seguir su evolucion. Se
registro el diametro longitudinal (1) y el transversal (t) para asi calcular el volumen total
del tumor mediante la formula: V = (I x t%)/2. Al alcanzar un volumen de 100-500 mm®,
alrededor de 1 x 1 cm, se extirparon (exéresis). Para ello se volvieron a anestesiar los

animales y después de desinfectar la zona del tumor con povidona yodada (Topionic®) se
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realizd una incisién para extraerlo. Antes de suturar con grapas la piel del animal se
realizd una pequeiia presion con un hirsuto empapado en alcohol de 70° para evitar el
sangrado. Finalmente se mantuvieron bajo la fuente de calor (Idmpara con bombilla de
100 W a unos 20 cm) hasta su completa recuperacion. Los tumores se lavaron con suero
fisiologico y siguieron diferentes protocolos segun la finalidad que tuvieran. Con otros se
establecieron cultivos primarios con el fin de obtener lineas celulares mas tumorigénicas

que pudieran generar tumores en ratones atimicos de manera mas rapida y eficaz.

Procesamiento de muestras para anatomia patologica:

Con la mayoria de los tumores se realizo el procesamiento del tejido para analizar la
anatomia patologica del mismo y evaluar su morfologia asi como el grado de

angiogénesis y necrosis de éste. El protocolo que se siguid fue el siguiente:

1. Fijacion: Inmersion en una solucion de paraformaldehido al 10 % durante 16-
24 h.

2. Aclarar con agua destilada.

3. Colocar dentro de unas cajitas de plastico individuales llamadas cassettes y
etiquetar para poder identificar la muestra una vez dentro del procesador de
tejidos.

4. Deshidratacién: 5 h en alcohol 70°, 12 h en alcohol 96°, 3 h en alcohol 100°.

5. 1 h 30 min en xileno.

6. Inclusion en parafina: Sumergir toda la noche en parafina, 3 h en otro bafio de
parafina limpia.

7. Hacer los bloques de parafina con la ayuda de moldes metalicos y dejar
enfriar.

8. Realizar cortes de 5 pm de grosor con el micrétomo y recogerlos en
portaobjetos.

9. Desparafinar sumergiendo los cortes en dos bafios de xileno
consecutivamente durante 10 min cada uno.

10. Rehidratacion: 3 min en alcohol 100°, 3 min en alcohol 96°, 3 min en alcohol
70°, aclarar con agua destilada.

11. Tincion hematoxilina-eosina: 2 min hematoxilina, aclarar con agua del grifo,
4 s alcohol clorhidrico (1%), aclarar varias veces con agua del grifo, 4 min
eosina, aclarar con agua destilada.

12. Deshidratacion: 3 min en alcohol 70°, 3 min en alcohol 96°, 3 min en alcohol
100°.

13. Cubrir el corte 1 min con xileno y 1 min con xileno:eucaliptol (1:1).
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14. Montaje: Poner una gota de la resina sintética DPX sobre la preparacion,

colocar el cubreobjetos y dejar secar.

Establecimiento de un cultivo primario:

Tras la obtencion del tumor en condiciones estériles, se procede a la disgregacion de
las células del mismo. Para ello se corta con la ayuda de un bisturi en trocitos lo mas
pequefios posibles y se colocan con tripsina en un bafio a 37° y agitacion durante 1 h.
Posteriormente se intentan acabar de disgregar con una micropipeta y se centrifuga a
1.500 rpm (de revoluciones por minuto) durante 5 min. Se resuspende en medio de cultivo
(DMEM:HAM, 10% suero fetal, 2 mM L-glutamina, 100 U/ml penicilina, 100 pg/ml
estreptomicina (GIBCO BRL, Paisley, UK) y se colocan en placas de Petri dentro de un
incubador con 5 % CO, a 37°.

Resultados

Induccién de tumores mamarios: Primero se realizaron una tanda de experimentos

donde se inoculd la linea celular MDA-MB-231, la cual llevaba un tiempo siendo

cultivada in vitro en el laboratorio. Los experimentos fueron los siguientes:

— E42/03A. 6 animales inoculados para crear tumor ectotopico: 2 ratones con 2 X
10° 2 con 4 x 10°y 2 con 12 x 10° células MDA-MB-231.

Inicio de experimento: 18/12/03.

Extirpacion del tumor: -

Sacrificio animales: 16/4/04.

— E42/03B. 6 animales inoculados para crear tumor ortotdpico: 2 ratones con 2 X
10%,2 con 4 x 10°y 2 con 10 x 10° células MDA-MB-231.

Inicio de experimento: 18/12/03.

Extirpacion del tumor: -

Sacrificio animales: 16/4/04.

— E43/03A. 3 animales inoculados para crear tumor ortotépico con 3 x 10°
células y 2 ectotdpicos con 12 x 10° células MDA-MB-231.

Inicio de experimento: 12/12/03.

Extirpacion del tumor: -

Sacrificio animales: 16/4/04.



Resultados

Los resultados obtenidos no fueron concluyentes (Tabla 10), ya que tan sélo se
obtuvo un tumor y el resto de animales evolucioné reabsorbiendo el indculo y

aumentando progresivamente de peso.

EXPERIMENTO E42/03A E42/03B E43/03A
Inéculo Tumor Inéculo Tumor Inéculo Tumor

Individuo 1 2x10°SC ND 2 x 10°IMFP ND 3 x 10° IMFP ND
Individuo 2 2x10°SC ND 2 x 10° IMFP ND 3 x 10° IMFP ND
Individuo 3 4x10°SC ND 4 x 10° IMFP ND 3 x 10° IMFP ND
Individuo 4 4x10°SC ND 4 x 10° IMFP ND 12x 10°SC ND/
Individuo 5 12x 10°SC E 10 x 10° IMFP ND 12x 10°SC ND
Individuo 6 12x 10°SC ND 10 x 10° IMFP ND

Tabla 10. Resultados induccién de tumores 1. SC: subcutaneo; IMFP: mamario; E: exéresis; ND: No

detectable; : sacrificio.

La falta de éxito y reproducibilidad en la induccion de tumores nos hizo pensar que la
linea celular podia haber sufrido modificaciones durante su cultivo in vitro desde su
adquisicion del banco de células, perdiendo con ello su capacidad tumorigénica. Por lo
tanto procedimos a la adquisicion de una nueva muestra de MDA-MB-231 de la ECACC
junto con otra muestra de una linea de cancer de mama que se ha descrito como muy
tumorigénica, la MDA-MB-468. Se realiz6 una tanda de experimentos con cada una de

ellas.

— E14/04. 5 animales inoculados subcutdneamente con 10 x 10° células MDA-
MB-231.

Inicio de experimento: 21/6/04.

Extirpacion del tumor: 9/8/04.

Sacrificio animales: 25/11/04.

— EI14/03. 5 animales inoculados subcutaneamente con 10 x 10° células MDA-
MB-468.

Inicio de experimento: 20/7/04.

Extirpacion del tumor: 9/8/04.

Sacrificio animales: 25/11/04.
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Los resultados obtenidos se detallan a continuacion (Tabla 11) observando un 100 %
de éxito en la aparicion de tumores tras la inoculacion tanto de la nueva linea MDA-MB-

231 como de MDA-MB-468.

E14/04 E14/03
EXPERIMENTO | 10 x 10° SC MDA-231 10 x 10° SC MDA-468
Tumor (I x t (cm)) Tumor (I x t (cm))
Individuo 1 E, 1.3x0.95 E,1.1x0.7
Individuo 2 E,13x0.8 E,0.9x0.6
Individuo 3 E,1x0.6 E,08x0.7
Individuo 4 E, 0.5x04 E,09x0.6
Individuo 5 E, 0.85x 0.55 E,0.8x0.5

Tabla 11. Resultados induccion de tumores II. SC: subcutaneo; 1: largo; t:

transversal; E: exéresis.

Los tumores SC que aparecieron en los ratones tenian una apariencia externa saludable,

sin yagas ni zonas necrosadas como se puede observar en la figura 29.

Figura 29. Ratén con tumor ectotopico de

células MDA-MB-231.

La evolucion de los pesos de los ratones durante los dos estudios fue diferente.
Mientras que los ratones inoculados con las células MDA-MB-231 mostraron una clara
ganancia de peso (Grafica 1), los inoculados con MDA-MB-468 tuvieron una ganancia de
peso muy ligera (Grafica 2), aunque el estado general de ambos grupos de ratones fue

igual de bueno.
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Grafica 1. Control de peso ratones experimento E14/04

(media = SEM de 5 ratones inoculados).
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Grafica 2. Control de peso ratones experimento E14/03

(media = SEM de 5 ratones inoculados).

Respecto al crecimiento de los tumores, estos lo hicieron de forma exponencial en un
corto periodo de tiempo tras un periodo de latencia mas o menos largo. En el caso de
MDA-MB-231 el periodo durante el que el tumor no fue detectable durd 25 dias
aproximadamente, mientras que en el caso de MDA-MB-468 éste fue de 15 dias
aproximadamente (Graficas 3 y 4). Durante este periodo se reabsorbid el indculo y por

ello apreciamos una bajada en el volumen del tumor. Tras mas de 3 meses después de la
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exéresis de los tumores, tan solo hubo que sacrificar un raton por sintomas de caquexia al

que se le realizo necropsia sin encontrar metastasis en ningtn 6rgano vital.
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Grifica 3. Control volumen tumoral experimento E14/04. T

simboliza la evolucion del tumor de cada uno de los ratones 1-5.
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Grifica 4. Control volumen tumoral experimento E14/03. T

simboliza la evolucion del tumor de cada uno de los ratones 1-5.

Estudio anatomo-patologico de los tumores

La morfologia de los tumores fue estudiada por microscopia Optica tras su

procesamiento y realizacion de la tincion histologica hematoxilina-eosina (Figura 30).
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Figura 30. Cortes de tumores tras la tinciéon hematoxilina-eosina.

En las fotografias A y B podemos observar cortes de dos tumores ectotdpicos
diferentes, uno formado tras el indculo de células MDA-MB-231 (Figura 30, A) y el otro
formado por células MDA-MB-468 (Figura 30, B). Ambos muestran un cierto grado de
heterogeneidad, mostrando zonas mas oscuras donde las células se encuentran mas
apretadas y zonas mas claras con las células mas separadas. A mayor aumento del tumor
generado por las células MDA-MB-231, podemos observar con mas detalle que hay zonas
donde las células se encuentran separadas unas de otras y tienen la cromatina mas
condensada, siendo las areas de mayor actividad proliferativa (Figura 30, C). No se han
identificado zonas necroticas y, por el contrario, si que se ha visto un elevado grado de

irrigacién del tumor (D).

Establecimiento de cultivos primarios

Se procedié a la obtencion de cultivos primarios obtenidos de un par de tumores
generados por las células MDA-MB-231. Se mantuvieron en cultivo in vitro hasta obtener
la cantidad adecuada de células para su almacenamiento mediante crioconservacion. Estas

células podran ser utilizadas en futuros ensayos de obtencidén de tumores de mama in vivo.
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Conclusiones

Podemos concluir que la linea de cancer de mama MDA-MB-231 induce tumores
ectotopicos en ratones atimicos tras un indculo inicial de 10 x 10°. Su curva de
crecimiento abarca un periodo de latencia de unos 25 dias y otros 25 hasta llegar a un
tamafio aproximado de 1 x 1 cm. La linea celular MDA-MB-468 es algo mas
tumorigénica que la anterior ya que, partiendo del mismo inéculo, induce tumores que
llegan al tamafio antes mencionado en un total de 19 dias. Ambas lineas celulares no

provocan metastasis tras un periodo de mas de 3 meses después de la exéresis.

1.2.2. Evaluacion de la toxicidad de AT514 in vivo

Objetivo

Determinacion de la dosis maxima tolerable in vivo de AT514 en ratones sanos, no
portadores de tumor, sin que manifiesten ningun sintoma de malestar ni deterioro en su
salud. Los resultados obtenidos con este procedimiento permitirdn que se disefie un nuevo
ensayo para evaluar la capacidad antitumoral de este farmaco en animales a los que

previamente se les ha inducido un tumor.

Material

Animales: Para la realizacion de estos estudios se utilizaron ratones hembra de la cepa
Balb/c, ya que son la cepa parental a partir de la que se obtienen los ratones atimicos
Balb/c nude, utilizados para la obtencidon de tumores y por ello son el modelo mas cercano
para la evaluacion de la toxicidad del farmaco en dichos ratones. La eleccion del sexo esta

condicionada por el modelo experimental (mama) y sélo se inocularan hembras.

Droga: AT514 fue sintetizada quimicamente. Tiene una estructura quimica de
ciclodepsipéptido y es poco soluble en soluciones acuosas, por ello el diluyente utilizado

fue DMSO (de dimetil sulféxido).



Resultados

Diseiio vy metodologia

Al no existir estudios previos de toxicidad en ratones con AT514 se analizaron
estudios que se hubieran realizado con compuestos similares. El de mayor afinidad con
nuestra molécula es uno realizado en ratas con otro depsipéptido llamado Kahalalido F
(Brown AP, et al., 2002). Por lo tanto, se propuso usar como referencia la maxima dosis
tolerada utilizada en este estudio, la cual fue de 300 ug/kg en una dosis tnica. Al igual
que los autores del estudio con Kahalalido F, la pauta de administraciéon elegida fue la
dosificaciéon multiple, ya que no observaron efectos téxicos administrando dosis de 80
pg/kg por via intravenosa durante 5 dias consecutivos, ain cuando este tratamiento
superaba la maxima dosis tolerada en el caso de administracidon tnica. Por lo tanto, se
planteé un primer experimento (E3/04) en el que se administro 80 pg/kg durante 5 dias
seguidos, 5 dias alternos o bien 10 dias alternos, con sus respectivos grupos control a los
que les fue inoculado el diluyente del farmaco en la misma pauta de administracién y un
grupo control negativo al que le administramos suero fisiologico. El método de
administracion usado fue la via intraperitoneal, ya que es una via de administracion
menos estresante para el ratén y presenta mayor facilidad de aplicacion y menor riesgo
para el operador. Se realizd un segundo experimento (E9/04) en el que se aumentd la
dosis utilizada. Las dosis que se usaron fueron 2 y 10 mg/kg durante 5 dias seguidos o
alternos, respectivamente. El sacrificio del animal se realizé6 mediante atmosfera saturada

de CO, vy se procedid a realizar la necropsia.

Resultados

Los resultados de ambos experimentos vienen detallados en la tabla 12. Las diferentes
pautas de administracion asi como las diversas dosis de droga utilizadas no provocaron
pérdida de peso ni toxicidad en organos vitales, llegando a inyectar una dosis final de 50
mg/kg, mas de 100 veces superior a la dosis de Kahalalido F tolerada por las ratas. Los
ensayos no se pudieron continuar al no haber cantidad suficiente de droga y no tener los

recursos econdomicos para sintetizar mas cantidad y con ello seguir escalando la dosis.
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Experimento
(Fecha inicio)

Grupo

Nl]
ratones

Tratamiento

Sacrificio

Pesos medios

jaula (g)
(inicio-final)

Necropsias

E3/04
(26/2/04)

80 ng/kg
ATS514,
5 dias seguidos

19/3/04

19.9-21.34

normal

80 ng/kg
AT514,
5 dias alternos

19/3/04

19.8-21.26

normal

80 ngkg
AT514,

10 dias

alternos

19/3/04

19.7-21.14

normal

DMSO,
5 dias seguidos

19/3/04

18.6-20.2

normal

DMSO,
5 dias alternos

19/3/04

17.5-19.05

normal

DMSO,
10 dias
alternos

19/3/04

17.85-20.35

normal

Suero
fisiologico,
10 dias
alternos

19/3/04

19.4-21.16

normal

E9/04
(16/4/04)

Suero
fisiologico,
10 dias
seguidos

7/5/04

19.9-23.5

normal

DMSO,
5 dias alternos

28/6/04

20.73-21.4

normal

DMSO,
5 dias seguidos

7/5/04

20.1-21.4

normal

10 mg/kg
AT514,
5 dias alternos

28/6/04

19.88-21.44

normal

2 mg/kg
ATS514,
5 dias seguidos

7/5/04

19.92-20.64

normal

Tabla 12. Cuadro resumen de los procedimientos y resultados obtenidos en estudios de toxicidad con

AT514.

Al ver la baja toxicidad de AT514, hicimos estudios de interaccidon con la albimina,

proteina mayoritaria de la sangre, para ver si podiamos dar explicacion a dicho fenémeno.

En la grafica 5 vemos que tan solo un 1% de una solucién de albumina a la concentracién

que encontramos en sangre (0.6 g/ml) es suficiente para anular casi por completo el efecto

citotoxico de la droga (pasamos de mas de un 50% a un 10% de muerte) y se mantiene

conforme aumentamos la cantidad de albumina.
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Grafica 5. Viabilidad tras la exposicion a la ICsy de ATS514 y

diferentes concentraciones de albumina.

Conclusiones

Un dosis total de 50 mg/kg de AT514 administrada durante 5 dias alternos en ratones
Balb/c hembras no causo6 toxicidad alguna, impidiéndonos determinar la maxima dosis
tolerada al no poder realizar mas estudios por no disponer de cantidades tan elevadas del
farmaco en evaluacidon. Por ello se tuvo que abortar el procedimiento previsto para
evaluar la capacidad antitumoral de este farmaco en animales a los que previamente se les
hubiera inducido un tumor de mama. La baja toxicidad de AT514 podria ser debida a su

interaccion con la albimina sanguinea.
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Capitulo 1.3. Caracterizacion de la apoptosis producida por AT514 e identificacion
de sus dianas moleculares en células de leucemia.

(“Escobar-Diaz E, Lopez-Martin EM, Hernandez del Cerro M, Puig-Kroger A, Soto-
Cerrato V, Montaner B, Giralt E, Garcia-Marco JA, Pérez-Tomas R, Garcia-Pardo A. AT514,
a cyclic depsipeptide from Serratia marcescens, induces apoptosis of B-chronic lymphocytic
leukemia cells: interference with the Akt/NF-kappaB survival pathway. Leukemia

2005;19(4):572-97).

Con el propésito de evaluar AT514 en un modelo ex vivo y profundizar mas en su
mecanismo de accion se realizaron estudios en células B de leucemia linfocitica crénica (B-
CLL). El éxito del tratamiento clinico de la B-CLL esta limitado por la resistencia que se crea
a la droga y la baja selectividad frente a las células cancerosas de la mayoria de los farmacos
en uso. En este estudio evaluamos el efecto del ciclodepsipéptido AT514, obtenido de
Serratia marcescens, en la viabilidad de células de B-CLL. AT514 indujo apoptosis en las
células B de los 21 pacientes estudiados, como lo confirma el marcaje de anexina V y la
condensacion nuclear, con una ICsy media de 13 puM. AT514 fue eficaz incluso en los
pacientes resistentes a fludarabina, a la vez que no tenia efecto en los linfocitos sanos de estos
pacientes. Ademds, AT514 activd de forma preferencial la via apoptodtica intrinseca,
evidenciado por pérdida en el potencial de membrana, salida de citocromo c al citoplasma y
activacion de las caspasas-9 y -3, pero no de caspasa-8. Es importante remarcar que AT514
interfiri6 con las sefiales de supervivencia provocadas por las quinasas fosfatidilinositol-3 y la
proteina quinasa C, induciendo desfosforilacion de AKT en la serina 473. AT514 también
disminuy¢ la actividad de NF-kB mediante la reduccion en la expresion de la subunidad p65.
Esto fue confirmado por ensayos funcionales en los que se usé células Raji transfectadas con
un vector luciferasa que expresaba NF-«kB y con experimentos en linfocitos de ratones
transgénicos. Todos estos resultados muestran que AT514 induce apoptosis en células de B-

CLL y sugieren que podria ser de utilidad en el tratamiento clinico de esta enfermedad.

(Estudio realizado en colaboracidon con el grupo de la Dra. A. Garcia Pardo en el que he contribuido de

forma parcial).
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AT514, a cyclic depsipeptide from Serratia marcescens, induces apoptosis of B-chronic
lymphocytic leukemia cells: interference with the Akt/NF-kB survival pathway
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Clinical treatment of B-cell chronic lymphocytic leukemia
(B-CLL) is limited by the progressive drug resistance and
nonselectivity of most drugs towards malignant cells. Depsi-
peptides are present in certain bacteria and display potent
antitumor activity. We have studied the effect of the novel
cyclodepsipeptide AT514 (serratamolide) from Serratia marces-
cens on B-CLL cell viability. AT514 induced apoptosis of B-CLL
cells from the 21 patients studied, as confirmed by Annexin-V
binding and nuclei condensation, with an average ICs, of 13 um.
AT514 was effective in those B-CLL cases resistant to
fludarabine, but had no effect on normal PBL. AT514 preferen-
tially activated the intrinsic apoptotic pathway, as evidenced by
loss of mitochondrial membrane potential, release of cyto-
chrome c¢ and activation of caspase-9 and -3, but not of
caspase-8. Importantly, AT514 interfered with phosphatidylino-
sitol-3 kinase and protein kinase C survival signals since it
increased the apoptotic effect of LY294002 and Bisl inhibitors,
and induced Akt dephosphorylation at Ser 473. AT514 also
decreased NF-xB activity by dramatically reducing the levels of
p65 in B-CLL. This was confirmed on functional assays using
NF-«B-luc-transfected Raji cells and transgenic mice. Our
results establish that AT514 induces apoptosis of primary
B-CLL cells and could be useful for clinical treatment of this
malighancy.

Leukemia (2005) 19, 572-579. doi:10.1038/sj.leu.2403679
Published online 3 March 2005

Keywords: B-CLL; apoptosis; depsipeptide; caspase activation;
Akt/NF-xB pathway

Introduction

B-cell chronic lymphocytic leukemia (B-CLL) is characterized by
the progressive accumulation of monoclonal CD5* B lympho-
cytes arrested in the Go/G; phase of the cell cycle.'? Malignant
cell accumulation is mainly due to inhibition of apoptosis rather
than to increased proliferation.? Indeed, protein kinases
involved in survival pathways, such as phosphatidylinositol-3
kinase (P13-K), protein kinase C (PKC) and Akt/protein kinase B,
are constitutively activated in B-CLL.*™® Likewise, the activity of
the NF-xB family of transcription factors is also constitutively
high in B-CLL.®” Consequently, the expression of many genes,
including those that regulate apoptosis such as the Bcl-2 family,
is altered in this malignancy®® and is modulated in vitro during
spontaneous and drug-induced apoptosis.®'® Chemotherapeutic
drugs, such as fludarabine, chlorambucil, prednisone, and
certain monoclonal antibodies directed to specific cell surface
proteins, also induce B-CLL apoptosis in vivo, although
complete remission is difficult to attain and all patients
eventually relapse.'’ It is therefore important to search for
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new agents which may be useful as novel therapies for B-CLL,
alone or in combination with already known drugs.

Depsipeptides are naturally present in certain bacteria strains
and have been shown to display antitumor activity.'> The
depsipeptide FR901228, for example, is a histone deacetylase
inhibitor that induces cell death in many solid tumors, T cell
leukemias and multiple myeloma.'®> FR901228 also induces
apoptosis of B-CLL cells and is currently under clinical trials for
treatment of this malignancy.'*'> Depsipeptides may therefore
be potent therapeutic agents for B-CLL.

During the search for new potential anticancer agents, we
isolated the compound AT514 from cultures of Serratia
marcescens and identified it as the water-insoluble cyclic
depsipeptide serratamolide.'® We have investigated the activity
of this compound and recently found that AT514 inhibits cell
growth and induces apoptosis of several cell lines derived from
breast, lung and colon human tumors, as well as from T-cell
leukemia or Burkitt lymphoma (Soto-Cerrato et al., submitted for
publication). In the present report, we have studied the effect of
AT514 on primary B-CLL cells. We show that AT514 induces
apoptosis of these cells by affecting the Akt survival pathway
and this involves reduction in NF-xB activity, modulation in
expression of Bcl-2 family members and caspase activation.

Materials and methods

Patients, B-CLL cell purification and normal peripheral
blood lymphocytes (PBL)

A total of 21 patients with B-CLL diagnosis according to
established clinical and laboratory criteria were studied; 19 of
them had not received treatment at the time of this study. CD5 ™
B-lymphocytes were purified from the peripheral blood of these
patients after informed consent, by Ficoll-Hypaque (Nycomed,
Oslo, Norway) centrifugation. PBL from healthy donors were
purified from buffy coats by Ficoll-Hypaque centrifugation,
passage through anti-CD14-conjugated microbeads and MACS
separation columns (Miltenyi Biotec, Bergisch Gladbach,
Germany) to remove monocytes.

Analysis of mitochondrial membrane potential (A\,)
and cytochrome c release

For Ay, measurements, B-CLL cells were incubated for 24 h
with or without 20 um AT514 and treated for 20 min with 20 nm
DiOC, (Cabiochem) at room temperature in the dark. Cells were
washed, resuspended in PBS and analyzed by flow cytometry.
For analysis of cytochrome c release into the cytosol, 30 x 10°
cells were incubated for 24 h with or without 20 um AT514.
Cells were washed once in cold PBS and gently lysed in 200 ul



ice-cold lysis buffer (25 mm Tris pH 6.8, 80 mm KCl, 250 mm
sucrose, 1Tmm EDTA, Tmm DTT, 0.1% digitonin, 10 ug/ml
leupeptin, 1 ug/ml aprotinin, 1 ug/ml pepstatin, 0.1 mm phenyl-
methylsulfonyl fluoride). After centrifugation at 12000g, 4°C,
5min, the cytosolic fraction was recovered in the supernatant
and its protein content determined by the BCA assay (Pierce,
Rockford, IL, USA). Equal amounts of protein were analyzed on
15% polyacrylamide SDS-PAGE and by Western blotting.

Analysis of NF-xB activity in transgenic mice and
transfected Raji cells

Transgenic mice containing the NF-«xB luciferase reporter gene
were obtained from Dr Mercedes Rincén (University of
Vermont, Burlington, USA)."” Lymphocytes isolated from the
spleen of these mice or Raji cells transfected with the NF-xB-luc
or D3005 plasmids were cultured for 24 h in the absence or
presence of 20 um AT514. Incubation with anti-CD40 mAb was
for 6h. 10 x 10° cells for each condition were lysed in 40 ul
passive lysis buffer (Promega Co., Madison, WI, USA) for 20 min
at room temperature. After centrifugation, 20 ul of each super-
natant was added to 50 ul luciferase substrate (Promega) and
luciferase activity was determined on a TD-20/20 luminometer
(Turner Designs, Sunnyvale, CA, USA) and normalized with
respect to the total amount of protein in each supernatant and
transfection efficiency, if applicable.

Results
AT514 induces apoptosis of B-CLL cells

To determine the effect of AT514 on B-CLL cell viability, cells
from the 21 patients studied were incubated with various
concentrations of AT514 for 24h and their viability was
measured by the MTT assay. Table 1 (Supplementary Informa-
tion) lists the results obtained for each individual patient and
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Figure 1 (a) Effect of AT514 on B-CLL cell viability. B-CLL cells

were incubated in 96-well plates (2 x 10° cells/100 ul) with or without
the indicated concentrations of AT514. After 24 h, cell viability was
determined by the MTT method. All determinations were carried out
in triplicate and values represent the average of the 21 cases studied.
(b) PBL from four different healthy individuals were incubated as
above and the viability was measured after 24 h. Determinations were
carried out in triplicate and values are the average of the four cases
studied.
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Figure 1a represents the mean viability for the 21 cases. As can
be observed, control cells, which received no drug, were highly
viable (86% average) after 24h. However, AT514 clearly
induced B-CLL cell death in a dose-dependent manner, with
an ICsq of 13 um (Figure 1a). For comparison, we also treated the
21 cell samples with fludarabine, a drug known to induce
apoptosis of B-CLL cells in vitro and commonly used for clinical
treatment of these patients.'' While most samples were sensitive
to fludarabine after 48 h (not shown), patients 4, 10, 11, 12 and
18 were resistant to this drug (5-15% cell death, not shown), but
were clearly sensitive to AT514 (Supplementary Table 1).
Therefore, in these cases, AT514 appeared to be a more
efficient agent in inducing B-CLL cell death. We also measured
the effect of AT514 on normal PBL. As shown in Figure 1b,
AT514 had a very limited effect on these cells decreasing their
viability only to 75% after 24 h of treatment.

To confirm that the cell death induced by AT514 was due to
apoptosis, we first measured by flow cytometry the exposure of
membrane phosphatidylserine using FITC-labelled Annexin V,
and of cellular DNA using propidium iodide. As shown in
Figure 2a for patient 4, AT514 had very little effect after 6 h of
exposure as only 4.9% of cells were early apoptotic (Annenxin-
V4, Pl-). However, after 15h of AT514 treatment, the
percentage of early and late (Annexin-V+, Pl+) apoptotic
cells increased (Figure 2a). After 24 h of exposure to AT514,
66.7% of cells were late apoptotic (Figure 2a). At this time, 4.2%
of control cells were early apoptotic and 22.9% late apoptotic
(Figure 2a). We also studied whether AT514 induced nuclei
condensation and/or fragmentation. B-CLL cells were incubated
with or without 20 um AT514 for 24 h and stained for actin with
TRITC-phalloidin (not shown) and with Hoechst to visualize the
nucleus. As shown in Figure 2b, control cells contained an intact
and uniformly stained nucleus, while cells treated with AT514
had condensed nuclei, characteristic of apoptotic cells. These
results therefore indicated that AT514 induced apoptosis of
B-CLL cells.

AT514 disrupts the mitochondrial membrane potential,
induces release of cytochrome c and activates caspase-9
and -3

To determine the role of mitochondria in AT514-induced
apoptosis, we first studied whether AT514 affected the
mitochondrial membrane potential. B-CLL cells from patients
4 and 13 were incubated for 24 h in the absence or presence of
20umM AT514, treated with DiOCq and analyzed by flow
cytometry. As shown in Figure 3a, AT514 induced a loss of
the mitochondrial membrane potential, increasing the number
of DiOCg-negative, apoptotic cells in both cases. We then
analyzed by Western blotting the release of cytochrome c to the
cytosolic fraction after treatment of B-CLL cells with AT514. As
shown in Figure 3b for patients 4 and 13, cytochrome ¢ was
clearly increased in this fraction compared to the control. To
determine if this resulted in activation of the initiator caspase 9,
B-CLL cells were cultured for 24 h with or without 20 um AT514,
lysed and analyzed by Western blotting. As shown in Figure 3¢
for five different patients, AT514 effectively induced cleavage of
46 kDa procaspase-9 to the active form of 35kDa. Likewise,
PARP, a substrate of the effector caspase-3, was processed in
these lysates and in lysates from cases 6, 9 and 16 (data not
shown), from the native 116 kDa form to the 85 kDa product,
indicating that caspase-3 had been activated by caspase-9.'?
Indeed, immunoblotting analyses confirmed the processing of
caspase-3 from the native 32 kDa form to the 17kDa active
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Figure 2

AT514 induces apoptosis in B-CLL cells. (a) B-CLL cells from patient 4 were treated with or without 20 um AT514 for the indicated

times, washed and incubated with Annexin V-FITC and propidium iodide and analyzed by flow cytometry. Numbers represent the percentage of
cells in each compartment. (b) Cells from patient 4 were treated with 20 um AT514 for 24 h, placed in poly-D-lysine-coated coverslips and stained

with Hoechst. Bar, 10 um.

subunit (shown in Figure 3c for patients 4, 13 and 20). To further
characterize the apoptotic pathway involved, we analyzed the
possible activation of caspase-8, another initiator caspase which
can also activate caspase-3. As shown in Figure 3d for patients
4, 13 and 20, no significant decrease in procaspase-8 levels was
observed. Consequently, cleavage of the caspase-8 substrate Bid
was not observed (Figure 3d). Altogether, these results suggested
that AT514 primarily activated the intrinsic apoptotic pathway
in B-CLL.

AT514 decreases the Bcl2/Bax ratio in B-CLL cells

To establish whether AT514 regulated the Bcl-2/Bax ratio, we
measured the levels of both proteins in lysates of B-CLL cells
from seven different patients, treated with or without 20 um
AT514 for 24 h. We found that AT514 consistently increased the
levels of Bax (proapoptotic) and generally decreased the levels
of Bcl-2 (antiapoptotic) (Supplementary Figure 1). Consequently,
the Bcl-2/Bax ratio was greatly reduced in samples treated with
AT514 compared to controls for the seven patients studied
(Table 2, Supplementary Information).

AT514 affects the PI3-K/Akt survival pathway

Previous studies have shown that PI3-K and PKC are constitu-
tively activated in B-CLL cells and contribute to the survival of
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these cells."™® To determine whether AT514 was affecting this
pathway, we first studied if AT514 enhanced the reported
apoptotic effect of LY294002 and Bisl, inhibitors of PI3-K and
PKC, respectively.** To this end, we used suboptimal concen-
trations of AT514 (10 uM) and of both inhibitors (20 and 5 uMm,
respectively). Cells were incubated with inhibitors for 1h prior
to adding AT514. Figure 4a shows representative results for two
patients out of the four studied with identical results. When used
individually, AT514, LY294002 and Bisl produced partial B-CLL
apoptosis. However, when AT514 was combined with either
inhibitor, apoptosis increased in all four cases, and the
combination of AT514 with both LY294002 and Bisl further
reduced cell viability to 10-15% (shown in Figure 4a for patients
13 and 18), suggesting that AT514 was cooperating with both
kinase inhibitors. Incubation with the ERK inhibitor U0126
(5um) had no effect on B-CLL viability, in agreement with
previous reports*> and the combination of U0126 with AT514
did not modify this effect (Figure 4a).

We next examined if AT514 affected the phosphorylation of
Akt, the key effector of PI3-K-dependent survival signaling. As
shown in Figure 4b for patients 13 and 18, Akt was
phosphorylated in control cells after 24 h of culture. However,
treatment with AT514 clearly inhibited Akt phosphorylation in a
dose-dependent manner. As a control, incubation with
LY294002 also inhibited Akt phosphorylation in both cases
(Figure 4b), confirming that Akt activation was P13-K dependent.
These results suggested that AT514 was inhibiting the PI3-K/Akt
survival pathway in B-CLL cells.
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Figure 3

AT514 primarily activates the mitochondrial apoptotic pathway in B-CLL. (a) Flow cytometric analysis of the loss of mitochondrial

membrane potential (Ay,) after incubation of B-CLL cells with 20 um AT514 for 24 h. (b) 30 x 10° B-CLL cells were treated or not with 20 um
AT514 and lysed. Protein (100 ug) from the cytosolic fractions was analyzed by Western blotting using an anti-cytochrome c Ab. (c) AT514 induces
activation of caspase-9 and -3 and PARP cleavage. B-CLL cells from the indicated patients were incubated with or without (C, control) 20 um
AT514 for 24 h. Cells were then lysed and analyzed by Western blotting with specific antibodies. Conversion from the proactive forms of caspase-9
(46kDa) and caspase-3 (32kDa) to the active enzymes of 35 and 17 kDa, respectively, as well as the cleaved product (85kDa) of PARP is
indicated. (d) Lysates were also analyzed for caspase-8 activation and Bid cleavage using specific antibodies. Quantitation of protein bands was
performed by the ECL method and values were corrected using actin as an internal control. Reduction in the levels of pro-caspase-8 (55 kDa) and

Bid (23 kDa) was not observed.

AT514 decreases NF-xB activity

Akt suppression of apoptosis has been shown to involve the NF-
kB transcription factor.'>?® Consequently, NF-xB activity is
constitutively high in B-CLL cells.%” To determine if NF-xB was
affected by AT514, we first analyzed by Western blotting the
levels of NF-«B in the nuclear and cytosolic fractions of lysates

of B-CLL cells treated with AT514. Figure 5a shows that in
control cells NF-xB was present in both fractions, indicating a
certain basal activity (NF-xB in the nucleus), as reported.®”
Treatment with AT514 dramatically reduced the levels of NF-xB
in both fractions (Figure 5a), suggesting that AT514 was blocking
the biosynthesis and/or transcription of NF-«B. To establish that
this resulted in a reduced NF-kB activity, we took advantage of
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Figure 4 AT514 interferes with the PI3K/Akt survival pathway.
(a) B-CLL cells from two representative patients were incubated for 1h
in the presence or absence of 20 um LY294002, 5 uMm Bisl, or 5um
U0126, prior to the addition of 10 um AT514. After 24 h, cell viability
was analyzed by flow cytometry using Annexin V and propidium
iodide. Values represent the average of duplicate determinations.
(b) B-CLL cells (10-20 x 10°% were incubated with or without 10 and
20 um AT514 or 20 um LY294002 for 24 h and lysed. Akt phosphor-
ylation was analyzed by Western blotting using specific antibodies
against total Akt or the phosphorylated form (Ser 473) of this kinase.

the NF-xB-luc reporter plasmid.?’ Owing to the difficulty of
transfecting primary B-CLL cells, we used the B lymphoma cell
line Raji for these experiments. AT514 effectively induced
apoptosis of Raji cells in a dose-dependent manner (Figure 5b).
These cells were transfected with NF-«B-luc or the control
D3005 plasmid, incubated with or without 20 um AT514 for
24h, lysed and their activity was analyzed on a luminometer.
Figure 5c shows that AT514 clearly reduced the luciferase
activity displayed by untreated cells. This activity was also
reduced to similar levels by LY294002, confirming that the
NF-xB activity was regulated by PI3-K. NF-xB activity was
effectively enhanced by an anti-CD40mAb (Figure 5c¢), in
agreement with a previous report.” Control cells transfected with
D3005 had very low luciferase activity and this was not affected
by treatment with AT514, LY29002 or anti-CD40mAb
(Figure 5c).

To further confirm that AT514 was inhibiting NF-«B activity,
we purified lymphocytes from the spleen of transgenic mice
containing the NF-xB luciferase reporter gene.'” As shown in
Figure 5d, these lymphocytes were partially sensitive to AT514,
which decreased their viability to 55% after 24 h. Incubation of
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spleen lymphocytes from three different mice with AT514
clearly reduced the luciferase activity exhibited by untreated
cells (Figure 5e). The control LY294002 produced a similar
effect. These three sets of results clearly indicate that NF-xB
plays an important role in the apoptotic mechanism induced by
AT514.

Discussion

In this report, we show that the novel cyclodepsipeptide AT514
(serratamolide), naturally occurring in S. marcescens, is an
efficient inducer of apoptosis in B-CLL cells. The present results
expand our previous studies on established cancer cell lines
(Soto-Cerrato et al., submitted) and represent the first evidence
that AT514 induces apoptosis in human primary cancer cells.

The viability of B-CLL cells from the 21 patients studied here
clearly diminished when exposed to AT514. Our results show
that this was due to induction of apoptosis since cell death was
accompanied by Annexin-V uptake, nuclei condensation,
mitochondrial damage and caspase activation. Interestingly,
AT514 had very little effect on normal PBL and was effective in
the B-CLL cases that showed resistance to fludarabine, a drug
commonly used in the treatment of these patients. This suggests
that AT514 may be a very useful therapeutic agent for patients
who are totally or partially resistant to fludarabine. Other
differences between the mode of action of the two drugs include
the p53 pathway. It is well established that fludarabine induces
p53 expression”? and we have shown that interfering with this
expression by crosslinking a4 1 integrin induces cell survival.?*
In results not shown, we did not observe induction of p53 in the
present study, thus ruling out a role for this protein in the AT514
apoptotic pathway.

Both the intrinsic and extrinsic apoptotic pathways have been
shown to operate in B-CLL. Thus, while some cytotoxic drugs
(chlorambucil, fludarabine, rolipram) and y-radiation activate
caspase-8 and subsequent effector caspases,”**> induction of
apoptosis by anti-CD22 inmunotoxins mainly involved the
caspase-9 pathway.”® Concomitant activation of both initiator
caspases was also observed when apoptosis was induced by
acadesine?” or the histone deacetylase inhibitor MS-275.2% Our
present results indicate that AT514 preferentially activates the
intrinsic, mitochondria-mediated, apoptotic pathway in B-CLL,
since cytochrome c release and activation of caspase-9, but not
of caspase-8, was clearly evident. This could be an important
mechanistic difference with respect to the previously described
effect of depsipeptide FR901228, which activates the extrinsic,
caspase-8 mediated, apoptotic pathway in B-CLL.'> Another
major difference between depsipeptides FR901228 and AT514
is that FR901228 is a histone deacetylase inhibitor and was
shown to acetylate histones H3 and H4 concomitant with
induction of apoptosis.'®> In the present report, we did not
observe increased acetylation of H3 and H4 histones upon
B-CLL treatment with AT514 (results not shown), indicating that
both depsipeptides activate different mechanisms for induction
of apoptosis.

Several reports have recently shown that protein kinases such
as PI3-K/Akt and PKC as well as the transcription factor NF-xB
are constitutively activated in B-CLL and contribute to the
defective apoptosis of these cells.*®?° Our present results
clearly show that AT514 interfered with this survival pathway,
since it significantly increased the apoptotic effect of specific
inhibitors for PI3-K and PKC. Moreover, we show that B-CLL
cells had constitutively phosphorylated Akt, in agreement with a
previous study,® and AT514 induced Akt dephosphorylation at



a P13

C 514
[——T]
[ |

Cytosolic p65

Depsipeptide AT514 induces apoptosis in B-CLL
E Escobar-Diaz et al

e

P18

C 514
[
]

Actin
Nuclear p65
b C Control 1100
100 AT514[—] 39 NF-«B-luc
LY294002 1 49 225
a-CD40 I[ |
. 80 - Control [I
= AT514 (] EBP-I
5 LY294002 | o 1 C/EBP-luc
g 601 a-CD40 [J ' P
3 Control ] 100
&) AT514——— 1 41 _xB-
= 401 LY294002 F—— 35 177 | |NFeBrlue
a-CD40 I
20 Control
—e— Control Lngl-gg)g %I C/EBP-luc
—0— Exp 2
0 T AIT5'I14 T T 1 a-CD40 ] T T p
0 5 10 15 20 25 30 0 50 100 250
AT514 conc. (uM) Relative Luciferase activity
100 e
d NF-xB lymph Control |
80 AT514 58 Exp 1
- Control |
% 60 1 AT514 16 Exp 2
>
= Control |
3 401 ‘
° AT514 | 52
o I
20 - Ly2os002 145 Exp 3
—e— Control 0O 20 40 60 80 100
0 O—AT514 Relative Luciferase activity

0 5 10 15 20 25 30
AT514 concentration (uM)

Figure 5

AT514 inhibits NF-xB activity. (a) B-CLL cells (10-20 x 10°) from two representative patients were incubated for 24 h with or without

AT514; nuclear and cytosolic extracts were prepared and equal amounts of total protein were analyzed by Western blotting using an anti-p65
antibody. Actin was used as a loading control. (b) Raji cells were incubated with the indicated concentrations of AT514 and their viability
determined after 24 h by the MTT method. (c) NF-kB-luc- or C/EBP-luc-transfected Raji cells were incubated with AT514 for 24 h, lysed and the
luciferase activity determined on a luminometer. The effect of LY294002 and an anti-CD40mAb is also indicated. The results from two
independent experiments are shown. Values were corrected for transfection efficiency and total protein content on each lysate. (d) Spleen
lymphocytes from NF-xB transgenic mice were incubated with the indicated concentrations of AT514 and their viability determined after 24 h by
the MTT method. (e) Luciferase activity of these lymphocytes after treatment with AT514 for 24 h. Three different mice were studied (exps 1, 2 and
3) and values are normalized according to the total protein content on each lysate.

Ser 473. Constitutively activated Akt in B-CLL was not observed
in another report® and this discrepancy remains to be explained.
Akt controls cell survival by inducing phosphorylation and
inactivation of proteins involved in apoptosis,*® but also by
activating NF-kB and thus the expression of survival genes.?® In
agreement with this pathway, we show in the present study that
AT514 dramatically reduced the total levels of the p65 NF-xB
component, thus directly affecting the activity of this transcrip-
tion factor in B-CLL. We used two independent functional
approaches, consisting of NF-xB-luc-transfected Raji cells and
NF-kB-luc transgenic mice, to confirm that AT514 inhibited
NF-xB activity. Our results clearly demonstrate that AT514
treatment induced a reduction in the activity of NF-xB in both
cases.

The present findings provide a mechanism for AT514
induction of apoptosis in B-CLL cells, primarily involving the
mitochondria-mediated apoptotic pathway and interference
with Akt/NF-«xB survival signals. To our knowledge, this is the
first evidence showing a direct inhibition of Akt and NF-«xB
activation by a depsipeptide in B-CLL. A previous report’' has
shown that FR901228 (another depsipeptide known to induce
apoptosis in B-CLL) diminished Akt activity of ras-transformed
10T1/2 cells, by reducing the total levels of this kinase. As we
show in our study, AT514 inhibited Akt phosphorylation in
B-CLL without affecting total Akt levels.

NF-kB controls the expression of several genes involved in
apoptosis, including members of the Bcl-2 protein family.>
Accordingly, we have found a highly consistent downregulation
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of the antiapoptotic protein Bcl-2 concomitant with induction of
apoptosis by AT514. In contrast, the levels of the proapoptotic
protein Bax were dramatically increased by AT514 treatment.
Although Bax is not under NF-xB control, it plays an important
role in B-CLL apoptosis by determining the Bcl-2/Bax ratio, an
important survival marker on these cells,>* and we show in this
report that AT514 consistently decreased this ratio. Bax may also
be playing a crucial role in the mitochondrial-mediated
apoptotic pathway initiated by AT514. It was recently shown
that induction of B-CLL apoptosis by proteasome inhibitors
produces a conformational change and mitochondrial translo-
cation of Bax, which does not require caspase activation.**
Although the initial stimulus that leads to these events is not
known yet, it is interesting that PI3-K and Akt activities prevent
Bax conformational change and translocation to mitochon-
dria.>*3* It is tempting to speculate that inhibition of PI3-K/Akt
by AT514 initiates Bax-mediated mitochondria perturbation and
subsequent caspase-9 and caspase-3 activation and apoptosis.

In conclusion, we show in this study that cyclodepsipeptide
AT514 is a novel apoptotic agent for primary B-CLL cells, which
directly blocks the PI3-K/AkUNF-kB survival pathway and
activates the mitochondria-mediated apoptotic cascade. It is
noteworthy that several current cancer therapies are aimed at
the inhibition of this survival pathway.>® AT514 may therefore
constitute an efficient drug for the clinical treatment of B-CLL,
alone or in combination with conventional protocols.
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2. CARACTERIZACION DEL EFECTO ANTICANCEROSO DEL
TRIPIRROL PRODIGIOSINA EN CANCER DE MAMA






Resultados

Capitulo 2.1. Estudio de la ruta apoptética inducida por el agente anticanceroso
prodigiosina y evaluacion de su eficacia en células de cincer de mama con resistencia a
miultiples fArmacos quimioterapéuticos.

(“Soto-Cerrato V, Llagostera E, Montaner B, Scheffer GL, Pérez-Tomas R.

Mitochondria-mediated apoptosis operating irrespective of multidrug resistance in breast

cancer cells by the anticancer agent prodigiosin. Biochem Pharmacol 2004;68(7):1345-52”).

El cancer de mama representa un tercio de todos los canceres diagnosticados en mujeres y
es la segunda causa de muerte por dicha enfermedad en las sociedades occidentales. Es por
ello que son necesarias mejores terapias, especialmente para tumores que no responden a
terapia hormonal y metastasicos. Ademas, la resistencia a multiples farmacos es un fendmeno
muy comun durante la quimioterapia, haciendo falta tratamientos mas agresivos para los
tumores que lo desarrollan ya que su prondstico empeora. Prodigiosina (2-metil-3-pentil-6-
metoxiprodigioseno) es un es un metabolito secundario producido por la bacteria Serratia
marcescens del cual se han descrito propiedades pro-apoptdticas en lineas celulares
cancerosas hematopoyéticas y gastrointestinales, sin una marcada toxicidad en células no
malignas. El objetivo principal de este trabajo fue el de ampliar nuestro conocimiento acerca
de los mecanismos de induccién de apoptosis por prodigiosina en el modelo de células de
cancer de mama. Esta droga mostrd un potente efecto citotoxico tanto en células de cancer de
mama con receptores de estrogenos (MCF-7) como en células que no los expresaban (MDA-
MB-231). La salida de citocromo ¢ de la mitocondria al citoplasma, la activacion de las
caspasas-9, -8 y -7 y la rotura de la proteina poli (ADP-ribosa) polimerasa caracterizaron el
evento apoptotico. Ademas, la inhibicion de las caspasas reveld que la via de actuacion de la
prodigiosina era a través de la ruta mitocondrial. Por ultimo, en una linea celular derivada de
MCF-7, resistente a multiples drogas gracias a la sobreexpresion de la proteina ABCG2, se
observo como la actividad citotoxica de prodigiosina se veia ligeramente reducida. Sin
embargo, al analizar por citometria de flujo la acumulacién y el flujo (entrada/salida) de
prodigiosina en estas células, observamos como esta droga no era un sustrato de la proteina
que confiere la resistencia. Estos resultados sugieren que prodigiosina es un potente agente
proapoptotico que podria ser utilizado para el tratamiento de cancer de mama incluso en

presencia de proteinas de resistencia a multiples farmacos.
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Abstract

Prodigiosin (PG) is a red pigment produced by Serratia marcescens with pro-apoptotic activity in haematopoietic and gastrointestinal
cancer cell lines, but no marked toxicity in non-malignant cells. Breast cancer is the most frequent malignancy among women in the
European Union and better therapies are needed, especially for metastatic tumors. Moreover, multidrug resistance is a common
phenomenon that appears during chemotherapy, necessitating more aggressive treatment as prognosis worsens. In this work, we extend
our experiments on PG-induced apoptosis to breast cancer cells. PG was potently cytotoxic in both estrogen receptor positive (MCF-7) and
negative (MDA-MB-231) breast cancer cell lines. Cytochrome c release, activation of caspases-9, -8 and -7 and cleavage of poly (ADP-
ribose) polymerase protein typified the apoptotic event and caspase inhibition revealed that PG acts via the mitochondrial pathway. In a
multidrug-resistant subline of MCF-7 cells that over-expresses the breast cancer resistance protein, the cytotoxic activity of PG was
slightly reduced. However, flow-cytometry analysis of PG accumulation and efflux in MCF-7 sublines showed that PG is not a substrate
for this resistance protein. These results suggest that PG is an interesting and potent new pro-apoptotic agent for the treatment of breast

cancer even when multidrug resistance transporter molecules are present.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Prodigiosin; Breast cancer; Estrogen receptor positive/negative; Mitochondria-mediated apoptosis; Caspases; Multidrug resistance

1. Introduction

Breast carcinoma represents the third of all cancers
diagnosed in women and is the second leading cause of
cancer death in Western European and North American
women (American Cancer Society). Cytotoxic chemother-
apy plays an important role in the management of patients
with hormone-insensitive or metastatic breast carcinoma,
although most of them ultimately develop recurrences.
Therefore, there is a need for novel cytotoxic agents and
treatment strategies in patients with advanced breast car-

Abbreviations: ABC, ATP binding cassette; BCRP, breast cancer resis-
tance protein (ABCG2/MXR); ER+/—, estrogen receptor positive/negative;
MDR, multidrug resistance; MRP-1, multidrug resistance protein 1
(ABCCl); MTT, methyl-thiazole-tetrazolium; PARP, poly (ADP-ribose)
polymerase protein; PG, prodigiosin; P-gp, P-glycoprotein (MDR1/
ABCB1); Z-VAD.fmk, Z-Val-Ala-dl-Asp (OMe)-fluoromethylketone
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cinoma that is refractory to conventional chemotherapy
[1].

Apoptosis is a physiologically programmed mechanism
of cell death involved in cellular stress response, such as
genotoxic agents exposure [2]. One of the major proteins
involved in this process is the tumor suppressor protein
pS53, which mediates either cell cycle arrest or apoptosis
[3]. Two major pathways mediating drug-induced apopto-
sis have been characterized; one requires the activation of
cell surface receptors, whilst the other directly targets
mitochondria [4]. Both apoptotic signals seem to be inte-
grated at the mitochondrial level and are typically accom-
panied by the activation of aspartate-specific proteases
called caspases [5]. Whilst the former induces caspase-8
activation, the mitochondrial pathway leads to the release
of apoptogenic factors such as cytochrome c (cyt-c), which
binds Apaf-1 and procaspase-9, inducing caspase-9 activa-
tion in the cytoplasm [6]. Both pathways then activate the
effector caspases-3 and -7, which cleave a number of
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substrate proteins, including the poly (ADP-ribose) poly-
merase protein (PARP).

Apoptosis-inducing compounds are candidate anti-
tumor agents. In this view, prodigiosin (PG), a red bacterial
pigment with a pyrrolylpyrromethene skeleton, has a
number of concentration-dependent effects as an immu-
nosuppressive agent [7,8] and has significant anti-neoplas-
tic activity against a variety of human cancer cells,
including haematopoietic and gastrointestinal cells, with
no marked toxicity in non-malignant cell lines [9-12].
Furthermore, the apoptotic drug PG triggers the reorgani-
zation of actin cytoskeleton promoting the breakdown of
actin microfilaments [10], down-regulates the expression
of cyclin E-cdk2 and p27, the induction of the cyclin A-
cdk?2 and cyclin E-cdk?2 kinase activity and the phosphor-
ylation of retinoblastoma [13].

Individual tumor cells, after drug treatment exposure,
may develop resistance to a broad range of structurally
unrelated drugs giving rise to a phenomenon that is known
as multidrug resistance (MDR) [14], a significant limiting
factor in chemotherapy effectiveness. The ATP binding
cassette (ABC), superfamily of membrane transporters, is
associated with MDR to anticancer drugs. These ABC
proteins act as efflux pumps that cause a decrease in
intracellular concentrations of cytotoxic drugs [15]. P-
glycoprotein (P-gp/MDR1/ABCB1) [16], multidrug resis-
tance protein 1 (MRP1/ABCC1) [17] and the mitoxantrone
resistance protein (MXR/BCRP/ABCG2) [18] are ABC
transporters, which participate in the multidrug resistance
of tumors.

In the present study, we have examined the effectiveness
of PG on ER+ (MCF-7) and ER— (MDA-MB-231) human
breast cancer cells and its mechanism of action. In addi-
tion, we tested the sensitivity of the BCRP over-expressing
MCEF-7 MR cells to PG treatment. FACS analysis of uptake
and efflux of PG in MCF-7 sublines was used to determine
whether PG is a substrate for BCRP or instead acts
independently of the presence of such transporter mole-
cules.

2. Materials and methods
2.1. PG purification

2-Methyl-3-pentyl-6-methoxyprodigiosene (PG) was
purified from Serratia marcescens 2170, as previously
described [9]. It was then solubilized and its concentration
determined by UV—-vis in 95% EtOH-HCI (€535 = 112000/
M cm).

2.2. Cell culture conditions
MCF-7 and the mitoxantrone resistant subline MCF-7

MR are human ER+ breast cancer cell lines. MDA-MB-
231 is an ER— breast cancer cell line that was purchased

from the American type culture collection (ATCC). Cells
were cultured in DMEM:F-12 (1:1) (Biological Industries)
supplemented with 10% heat-inactivated fetal bovine
serum (Gibco BRL), 2 mM l-glutamine, 100 u/mL peni-
cillin, 100 pg/mL streptomycin, 50 pg/mL gentamycin
and 10 pg/mL insulin at 37°C in a 5% CO, atmosphere.

2.3. Cell viability assay

The viability of cultured cells was determined by assay-
ing the reduction of MTT (Sigma Chemical Co.) to for-
mazan [19]. Briefly, 2 x 10* cells were seeded in 96-well
microtiter cell culture plates. After 24 h, they were incu-
bated in the absence (control cells) or presence of 0.25—
2.75 pM PG in a final volume of 100 pL, for 4, 8, 16 or
24 h. Then, 10 mM MTT (diluted in PBS) was added to
each well for an additional 2 h at 37°C. The blue formazan
precipitate was dissolved in 100 wL of isopropanol: 1N HCI
(24:1) and the absorbance was measured at 550 nm in a
multiwell plate reader. Cell viability was expressed as a
percentage of control. IC5, was determined as the con-
centration of drug that produced a 50% reduction of
absorbance at 550 nm.

2.4. Western blot analysis

Cells (5 x 10° cells/mL) were exposed to 0.2, 0.6 and
1 uM PG for 16 h. They were then washed in PBS and a
lysis buffer was added (85 mM Tris, pH 6.8, 2% SDS,
1 pg/mL aprotinin, 1 pg/mL leupeptin and 0.1 mM phe-
nylmethanesulfonyl fluoride). Later, 80 wg of protein
extracts was separated by SDS-PAGE on a 12 or 15%
polyacrylamide gel and transferred to immobilon-P mem-
branes (Millipore). Blots were blocked in 5% dry milk
diluted in TBS-T (50 mM Tris—HCI, pH 7.5, 150 mM
NaCl, 0.1% Tween-20) for 1 h and then incubated over-
night with polyclonal antibodies against cleaved caspase-7
or -9 (Cell Signalling Technology, New England Biolabs,
ref. 9491 or 95018, respectively), anti-PARP or anti-Bax
(Santa Cruz Biotechnologies, ref. sc-7150 or sc-526-G)
and with the monoclonal antibodies, anti-caspase-8, anti-
cytochrome ¢ or anti-p21 (Pharmingen, BD biosciences,
ref. 559932, 556433, 65951A) or anti-pS3 (Neomarkers,
ref. MS-186-P1), according to the manufacturer’s instruc-
tions. Antibody binding was detected with goat anti-rabbit
or goat anti-mouse IgG secondary antibodies conjugated to
HRP (Biorad) and the ECL detection kit (Amersham).

2.5. Measurement of cytochrome c release

Release of cytochrome ¢ from mitochondria to cytosol
was measured by Western blot (method described above)
with some modifications. Cells (5 x 10° cells/mL) were
exposed to 1 uM PG over different time periods, from
15 min to 24 h. Later, they were washed with ice-cold PBS
and gently lysed for 30 s in 80 pL ice-cold lysis buffer
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(250 mM sucrose, 1 mM EDTA, 0.05% digitonin, 25 mM
Tris, pH 6.8, 1 mM dithiothreitol, 1 pg/mL leupeptin,
1 pg/mL pepstatin, 1 pg/mL aprotinin and 100 pM phe-
nylmethanesulfonyl fluoride). Lysates were centrifuged at
12,000 x g at 4°C for 3 min to obtain the supernatants
(cytosolic extracts free of mitochondria) and the pellets
(fractions that contain mitochondria). Supernatants
(40 pg) were then electrophoresed on a 15% polyacryla-
mide gel and analyzed by Western blot using the mono-
clonal anti-cytochrome ¢ antibody (Pharmingen). In
experiments with the caspase inhibitor Z-Vad.fmk (Z-
Val-Ala-dl-Asp (OMe)-fluoromethylketone) (Bachem), it
was added at 100 pM 1 h before PG treatment [20].

2.6. FACS analysis

Approximately 1 x 10° MCF-7 or MCE-7 MR cells
were loaded with fluorescent drug in a volume of 500 wL
for 1 h at 37°C. The final concentration of mitoxantrone
was 19 uM, whilst PG was used at a final concentration of
0.48 uM. After loading, cells were spun down, split into
two batches and re-suspended in 2 mL of fresh, ice-cold
medium without drug. Half of the cells were kept on ice
(time zero of efflux) and in the other half, efflux of the drug
was allowed at 37°C for 60 min. The efflux was stopped by
placing the cells on ice. Experiments were also performed
in the presence of 100 nM Ko143, a known BCRP blocker
[21], both during the loading and efflux phase. Cells
without drug treatment were used as time zero for loading
and auto-fluorescence levels. Fluorescence levels were
determined with a FACS-Star flow cytometer (Becton—
Dickinson) and measured at the appropriate wavelength for
PG (excitation 488 nm / emission 575 nm) or mitoxantrone
(excitation 635 nm / emission 670 nm). A total of 5000
cells were measured per sample.

2.7. Statistical analysis

Data are shown as mean + S.E.M. of three independent
experiments performed in triplicate. They were analyzed
by ANOVA and Student’s ¢-test. A P value of less than 0.05
was considered significant. ICs, values were calculated by
non-linear regression analysis of the data.

3. Results

3.1. Cytotoxicity of prodigiosin in breast
cancer cell lines

To determine whether PG induced a decrease in the cell
viability of human breast cancer cells, the estrogen sensi-
tive MCF-7, its mitoxantrone resistant MCF-7 MR subline
and the estrogen independent MDA-MB-231 cell lines
were treated with PG in a time- and dose-dependent
manner (Fig. 1). The effect of the pigment on viability
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Fig. 1. Cell viability in PG-treated cells. MCF-7, MCF-7 MR and MDA-
MB-231 cells (4 x 10*) were treated with a range of concentrations (0—
2.7 uM) of PG over different time periods and their viability was deter-
mined by MTT assay. The percentage of viable cells was calculated as a
ratio of Asso between treated and control cells. Values are shown as mean +
S.E.M. of three independent experiments performed in triplicate.

was measured by metabolism of the tetrazolium salt in a
cell titer proliferation assay. PG caused a dose-dependent
decrease in viability in every cell line examined. Differ-
ences between MCF-7 and MCF-7 MR cells were
observed, MCF-7 being more sensitive to PG than
MCEF-7 MR. The ICsq values at 24 h for MCF-7 MR
(2.21 pM = 0.6) were twice as high as for MCF-7 cells
(1.10 pM = 0.04). In contrast, MDA-MB-231 cells exhib-
ited a similar cytotoxic response to PG as MCF-7 cells,
showing an ICs( value of 1.14 puM =+ 0.12 at 24 h.



1348

MCF-7

PG
(uM)

0.2 0.6

— e — —

S —

p53

(53 KDa)

p21
—_ _— - g —
\L (21 KDa)
Bax
(23 KDa)
Actin

(42 KDa)

V. Soto-Cerrato et al./Biochemical Pharmacology 68 (2004) 1345-1352

MCF-7 MR

0 0.2 0.6 1

 ———

Fig. 2. Effect of PG on p53 and its downstream effectors p21 and Bax. MCF-7 and MCF-7 MR cells treated with PG concentrations ranging from 0.2 to 1 pM
for 16 h and incubated with the appropriate antibodies. Results shown are typical examples of data from multiple experiments.

3.2. PG-induced apoptosis in human breast
cancer cells

To understand the cell death mechanism induced by PG,
MCEF-7 and its subline, MCF-7 MR were used to determine
whether differences in their sensitivity to PG were related
to differences in the molecular process triggered by this
cytotoxic agent.

3.2.1. Changes in p53, p21 and Bax protein levels

The p53 has been found to be importantly involved in
apoptosis induced by a broad range of agents. We exam-
ined, by Western blot analysis, whether PG has any effect
on this protein and on p21 and Bax, as it is known that p53
may induce their transcription upon stress signal. As
observed in Fig. 2, p53 accumulation was detected in both
cell lines upon PG treatment, it being higher in MCF-7
MR. The levels of the downstream effector protein p21
were considerably different between both cell lines starting
to increase from as early as 0.2 puM in MCF-7 MR while it
was almost undetectable in MCF-7. Conversely, the proa-
poptotic protein Bax was induced in a clear-way in MCF-7
cells suggesting that different cell effects might have been
induced by PG in each cell lines.
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3.2.2. Cytochrome c release

During apoptosis, cytochrome c is released from mito-
chondria into the cytosol where it helps in activating
caspases. We, therefore, investigated cytochrome c release
kinetics in response to PG exposure in MCF-7 and MCF-7
MR cells by Western blotting. Fig. 3 shows the time-
dependent release of cytochrome c into the cytosol upon
exposure to PG (1 uM) in both cell lines. Moderately
increased levels of cytochrome c¢ in the cytosol were
detectable in MCF-7 as early as 30 min after PG treatment
and a marked increase was observed at 12 h. In cytosolic
fractions from MCF-7 MR, cytochrome c levels increased
as a function of time.

3.2.3. Induction of caspases-9, -8 and -7 activation
and PARP cleavage

In both cell lines, PG induced the activation of the main
proteases that executes apoptosis such as the initiator
caspases-9 and -8 and also the effector caspase-7, as well
as cleavage of the caspase substrate called PARP. PG
induced processing of caspase-9 and -8, as shown by the
appearance of their active form of 37 and 23 kDa, respec-
tively (Fig. 4(A)). In the absence of detectable caspase-3,
due to a gene deletion in the MCF-7 and MCF-7 MR

MCF-7 MR

0 14 12 1 3 6 12 16 24

S — ———— —— -

Fig. 3. Time-course of cytochrome c release from mitochondria to the cytosol in response to PG treatment. Cytosolic extracts (40 pg of protein) from MCF-7
and MCF-7 MR cells treated with 1 uM PG for the indicated times were resolved by SDS-PAGE and probed for cytochrome c. Results shown are typical

examples of data from multiple experiments.
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Fig. 4. Western blot analysis of PG-induced apoptosis through caspase activation and PARP cleavage. (A) Cleavage products of procaspase-9, -8 and -7; and (B)
PARP cleavage in MCF-7 and MCF-7 MR. Cells were treated with the indicated PG concentrations for 16 h. Results shown are typical examples of data from

multiple experiments.

genomes, we analyzed caspase-7 processing as a possible
substitute. PG also induced processing of caspase-7, as
shown by the appearance of its active form (20 kDa) (Fig.
4(A)). Furthermore, we compared cleavage of PARP, a
DNA repair protein, in both PG-treated cell lines as a
downstream signalling event indicative of apoptosis. All
cells were treated with different doses of PG (0-1 wM) and
cell extracts subjected to immunoblot analysis using an
anti-PARP antibody that recognizes both the 116 kDa
parent PARP and the 89 kDa cleavage product. As shown
in Fig. 4(B), dose-dependant PARP cleavage was observed
in both cell lines in response to PG treatment.

Finally, morphological changes associated with apopto-
sis were analyzed using Hoechst 33342 staining. The
nuclei of both cell lines gave strong blue fluorescence
and were condensed after PG treatment, although apoptotic
bodies were not observed due to the atypical apoptosis that
these cells undergo (data not shown) [22].

3.2.4. Triggering of mitochondrial apoptotic pathway
To further analyze the apoptotic pathway triggered by
PG, we studied whether cytochrome c release was depen-
dent or independent of caspase activity. MCF-7 cells were
treated with PG in the presence or absence of the caspase
inhibitor Z-VAD.fmk. We observed that cytochrome ¢ was
released from mitochondria even when caspases were not
activated. As shown in Fig. 5, although caspase-9 was not
active and the caspase substrate PARP was not cleaved in
the presence of Z-VAD.fmk, cytochrome ¢ was never-
theless released. This indicates that cytochrome c release
precedes caspase activation, thus suggesting that PG-

mediated apoptosis occurs using primarily mitochondria
to transduce its death-inducing message.

3.3. No PG transportation by BCRP

FACS analysis of the uptake and efflux of auto-fluor-
escent PG was performed to determine whether this agent
could be a substrate for the MDR transporter BCRP. The
cells used in these experiments were the parental MCF-7
cells (very low levels of BCRP) and the MCF-7 MR cells

MCF-7
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PG (hr) 12 12 12 12
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(15kDa)

Caspase 9
(37 kDa)

§ ; :
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Fig. 5. Effect of PG on cytochrome c release, caspase-9 activation and
PARP cleavage. MCF-7 cells were pre-treated with or without 100 uM Z-
VAD.fmk 1h before 1 puM PG treatment. Cytochrome c release and
caspase-9 activation were analyzed in the cytosolic fraction, whilst
PARP cleavage was observed in the nuclear containing extract. Results
shown are typical examples of Western blot data from multiple experi-
ments.



1350

Mitox

V. Soto-Cerrato et al./Biochemical Pharmacology 68 (2004) 1345-1352

Mitox / Ko143

PG PG/ Ko143

MCF-7cells g

MCF-7 MR cells g

2 167 1t 16!

I3
‘

43

10t

108

Fig. 6. FACS analysis of uptake and efflux of mitoxantrone and PG in a panel of MCF-7 cells. Upper panel: MCF-7 parent cells; no drug (auto fluorescence;
dotted line) accumulation at time zero of efflux (sold line) and fluorescence levels after 60 min of efflux (dashed line) in the presence or absence of Ko143 with
the appropriate drug. Lower panel: as above, but for MCF-7 MR (BCRP over-expressing cells).

(high levels of BCRP). As a positive control for BCRP
activity, the drug mitoxantrone was used as a substrate.
Furthermore, accumulation and efflux experiments were
also performed in the presence of Ko143, a specific blocker
of BCRP.

As expected, the MCF-7 parent cells accumulated high
levels of both mitoxantrone and PG after the loading
period and showed almost no active efflux after 60 min
in fresh medium. The very low level of mitoxantrone
efflux was inhibited when Ko143 was added during the
efflux period (Fig. 6, upper panel). MCF-7 MR cells
showed high levels of functionally active BCRP, as they
accumulated much less of the typical BCRP—substrate
mitoxantrone than the parental cells. After 60 min of
efflux, the levels decreased even further. The accumula-
tion of the drug could be significantly enhanced, almost to
the levels of the parental cells, when the experiment was
performed in the presence of Ko143. Under these condi-
tions, no efflux of mitoxantrone was observed after
60 min, again confirming mitoxantrone as a typical sub-
strate for the BCRP transporter. In contrast, PG accumu-
lated to high levels in these MCF-7 MR cells, as high as
observed in the parental cells. Some decrease in fluores-
cence levels after 60 min of efflux was noted, but the
accumulation and efflux levels were not affected by the
presence of Ko143 during the loading and/or efflux period
(Fig. 6, lower panel).

These results indicate that PG is not a substrate for
BCRP and it is unlikely that the effectiveness of this anti-
neoplastic agent will be affected by the presence of the
MDR transporter in tumor cells.

4. Discussion

Prodigiosins is a family of naturally occurring poly-
pyrrole red pigments produced by a restricted group of
microorganisms including some Streptomyces and Serratia
strains. Some members of this family, including PG, have
shown immunosuppressive [7,23,24] and apoptotic activ-
ities [9-12,25,26]. In the present study, we have extended
our experiments on PG-induced apoptosis to breast cancer
cells. Our results indicate that PG is an effective inducer of
apoptosis in ER+ and ER— human breast cancer cells. The
pS53 accumulation, cytochrome c release, caspase activa-
tion, cleavage of PARP and distinctive morphological
changes in the nucleus typified the apoptotic process. In
addition, experiments with the caspase inhibitor Z-
VAD.fmk elucidated the specific molecular pathway via
mitochondria, triggered by PG. Finally, FACS analysis of
PG accumulation and efflux in MCF-7 sublines showed
that PG is not a substrate for the MDR transporter BCRP.

PG caused dose- and time-dependent cytotoxicity
(reduction of cell number below the initial plating density)
in MCF-7, MCF-7 MR and MDA-MB-231 cells. Cyclo-
prodigiosin hydrochloride (cPrG-HCl) also has similar
cytotoxic properties in many cancer cell lines, especially
in breast cancer cells [25]. However, our cytotoxic assays
were performed over shorter periods due to the more potent
effect of PG observed in different cell lines [9,10,12]. The
different effect could be a consequence of the C-6 methoxy
substituent in PG since its substitution by a larger alkoxy
substituent progressively reduced the activity of this com-
pound [27].
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Other novel anticancer agents for breast cancer have
been reported. Among them, the marine compounds
neoamphimedine and dehydrothyrsiferol [28,29] have
been shown to have anti-neoplastic activities in both
MCF-7 (IC50 = 1.8 pM at 72 h) and in MDA-MB-231
(ICs0 = 14.8 pg/ml £ 1.2 at 48 h), respectively. Both of
them are less effective than PG as shown by the lower PG
ICsq values even at shorter times. Furthermore, paclitaxel,
a drug currently used in breast cancer treatment, also
showed a higher 1Csy value for MDA-MB-231 cells in
vitro (25 = 1 uM at 24 h) [30]. Taken together, these
results are very promising, especially for the estrogen-
independent MDA-MB-231 cells as this kind of cancer is
associated with a poorer prognosis and shorter survival.

Upon stress signals, p5S3 accumulation may induce two
different sets of genes acting on growth control, under-
going cell cycle arrest due to an increase in p21 levels or on
apoptosis and up-regulating the proapoptotic Bcl-2 family
member Bax [3]. In MCF-7 cells, we have observed an
increase in p53 levels as well as its DNA-binding activity
followed by protein Bax expression leading to apoptosis as
occurs with other drugs [31,32]. On the other hand, MCF-7
MR response to PG seems to be different at the doses
examined since p53 is increasing p21 levels suggesting that
these cells might try to undergo cell cycle arrest but finally
the apoptotic process is driven. This could explain why the
MCF-7 MR ICsq is slightly higher than that from its
parental cell line. However, we have previous observations
indicating that PG is able to induce apoptosis in a p53-
independent manner [9,12] The ability of PG to induce
apoptosis without the involvement of p53 may prove useful
in therapy because p53 mutation is also associated with
multidrug resistance in breast cancer [33].

The subcellular fractionation experiments revealed that
PG induced mitochondrial cytochrome ¢ release to the
cytosol, indicating that outer mitochondrial membrane
permeabilization is an early event in PG-induced apopto-
sis. It has been reported that this organelle has a central role
in the apoptosis induced by many anticancer drugs, such as
vitamin E isoforms in breast cancer cells [34]. Next, the
activation of caspases-9, -8 and caspase-7 (as a caspase-3
alternative), as well as PARP cleavage, as a substrate for
caspases, was also observed in PG-treated MCF-7 and
MCEF-7 MR cells. The lack of inhibition of cytochrome
c release to the cytosol in the presence of the caspase
inhibitor Z-VAD.fmk indicated that PG-induced apoptosis
occurs via the mitochondrial pathway. Furthermore, in
agreement with the previous data [22], we confirmed that
MCEF-7 cells do not express caspase-3 (data not shown).
PG, even in the absence of caspase-3, induced a potent
apoptosis in MCF-7 cells. Interestingly, the apoptotic
process induced by doxorubicin and etoposide (currently
used in breast cancer treatment), as well as cisplatin, an
active chemotherapeutic agent used in clinical oncology,
were all strongly enhanced by restoring caspase-3 in MCF-
7 cells [35,36]. It remains to be seen whether a similar

enhancement of PG cytotoxicity could appear in the pre-
sence of functional effector caspase-3.

The anthracyclines (doxorubicin, epirubicin) and tax-
anes (paclitaxel, docetaxel) are considered the most active
agents for patients with advanced breast cancer [1]. How-
ever, some tumors do not respond and others eventually
acquire resistance to several unrelated drugs. Some mem-
bers of the ABC superfamily of transporter proteins can
contribute to multidrug resistance in cancer chemotherapy.
P-gp, MRP1 and the half-transporter BCRP are particularly
implicated in this respect [37]. Over-expression of MDR1
P-gp confers resistance to vinblastine, vincristine, doxor-
ubicin, daunorubicin, etoposide, teniposide, paclitaxel,
docetaxel and many other drugs, whereas BCRP has
relatively high affinity for mitoxantrone, topotecan and
prazosin [15]. The MDR breast cancer cell line employed
in this study was MCF-7 MR, a mitoxantrone-resistant cell
line with a non-P-gp, non-MRP1 phenotype and elevated
levels of BCRP mRNA [38-40]. These cells displayed a
very high degree of resistance to mitoxantrone (1208-
folds) [39], which is an inconvenience in cancer treatment,
whilst the resistance showed to PG is very low (only 2-
folds). In agreement with this low level of resistance to PG
in this cell line, FACS analysis of accumulation and efflux
of PG showed that this pro-apoptotic agent is not a sub-
strate for the BCRP transporter. Furthermore, similar
FACS experiments in the MDR1 P-gp over-expressing
MCEF-7 Dox40 cell line indicated that PG is also a rather
poor substrate for this MDR transporter (data not shown).
Moreover, PG has been shown to operate independently of
the presence of the MRP-1 protein in a study performed in
doxorubicin resistant small lung cancer cells that over-
express MRP-1 [41].

In conclusion, the data reported here indicate that PG is a
novel pro-apoptotic agent with potential as an anticancer
agent, which may be effective irrespective of the presence
of MDR transporter molecules.
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Resultados

Capitulo 2.2. Identificacion de dianas moleculares de prodigiosina mediante el
analisis de la expresion génica. Estudio de la induccion del gen proapoptético NAG-1 en
células humanas de cancer de mama.

(“Soto-Cerrato V, Vidials F, Lambert JR, Kelly JA, Pérez-Tomas R. Prodigiosin induces
the proapoptotic gene NAG-1 via glycogen synthase kinase-3 beta activity in human breast

cancer cells. Mol Cancer Ther 2007;6(1):362-9).

Una vez caracterizado el efecto proapoptdtico que induce prodigiosina en células de
cancer de mama MCF-7, quisimos profundizar en los mecanismos moleculares responsables
de desencadenar dicho proceso celular. Con esta finalidad, analizamos los cambios en la
expresion génica de estas células, tras el tratamiento con prodigiosina durante 24 h, mediante
experimentos con matrices de cDNA de genes relacionados con cancer. La mayoria de los
genes significativamente modificados estaban relacionados con apoptosis, ciclo celular,
adhesion celular o regulacion de la transcripcion. El impresionante aumento en la expresion
del gen proapoptotico NAG-1 nos hizo pensar en él como un candidato interesante, el cual
podia estar implicado en el mecanismo de induccién de citotoxicidad en MCF-7. Los
resultados mostraron que prodigiosina inducia la acumulacion del gen supresor de tumores
p53 pero que la induccién de NAG-1 era independiente de éste. Ademas, prodigiosina causo
desfosforilacion de AKT y activacion de GSK-3f, efectos que se correlacionaban con la
expresion de NAG-1. La apoptosis inducida por prodigiosina se bloqueaba al inhibir GSK-3[3.
Esto debia ser causado, al menos en parte, por el bloqueo de la sobreexpresion inducida por
GSK-3B, de los receptores de muerte DR-4 y DR-5. Todo ello nos sugiere que la activacion
de GSK-3p tras el tratamiento con prodigiosina es un acontecimiento clave en la regulaciéon

de las rutas moleculares que activan la apoptosis inducida por este agente anticanceroso.

121






362

Prodigiosin induces the proapoptotic gene NAG-1
via glycogen synthase kinase-33 activity in

human breast cancer cells

Vanessa Soto-Cerrato,” Francesc Vifals,?
James R. Lambert,® Julie A. Kelly,3
and Ricardo Pérez-Tomas'

'Department of Pathology and Experimental Therapeutics, Cancer
Cell Biology Research Group and 2pepartament de Ciéncies
Fisiologiques Il, Campus de Bellvitge, Universitat de Barcelona,
Barcelona, Spain; and 3Department of Pathology, University of
Colorado Denver and Health Science Center, Aurora, Colorado

Abstract

Prodigiosin (2-methyl-3-pentyl-6-methoxyprodigiosene) is
a bacterial metabolite that has anticancer and antimeta-
static properties. However, the molecular mechanisms
responsible for these abilities are not fully understood.
Gene expression profiling of the human breast cancer
cell line MICF-7 treated with prodigiosin was analyzed by
cDNA array technology. The majority of the significantly
modified genes were related to apoptosis, cell cycle,
cellular adhesion, or transcription regulation. The dramatic
increase of the nonsteroidal anti-inflammatory drug-
activated gene 1 (NAG-1) made this gene an interesting
candidate regarding the possible mechanism by which
prodigiosin induces cytotoxicity in MCF-7 cells. Our results
show that prodigiosin triggers accumulation of the DNA-
damage response tumor-suppressor protein p53 but that
NAG-1 induction was independent of p53 accumulation.
Moreover, prodigiosin caused AKT dephosphorylation and
glycogen synthase kinase-33 (GSK-3(3) activation, which
correlated with NAG-1 expression. Prodigiosin-induced
apoptosis was recovered by inhibiting GSK-33, which
might be due, at least in part, to the blockade of the GSK-
3B -dependent up-regulation of death receptors 4 and
b expression. These findings suggest that prodigiosin-
mediated GSK-3(3 activation is a key event in regulating the
molecular pathways that trigger the apoptosis induced by
this anticancer agent. [Mol Cancer Ther 2007;6(1):362 -9]
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Introduction

Cancer is a major public health problem in most developed
countries. In particular, breast cancer is the most commonly
diagnosed cancer among women and the second greatest
cause of cancer deaths in women in most Western societies
(1). Adjuvant chemotherapy has been proven to decrease
the risk of relapse and cancer-related mortality in women
with early-stage breast cancer. Moreover, chemotherapy is
the treatment of choice for patients with hormone-
insensitive and metastatic breast carcinomas (2). Unfortu-
nately, most patients eventually develop recurrences due to
the appearance of resistance to drugs after its reiterated
administration. Thus, there is a need for new chemother-
apeutic agents with novel and well-defined mechanisms of
action.

The antimalarial, immunosuppressive, and procytotoxic
bacterial metabolite prodigiosin (3) has recently been
described as a novel anticancer and antimetastatic agent
(4, 5). Prodigiosin promotes apoptosis in a wide variety of
human cancer cell lines, including hematopoietic, gastro-
intestinal, and breast and lung cancer cells, with no marked
toxicity in nonmalignant cells (4, 6—10). Prodigiosin
triggers mitochondria-mediated apoptosis irrespective of
multidrug resistance phenotype (9), and this apoptosis can
be induced in p53-deficient cells (4). These features suggest
an advantage to prodigiosin as an anticancer agent because
they are very common phenomena that limit chemotherapy
effectiveness. The molecular mechanism of prodigiosin
cytotoxicity seems to be complex as it alters several
biological processes of potential importance to cell viability.
For example, prodigiosin has been shown to modulate
intracellular pH through lysosomal alkalinization (11, 12),
inhibit cell proliferation via G;-S transition arrest (13), and
interact with DNA inducing single- and double-strand
breaks and topoisomerase I and II inhibition (14, 15).

Although the anticancer and proapoptotic activities of
prodigiosin have been intensively studied, the molecular
targets responsible for these properties have not yet been
elucidated. To this end, we did gene expression profiling of
MCF-7 breast cancer cells after treatment with prodigiosin.
The most highly induced gene identified was nonsteroidal
anti-inflammatory drug-activated gene 1/growth differentiation
factor 15 (NAG-1). NAG-1 is a secreted protein with
homology to members of the transforming growth factor-
B superfamily. Forced expression of NAG-1 in a variety
of cell types has been related to cell cycle arrest and
apoptosis (16—18). Many antitumorigenic compounds,
including cyclooxygenase inhibitors (19), 2-(4-amino-3-
methylphenyl)-5-fluorobenzothiazole (20), retinoids (21),
genistein (22), resveratrol (23), and vitamin D (24) have
been shown to up-regulate NAG-1 expression. Several

Mol Cancer Ther 2007;6 (1). January 2007



mechanisms of NAG-1 induction have been described.
NAG-1 expression can be induced in a p53-dependent
(22-25) or p53-independent (26) manner. Other proteins
that have been linked to NAG-1 expression are the early
growth response gene-1 (27, 28), protein kinase C through
nuclear factor-«B binding to NAG-1 promoter (29), and
glycogen synthase kinase-33 (GSK-3p) through the
phosphatidylinositol 3-kinase (PI3K)/AKT/GSK-3p path-
way (30).

In the present study, we examine the molecular mecha-
nism of prodigiosin-mediated induction of NAG-1 in
MCE-7 cells and provide new insight into the molecular
mechanism by which prodigiosin induces apoptosis in
breast cancer cells.

Materials and Methods

Purification of Prodigiosin

Prodigiosin (2-methyl-3-pentyl-6-methoxyprodigiosene;
Fig. 1) was extracted by shaking the Serratia marcescens
2170 cells with a mixture of methanol/1 N HCI (24:1). After
centrifugation (68,006 X g for 15 min), the solvent of the
supernatant was evaporated under vacuum. Atmospheric
pressure liquid chromatography of the extract was done
on silica gel with chloroform and methanol as solvents. The
eluted pigmented fractions were pooled and the chloro-
form/methanol extract was vacuum evaporated, redis-
solved in H,O, and lyophilized. The isolated pigment was
redissolved in methanol and analyzed by electrospray
ionization mass spectrometry using a VG-Quattro triple
quadrupole mass spectrometer (Micromass, VG-Biotech,
Manchester, United Kingdom). The isolated pigment
was repurified by subsequent semipreparative high-
performance liquid chromatography carried out on a
Shimadzu instrument (Shimadzu, Kyoto, Japan). A Nucle-
osil C18 reversed-phase column (25,064 mm, 10 mm) was
used with a 0 £ 100% linear gradient in 30 min [A, 0.01
mol/L ammonium acetate (pH 7); B, 100% acetonitrile].
The elution was monitored by both using diode-array UV
detector (SPD-M10AVP Shimadzu) and electrospray ioni-
zation mass spectrometry. After repeated injections, the
pooled fractions containing the major peak were vacuum
evaporated, redissolved in H,O, lyophilized, and charac-
terized by electrospray ionization mass spectrometry and
'H nuclear magnetic resonance. Electrospray ionization,
m/z 3244 (M+H)+, [CooH25N30 requires 323.4381 (molec-
ular weight average)]. "H nuclear magnetic resonance

MeO

Figure 1. Side-on view of 2-methyl-3-pentyl-6-methoxyprodigiosene
(prodigiosin) showing the planar arrangement of the three pyrrole rings.
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(CD30D, 500 MHz, ppm); 10.71 (m, NH), 8.54 (m, NH),
7.08 (s, 1H), 6.95 (s, 1H), 6.88 (m, 1H), 6.83 (m, 1H), 6.30
(m, 1H), 6.25 (s, 1H), 3.96 (s, 3H), 2.43 (t, 2H), 1.58 (s, 3H),
1.2 + 1.4 (m, 6H), 0.91 (t, 3H). Stock solutions, with purity
>95%, were prepared in methanol, and concentrations
were determined by UV-Vis in 95% ethanol-HCI (es35 =
11,2000/M cm).

Drugs

AR-A014418 was purchased from Calbiochem (EMD
Biosciences, Darmstadt, Germany).

Cell Lines and Culture Conditions

Human breast cancer cell lines MCF-7 and MDA-MB-231
were purchased from American Type Culture Collection
(Manassas, VA) and cultured in DMEM:Ham’s F-12 (1:1;
Biological Industries, Beit Haemek, Israel) supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Life
Technologies, Carlsbad, CA), 100 units/mL penicillin,
100 pg/mL streptomycin, and 2 mmol/L L-glutamine.
Cells were grown at 37°C in a 5% CO, atmosphere.

cDNA Array Analysis

MCEF-7 cells were left untreated or treated with 0.5 umol/L
prodigiosin for 24 h. Atlas Pure Total RNA Labeling kit
(Clontech, BD Biosciences, Palo Alto, CA) was used for total
RNA isolation, polyadenylated RNA enrichment, and probe
synthesis according to the manufacturer’s instructions.
Gene expression profiles were determined by hybridization
to cDNA arrays (Atlas Human Cancer Array 1.2 from
Clontech, BD Biosciences) and analyzed using AtlasImage
2.7 software. Three replicate arrays for each condition were
averaged, and the composite arrays created were compared.
Global normalization using the sum method, which adds the
values of signal over background for all genes on the arrays
to calculate the normalization coefficient, was used. The
ratio corresponds to the expression of each gene relative to
the untreated control cells (treated array gene adjusted
intensity /control array gene adjusted intensity). A value of
>2 or <0.5 is displayed in the ratio column when numerical
values cannot be calculated because the gene signal on one
array is at background level and is thus considered 0.

Quantitative Real-time Reverse Transcription-PCR

MCEF-7 cells were treated with 0.5 umol/L prodigiosin
for 24 h. The inhibitor AR-A014418 (50 umol/L) was added
30 min before prodigiosin treatment. Total RNA extraction
was done using TRIzol reagent (Invitrogen Life Technolo-
gies), and c¢cDNA synthesis was done using random
hexamers and MuLV reverse transcriptase according to
the manufacturer’s instructions (Applied Biosystems,
Warrington, United Kingdom). Each ¢cDNA sample was
analyzed for the expression of several genes using the
fluorescent TagMan 5 nuclease assay. Oligonucleotide
primers nag-1 (gdf-15), dr-4 (infrsfl0a), dr-5 (tnfrsfl0b),
p-actin (actb), and probes were purchased as Assay-on-
Demand Gene Expression Products (Applied Biosystems).
PCR assays were done using the ABI PRISM 7700 Sequence
Detection System (Applied Biosystems). Gene expression
levels were normalized to P-actin, and relative mRNA
expression was presented in relation to the control. Data
were analyzed using Sequence Detector Software (version
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1.9, Applied Biosystems) and are presented as mean = SD
of three independent experiments. For statistical analysis
among treatment groups, ANOVA and least significant
difference tests were done with the Statgraphics plus 5.1
statistical software.

Western Blot Analysis

MCEF-7 cells were treated with several concentrations of
prodigiosin for different times depending on the experi-
ment. AR-A014418, when used, was added 30 min before
prodigiosin treatment. Supernatants were collected, and
cells were washed with PBS before addition of lysis buffer
[85 mmol/L Tris-HCl (pH 6.8), 2% SDS, 1 ug/mL aprotinin,
1 ng/mL leupeptin, and 0.1 mmol/L phenylmethylsulfonyl
fluoride]. Protein concentration was determined with BCA
protein assay (Pierce, Rockford, IL) using bovine serum
albumin as standard. Fifty micrograms of protein extracts
were separated by 12% SDS-PAGE and transferred to
Immobilon-P membranes (Millipore, Bedford, MA). Blots
were developed with primary antibodies according to the
manufacturer’s instructions. Antibodies were obtained
from the following sources: anti-NAG-1/PTGF-p and
anti—-POLY(ADP)RIBOSE POLYMERASE were from
Santa Cruz Biotechnology (Santa Cruz, CA); anti—-CAS-
PASE-8 was from PharMingen (BD Biosciences); anti-P53
was from Neomarkers (Fremont, CA); phosphorylated AKT
(Ser*”) was from Cell Signaling Technology (Beverly, MA);
and anti-B-ACTIN and anti-VINCULIN were from Sigma
Chemical Co. (St. Louis, MO). Antibody binding was
detected with the appropriate secondary antibodies conju-
gated to horseradish peroxidase, and signals were detected
using the enhanced chemiluminescence detection kit
(Amersham, Buckinghamshire, United Kingdom). Vinculin
was used as gel loading controls. Results shown are
representative data obtained from three independent
experiments.

Dominant Negative p53 Retrovirus Production and
Infection of MICF-7 Cells

An amphotropic packaging cell line (Phoenix cells, a gift
from Dr. Garry Nolan, Stanford University, Stanford, CA)
was used to prepare dominant negative p53 retrovirus
capable of infecting human MCF-7 cells. Eighteen hours
before transfection, Phoenix cells were plated at 1 x 10° per
6-cm dish in 3 mL DMEM + 10% FBS. The cells were
transfected with 10 ug pMSCV-IRES-GFP-p53dd or empty
vector (gifts from Dr. James DeGregori, University of
Colorado Health Sciences Center, Aurora, CO) using
FuGENE 6 reagent (2 pL of FuGENE 6 per microgram of
DNA). Twenty-four hours posttransfection, the medium on
transfected Phoenix cells was changed to 3 mL fresh
DMEM + 10% FBS. On this day, MCF-7 cells were plated
at 2 x 10° per 6-cm dish in 3 mL DMEM + 10% FBS for
viral infection. Forty-eight hours posttransfection, 3 mL of
medium from transfected Phoenix cells were collected and
filtered through a 0.45-um filter to remove cellular debris.
One milliliter of medium was removed and discarded from
MCEF-7 cells plated 24 h earlier. Three microliters of
polybrene (5 mg/mL) were added to the remaining 2 mL
medium on MCEF-7 cells, and the plate was gently rocked to

ensure mixing. Filtered viral medium (1 mL) was added
dropwise to MCE-7 cells. Cells were allowed to incubate
at 37°C for 24 h. Twenty-four hours postinfection, the
medium on MCF-7 cells was refreshed with 3 mL DMEM +
10% FBS. Infected MCEFE-7 cells were fed and passaged as
needed in DMEM + 10% FBS. pMSCV-IRES-GFP-p53dd
contains the green fluorescent protein gene, which facili-
tated the identification of virally infected cells by flow
cytometry. A pool of green fluorescent cells was recovered
from infection with both empty viral vector and p53
dominant negative.

Cell Viability Assay

MCEF-7 cell viability was determined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (31). Cells were plated in triplicate wells
(25 x 10* per well) in 100 puL of growth medium in
96-well plates and incubated for 24 h. Then, cells were
pretreated for 30 min with 50 pmol/L AR-A014418 before
treatment with 1.4 pumol/L prodigiosin. After 24-h incuba-
tion, 10 pmol/L MTT (Sigma Chemical) was added to
each well for an additional 4 h. The formazan precipitate
was dissolved in 100 uL of isopropanol/1 N HCl (24:1),
and absorbance at 570 nm was measured on a multiwell
plate reader. Cell viability was expressed as a percentage
of control and data are shown as the mean value + SD
of three independent experiments. Statistical analysis
(ANOVA and least significant difference tests) was
carried out with the Statgraphics plus 5.1. statistical
software.

Results

Gene Expression Profiling Identifies NAG-1 as a
ProdigiosinTarget Gene in MICF-7 Cells

To elucidate which genes are potentially involved in the
cytotoxic cellular response of the anticancer agent prodi-
giosin (Fig. 1) in MCEF-7 cells, changes in the expression
profile of 1,176 genes on the Atlas Human Cancer Array
1.2 (BD Biosciences Clontech) were analyzed. MCF-7 cells
were treated with 0.5 pmol/L prodigiosin for 24 h. This
concentration of prodigiosin was used because it repre-
sents the IC;; (drug concentration that caused a cell
viability decrease of 25% in cell viability) previously
reported (9). Genes whose expression was up-regulated
>2-fold or down-regulated >0.5-fold were considered to
be significantly modulated by prodigiosin treatment
(Table 1). Among the 20 up-regulated and 17 down-
regulated genes, most of them were related to apoptosis,
cell cycle, cellular adhesion, or transcriptional regulation.
One particular gene, NAG-1, was the most highly induced
after prodigiosin treatment. This gene, encoding a protein
implicated in cell cycle blockage and apoptosis, was
chosen for further study. Quantitative real-time reverse
transcription-PCR and immunoblotting assays were done
to confirm up-regulation of NAG-1 by prodigiosin
treatment of MCF-7 cells. Total RNA and protein were
prepared from MCF-7 cells treated with 0.5 pmol/L
prodigiosin for 1, 8, and 24 h. NAG-1 mRNA levels
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increased significantly in a time-dependent manner
(79-fold increase at 24 h; Fig. 2A). A concomitant increase
in NAG-1 protein was also observed starting at 4 h of
prodigiosin treatment (Fig. 2B).

Prodigiosin-Mediated Induction of NAG-1 Is p53
Independent

NAG-1 is a p53 target gene (17). However, the induction
of NAG-1 by various compounds has been shown to be
both p53 dependent and p53 independent. For example,
resveratrol increases the cellular level of p53 in human
colorectal cancer cells, thus promoting NAG-1 expression
(23). We therefore examined p53 levels in MCF-7 and
MDA-MB-231 breast cancer cells after prodigiosin treat-
ment. MCF-7 cells were treated with 0.5 pmol/L prodigio-
sin for various times and p53 levels were determined by
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immunoblot analysis. Although a decrease in p53 levels
at 4 and 8 h of treatment was observed, at 16 and 24 h of
treatment, p53 protein levels increased, which correlated
with increased NAG-1 protein levels (Fig. 3A). Moreover,
when MCEF-7 cells were treated with higher doses of
prodigiosin corresponding to IC,s, ICs, and IC75 values for
24 h, a parallel increase in p53 and NAG-1 protein levels
was observed (Fig. 3B). However, p53 accumulation is not
necessary for NAG-1 expression induced by prodigiosin
because cells harboring mutant p53 (MDA-MB-231) treated
with prodigiosin (doses corresponding to IC,s, ICsy, and
IC;5 values at 24 h for these cells) also express NAG-1
despite the lack of functional p53 (Fig. 2B). To further
investigate the p53 independence of prodigiosin-mediated
induction of NAG-1, we expressed a dominant negative

Table 1. Differentially expressed genes in MCF-7 cells after prodigiosin treatment
Gene name Genbank no. SwissProt no. Ratio Classification
Up-regulated genes
Interferon induced transmembrane protein 1 (9-27) (IFITM1) Jo4164 P13164 2.06 Cell cycle
Cyclin-dependent kinase inhibitor 1 (CDKN1A/p21) U09579 P38936 >2 Cell cycle
Fms-related tyrosine kinase 1 (FLT1) X51602 P17948 >2 Cell cycle
Junction plakoglobin (JUP) M23410 P14923 >2 Cell adhesion
Ubiquitin-conjugating enzyme E2 17-kDa (UBE2A) M74524 P49459 >2 Protein turnover
Purine-rich ssDNA-binding protein o (PURA) M96684 Q00577 >2 Transcription regulator
and DNA replication
Zinc finger protein 36 (ZFP36L1) X79067 Q07352 >2 Transcription regulator
Integrin B4 (ITGB4) X53587 P16144 >2 Cell adhesion
HLA-G histocompatibility antigen, class I, G (HLA-G) M32800 Q30182 >2 Cellular defense response
Procollagen (type 111) N-endopeptidase (PCOLN3) U58048 Q15779 >2 Cell cycle
Teratocarcinoma-derived growth factor 3 (TDGF3) M96956 P13385 >2 Cell differentiation
Interleukin-1, f (IL1B) K02770 P01584 >2 Cell cycle and apoptosis
Cell division cycle 34 (CDC34) 122005 P49427 >2 Protein turnover and cell cycle
Nonsteroidal anti-inflammatory drug-activated AF019770 Q99988 11.72  Cytokine activity,
gene 1/growth differentiation factor 15 (NAG-1/GDF15) cell cycle and apoptosis
RAN binding protein 2 (RANBP2) L41840 P49792 >2 Trafficking/targeting protein
Keratin 7 (KRT7) X03212 P08729 >2 Cytoskeleton protein
IFN-stimulated exonuclease gene 20 kDa (ISG20) U88964 000586 >2 Cell cycle
Proteasome activator subunit 1 (PSMET) L07633 Q06323 >2 Protein turnover
Eukaryotic translation elongation factor 1ol (EEF1AT) M27364 Q14222 2.22 Translation elongation
Insulin-induced gene 1 (INSIGI) U96876 015503 >2 Metabolism
Down-regulated genes
Deleted in colorectal carcinoma (DCC) X76132 P43146 <0.5  Cell cycle and apoptosis
v-myc myelocytomatosis viral oncogene homologue (MYC/c-myc) V00568 P01106 0.36  Cell cycle
Notch homologue 4 (NOTCH4) U95299 000306 <0.5 Cell differentiation
v-abl Abelson murine leukemia viral oncogene homologue 2 (ABL2) ~ M35296 P42684 <0.5  Oncogenes
Prostaglandin E synthase (PTGES) AF010316 014684 <0.5  Metabolism
Prohibitin 2 (PHB2) U72511 Q99623 <0.5  Transcription regulator
Guanylate kinase 1 (GUKI) L76200 Q16774 <0.5 Metabolism
Rho GDP dissociation inhibitor (GDI) « (ARHGDIA) X69550 P52565 0.44 Cell motility and apoptosis
TNF receptor-associated protein 1 (TRAPI) U12595 Q12931 043 Apoptosis-associated proteins
Retinoic acid receptor, y (RARG) M?24857 P13631 <0.5  Transcription regulator
Macrophage migration inhibitory factor (MIF) M25639 P14174 047 Apoptosis-associated proteins
TIMP metallopeptidase inhibitor 1 (TIMP1) X03124 P01033 <0.5  Cell cycle
Vitronectin (VTN) X03168 P04004 <0.5 Cell adhesion
Keratin 8 (KRT8) M34225 P05787 0.17  Cytoskeleton protein
Hemoglobin, o1 (HBAT) V00491 P01922 <0.5  Trafficking/targeting proteins
Keratin 18 (KRT18) M26326 P05783 <0.5  Cytoskeleton protein
Nonmetastatic cells 4, protein expressed in (NME4) Y07604 000746 <0.5  Metabolism
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Figure 2. Effect of prodigiosin treatment on NAG-1 expression in MCF-

7 cells. A, MCF-7 cells were treated for 1, 8, and 24 h with 0.5 pmol/L
prodigiosin, and fold changes of gene expression with respect to control
cells were determined by quantitative real-time reverse transcription-PCR.
Columns, mean of triplicate experiments, normalized by using actin mRNA
expression; bars, SD. *, P < 0.05; **, P < 0.01, statistical significance
among groups. B, time course analysis of protein levels in 0.5 pmol/L
prodigiosin-treated MCF-7 cells subjected to immunoblotting with NAG-1
antibody. Vinculin is shown as a loading control, and representative blots
of independent experiments are shown.

p53 (pMSCV-IRES-GFP-p53dd) in MCEF-7 cells and ana-
lyzed NAG-1 protein levels. MCF-7 cells were infected with
a retrovirus expressing a dominant negative form of p53.
Western analysis for NAG-1 and p53 was done on a pool of
virally infected cells. We compared protein levels in MCF-7
cells infected with the dominant negative—expressing
retrovirus and MCF-7 cells infected with empty virus as a
control. As shown in Fig. 3C, expression of dominant
negative p53 in MCF-7 cells had no effect on NAG-1
expression. The blot was stripped and reprobed for an
indicator of the efficiency of dominant negative p53
function: stabilization of p53. Infection of cells with
pPMSCV-IRES-GFP-p53dd results in stabilization of p53,
indicating strong dominant negative p53 function in these
cells. Taken together, although prodigiosin treatment of
MCEF-7 cells increases p53 protein levels, prodigiosin-
mediated NAG-1 induction in breast cancer cells is p53
independent.

Prodigiosin-Mediated Induction of NAG-1 in MICF-7
Cells Is Dependent on GSK-33 Activity

The GSK-3p kinase has been implicated in NAG-1 gene
expression (30). To determine whether GSK-3p contributes
to prodigiosin-mediated induction of NAG-1 in MCF-7
cells, experiments using a specific inhibitor of GSK-3p, AR-
A014418, were done. MCE-7 cells were preincubated with
50 pmol/L AR-A014418 before treatment with 0.5 pmol/L
prodigiosin. Prodigiosin-mediated induction of NAG-1
mRNA and protein was completely blocked after AR-
A014418 treatment (Fig. 4). We also observed that prodi-
giosin caused dephosphorylation of AKT, a negative
GSK-3p regulator. This could provoke GSK-3p activation,

which may explain NAG-1 accumulation after prodigiosin
treatment (Fig. 4B). To investigate whether GSK-3p activity
was involved in the apoptotic phenotype induced by
prodigiosin, cell viability experiments were done in the
presence of AR-A014418. We observed that prodigiosin-
mediated MCF-7 cell death was blocked by cotreatment
with prodigiosin and AR-A014418 (Fig. 4C).

GSK-33, through Regulation of Death Receptors 4
and 5 Expression, Is Implicated in Prodigiosin-Induced
Apoptosis

It was previously shown that forced expression of NAG-1
significantly induced death receptor-4 (DR-4) and DR-5
induction in gastric cancer cells treated with the proapop-
totic drug sulindac sulfide (32). Therefore, we analyzed
gene expression of DR-4 and DR-5 in relation to GSK-3p
activity in MCF-7 cells treated with prodigiosin (Fig. 5A).
We observed a significant increase in DR-4 and DR-5
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Figure 3. Analysis of p53 protein accumulation after prodigiosin
exposure. A, cells were treated with 0.5 umol/L prodigiosin for different
times and cell lysates were subjected to Western blotting with p53
antibody. B, MCF-7 and MDA-MB-231 cells were incubated with different
prodigiosin doses corresponding to their respective ICys, IC50, and I1C75
values at 24 h and then subjected to immunoblotting for p53 and NAG-1
detection. Vinculin is shown as a loading control. C, MCF-7 cells were
infected with a retrovirus expressing a dominant negative p53
(D.Neg.p53). A pool of infected cells was analyzed for NAG-1 protein
levels after prodigiosin (PG) treatment (0.5 pmol/L). The same blot was
stripped and developed with antibodies against NAG-1, p53, and p-actin
as a loading control.
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Figure 4. NAG-1 and cell viability regulation by GSK-3p. A, MCF-7 cells
were exposed to 0.5 pumol/L prodigiosin for 24 h in the absence or
presence of 50 umol/L AR-A014418, and changes in gene expression (fold
changes with respect to control cells) were evaluated by quantitative real-
time reverse transcription-PCR. Columns, means of three independent
experiments; bars, SD. *, P < 0.05, significant induction by prodigiosin
or inhibition when combined with AR-A014418. B, after treating cells with
0.5 umol/L prodigiosin for 24 h with or without 1, 20, or 50 pmol/L
AR-A014418, cell lysates were collected for Western blot analysis using
phosphorylated AKT (p-AKT), NAG-1, and vinculin antibodies. The latter is
shown as a gel loading control, and representative blots of independent
experiments are shown. C, cells were incubated with 1.4 pmol/L
prodigiosin for 24 h alone or in the presence of 50 umol/L AR-A014418,
and cell viability was measured by the MTT assay. Columns, mean
percentage of nontreated cells from triplicate experiments; bars, SD.
*, P < 0.05; **, P < 0.01, statistical significance.

mRNA (5- and 13-fold, respectively) after 24 h of prodi-
giosin treatment. Importantly, this induction was inhibited
in the presence of 50 umol/L AR-A014418 (2- and 3-fold for
DR-4 and DR-5, respectively), suggesting a critical role of
GSK-3p in prodigiosin-mediated induction of DR-4 and
DR-5. Finally, to evaluate whether death receptors are
activated by prodigiosin treatment, the expression of their
substrate, caspase-8, was analyzed (Fig. 5B). Caspase-8 was
detected after 8 h of prodigiosin treatment, coinciding with
cleaved poly(ADP)ribose polymerase, a caspase substrate
indicative of apoptosis. These results show that apoptosis
via the death receptor extrinsic pathway is active in these
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cells. Together, these results suggest that prodigiosin-
induced apoptosis is mediated by GSK-3p and that
caspase-8 activation through DR-4 and DR-5 might explain,
at least in part, this phenomenon.

Discussion

The aim of this study was to identify genes that undergo a
change in expression in response to prodigiosin treatment
to determine its mechanism of action. This information is
used to aid the progress of this treatment to the clinic. The
majority of the significantly modified genes in response to
prodigiosin treatment, revealed by cDNA array technology,
were related to apoptosis, cell cycle, cell adhesion, or
transcriptional regulation. We focused our study on the
most highly modified gene, NAG-1. Our results support
that prodigiosin treatment induces accumulation of the
DNA-damage response protein p53 but that prodigiosin-
mediated NAG-1 expression is p53 independent. Inactiva-
tion of the prosurvival pathway PI3K/AKT in MCF-7 cells
was observed after prodigiosin treatment. Finally, NAG-1
and DR-4 and DR-5 expressions were abrogated by GSK-3p
inactivation, as well as prodigiosin-induced apoptosis,
suggesting that this kinase might be a key regulator of
the prodigiosin cytotoxic effect.
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Figure 5. Analysis of apoptosis-related proteins after prodigiosin
treatment. A, mRNA of MCF-7 cells, nontreated or treated with
50 pmol/L AR-A014418 before 24-h treatment with 0.5 umol/L prodigio-
sin, was extracted. DR-4 and DR-5 levels were quantified by quantitative
real-time reverse transcription-PCR. Columns, mean of triplicate experi-
ments; bars, SD. *, P < 0.05; **, P < 0.01, statistical significance. B,
cells were exposed to 0.5 pmol/L prodigiosin and a time course analysis of
caspase-8, poly(ADP)ribose polymerase (PARP), and vinculin proteins was
done by immunoblotting. Vinculin is shown as a gel loading control, and
representative blots of independent experiments are shown.
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Many chemotherapeutic agents currently used in the
clinic induce accumulation of the tumor-suppressor protein
P53, a key protein signaling growth arrest and apoptosis in
response to DNA damage (33). In this regard, prodigiosin
was previously described to intercalate to the DNA
provoking topoisomerase I and II inhibition and, conse-
quently, DNA cleavage (15). Moreover, accumulation
of functional p53 protein and gene expression of the
transforming growth factor-p family member NAG-1 after
prodigiosin treatment were observed. NAG-1 can be
induced in response to both p53-dependent and p53-
independent apoptotic signaling events caused by DNA
damage (18). Thus, one of the mechanisms of action of
prodigiosin seems to be to cause DNA damage, which, in
turn, triggers p53 accumulation. However, the ability of
prodigiosin to induce apoptosis in cells with deficient p53
(4) indicates that p53 signaling after prodigiosin treatment
is not essential for prodigiosin-induced cell death. This may
confer prodigiosin an advantage in front of other chemo-
therapeutic agents that need functional p53 to provoke
its cytotoxic effect because this protein is frequently
mutated in most human cancers, which is related to poor
prognosis (34).

Similar to prodigiosin, many cytotoxic agents have been
reported to induce NAG-1 overexpression (19-23), but the
exact mechanism by which NAG-1 triggers apoptosis is still
poorly understood. NAG-1 induces morphologic changes
followed by reduced cell adhesion and cell detachment in
prostate cancer cells before undergoing apoptosis (16). Cell
anchorage is not merely a structural feature of the cell but
mediates pivotal survival signals into the cytoplasm;
therefore, disturbance of cell anchorage frequently leads
to the initiation of cell death by apoptosis, a process called
anoikis (35). Cells treated with prodigiosin undergo
progressive morphologic changes, cell detachment, and
reorganization of actin microfilaments (7). In addition, the
antimetastatic effect of prodigiosin is due to the inhibition
of tumor invasion, which include the inhibition of cell
adhesion and motility in a RhoA-dependent manner and
suppression of matrix metalloproteinase-2 ability (5).
Likewise, many of the genes regulated by prodigiosin,
shown by the cDNA array experiments, are related to
cellular adhesion, motility, or cytoskeleton structure. Taken
together, these data suggest that one of the roles for NAG-1
in prodigiosin-induced apoptosis might be through mor-
phologic changes leading to cell detachment, which then
leads to prodigiosin-induced cell death.

The PIBK/AKT/GSK-3p signaling pathway has been
shown to regulate NAG-1 expression in human colorectal
carcinoma cells (30). The serine/threonine kinase AKT
plays a key role in protecting cells from apoptosis through
the phosphorylation of diverse downstream targets (36).
Indeed, the blockade of this pathway sensitizes cells to
various apoptotic stimuli, such as the response to the DNA-
damaging agent doxorubicin in cancer cells in which the
PI3K/AKT pathway is constitutively activated (37). GSK-
3p is a negatively regulated AKT target whose over-
expression has been shown to induce apoptosis whereas

dominant-negative GSK-3p prevented apoptosis after
inhibition of PI3K in prostate cancer cells (38). The AKT
dephosphorylation caused by prodigiosin treatment allows
GSK-3p activation leading to NAG-1 expression. This
seems to be one of the molecular signaling events
responsible for the apoptosis induced by prodigiosin. This
was corroborated because GSK-3 pharmacologic inactiva-
tion recovered cell viability, suggesting a crucial role for
GSK-3p in prodigiosin-induced apoptosis. Moreover, pro-
digiosin treatment induced expression of DR-4 and DR-5,
which was reduced when GSK-3p was inhibited. These
membrane receptors activate the initiator caspase-8, lead-
ing to apoptosis signaling through the extrinsic pathway
(39). However, DR induction of GSK-33 via NAG-1 remains
to be elucidated. NAG-1 cDNA transfection into gastric
cancer cells significantly induced apoptosis and DR-4 and
DR-5 expressions (33), suggesting a novel NAG-1 signaling
pathway that may regulate DR expression.

In summary, the molecular mechanisms of the antitu-
morigenic potential of prodigiosin is effected by multiple
events, giving rise to apoptosis. GSK-3p activation through
inhibition of the PI3K/AKT pathway seems to be the most
crucial event leading to prodigiosin apoptotic effect. GSK-
3p—dependent expression of DR-4 and DR-5 may be
through NAG-1 could explain, at least in part, prodigio-
sin-induced cell death. Furthermore, secretion of NAG-1
provides a route through which molecular signals caused
by a cytotoxic agent can be communicated to the
neighboring cells, and, thus, amplifying the effect of the
cytotoxic agent. Altogether, these results point to prodigio-
sin as an attractive candidate for chemotherapy, especially
in tumors with mutated p53 and activated PI3K/AKT/
GSK3p pathway.

Acknowledgments

We thank Esther Castafio and Benjamin Torrején from Serveis Cientifico-
tecnics (Campus de Bellvitge, Universitat de Barcelona) for technical
assistance.

References

1. Jemal A, Siegel R, Ward E, et al. Cancer statistics, 2006. CA Cancer J
Clin 2006;56:106 - 30.

2. Esteva FJ, Valero V, Pusztai L, Boehnke-Michaud L, Buzdar AU,
Hortobagvi GN. Chemotherapy of metastatic breast cancer: what to
expect in 2001 and beyond. Oncologist 2001;6:133 -46.

3. Perez-Tomas R, Montaner B, Llagostera E, Soto-Cerrato V. The
prodigiosins, proapoptotic drugs with anticancer properties. Biochem
Pharmacol 2003;66:1447 -52.

4. Montaner B, Navarro S, Pique M, et al. Prodigiosin from the
supernatant of Serratia marcescens induces apoptosis in haematopoietic
cancer cell lines. Br J Pharmacol 2000;131:585 -93.

5. Zang J, Shen Y, Liu J, Wei D. Antimetastatic effect of prodigiosin
through inhibition of tumor invasion. Biochem Pharmacol 2005;69:
407 - 14.

6. Campas C, Dalmau M, Montaner B, et al. Prodigiosin induces apoptosis
of B and T cells from B-cell chronic lymphocytic leukemia. Leukemia 2003;
17:746 -50.

7. Diaz-Ruiz C, Montaner B, Perez-Tomas R. Prodigiosin induces cell death
and morphological changes indicative of apoptosis in gastric cancer cell
line HGT-1. Histol Histopathol 2001;16:415 - 21.

8. Montaner B, Perez-Tomas R. Prodigiosin-induced apoptosis in human
colon cancer cells. Life Sci 2001;68:2025 - 36.

Mol Cancer Ther 2007;6 (1). January 2007



9. Soto-Cerrato V, Llagostera E, Montaner B, Perez-Tomas R. Mitochon-
dria-mediated apoptosis operating irrespective of multidrug resistance in
breast cancer cells by the anticancer agent prodigiosin. Biochem
Pharmacol 2004;68:1345 -52.

10. Llagostera E, Soto-Cerrato V, Joshi R, Montaner B, Gimenez-Bonafe
P, Perez-Tomas R. High cytotoxic sensitivity of the human small cell lung
doxorubicin-resistant carcinoma (GLC4/ADR) cell line to prodigiosin
through apoptosis activation. Anticancer Drugs 2005;16:393-9.

11. Ohkuma S, Sato T, Okamoto M, et al. Prodigiosins uncouple
lysosomal vacuolar-type ATPase through promotion of H*/CI~ symport.
Biochem J 1998;334:731-41.

12. Castillo-Avila W, Abal M, Robine S, Perez-Tomas R. Non-apoptotic
concentrations of prodigiosin (H*/ClI~ symporter) inhibit the acidification
of lysosomes and induce cell cycle blockage in colon cancer cells. Life Sci
2005;78:121 -7.

13. Perez-Tomas R, Montaner B. Effects of the proapoptotic drug
prodigiosin on cell cycle-related proteins in Jurkat T cells. Histol
Histopathol 2003;18:379 - 85.

14. Melvin MS, Wooton KE, Rich CC, Saluta GR, et al. Copper-nuclease
efficiency correlates with cytotoxicity for the 4-methoxypyrrolic natural
products. J Inorg Biochem 2001;87:129 - 35.

15. Montaner B, Castillo-Avila W, Martinell M, et al. DNA interaction and
dual topoisomerase | and Il inhibition properties of the anti-tumor drug
prodigiosin. Toxicol Sci 2005;85:870-9.

16. Liu T, Bauskin AR, Zaunders J, et al. Macrophage inhibitory cytokine
1 reduces cell adhesion and induces apoptosis in prostate cancer cells.
Cancer Res 2003;63:5034 - 40.

17. Tan M, Wang Y, Guan K, Sun Y. PTGF-B, a type P transforming
growth factor (TGF-p) superfamily member, is a p53 target gene that
inhibits tumor cell growth via TGF-§ signalling pathway. Proc Natl Acad
Sci U S A 2000;97:109 - 14.

18. Li PX, Wong J, Ayed A, et al. Placental transforming growth factor-
is a downstream mediator of the growth arrest and apoptotic response of
tumor cells to DNA damage and p53 overexpression. J Biol Chem 2000;
275:20127 - 35.

19. Baek SJ, Kim KS, Nixon JB, Wilson LC, Eling TE. Cyclooxygenase
inhibitors regulate the expression of a TGF-p superfamily member that has
proapoptotic and antitumorigenic activities. Mol Pharmacol 2001;59:
901-8.

20. Monks A, Harris E, Hose C, Connelly J, Sausville EA. Genotoxic
profiling of MCF-7 breast cancer cell line elucidates gene expression
modifications underlying toxicity of the anticancer drug 2-(4-amino-3-
methylphenyl)-5-fluorobenzothiazole. Mol Pharmacol 2003;63:766 — 72.

21. Newman D, Sakaue M, Koo JS, et al. Differential regulation of
nonsteroidal anti-inflammatory drug-activated gene in normal human
tracheobronchial epithelial and lung carcinoma cells by retinoids. Mol
Pharmacol 2003;63:557 - 64.

22. Wilson LC, Baek SJ, Call A, Eling TE. Nonsteroidal anti-inflammatory
drug-activated gene (NAG-1) is induced by genistein through the
expression of p53 in colorectal cancer cells. Int J Cancer 2003;105:
747 -53.

23. Baek SJ, Wilson LC, Eling TE. Resveratrol enhances the expression of
non-steroidal anti-inflammatory drug-activated gene (NAG-1) by increas-
ing the expression of p53. Carcinogenesis 2002;23:425 - 34.

Molecular Cancer Therapeutics

24. Lambert JR, Kelly JA, Shim M, et al. Prostate derived factor in human
prostate cancer cells: gene induction by vitamin D via a p53-dependent
mechanism and inhibition of prostate cancer cell growth. J Cell Physiol
2006;208:566 - 74.

25. Bottone FG, Jr., Baek SJ, Nixon JB, Eling TE. Diallyl disulfide (DADS)
induces the antitumorigenic NSAID-activated gene (NAG-1) by a p53-
dependent mechanism in human colorectal HCT 116 cells. J Nutr 2002;
132:773-8.

26. Lee SH, Kim JS, Yamaguchi K, Eling TE, Baek SJ. Indole-3-
carbinol and 3,3"-diindolylmethane induce expression of NAG-1 in a p53-
independent manner. Biochem Biophys Res Commun 2005;328:63 - 9.

27. Baek SJ, Kim JS, Moore SM, Lee SH, Martinez J, Eling TE.
Cyclooxygenase inhibitors induce the expression of the tumor suppressor
gene EGR-1, which results in the up-regulation of NAG-1, an antitumori-
genic protein. Mol Pharmacol 2005;67:356 — 64.

28. Chintharlapalli S, Papineni S, Baek SJ, Liu S, Safe S. 1,1-Bis(3"-
indolyl)-1-(p-substituted phenyl) methanes are peroxisome proliferator-
activated receptor y agonists but decrease HCT-116 colon cancer cell
survival through receptor-independent activation of early growth
response-1 and nonsteroidal anti-inflammatory drug-activated gene-1.
Mol Pharmacol 2005;68:1782-92.

29. Shim M, Eling TE. Protein kinase C-dependent regulation of NAG-1/
placental bone morphogenic protein/MIC-1 expression in LNCaP prostate
carcinoma cells. J Biol Chem 2005;280:18636 —42.

30. Yamaguchi K, Lee SH, Eling TE, Baek SJ. Identification of nonsteroi-
dal anti-inflammatory drug-activated gene (NAG-1) as a novel downstream
target of phosphatidylinositol 3-kinase/AKT/GSK-3p pathway. J Biol Chem
2004;279:49617 - 23.

31. Mosmann T. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J Immunol Methods
1983;65:55 -63.

32. Jang TJ, Kang HJ, Kim JR, Yang CH. Non-steroidal anti-
inflammatory drug activated gene (NAG-1) expression is closely related
to death receptor-4 and -5 induction, which may explain sulindac
sulfide induced gastric cancer cell apoptosis. Carcinogenesis 2004;25:
1853-8.

33. Blagosklonny MV. P53: an ubiquitous target of anticancer drugs. Int J
Cancer 2002;98:161-6.

34. Royds JA, lacopetta B. p53 and disease: when the guardian angel
fails. Cell Death Differ 2006;13:1017 - 26.

35. Grossmann J. Molecular mechanisms of ‘‘detachment-induced
apoptosis—anoikis.”” Apoptosis 2002;7:247 - 60.

36. Nicholson KM, Anderson NG. The protein kinase B/Akt signalling
pathway in human malignancy. Cell Signal 2002;14:381 - 95.

37. Fujiwara Y, Kawada K, Takano D, Tanimura S, Ozaki K, Kohno M.
Inhibition of the PI3 kinase/Akt pathway enhances doxorubicin-induced
apoptotic cell death in tumor cells in a p53-dependent manner. Biochem
Biophys Res Commun 2006;340:560 - 6.

38. Pap M, Cooper GM. Role of glycogen synthase kinase-3 in the

phosphatidylinositol 3-kinase/Akt cell survival pathway. J Biol Chem
1998;273:19929 - 32.

39. Sheridan JP, Marsters SA, Pitti RM, et al. Control of TRAIL-induced
apoptosis by a family of signaling and decoy receptors. Science 1997;
277:818-21.

Mol Cancer Ther 2007;6 (1). January 2007

369



Resultados

Capitulo 2.3. Estudio de los mecanismos de induccion del gen regulador del ciclo

IWAFI/CIPI

celular p2 en células de cancer de mama tras el tratamiento con prodigiosina.

(“Soto-Cerrato V, Vifials F, Lambert JR, Pérez-Toméds R. The anticancer agent

1WAF1/CIP1

prodigiosin induces p2 expression via transforming growth factor-beta receptor

pathway. Biochem Pharmacol 2007; doi:10.1016/j.bcp.2007.07.016”).

El agente anticanceroso prodigiosina es también un inmunosupresor muy eficaz, ya que
induce parada de ciclo celular a concentraciones no citotoxicas. El analisis de la expresion
génica de células MCF-7 tratadas con prodigiosina mostré un aumento significativo en la
expresion del gen p21V*F"“™ un regulador negativo del ciclo celular. Fue por ello que nos
propusimos estudiar a fondo los mecanismos por los que prodigiosina provocaba la parada de
la proliferacién celular. Analizando el mecanismo por el cual prodigiosina inducia p21,
demostramos que éste era independiente de la actividad del gen p53, ya que p21 se expresaba
de igual forma en células con p53 mutada o células que expresaban un mutante negativo de
p53. En cambio, la ruta del factor de crecimiento transformante (TGF-f) era necesaria, aunque
no suficiente, para la induccion de p21. Esto fue demostrado ya que al bloquear la ruta de
TGF- B con SB431542, un inhibidor especifico de ésta, la expresion de p21 se veia anulada.
El miembro de la familia del TGF-B, NAG-1, podria estar activando esta ruta en nuestro
modelo, ya que esta habilidad le ha sido conferida en otras ocasiones. Ademas, como ya
hemos descrito previamente, NAG-1 se sobreexpresa en respuesta al tratamiento con
prodigiosina y colocaliza con el receptor de TGF-f, sugiriendo una posible interaccion entre
ellos. Estos resultados muestran que la via del TGF-B es necesaria para la expresion de p21

tras el tratamiento con prodigiosina.
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ABSTRACT

The anticancer agent prodigiosin has been shown to act as an efficient immunosuppressant,
eliciting cell cycle arrest at non-cytotoxic concentrations, and potent proapoptotic and
antimetastatic effects at higher concentrations. Gene expression profiling of MCF-7 cells after
treatment with a non-cytotoxic concentration of prodigiosin showed that expression of the
p21WAFVCIPL gane, a negative cell cycle regulator was induced. In this study, we show that
prodigiosin induces p21 expression leading to cell cycle blockade. Subsequently, we attempted
to elucidate the molecular mechanisms involved in prodigiosin-mediated p21 gene expres-
sion. We demonstrate that prodigiosin induces p21 in a p53-independent manner as prodi-
giosin induced p21 in cells with both mutated and dominant negative p53. Conversely, the
transforming growth factor-beta (TGF-B) pathway has been found to be necessary for p21
induction. Prodigiosin-mediated p21 expression was blocked by SB431542, a TGF-B receptor
inhibitor. Nevertheless, this pathway alone is not enough to induce p21 expression. The TGF-8
family member (nonsteroidal anti-inflammatory drug)-activated gene 1/growth differentia-
tion factor 15 (NAG-1) may activate this pathway, as it has previously been suggested to signal
through the TGF-B pathway and is overexpressed in response to prodigiosin treatment. We
show that NAG-1 colocalizes with TGF-B receptor type I, suggesting a possible interaction
between them. Taken together, these results suggest the TGF-B pathway is required for
induction of p21 expression after prodigiosin treatment of MCF-7 cells.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction red pigments produced by both Gram-negative and Gram-

positive bacteria [1]. Prodigiosin is effective as an immuno-
The bioactive secondary metabolite prodigiosin (2-methyl-3- suppressant at non-cytotoxic concentrations [2]. Higher levels
pentyl-6-methoxyprodiginine) belongs to a family of tripyrrole lead to anticancer and antimetastatic effects [3,4]. Prodigiosin
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fax: +34 934029082.

E-mail address: rperez@ub.edu (R. Pérez-Tomas).

Abbreviations: GSK-3, glycogen synthase kinase-3 beta; FBS, fetal bovine serum; ICys, inhibitory concentration 25; MAPK, mitogen-
activated protein kinase; MTT, methyl-thiazole-tetrazolium; NAG-1/GDF-15, (nonsteroidal anti-inflammatory drug)-activated gene 1/
growth differentiation factor 15; p21, p21 WVAFYCI*1, pG, prodigiosin; TGF-B, transforming growth factor-beta; TGF-BRI, TGE-B receptor type .
0006-2952/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
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provokes cell death in a broad range of human cancer cell lines
[5-8]. It induces mitochondria-mediated apoptosis irrespective
of multidrug resistance phenotype [9,10]. Resistance is a
common phenomenon that reduces the effectiveness of
chemotherapy. Interestingly, prodigiosin has multiple mechan-
isms of action. However, the contribution of each mechanism to
the observed effects is still unclear. Prodigiosin reversibly
disrupts the pH gradient between lysosomes and cytoplasm
[11], induces G;-S transition arrest [12], causes DNA fragmenta-
tion and topoisomerases inhibition [13,14], induces GSK-38
activation [15] and exerts an uncoupling effect on the electron
chain transport of protons to mitochondrial ATP synthase [16].

Transforming growth factor-beta (TGF-B) family cytokines
regulate many physiological processes such as cell prolifera-
tion, differentiation, adhesion, matrix production, motility
and apoptosis [17,18]. TGF-B members exert their biological
effects by signaling through membrane-bound receptors. The
best characterized is the TGF-B/Smad pathway. Binding of
TGF-B family members to type II receptors (TBRII) leads to the
formation of a heterodimeric cell surface receptor complex
together with a type I receptor (TBRI). The latter is phos-
phorylated by TRRII and thus activated. It subsequently
phosphorylates a receptor-regulated Smad, allowing this
protein to associate with Smad-4 and translocate into the
nucleus. Once in the nucleus, the Smad complex activates
transcription of target genes [19]. Other signaling pathways
have also been implicated downstream from the TGF-8
receptors, including several Smad-independent mitogen-
activated protein kinase (MAPK) pathways [20].

The growth-inhibitory effect of TGF-B signaling in epithe-
lial cells is the consequence of the activation of a cytostatic
gene response program that includes the down-regulation of
the c-Myc and Id family of transcription factors, and the
activation of p15™&4P and p21WAFYCIPL (521) cyclin-dependent
kinase inhibitors [21]. p21 mainly inhibits the activity of cyclin/
cdk2 complexes [22] and negatively regulates cell cycle
progression after cell exposure to different stimuli such as
DNA-damaging agents [23]. Apart from the tumor suppressor
P53, a variety of other factors (including Sp1/Sp3, Smads, Ap2,
STAT, BRCA1, E2F-1/E2F-3, and CAAT/enhancer binding
protein « and B) are known to activate p21 transcription [24].

The TGF-B family member (nonsteroidal anti-inflamma-
tory drug)-activated gene 1/growth differentiation factor 15
(NAG-1/GDF15) is a secreted protein thought to activate the
TGF-B signaling pathway inducing cell cycle arrest [25] or
apoptosis in many different cell types [26,27]. Many anti-
tumorigenic compounds, such as cyclooxygenase inhibitors
[28], retinoids [29], genistein [30], resveratrol [31], and vitamin
D [32], among others, have been found to up-regulate its
expression. Prodigiosin has recently been reported to induce
NAG-1 expression, death receptors 4 and 5 and apoptosis in
breast cancer cells through glycogen synthase kinase-3 beta
(GSK-3B) activation [15].

In this report, we demonstrate p21 induction and sub-
sequent cell cycle arrest in MCF-7 breast cancer cells following
prodigiosin treatment. Identification of TGF-B signaling as an
essential molecular pathway responsible for prodigiosin-
mediated p21 expression is reported and new insights into
the role of this pathway on prodigiosin-induced cytostatic
effects are provided.

2. Materials and methods
2.1. Drugs and reagents

2-Methyl-3-pentyl-6-methoxyprodigiosene, also called prodi-
giosin, was purified from Serratia marcescens 2170, as pre-
viously described [5]. Stock solutions were prepared in
methanol and their concentrations were then determined
by UV-vis in 95% EtOH-HCI (es3s = 112,000/M cm). SB431542
(Cat# 1614) and AR-A014418 (Cat# 361546) were purchased
from Tocris (Ellisville, MO) and Calbiochem (EMD Biosciences,
Darmstadt, Germany), respectively.

2.2. Cell lines and culture conditions

Human breast cancer cell lines MCF-7 and MDA-MB-231 were
purchased from American Type Culture Collection (Manassas,
VA) and cultured in DMEM:HAM F12 (1:1) (Biological Industries,
Beit Haemek, Israel) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (GIBCO BRL, Invitrogen life technol-
ogies, Carlsbad, CA), 100 U/ml penicillin, 100 pg/ml strepto-
mycin, and 2 mM L-glutamine, all from Biological Industries.
C2C12 mouse cells were cultured in DMEM containing 10%
FBS, 50 U/ml penicillin, and 50 pg/ml streptomycin sulphate.
Cells were grown at 37 °C in a 5% CO, atmosphere.

2.3.  cDNA array analysis

Gene expression was analyzed by hybridization to cDNA
arrays (Atlas™ Human Cancer Array 1.2 from Clontech, BD
Biosciences, Palo Alto, CA) as previously described [15]. Briefly,
cells (1.5 x 107 in 30 ml) were untreated (control) or treated
with 0.5 pM prodigiosin for 24 h. An Atlas™ Pure Total RNA
Labeling kit (Clontech, BD Biosciences) was used for total RNA
isolation, poly A" RNA enrichment and probe synthesis.
Hybridization to cDNA arrays was performed, films were
scanned and image analysis was carried out with BD Atlas-
Image™ 2.7 (Clontech, BD Biosciences).

2.4. Quantitative real-time RT-PCR

Cells (5 x 10° cells/ml) were exposed to 0.5 uM prodigiosin for
24 h. When the inhibitors AR-A014418 (50 pM) and SB431542
(20 pM) were used, they were added 30 min before prodigiosin
treatment. Total RNA extraction was performed using TRIzol®
Reagent (Invitrogen life technologies). The RNA pellet was
washed in 75% ethanol, dissolved in H,0, and cDNA synthesis
(1 ng RNA/50 ul) was performed using random hexamers and
MulV RT, according to the manufacturer’s instructions
(Applied Biosystems, Warrington, UK). Each cDNA sample
was analyzed for the expression of several genes using the
fluorescent TagMan 5’ nuclease assay. Oligonucleotide pri-
mers p21 (CDKN1A, Cat# Hs00355782_m1), death receptor (DR)
4 (TNFRSF10A, Cat# Hs00269492_m1), DR-5 (TNFRSF10B, Cat#
Hs00187196_m1), beta actin (ACTB, Cat# Hs99999903_m1) and
probes were purchased as Assay-on-Demand Gene Expression
Products (Applied Biosystems). The 5 nuclease assay PCRs
were performed using the ABI PRISM 7700 Sequence Detection
System for thermal cycling and real-time fluorescence
measurements (Applied Biosystems). Each 50 pl reaction
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consisted of 1X TagMan Universal PCR MasterMix (PE
Biosystems); 1X Assay-on-Demand mix containing forward
primer, reverse primer, and a TagMan quantification probe
(Applied Biosystems); and a 100 ng cDNA template. Reaction
conditions consisted of an initial step at 92 °C for 10 min, then
40 cycles at 95°C for 15s and 60°C for 1min. The gene
expression levels obtained were normalized by mRNA
expression of actin. The relative mRNA expression was then
presented in relation to the control. Data were analyzed using
“Sequence Detector Software” (SDS Version 1.9, Applied
Biosystems) and were presented as the mean + S.D. of three
independent experiments. For the statistical analysis among
treatment groups, ANOVA and LSD tests were performed with
the Statgraphics plus 5.1 statistical package. P < 0.05 and
P < 0.01 were represented with * and ™, respectively.

2.5. Western blotting

Cells (5 x 10° cells/ml) were exposed to several prodigiosin
concentrations for different times, depending on the experi-
ment. When used, the inhibitors AR-A014418 and SB431542
were added 30 min before prodigiosin treatment. Super-
natants, with detached cells were then collected, centrifuged,
pooled with the cells on the plate and washed in PBS prior to
the addition of a lysis buffer (85 mM Tris-HCl pH 6.8, 2% SDS,
1 pg/ml aprotinin, 1 pg/ml leupeptin, and 0.1 mM phenyl-
methanesulfonyl fluoride). The protein concentration was
determined by BCA protein assay (Pierce, Rockford, IL) using
bovine serum albumin (BSA) as a standard. Fifty micrograms
of protein extracts were separated by 12% SDS-polyacrylamide
gel electrophoresis and transferred to Immobilon-P mem-
branes (Millipore, Bedford, MA). Membranes were blocked in
5% dry milk diluted in TBS-Tween (50 mM Tris-HCI pH 7.5,
150 mM Nacl, 0.1% Tween 20) for 1h and then incubated
overnight with primary antibodies, according to the manu-
facturer’s instructions. Antibodies were obtained from the
following sources: anti-actin (Cat# sc-1616) was from Santa
Cruz Biotechnology, (Santa Cruz, CA); anti-p21 (Cat#OP-64)
was from Calbiochem (La Jolla, CA); anti-p53 (Cat# MS-186-P1)
was from Neomarkers (Fremont, CA); phospho-smad-2
Ser465/467 (Cat# 3101) was from Cell Signaling Technology
(Beverly, MA); anti-vinculin (Cat# V-4505) was from Sigma (St
Louis, MO). Antibody binding was detected with goat anti-
rabbit, goat anti-mouse (Bio-Rad Laboratories, Hercules, CA) or
donkey anti-goat (Santa Cruz Biotechnology) immunoglobulin
G (IgG) secondary antibodies conjugated to horseradish
peroxidase and the ECL detection kit (Amersham, Buckin-
ghamshire, UK). Actin or vinculin were used as gel loading
controls. The results shown are representative of Western blot
data obtained from at least three independent experiments
with identical observations.

2.6. [2H]-Thymidine incorporation assay

MCF-7 cells (5 x 10° cells/ml) were seeded in a 24-well plate.
Cells were incubated in complete medium in the absence or
presence of the indicated concentrations of prodigiosin and
with 1 wCi of [*H] thymidine ([6->H] thymidine) (0.5 Ci/mmo],
Amersham Pharmacia Biotech) for 24 h. Cells were washed
twice in cold 5% TCA and lysed with 0.1 M NaOH. The lysates

were mixed with 5 ml scintillation buffer. Radioactivite counts
were then measured using a scintillation counter (Beckman).
The mean of triplicate experiments and standard deviations
are shown.

2.7. Flow cytometry

MCF-7 cells (1 x 10°) were plated in 10 cm dishes 16 h prior to
treatment with prodigiosin or methanol control. After a 24 h-
treatment, cells were trypsinized, collected and centrifuged at
1500 rpm for 5 min. Then, cells were resuspended in 1.5 ml
saponin/PI solution (0.3% saponin (w/v), 2.5% PI (w/v), 0.1 mM
EDTA, 10 pg/ml RNase in PBS) and incubated overnight in the
dark. FACS analysis was performed using a Beckman Coulter
FC500 flow cytometer. ModFit LT software (Verity Software
House, Topsham, ME) was used for doublet exclusion and cell
cycle analysis.

2.8.  Dominant negative p53 MCF-7 cells

Dominant negative p53 retrovirus production and infection of
MCF-7 were performed as previously described [15].

2.9. Immunocytochemistry

Cells cultured in a 24-well plate containing glass coverslips
(1.25 x 10° cells in 250 pl) were incubated with 0.5pM
prodigiosin for 24 h. When using the inhibitor SB431542, a
concentration of 20 pM was added 30 min before prodigiosin
treatment. Cells were then washed twice with PBS and fixed
with 4% paraformaldehyde for 20 min. Fixed cells were
permeabilized with 0.2% Triton X-100 and then blocked with
3% bovine serum albumin (BSA) in PBS for 1h. Cells were
incubated overnight at 4°C with anti-NAG-1/PTGF- (1:50
dilution, Cat# sc-10603) and anti-TGF-B Receptor I (1:50
dilution, Cat# sc-398) antibodies, both from Santa Cruz
Biotechnology or 1h at room temperature with Smad 2/3
(1:50 dilution, Cat#610843) from Pharmingen, BD Biosciences,
Palo Alto, CA. The cells were washed with PBS containing 3%
BSA and incubated with Alexa Fluor™ 488-conjugated donkey
anti-goat (Cat# A11055, Molecular Probes, Invitrogen) and/or
Fluorolink™ Cy™ 3-labelled goat anti-rabbit (Cat# PA43004,
Amersham Biosciences, Buckinghamshire, UK) IgGs at 1:400
dilution for 1 hour. Finally, a 15-min incubation with TO-
PRO™-3 iodide (1:6000 dilution, Cat# T3605, Molecular Probes,
Invitrogen) was performed and coverslips were placed on the
slides using Immunofluore mounting medium (MD Biomedi-
cals, Aurora, OH). The immunofluorescent images were
captured using a Leica TCS SL spectral confocal microscope.
Representative images from three independent experiments
are shown.

2.10.  Cell viability assay

Cell viability was determined using the methyl-thiazole-
tetrazolium (MTT) assay [33]. Cells were plated in triplicate
wells (2.5 x 10* cells/well) in 100 pl of growth medium in 96-
well plates and allowed to grow for 24 h. Cells were pre-treated
for 30 min with 20 uM SB431542 prior to 1.4 pM prodigiosin
treatment. After 24h incubation, 10 uM of MTT (Sigma
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Chemical Co., St. Louis, MO) was added to each well for an
additional 4h. The blue MTT formazan precipitate was
dissolved in 100 pl of isopropanol: IN HCl (24:1). The
absorbance at 570 nm was measured on a multiwell plate
reader. Cell viability was expressed as a percentage of the
control and data are shown as the mean value +S.D. of three
independent experiments. Statistical analysis (ANOVA and
LSD tests) was carried out with the Statgraphics plus 5.1.
statistical package. P <0.05 and P <0.01 were represented
with * and **, respectively.

3. Results

3.1.  Cell cycle arrest and p21 induction after prodigiosin
treatment

cDNA array experiments analyzing differential gene expres-
sion after prodigiosin treatment were performed in our
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laboratory in order to identify the molecular targets of this
anticancer drug [15]. MCF-7 cells were treated with 0.5 uM
prodigiosin (ICys at 24 h, the drug concentration that caused a
cell viability decrease of 25% in the cell population [9]). The
cell-cycle regulator protein p21 was identified among the most
modulated genes. It was then selected for validation by more
accurate methods, including quantitative real time RT-PCR
and Western blot assays (Fig. 1). MCF-7 cells were treated with
0.5 uM prodigiosin for different time periods. p21 mRNA levels
significantly increased, especially after 24h of treatment
(levels were 35-fold higher than in non-treated cells)
(Fig. 1A). We also observed a time-dependent increase in
p21 protein levels, which was significant from 16 h of drug
treatment (Fig. 1B).

Because p21 is a cyclin dependent kinase inhibitors, we
investigated the effect of prodigiosin on cell proliferation and
cell cycle in MCF-7 cells. To determine the effect of prodigiosin
on MCF-7 cell proliferation, *H-thymidine incorporation
experiments were assessed. Different doses of prodigiosin
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Fig. 1 - The effect of prodigiosin treatment on p21 expression and the cell cycle regulation of MCF-7 cells. (A) MCF-7 cells
were treated for 1, 8 and 24 h with 0.5 nM of prodigiosin, and fold changes in gene expression with respect to control cells
were determined by quantitative real time reverse transcription-PCR. The values are expressed as the mean *+ S.D.

(triplicates). Values were normalized using actin mRNA expression. Statistical significance among groups is represented by
*P < 0.05. (B) Time-course analysis of protein levels in 0.5 pM prodigiosin-treated MCF-7 cells subjected to immunobloting
with p21 antibody. Vinculin is shown as a loading control and representative blots of independent experiments are shown.
(C) PH]-thymidine incorporation after 24 h-exposure of MCF-7 cells to different doses of prodigiosin. Triplicate experiments
were performed and the S.D. is shown. (D) Cell cycle analysis of MCF-7 cells treated with 0.25 and 0.5 pM of prodigiosin.
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were analyzed (Fig. 1C). We used low cytotoxic doses of
prodigiosin in order to differentiate between cell death and
cell cycle blockade. The dose that caused a cell viability
decrease of 25% of the cell population (ICys = 0.5 pM) caused
70% *H-thymidine incorporation, suggesting that this anti-
proliferative effect was due to cell cycle blockade. In general, a
marked dose-dependent decrease in [*H]-thymidine incor-
poration was found. Cell cycle progression was analyzed by
flow cytometry using propidium iodide in MCF-7 cells exposed
to 0.25 and 0.5 uM of prodigiosin for 24 h. Fig. 1D shows a
marked accumulation of treated cells in Go/G; (from 66.44% to
84.16% and 82.82%) at both doses exposed. Additionally, the
percentage of cells in S phase decreased sharply following
prodigiosin treatment thus indicating a significant cell cycle
arrest provoked by prodigiosin.

3.2.  p21 induced by prodigiosin is not dependent on p53
accumulation

The tumor suppressor protein p53 regulates the expression of
21 [23]. To identify whether p53 was responsible for p21
expression after prodigiosin treatment, MCF-7, MCF-7 cells
expressing a dominant negative p53 and MDA-MB-231 cells
were used. The latter is a human breast cancer cell line that
lacks functional p53. Western blot analysis showed that p21
expression correlates with p53 accumulation in the p53 wild-
type cell line MCF-7. However, p21is also induced in MDA-MB-
231 cells, while mutated p53 is not accumulated in response to
the treatment (Fig. 2A). To further analyze the relationship
between p21 and p53, we expressed a dominant negative p53
in MCF-7 cells and analyzed p21 protein levels. We compared
p21 levels in MCF-7 cells infected with a dominant negative-
expressing retrovirus and cells infected with empty virus as a
control. Dominant negative p53 in MCF-7 cells had no effect on
p21 expression (Fig. 2B). The blot was stripped and reprobed
for an indicator of the efficiency of dominant negative p53
function: stabilization of p53. Infection of cells with pMSCV-
IRES-GFP-p53dd results in stabilization of p53, indicating
strong dominant negative p53 function in these cells. These
results suggest prodigiosin-induced p21 expression is not
dependent on p53.

3.3.  Prodigiosin-mediated p21 expression is dependent on
TGF-B pathway

The TGF-B pathway has been reported to induce p21
expression [34]. To determine if prodigiosin induces p21
through a TGF-B dependent mechanism, the levels of p21
mRNA and protein were measured following prodigiosin
treatment of MCF-7 cells in the absence or presence of the
specific TGF-B receptor type I (TGF-BRI) inhibitor, SB431542
[35]. We observed prodigiosin-induced increase in the amount
of p21 mRNA and protein sharply decreased in cells that were
pretreated with 20 uM SB431542 (Fig. 3A and B).

Smad-2 is phosphorylated when the TGF-B pathway is
activated [17]. The presence of phospho-Smad-2 in non-
treated cells (Fig. 3B) indicates that this pathway is already
active in MCF-7 cells. This could be due to the fact that they
are TGF-B producing cells [36]. The TGF-B receptor smad-
dependent pathway remains activated at the onset of
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Fig. 2 - Analysis of p21 expression in wild-type p53 and
mutated p53 cells after prodigiosin exposure. (A) MCF-7
and MDA-MB-231 cells were incubated with different
prodigiosin doses corresponding to their respective IC,s,
ICso and IG;5 values at 24 h and then subjected to
immunoblot for p53 and p21 detection. Vinculin is shown
as a loading control and representative blots of
independent experiments are shown. (B) MCF-7 cells were
infected with a retrovirus expressing a dominant negative
P53 (D.Neg.p53). A pool of infected cells was analyzed for
P21 and p53 protein levels after prodigiosin treatment
(0.5 uM). B-Actin is shown as a loading control.

prodigiosin treatment. When SB431542 was added phos-
pho-Smad-2 disappeared, indicating that this pathway was
inhibited. Therefore, p21 expression seems to depend on the
TGF-B pathway. Taken together, these findings suggest that
prodigiosin interacts with the TGF-B receptor pathway and
TGF-B receptor activity is necessary for p21 induction, as p21
is not expressed when the pathway is inhibited. However, the
smad-dependent TGF-B receptor pathway alone is not
enough to induce p21 expression, as phospho-Smad-2 is
already found in non-treated cells and they do not express
p21.

3.4. Prodigiosin-induced NAG-1 interferes with TGF-8
receptor type I

To further investigate p21 induction, we tried to elucidate
which molecule was activating the TGF-B pathway. One
possible candidate ligand was NAG-1, a TGF- family protein
that signals through the TGF-p pathway [25]. The gene
expression of NAG-1 was up-regulated 79-fold after prodigio-
sin treatment [15]. Cells were subjected to immunofluores-
cence after treatment with 0.5 uM of prodigiosin for 24 h, and
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Fig. 3 - p21 regulation by the TGF-$ signalling pathway. (A)
Cells were incubated with 0.5 M prodigiosin for 24 h
either alone or with 20 pM SB431542. Changes in mRNA
levels were analyzed by quantitative real-time RT-PCR.
Data were expressed as the mean (columns) + S.D. (bars)
of triplicate experiments and values were normalized
using actin mRNA expression (Statistical significance:

*P < 0.05). (B) Representative Western blot images of
phospho-smad-2, p21 and vinculin (gel loading control)
proteins of MCF-7 cells treated for different time periods
with 0.5 pM prodigiosin in the absence or presence of
20 M SB431542.

the NAG-1 protein was seen to accumulate in vesicles
throughout the cytoplasm of cells (Fig. 4A, PG). However, cells
pre-incubated with 20 pM of the TGF-B pathway inhibitor
SB431542 prior to prodigiosin exposure (Fig. 4A, PG + SB431542)
showed a similar NAG-1 distribution to those treated solely
with prodigiosin. Therefore, inhibition of this pathway does
not interfere with prodigiosin-induced NAG-1 expression and
cytoplasmic vesicle accumulation. To determine whether
prodigiosin-induced NAG-1 could be interacting with the
TGF-B pathway, simultaneous incubation with TGF- receptor
type I (TGF-BRI) and NAG-1 antibodies was performed. Co-
localization of both proteins in prodigiosin-treated cells was
observed, particularly at the membrane surface, suggesting an
interaction between NAG-1 and the TGF-B pathway (Fig. 4B).
Moreover, since the smad-dependent TGF-f pathway is
already activated in MCF-7 cells, we wanted to determine
whether prodigiosin had any effect on smad cellular localiza-
tion. In Figure 4C, we can observe how the majority of smad-2/
3 protein in non-treated MCF-7 cells is located in the nucleus.
After 4 h of prodigiosin treatment smad-2/3 was still in the
nucleus but it was translocated to the cytoplasm after 24 h of
treatment. This agrees with our previous results on p-smad
protein levels (Fig. 3B).

(Fig. 2).

3.6. The TGF-B pathway is not implicated in prodigiosin-
induced apoptosis

Cell viability experiments were performed in order to find out
whether the TGF-B pathway also contributes to the apoptotic
phenotype induced by prodigiosin (Fig. 6A). MCF-7 cells were
pre-treated with 20 pM SB431542. An apoptotic concentration
of prodigiosin (IC;s) was then added. A 70% decrease in cell
viability was observed in MCF-7 cells treated with prodigiosin.
No recovery in cell viability was observed when pre-treating
cells with 20 pM SB431542. Hence, the TGF-B pathway is not
involved in prodigiosin-induced apoptosis. Moreover, death
receptor proteins 4 and 5 have been related to NAG-1
overexpression [37]. Prodigiosin treatment also up-regulates
the expression of these death receptor proteins [15]. Gene
expression quantification experiments were performed to
analyze whether the expression of death receptors could be
regulated through the TGF-B pathway. Fig. 6B shows a
significant increase in DR-4 and DR-5 mRNAs (5- and 14-fold
higher than the control, respectively) after 24 h-prodigiosin
treatment. No significant modifications occurred when adding
20 uM SB431542 (3 and 11).

4, Discussion

The negative cell-cycle regulator p21 has previously been
reported as one of the most significantly up-regulated genes in
breast cancer cells after treatment with the anticancer drug
prodigiosin [15]. The aim of the present study was to identify
the molecular mechanisms that triggered prodigiosin-induced
p21 expression. Here we demonstrate that p21 expression is
independent of the tumor suppressor protein p53, but
dependent on the activation of the TGF-B signaling pathway
and on GSK-3B kinase activity. We also suggest that this
pathway might be activated by the interaction between the
cytokine NAG-1 and the TGF-B pathway receptors. Finally, we
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Fig. 4 - Cellular localization of NAG-1, TGF-BRI and smad-2/3. (A) Inmunocytochemistry for NAG-1 detection was performed
in MCF-7 cells (“negative control” [incubated without NAG-1 antibody] and “non-treated cells”) and in cells treated with
0.5 pM prodigiosin for 24 h in the absence (“PG”) or presence of 20 pM SB431542 (“PG + SB431542”). (B) MCF-7 cells exposed
to 0.5 pM prodigiosin for 24 h were incubated with NAG-1 and TGF-BRI antibodies simultaneously; nuclear staining with

TO-PRO®-3 jodide (TOPRO) was also performed. Representative

immunofluorescent images from three independent

experiments are shown. (C) MCF-7 cells were exposed to 0.5 pM prodigiosin for different time periods and then were
incubated with smad-2/3 antibody; nuclear staining with TO-PRO®-3 iodide (TOPRO) was also performed. Representative
immunofluorescent images from three independent experiments are shown.

observe that this pathway is not involved in prodigiosin
cytotoxicity, although it might contribute to prodigiosin’s
cytostatic properties.

p21 is a cyclin-dependent kinase (CDK) inhibitor that
belongs to the Cip/Kip family of CDK inhibitors. Cell cycle
progression is blocked when the catalytic activity of (CDK)-
cyclin complexes is inhibited by the binding of a CDK inhibitor
molecule, such as p21[22]. Cells exposed to stress signals, such
as DNA-damaging agents, induce p21 expression, which leads
to cell cycle arrest [23]. It has also been shown that
overexpression of p21 results in G; and G, arrest [38]. Here

we observe that prodigiosin treatment provokes cell cycle
arrest as well as p21 induction. Likewise, the blockade of cell-
cycle progression in response to prodigiosin was previously
described in hematopoietic cancer cells [12]. Altogether, these
results suggest that p21 might be involved in cell cycle arrest
induced by prodigiosin treatment.

P21 gene expression can be transcriptionally regulated by a
wide variety of different molecules [24]. It has been extensively
described that p21 is a target gene of the tumor suppresor
protein p53 ([39]. After prodigiosin treatment, p21 gene
expression was more than 34-fold higher than in non-treated
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Fig. 5 - p21 regulation by GSK-3p. (A) MCF-7 cells were
exposed to 0.5 M prodigiosin for 24 h in the absence or
presence of 50 phM AR-A014418 and changes in gene
expression (fold changes with respect to control cells)
were evaluated by quantitative real time RT-PCR. Columns
are expressed as the means of three independent
experiments, bars are S.D. Significant (P < 0.05) induction
by prodigiosin or inhibition when combined with AR-
A014418 is indicated by *. (B) After treating cells with

0.5 pM prodigiosin for 24 h with or without 1, 20 or 50 pM
AR-A014418, cell lysates were collected for Western blot
analysis using p21, p53 and vinculin antibodies. The latter
is shown as a gel loading control. Representative blots
from independent experiments are shown.

cells. We observed that p21 gene expression was induced in a
p53-independent way. This might represent an advantage in
the clinical treatment of tumors, as the p53 protein is mutated
in most human tumors. This mutation prevents cancer cells
from suffering the cytostatic and/or cytotoxic effects of
anticancer drugs [40].

The TGF-B pathway can also induce p21 expression [41] and
this pathway is already activated in MCF-7 cells. The cytostatic
and apoptotic functions of this pathway help control the
homeostasis of normal tissues. The loss of these effects leads
to hyperproliferative disorders [18]. Late stage human carci-
nomas, especially advanced breast cancers [42], often become
resistant to TGF-B growth inhibition. They also overproduce
this cytokine, probably to create a local immunosuppressive
environment that promotes tumor growth and intensifies the
invasive and metastatic behaviour of the tumor cells them-
selves [43]. Both features have been described in MCF-7 cells
[36,42] and might explain why MCF-7 cells continue prolifer-
ating even when the TGF-B pathway is already active. The
Smad-dependent pathway has previously been related to pro-
metastatic properties and tumor cell invasiveness [44], hence
this might be one advantage that its continuous activation
may give to MCF-7 cells.

SB431542 - - + + - = + +
PG - - - - + + + 4+

Fig. 6 - Analysis of the role of the TGF-$ pathway in
prodigiosin-induced apoptosis. (A) Cells were incubated
with 1.4 pM prodigiosin for 24 h alone or in the presence of
20 pM SB431542 and cell viability was measured by the
MTT assay. Data are expressed as the percentage of non-
treated cells and shown as the mean (triplicate
experiments) + S.D. and statistical significance is
indicated by *P < 0.05; **P < 0.01. (B) mRNA from MCF-7
cells that were either not treated or treated with 20 pM
SB431542 (prior to 0.5 nM prodigiosin treatment for 24 h)
was extracted and DR-4 and DR-5 levels were quantified
by quantitative real-time RT-PCR. Data are presented as
the mean of triplicate experiments (columns) + S.D. (bars).
Statistical significance is indicated by *P < 0.05; **P < 0.01.

TGF-B pathway activation mediated by a TGF-B type I
receptor has been shown to be necessary for p21 induction
after prodigiosin treatment, but smad phosphorylation and
translocation to the nucleus are not enough to induce p21
expression, as shown in MCF-7 cells. Other molecular path-
ways, which are or are not dependent on TGF-B pathway
activation, also seem to interact with the p21 promoter. TGF-$
family members also signal through a smad-independent
TGF-B pathway. These include as downstream effectors the
extracellular signal-regulated kinase (ERK), c-Jun NH2-term-
inal kinase (JNK), p38 MAPK, phosphatidylinositol-3 kinase
(PI3K), TGF-B-activated kinase 1 (TAK1), protein phosphatase
2A (PP2A) and Rho GTPases [20]. In particular, it has been
shown that the TGF-B family member NAG-1 activates the
smad-dependent TGF-8 pathway [25] but also some MAPK
signaling pathways [45]. In addition, after prodigiosin cell
exposure, NAG-1 is over expressed [15] and colocalizes with
the TGF-B type I receptor. Therefore, it might bind to its
receptor and activate some other molecule that is different
than smads. This molecule, in collaboration or not with
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smads, may be responsible for p21 induction after prodigiosin
treatment. In this regard, prodigiosin is known to activate the
p38 MAPK kinase after 15 min of treatment in jurkat cells [46].
The p38 MAPK classes of protein kinases are activated by
stress signals and mediate cellular responses, including steps
in the apoptosis and maturation of some cell types [47].
Therefore, one possibility is that NAG-1 may bind to the TGF-8
receptor, which in turn activates p38 inducing p21 expression
through the spl transcription factor. This mechanism of
action has previously been described in other compounds,
such as benzyl isothiocyanate [48]. Besides this, NAG-1 is also
capable of inducing cell-cycle arrest through p21 induction in
ovarian cancer cells [49]. This fits with our proposed mode of
prodigiosin-induced cell cycle arrest via the TGF-B pathway
activated by the cytokine NAG-1.

However, an additional molecular pathway necessary for
p21 induction could be independent of the TGF-B pathway.
Prodigiosin provokes GSK-3B activation through AKT depho-
sphorylation [15]. This kinase is a negative regulator of p21
expression. The negative regulation occurs by exporting a
transcription factor, called FoxO, necessary for TGF-p-stimu-
lated p21 promoter activation [50] to the cytoplasm. Therefore,
prodigiosin could be inducing AKT dephosphorylation, thus
enabling FoxO to collaborate with the smads that still remain
in the nucleus at early times of prodigiosin treatment in order
to induce p21 expression.

In conclusion, among the molecular mechanisms of action
of the anticancer agent prodigiosin, induction of the p21 cell
cycle inhibitor through activation of the TGF-B pathway has
been observed. This process mightlead to cell-cycle arrestbut
itis not involved in the cytotoxic properties of this molecule.
Altogether, these results shed light on the molecular
mechanism of the action of prodigiosin and might explain
its well-documented pharmacological effects as an immu-
nosuppressor.
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Resultados

Capitulo 2.4. Analisis proteémico de la apoptosis inducida por prodigiosina.

(“Monge M, Vilaseca M, Soto-Cerrato V, Montaner B, Giralt E, Pérez-Tomas R.

Proteomic analysis of prodigiosin-induced apoptosis in a breast cancer mitoxantrone-resistant

(MCF-7 MR) cell line. Invest New Drugs 2007;25(1):21-9”).

En la misma linea de investigacion, siguiendo con el proposito de entender mejor el
mecanismo de accion del agente citotoxico prodigiosina en células de cancer de mama, se
realizd una nueva aproximacion en nuestro grupo. Se llevo a cabo un estudio para identificar
proteinas inducidas tras el tratamiento con dicha sustancia. Para ello se examind, mediante
electroforesis bidimensional de alta resolucion, la variacion en la expresion proteica causada
tras la exposicion a prodigiosina en células de cancer de mama con fenotipo de resistencia a
multiples farmacos (MCF-7 MR). Seis proteinas asociadas al proceso de apoptosis fueron
caracterizadas en profundidad mediante un espectrémetro de masas MALDI-TOF/TOF. Las
proteinas identificadas estaban involucradas en varias funciones celulares, las cuales incluyen
mecanismos de defensa celular, reparacion del ADN y organizacion celular. Estos resultados
muestran nueva informacion acerca de los mecanismos moleculares de respuesta al

tratamiento con prodigiosina.

(Estudio llevado a cabo por nuestro grupo de investigacion en el que he contribuido de forma parcial).
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Summary Prodigiosin (PG) is a bacterial, red-pigmented
antibiotic with immunosuppressive and apoptotic activities.
To better understand its mechanisms of action, we tried
to identify proteins associated with apoptosis induced by
PG. For this purpose, the variation of protein expression on
exposure to apoptotic concentrations of PG was examined,
by high-resolution two-dimensional gel electrophoresis
(2D-E), in the MCF-7 cancer cell line resistant to mi-
toxantrone (MCF-7-MR). Six PG apoptosis-associated
protein spots were further characterized by complementary
peptide mass fingerprinting and tandem mass spectrom-
etry data obtained on a matrix-assisted laser desorption
ionization-time-of-flight/time-of-flight (MALDI-TOF/TOF)
mass spectrometer. The proteins identified were involved
in various cellular functions, including cell defence, DNA
repair and cellular organization. Our data provide novel
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information on cell response to PG, a new apoptotic drug
with interesting anticancer activity.
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Abbreviations

CK: Cytokeratin; FA: formic acid; GST: glutathione S-
transferase; IFs: intermediate filaments; IEF: Isoelectric fo-
cusing; pl: isoelectric point; MALDI-TOF/TOF: matrix-
assisted laser desorption ionization-time-of-flight/time-of-
flight; MCF-7-MR: MCEF-7 breast cancer cell line resistant
to mitoxantrone; MAPK: mitogen-activated protein kinase;
MDR: multidrug resistance; MRP: multidrug resistance pro-
tein; PG: prodigiosin; TFA: trifluoroacetic acid; 2D-E: two-
dimensional gel electrophoresis; V-ATPase: vacuolar H*-
ATPase; CHCA: «-cyano-4-hydroxycinnamic acid; DHB:
2,5-dihydroxybenzoic acid.

Introduction

Prodigiosins (PGs) are a family of naturally occurring
polypyrrole red pigments produced by a small group
of microorganisms, including Streptomyces and Serratia
strains, characterized by a common pyrrolyldipyrrolyl-
methene skeleton.

PG has potent antimicrobial, antimalarial and cytotoxic
action (for areview, see [1]). PG rapidly and potently triggers
apoptosis in hematopoietic, gastrointestinal and lung cancer
cell lines, whilst not being markedly toxic to non-malignant
cell lines [2-5]. PG also triggers the reorganization of the
actin cytoskeleton and may promote the breakdown of actin
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microfilaments, which might be involved in apoptotic cell
death [5].

Four possible mechanisms of action for these molecules
have been suggested: (i) PGs as pH modulators; (ii) PGs
as cell cycle inhibitors; (iii) PGs as DNA cleavage agents;
(iv) PGs as mitogen-activated protein kinase (MAPK) reg-
ulators. Part of the action of PGs depends on their ability
to uncouple vacuolar HT-ATPase (V-ATPase) through pro-
motion of the H"/Cl~ symporter and to induce neutralisa-
tion of the acid compartment of cells, so bringing about
cytosol acidification and eventual apoptosis [6, 7]. PG in-
hibits the proliferation of human Jurkat T cells mainly via
G1-S transition arrest [8]. Moreover, PG-induced apopto-
sis is p53-independent, which may represent an advantage
over other chemotherapeutic drugs [3]. In addition, PG is a
DNA-interacting agent with a preference for alternating base
pairs, that induces DNA single- and double-strand breaks via
poisoning topoisomerases and through copper-promoted ox-
idative DNA damage [9]. Finally, PG-induced cytotoxicity
is mediated by phosphorylation of p38-MAPK, but not of
SAPK/JINK [10].

In this study, we characterized the PG up-regulated pro-
teins in MCF-7 parental and MCF-7-MR breast cancer cell
lines. We examined, by High-resolution 2D-E, the variation
in protein expression on the exposure of both cell lines to
apoptotic concentrations of PG. The protein expression pat-
tern of both cell lines were similar so we focused on MCF-7-
MR cells. This cell line has the multidrug resistance (MDR)
phenotype characterized by high levels of the ABCG2 trans-
porter [11], which confers on these cells a very high degree
of resistance to mitoxantrone [12]. The importance of doing
the study in this cell line is that, despite this phenotype, the
transporter cannot expel PG from the cell. Thus, the cell is
sensitive to PG’s apoptotic effect [13].

Comparison of the 2D-E protein pattern in non-treated
and PG-treated cells showed differences in 6 proteins,
which were analysed/identified by complementary peptide
mass fingerprinting and tandem mass spectrometry, us-
ing a MALDI-TOF/TOF mass spectrometer. Of these pro-
teins, one was related to cell detoxification (Glutathione S-
transferase M3), another to DNA repair (Ribosomal Potein
P0) and the others to cell structure (Cytokeratin -19, -18 and
-8). Our data support the view that cells, during the apopto-
sis induced by PG, suffer important structural cytoskeleton
changes and try to defend themselves in response to PG and
to repair the cell damage induced by the drug.

Methods
Isolation and purification of PG

2-Methyl-3-pentyl-6-methoxyprodigiosene (PG) was puri-
fied from a culture of S. marcescens 2170, as previously

a Springer

described [3]. It was then solubilized and its concentra-
tion determined by UV-vis in 95% EtOH-HCI (es535 =
112 000/ M~ 'em™").

Cell culture

The human breast carcinoma cell line MCF-7-MR was a
generous gift from Dr. Scheffer (Pathology Dept., Free Uni-
versity, Amsterdam). The cells were cultured in DMEM:
HAMF-12 (1:1) (Biological Industries), 10% fetal bovine
serum (FBS) (Gibco BRL), 2 mM L-glutamine, 100 U/ml
penicillin, 100 pg/ml streptomycin, 50 uM sodium pyru-
vate, 10 pg/ml insulin and 50 pg/ml gentamycin at 37°C
and 5% CO,.

Preparation of protein samples

After cells (5 x 10°/ml) were exposed to 1 uM of PG for
1/4, 1/2, 1, 3, 6, 12, 16 and 24 h, they were then washed
in PBS and a lysis buffer was added (85 mM Tris pH 6.8,
2% SDS, 1 pg/ml aprotinin, 1 pg/ml leupeptin and 0.1 mM
PMSF). Protein extracts were quantified using Pierce’s BCA
Assay Kit (Bio Rad Lab, CA).

High-resolution two-dimensional gel electrophoresis

The method used is based on the one described by O’Farrell
[14], but with some modifications. Isoelectric focusing (IEF)
electrophoresis was used to separate the proteins accord-
ing to isoelectric point (pI) in the first dimension. IEF
gels (120 mm) were made in glass tubing (160 x 4-mm
inside diameter) and contained 10.3 g urea, 7.125 ml dis-
tilled water, 2.44 ml acrylamide (28.38% acrylamide, 1.62%
bis-acrylamide), 0.750 ml carrier ampholytes 3/10, 0.375 ml
NP-40, 34.625 1 PSA 15% and 12.5 ul TEMED (all chem-
icals are from Bio-Rad Lab, CA). After half an hour’s poly-
merisation, a pre-run for focusing the ampholytes was per-
formed by loading 30 wul lysis solution [9.8 M urea, 2%
NP-40 (10% in distilled water), 2% carrier ampholytes 7/9,
100 mM DTTT] and over 30 ul overlay solution (8 M urea, 1%
carrier ampholytes 7/9, 5% NP-40, 100 mM DTT). Upper
running buffer (20 mM NaOH) was degassed for 10 min, but
the lower one (10 mM H3PO,4) was not. The electrophoretic
conditions of the rod gels during the IEF were: 200 V for
1/41, 300V for 1/2 h and 400 V for 1 h. Then, solutions were
removed from the top of the gels and 300 ug of the samples
were prepared by adding lysis solution in a 1:2 proportion
and then heating for 2 min at 100°C, before loading. 30 1 of
overlay solution was added above every sample, which was
then run at 400 V for 16 h. After focusing, IEF gels were
maintained in equilibrating buffer (0.06 M Tris-HCI Ph 6.8,
2% SDS, 5% BME, 10% Glycerol) for 30 min and could then
be frozen at —80°C. After thawing, the rod gels were equili-
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brated again for 15 min in an SDS-DTT equilibrating buffer
containing 100 mg DTT in 10 ml SDS-buffer (50 mM Tris pH
8.8, 6 M urea, 30% glycerol, 2% SDS, 0.002% bromophenol
blue). The SDS-DTT equilibrating buffer was removed and
a second one, containing 250 mg Iodoacetamyde in 10 ml
SDS buffer, added. Then, the IEF rod gels were immediately
applied to an SDS-polyacrylamide gel that contained 10.5%
or 12% acrylamide, but the stacking gel was replaced by IEC
rod gels fixed to the SDS-PAGE gel with an agarose solution
(1% agarose, 0.002% bromophenol blue in the first equi-
librating buffer). For analytical gels, proteins were silver-
stained following an MS-compatible protocol [15].

Enzymatic in-gel digestion, extraction of peptides from
the gel

Protein spots were isolated in small pieces and subjected to
in-gel tryptic digestion overnight at 37°C (Sequencing Grade
Modified Trypsin, Promega). Peptides were extracted from
the gel with 50 ul of 50% CH3;CN/50%, 5% Trifluoroacetic
acid (TFA) [16].

Sample preparation for MALDI-MS and
MALDI-MS/MS

Peptide mixtures were prepared freshly by dissolving again
the lyophilised tryptic digests in 7 ul CH3CN/5% TFA (1:1,
vol/vol). A combination of @-cyano-4-hydroxycinnamic acid
(CHCA) and 2,5-dihydroxybenzoic acid (DHB) was used
as a matrix. The mixture was prepared by making separate
solutions of the two matrices, each in its specific solvent.
(a) CHCA: 5 mg/ml in CH3CN/5% formic acid (FA) (70:30,
vol/vol); (b) DHB: 5 mg/ml in CH3CN/0.1% TFA (70:30,
vol/vol)]. The solutions were then combined in a 1:1 volume
ratio. The resulting mixture was used as the matrix solution
in a dried-droplet preparation [17]: 0.5 ul peptide solution
and 0.5 pl matrix were mixed in a clean Eppendorf and then
applied to the MALDI sample plate and allowed to dry.

Mass spectrometry and database searching

All experiments were performed on an Applied Biosystems
MALDI-TOF/TOF mass spectrometer (4700 Proteomics
Analyzer, Framingham, MA, USA).

1. Protein identification using peptide maps: to obtain the
peptide mass maps, positively charged ions were anal-
ysed in the reflector mode using delayed extraction over a
m/z range 300—4,000. Usually 1,000 shots were averaged
to improve the signal-to-noise ratio with a laser power of
5,000-6,000. All spectra were analysed using the 4.4 ver-
sion Data Explorer software. The measured monoisotopic
masses of peptides produced by MALDI-MS were auto-

matically compared with a m/z peak list in the Peak Erazor
Program (1.45 version) to remove m/z peaks from keratin
contaminants, trypsin autolysis products and other blank
products or unknowns. Protein from the resultant peak
lists was identified by searching in a protein sequence
database (NCBInr), using the Peptide Mass Fingerprint
Mascot program (http://www.matrixscience.com).

2. Protein identification using tandem mass spectra: peptide
ions from each sample were selected to obtain the MS/MS
data. Laser power and collision energy were adjusted
manually to obtain desirable fragmentation patterns. Pos-
itively charged ions were analysed in the reflector mode,
using delayed extraction over a mass range from O to the
m/z of the precursor ion selected. The Mascot Sequence
Query Program identified proteins with MS/MS data.

3. Protein identification by combination of peptide maps
and MS/MS results: data peak lists obtained by MS and
MS/MS analysis were sent together to the Mascot Se-
quence Query program, giving protein identification with
higher scores.

Western blot analysis

50 wug of protein extracts were separated by SDS-PAGE
on a 10% or 12% polyacrylamide gel and transferred to
immobilon-P membranes (Millipore, MA, USA). Blots were
blocked in 5% dry milk diluted in TBS-T (50 mM Tris—
HCI, pH 7.5, 150 mM NacCl, 0.1% Tween-20) for 1% and
then incubated overnight at 4°C or 3 h at room temperature
with polyclonal antibodies against cleaved caspase-7 (Cell
Signalling Technology, New England Biolabs), caspase-
8 (PharMingen BD Biosciences), anti-PARP (New Eng-
land Biolabs), actin (Sta Cruz Biotechnology, Inc.) and
with the monoclonal antibodies, anti-caspase-9 (Upstate),
anti-Keratin-8 (Oncogene) and anti-keratin-19 (NeoMark-
ers), according to the manufacturer’s instructions. Antibody
binding was detected with goat anti-rabbit or goat anti-mouse
IgG secondary antibodies conjugated to HRP (BioRad Lab,
CA) and the ECL detection kit (Amersham).

Alternatively, after 2D-gel electrophoresis, the separated
proteins were transferred according to the above proce-
dures and incubated with monoclonal antibodies against ¢,
u-Glutathione S-transferase (GST) (Sta Cruz Biotechnol-
ogy), according to the manufacturer’s recommendations.

Results
PG induces apoptosis in MCF-7-MR cell line
To identify proteins associated with PG-induced apoptosis,

we first characterised the conditions under which PG trig-
gered significantly apoptosis in the MCF-7-MR cell line. For
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this purpose, we analysed the time-dependent activation of
the main proteases that execute apoptosis, such as the initia-
tor caspases-9 and -8 and also the effector caspase-7, as well
as cleavage of the caspase substrate PARP. We used 1 uM
concentrations of the drug as the dose that induces 25%
apoptosis in this cell line [13]. Processing of caspase-9 and
-8 was evident in MCF-7-MR cells incubated for 24 h with
1 uM PG, as shown by the disappearance of their inactive
forms of 45 and 55/50 kDa, respectively (Fig. 1). Further-
more, PG promoted the appearance of the caspase-7 active
form of 20 kDa between 12-24 h of incubation (Fig. 1). Fi-
nally, with an antibody which recognises both the 116 kDa
parent PARP and the 89 kDa cleaved product, PARP pro-
cessing increased at 12 to 24 h in response to PG treatment
(Fig. 1). These results demonstrate the effective induction
of apoptosis by 1 uM PG in a time-dependent manner in
MCF-7-MR cells, with a maximum effect at 24 h of PG
incubation.

Protein expression pattern associated with apoptosis in
the PG-treated MCF-7-MR cell line

We compared 2D-E patterns of non-treated MCF-7-MR cells
versus 24 h PG-treated MCF-7-MR cells, as apoptosis induc-
tion was found relevant at this time. We analysed the appear-
ance or increase in intensity of protein spots as a surrogate
of protein induction associated with PG-related apoptosis.

Ctrl 114 112 1

Six main areas containing up-regulated proteins came up in
2D-E comparison of 24 h-treated versus control non-treated
cells (Fig. 2).

A more detailed analysis of each area is illustrated in
Fig. 3; where both MCF-7 parental (Fig. 3A) and MCF-7-
MR cell line (Fig. 3B) showed similar protein pattern expres-
sion. Area P1 shows a protein (arrow) with an approximate
molecular weight of 27 kDa and pI 6.5-7.0 (see Fig. 2). This
spot increased significantly more at 24 h of PG treatment
than control non-treated cells. A protein of approximately
36 kDa and pl 6.8-6.9 emerged in the P2 area during PG
treatment. Interestingly, two spots were visible at 16 h of PG
treatment, with a shift to neutral pH as apoptosis increased at
24 h. In the P3 area, a protein of approximately 26 kDa and
pl 5.5-6.0 emerged in PG-induced apoptotic cells, while
the P4 area showed the increased levels of a protein of
approximately 28 kDa and pl 6.8—6.9 in PG treated for 24 h
versus control non-treated cells. A similar effect occurred
in the P5 and P6 areas, in which two proteins of approxi-
mately 44 kDa and pI 5.7-5.9 and 44 kDa and pl 5.9-6.0,
respectively, increased in expression as apoptosis was in-
duced by PG treatment for 24 h. All the proteins above
mentioned were obtained from at least three independent
experiments that showed high reproducibility. In order to
identify the selected protein spots, next experiments were
focused to the PG-treated and untreated MCF-7-MR cell
line.

time (h) PG

Procasp-9 I)'

- 45 KDa

Procasp-8

55 KDa

ﬁ-- ----- S| = 50KDa

Casp-7 i . = 20KDa
parp [T — —116 KDa

v | — 89KDa

ACHn | S— — — S — 42 KDa

Fig. 1 PG-induced apoptosis in MCF-7-MR cell line. Cells were exposed to 1 uM of PG for 1/4, 1/2, 1, 3, 6, 12, 16 and 24 h and pro-
cessed for Western Blot analysis of cleavage products of procaspase-9, -8; caspase-7, and PARP cleavage. Actin levels were used as load

controls
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Table1 Identification of PG-induced apoptosis proteins as determined by MALDI-TOF and MALDI-TOF/TOF-MS and by Edman degradation

m/z of sequenced

Data base protein identification MW Spot number  Spot regulation peptides Internal sequence
Glutathion S-transferase M3 protein 26998 P1 Up-regulation 1972 LTFVDFLTYDQNR
1655 LKPQYLEELPGQL
Ribosomal protein, large, PO 34424 P2 Appearance 1895.90 VLALSVETDYTFPLAK
Keratin 18 protein, type I cytoskeletal ~— 47897 P3 Appearance 1419.91 QAQEYEALLNIK
18 (Cytokeratin 18) 1506.90 TVQSLEIDLDSMR
Keratin 19, type I, cytoskeletal 44065 P4 Up-regulation 850.58 FGPGVAFR
1041.75 IVLQIDNAR
1675.01 DYSHYYTTIQDLR
Keratin 19, type I cytoskeletal 19 44079 P5 Up-regulation 1674.76 DYSHYYTTIQDLR
Cytokeratin 8 53529 P6 Up-regulation 1419.74 LEGLTDEINFLR
1762.99 SYTSGPGSRISSSSFSR
Fig. 2 Protein expression MW kDa

pattern associated with the {
PG-treated MCF-7-MR cell

i 200.0
line. 2D-E pattern of total cell
extract from 24 h PG-treated
MCF-7-MR cells. The gel size 116.0

was 16 x 12 x 0.016 cm.
Proteins were detected by silver
staining. The inserts enclose
those up-regulated proteins
(numbered 1 to 6) that were
further analysed by peptide
mass fingerprinting and tandem
mass spectrometry using a
MALDI-TOF/TOF mass 45.0
spectrometer

97.4

66.2

31.0

21.5
pl —

Identification of up-regulated proteins in the PG-treated
MCEF-7-MR cell line

To identify the spots described in the 2D-E comparison of
PG-treated and untreated MCF-7-MR cells, we analysed
them by complementary peptide mass fingerprinting and
tandem mass spectrometry, using a MALDI-TOF/TOF mass
spectrometer (Table 1).

The peptide mass map of the tryptic digest of the P1
protein did not identify any protein with a significant
score. Additionally, two tandem TOF/TOF mass spectra
were acquired from the peptide precursor ions, with m/z

6.0 5.5 5.0 4.5

1972.85 and 1655.93. The subsequent database search from
the product ion results identified the two fragments as
LKPQYLEELPGQL and LTFVDFLTYDQNR, respectively,
from glutathione S-Transferase M3 protein (MW 26 998)
with scores of 33 and 61 (Fig. 4). By combining the peptide
mass map and the MS/MS results, the protein was identified
more specifically as Chain B, Ligand-Free Heterodimeric
Human Glutathione S-Transferase M2-3 (MW 26 867) with
a score of 71. 16 peptide ions matched the masses of the
protein with a 58% sequence coverage.

The peptide mass map results of the tryptic digest of P2
protein were combined with the results of a tandem mass
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Fig. 3 Enlargement of the 2D-E areas containing the up-regulated

proteins (P1, P2, P3, P4, P5, P6) that came up in the 2D-E comparison

of control non-treated versus 24 h-treated in both MCF-7 parental cells

(A) and MCF-7-MR cells (B). Altered proteins are marked with arrows.
Results are representative of three independent experiments

24h Ctrl 24h

experiment on the same sample acquired from a peptide pre-
cursor ion with m/z 1895.90. The database search in the
Mascot program matched the peptide fragment with the se-
quence VLALSVETDYTFPLAK of the Ribosomal protein,
large, PO (MW 34 424) with a total score of 65 and 12%
sequence coverage.

In a peptide mass map of the tryptic digest of P3 protein,
masses of 8 peptide ions matched the masses of cytokeratin
18 (CK-18) (calculated MW 47 897), with an average ac-
curacy of 50 ppm. In addition, two tandem TOF/TOF mass
spectra were acquired from the peptide precursor ions with
m/z 1419.91 and 1506.90. The following database search
from the product ion results identified the two fragments as
QAQEYEALLNIK and TVQSLEIDLDSMR, respectively,
from the Keratin 18 protein, type-I cytoskeletal 18 (CK-18).
By combining the peptide mass map and the MS/MS results,
this protein was identified with a score of 70.

In the case of P4 protein, 11 peptide fragments matched
the masses of cytokeratin 19 (CK-19) tryptic peptides with
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an average accuracy of <30 ppm and 47% sequence cov-
erage. MS/MS experiments on three peptide ion precursors,
with m/z 850.58, 1041.75 and 1675.01, matched the follow-
ing sequences, respectively: FGPGVAFR, IVLQIDNAR and
DYSHYYTTIQDLR, with scores from 65-75. CK-19 (MW
44 065) matched the results with a score of 72. AF20231
NID protein also matched the same set of peptides with the
same score.

Protein 5 was also identified as CK-19 (MW 44 079),
with a score of 76, by combination of the peptide mass map
results and the tandem experiment results acquired on the
peptide precursor ion m/z 1674.76. The sequence identified
for the latest fragment was DYSHY YTTIQDLR and 10 more
peptides could be matched with 27% sequence coverage.

Protein 6 was identified as cytokeratin 8 (CK-8) (MW
53 529), with a score of 71, by the corresponding peptide
mass map results, matching the masses of 12 peptide ions.
Two peptide precursor ions with m/z 1419.74 and 1762.99
were matched with the sequences LEGLTDEINFLR and
SYTSGPGSRISSSSFSR, respectively, by tandem mass ex-
periments. The combined results of the MS/MS and MS
experiments confirmed CK-8 as the most likely protein, with
a very high score of 153 and 15 peptide ions matched with
32% sequence coverage.

MS and MS/MS experiments were repeated 3 times for
each protein analysed, with different sample digests coming
from different gel runs. Results given here were perfectly
reproduced.

PG induces up-regulation of Glutathione S-Transferase

To validate the results given here, we blotted a 2D-E mem-
brane with antibodies recognising the isoforms « and u of
the GST protein. These antibodies specifically recognised
three spots. The most basic one, visible at 24 h of PG treat-
ment (Fig. 5B) but not in the control membrane (Fig. 5A),
corresponded to the spot identified in the P1 area as the
glutathion S-Transferase M3. This result validates the mass
spectrometry identification of the proteins associated with
PG-induced apoptosis.

Discussion

Apoptosis has become one of the most extensively stud-
ied biomedical events of the last two decades. Dysfunc-
tional apoptosis has an impact on major human diseases like
cancer and neurodegenerative or infectious diseases [18].
The basic mechanism of apoptosis undoubtedly involves
the modification of proteins. Proteomic analysis is an ex-
cellent tool for understanding these alterations during apop-
tosis. In the last few years, proteome analyses have been
performed with some apoptotic agents that are currently un-
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Fig. 4 Chain B, Ligand-Free Heterodimeric Human Glutathione S-
Transferase M2-3 spot identification: MALDI-TOF/TOF-MS of the
tryptic digestion mixture. Two tandem TOF/TOF mass spectra were

A
GST o 4 _27 kDa
B
7/
GST ~ —27 kDa

Fig. 5 PG induces up-regulation of Glutathione S-Transferase. (A)
P1 area of the 2D-E membrane corresponding to non-treated MCF-7-
MR cells blotted with antibodies recognizing the isoforms « and p© of
the glutathion S-Transferase protein (GST). (B) P1 area of the 2D-E
membrane corresponding to PG-treated MCF-7-MR cells blotted as
above. The Glutathione S-Transferase M2-3 isoform is indicated by
arrows

der active pre-clinical research or being used clinically for
cancer [19, 20].

Prodigiosins are an emerging group of natural agents with
promising anti-cancer properties [21]. Recently we demon-
strated that PG is effective, regardless of the presence of
MDR transporter molecules [13]. To better understand the
molecular events triggered by PG, in the present study we
analysed up-regulated proteins in the PG-treated MCF-7 can-
cer cell line resistant to mitoxantrone.

Our experiments demonstrated that Glutathion S-transf-
erase M3 (P1), a protein involved in protective and drug

acquired from the peptide precursor ions with m/z 1655.93 (lower
spectrum) and 1972.85 (upper spectrum)

metabolism functions, was up-regulated during PG-induced
apoptosis. Increased expression of certain GST isoenzymes
has often been associated with the development of resistance
to alkylating agents and other classes of anti-neoplasm drugs
in drug-selected cell lines [22—24]. Furthermore, the over-
expression of GST can operate in synergy with efflux trans-
porters such as multidrug resistance proteins (MRPs), and
thus confer resistance to several carcinogens, mutagens and
anticancer drugs. For example, over-expression of GSTM1
alone in melanoma is involved in resistance to chlorambucil,
whereas it can act in synergy with MRP1 to protect cells
from the toxic effects of vincristine [25]. Using MCF-7-MR
cells (cell line with MDR phenotype), high levels of
the ABCG2 transporter have been reported [12]. Further-
more, we recently demonstrated that PG induces apopto-
sis in these cells, overcoming the ABCG?2 transporter [13].
The increase of GSTM3 in the PG MCF-7-MR-treated
cell line may be a consequence of a detoxification re-
action in the presence of PG rather than a cause/effect
relationship between GST over-expression and resistance
mechanisms.

The ribosomal stalk structure is a distinct lateral protuber-
ance composed of acidic ribosomal P proteins, forming two
heterodimers (P1/P2) attached to the ribosome through the
PO protein [26]. Here we demonstrated the appearance of the
PO ribosomal protein after 24 h exposure to PG in the MCF-7-
MR cell line. Similar effect on the PO ribosomal protein was
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observed in a proteomic study using the Burkitt lymphoma
cell line (BL60-2) treated with anti-IgM antibody-mediated
apoptosis [27]. Furthermore, the PO gene was induced (30- to
50-fold) by some DNA-damaging agents, commonly used as
chemotherapeutic anti-tumour agents, in various human can-
cer cell lines that lack 0°-methylguanine methyltransferase
activity (Mer™). These agents are DNA repair-defective for
0%-alkyguanine lesions [28]. These results lead to the con-
clusion that PO is somehow linked to DNA repair and has
been over-expressed in the Mer~ cell lines to compensate
for decreased MGMT activity. PG intercalates itself into the
DNA and induces single- and double-strand DNA cleavage
[29]. Presumably, the increase in the PO ribosomal protein
observed here is a consequence of the DNA repair activity
associated with this ribosomal protein; another anti-tumour
agent, cisplatin, causes modest increases in the transcription
of PO [28]. Another possible role for PO protein was pos-
tulated by Nishida et al., who found that several ribosomal
proteins including PO move to the surface of apoptotic cells
during apoptosis and suggested that such molecules serve
as markers for recognition of apoptotic cells by phagocytic
cells [30].

Cytokeratins are also major structural proteins in epithe-
lial cells. They comprise the intermediate filaments (IFs) of
cytoskeletons and are expressed in various combinations,
depending on the epithelial type and the degree of differ-
entiation [31]. Cytokeratins-18 and -8 are the main compo-
nents of IFs. During apoptosis these cytoskeleton proteins
are reorganized by caspases leading to dramatic structural
cell changes [32]. As has been previously reported, CK-18
but not CK-8 is cleaved by caspase-6 into NH, —terminal,
26 kDa and COOH-terminal, 22 kDa fragments during drug-
and UV light-induced apoptosis [33]. This processing of
CK-18 probably occurs under the experimental conditions
used in the present paper, in which in the presence of PG
we obtain a 26 kDa protein fragment, called P3, identified as
CK-18. In contrast, CK-8 is resistant to proteolysis during
the apoptosis induced by PG in MCF-7-MR, which is similar
to what Caulin et al. (1997) and Ku et al. (1997) observed
when using different cell lines and apoptosis conditions.

In addition, we observed a fragment of 28 kDa, called
PS5, identified as CK-19. This processing of CK-19 by cas-
pases was also described in colon cancer cells exposed to
anisomycin, generating two fragments of 28 and 20 kDa
[34].

In summary, apoptosis induced by PG in the MCF-7-MR
cell line generates stable fragments of human type-I (CK-
18 and CK-19) but not type-II (CK-8) cytokeratins, which
indicates that type-I cytokeratins are targets of apoptosis-
activated caspases. This is probably a general feature of
cytokeratins in most if not all epithelial cells undergoing
apoptosis. Furthermore, these cytokeratins were released by
the cell using an unknown mechanism and provide useful
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serum markers for evaluating the clinical progress of pa-
tients with epithelial malignancies [35, 36]. In addition, the
up-regulation of GSTM3 protein and the appearance of PO
protein, observed in this study, provide evidence that cells
try to defend themselves in response to PG and to repair the
cell damage induced by this cytotoxic drug.

Altogether, these findings explain the molecular events
triggered by PG and help to understand the response of cancer
cell line to the exposure of antitumoral drugs.
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3. CARACTERIZACION DEL EFECTO ANTICANCEROSO DEL
TRIPIRROL PRODIGIOSINA EN OTROS MODELOS DE CANCER
HUMANOS






Resultados

Capitulo 3.1. Caracterizacion de la apoptosis inducida por prodigiosina en células de

cancer de pulmoén.

(“Llagostera E, Soto-Cerrato V, Montaner B, Pérez-Tomas R. Prodigiosin induces
apoptosis by acting on mitochondria in human lung cancer cells. Ann N Y Acad Sci

2003;1010:178-81").

El cancer de pulmon es la primera causa de muerte por esta enfermedad en las sociedades
occidentales. Fue por ello que en nuestro grupo se planted evaluar la actividad de
prodigiosina en la linea cancerosa GLC4 de carcinoma de pulmoén de célula pequefia. Las
dosis necesarias para inducir apoptosis fueron del orden de nanomolar, identificando este
proceso por la condensacion de la cromatina. Posteriormente se quiso evaluar el papel de la
mitocondria en la apoptosis inducida por prodigiosina. Para ello se analizé la salida de
sustancias apoptogénicas de este compartimento celular. Tanto citocromo ¢ como AIF
incrementaban considerablemente en la fraccion citoplasmatica. Esta salida fue provocada de
forma dependiente del tiempo, siendo el citocromo c¢ el primero que se liberd. Estos
resultados muestran como la apoptosis inducida por prodigiosina provoca la permeabilizacion

de la membrana externa mitocondrial y con ello la salida de sustancias apoptogénicas.

(Estudio llevado a cabo por nuestro grupo de investigacion en el que he contribuido de forma parcial).
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Prodigiosin Induces Apoptosis by Acting on
Mitochondria in Human Lung Cancer Cells

ESTHER LLAGOSTERA, VANESSA SOTO-CERRATO, BEATRIZ MONTANER,
AND RICARDO PEREZ-TOMAS

Departament de Biologia Cellular i Anatomia Patologica, Cancer Cell Biology
Research Group, Universitat de Barcelona, Barcelona, Spain

ABSTRACT: Prodigiosin (P() is a secondary metabolite, isolated from a culture
of Serratia marcescens, which has shown potent cytotoxicity against various hu-
man cancer cell lines as well as immunosuppressive activity. The purpose of
this study was to cvaluate the role of mitochondria in PG-induced apoptosis.
Therefore, we evaluated the apoptotic action of PG in GLC4 small cell lung
cancer cell line by Hoechst 33342 staining. In these cells, we examined mito-
chondrial apoptosis-inducing factor (AIF) and cytochrome ¢ (cyt c) release to
the cytosol in PG time-response studies. These findings suggest that PG induces
apoptosis in both caspase-dependent and caspase-independent pathways.

KEyworbps: AIF; apoptosis; cytochrome ¢; mitochondria; prodigiosin

INTRODUCTION

Prodigiosin (PG) belongs to a family of tripyrrole red pigments produced by a
restricted group of Streptomyces and Serratia strains, which exhibit promising anti-
tumor and immunosuppressive activities. PG has shown useful cytotoxicity against
various human cancer cell lines'? as well as immunosuppressive activity.’

The caspase family of proteins is one of the main effectors of apoptosis. However.
they are not required for cell death to occur in many systems. For example, apopto-
sis-inducing factor (AIF) is a caspase-independent death effector which, upon
apoptosis induction, translocates from mitochondrial intermembrane to the nucleus
and causes chromatin condensation and fragmentation of DNA into 50 kb frag-
ments.* In contrast to cytochrome ¢, AIF does not appear to require the presence of
further cytosolic factors to induce apoptotic features in nuclei.

On the basis of previous results that showed the activation of caspase-9, -8, and
-3 in PG-treated Jurkat cells,® we pursued the characterization of the role of mito-
chondria in PG-induced apoptosis in GLC4 cells.
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- PG + PG

FIGURE 1. Fluorescence microscopic analysis of GLC4 nuclei with Hoechst 33342
staining. Cells were untreated (—PG) or treated (+PG) with 200 nM PG for 16 hours.

MATERIAL AND METHODS

Cell Culture

GLC4 small cell lung cancer cell lines were cultured in RPMI 1640 medium
supplemented with 10% fetal calf serum, 100 U/mL penicillin, 100 pg/mL strepto-
mycin, and 4 mM L-glutamine, at 37°C, 5% CO, in air.

Isolation and Purification of PG

PG was isolated from a culture of S. marcescens 2170 as described previously.'

Hoechst Staining

For cell morphology evaluation, cells (5x10°/mL) were untreated or treated with
200 nM PG for 16 h, washed with PBS, and incubated with 2 ug/mL Hoechst 33342
(Sigma, USA) for 30 min, at 37°C in the dark. The sections were examined with a
Leitz Diaplan microscope and photographed with a Wild MPS 45 Photoautomat
system.

AIF and Cyt ¢ Release Analysis

AIF and cyt ¢ release from mitochondria to cytosol were measured by Western
blot. After cells (5% 10°) were treated with 200 nM PG for 15 to 720 min, they were
lysed in ice-cold lysis buffer (250 mM sucrose, | mM EDTA, 0.05% digitonin. 25
mM Tris pH 6.8, | mM DTT. | ug/mL aprotinin, | ug/mL leupeptin, 1 pg/mlL. pep-
statin, and 0.1 mM PMSF), for 30 sec, then centrifuged at 13,000xg at 4°C for 3 min.
Supernatants (cytosolic extracts) were electrophoresed on 12% polyacrylamide gels
and transferred to Immobilon-P membranes (Millipore, USA). Then they were incu-
bated overnight with a polyclonal antibody against AIF (Oncogen Research prod-
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FIGURE 2. Eflect of PG on mitochondrial AIF and cyt ¢ release. (A) Analysis of AIF
in cytosolic extracts. Time-dependent release of AIF into the cytosol upon exposure to PG
(200 nM) 1s observed. (B) Time-course of eyt ¢ release to the cytosol in response to PG treat-

ment (200 nM ).

ucts, USA) or with a monoclonal antibody against cyt ¢ (Pharmingen International).
Secondary antibodies conjugated to HRP were goat anti-rabbit IgG or goat anti-
mouse IgG (BioRad, UK). Peroxidase was developed using the enhanced chemi-
luminescence (ECL) detection kit (Amersham, UK).

RESULTS AND DISCUSSION

The exceptional cytotoxic potency of PG in GLC4 cells (IC5q 129 and 143 nM at
16 and 24 h, respectively) prompted us to determine the apoptotic effect of PG in
GLC4 cells. We characterized several morphological nuclear changes at microscopic
level using Hoechst 33342 staining (FiG. 1). In contrast to untreated cells, chromatin
condensation and nuclear fragmentation were observed in PG-treated cells, which
are the hallmarks of apoptosis. These changes were triggered by apoptogenic factors
harbored by mitochondria. To determine the role of mitochondria in PG-induced
apoptosis, we studied its effect on some of these molecules. We found that PG
induced mitochondrial release of AIF (Fi1G. 2A) and also demonstrated the release of
cyt ¢ into the cytosol (F1G. 2B). Both phenomena occur promptly upon exposure to
PG.

These findings suggest that PG causes apoptosis to use the mitochondrial pathway
and that PG apoptosis induction occurs in both caspase-dependent and -independent
manner to ensure efficient DNA breakdown. Altogether, PG induces the release of cyt
¢ and AIF into the cytoplasm. Cyt ¢ binds to the adaptor Apaf-1 and the complex re-
cruits and activates caspase 9. This initiates a caspase cascade responsible for the hy-
drolysis of key cytoplasmic proteins, for cleavage among genomic DNA nucleosomes
into 180 bp fragments via the caspase-activated DNase (CAD). On the other hand,
ATF migrates to the nucleus and induces high-molecular-mass DNA fragmentation
and marginal chromatin condensation. The combined action of caspases and AIF
causes the apoptotic phenotype observed in GLC4 cells and cell death.
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Resultados

Capitulo 3.2. Estudio de la sensibilidad al tratamiento con prodigiosina de células de
cancer de pulmén resistentes a doxorrubicina.

(“Llagostera E, Soto-Cerrato V, Joshi R, Montaner B, Giménez-Bonafé P, Pérez-Tomas
R. High cytotoxic sensitivity of the human small cell lung doxorubicin-resistant carcinoma
(GLC4/ADR) cell line to prodigiosin through apoptosis activation. Anticancer Drugs
2005;16(4):393-97).

Como hemos visto anteriormente, prodigiosina puede ejercer su efecto antitumoral en
células de mama que sobreexpresan la proteina de resistencia a multiples farmacos ABCG?2.
Para ampliar los conocimientos del efecto de prodigiosina sobre células con fenotipo MDR,
se utilizd6 una linea celular de cancer de pulmoén resistente a doxorrubicina llamada
GLC4/ADR. Dichas células sobreexpresan la proteina ABC MRP-1, la cual confiere
resistencia a diferentes farmacos que ABCG2. En primer lugar se analizd el efecto de
prodigiosina sobre la viabilidad celular de GLC4/ADR, viendo que no existian diferencias
significativas en la toxicidad inducida por prodigiosina respecto a la que inducia en su linea
parental GLC4/S. Ademas, prodigiosina provocd muerte por apoptosis en las dos lineas
celulares, pudiendo observar activacion de caspasas, rotura de la PARP y salida de citocromo
c en ambas. Estos resultados corroboran los ya descritos acerca de la capacidad de
prodigiosina de actuar en células resistentes a multiples firmacos y amplia esta cualidad a

células que sobreexpresen la proteina MRP-1.

(Estudio llevado a cabo por nuestro grupo de investigacion en el que he contribuido de forma parcial).
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Fe de Erratas

La version del articulo que se presenta a continuacion es la prueba de imprenta provisional.

En la publicacion definitiva aparecen las siguientes correcciones.
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AQ1: reemplazar “Location” por “Lausen, Switzerland” y siguiente “Location” por

“Hercules, CA”
bss

£ass

AQ2: reemplazar “Pepita Giménez-Bonafé™ por “Pepita Giménez-Bonafé
AQ3: insertar “® Department of Physiological Sciences II, Physiology Unit, University
of Barcelona, Barcelona, Spain.”

AQ4: reemplazar por “Sponsorship: This study was supported by grant SAF2001-3545
from the Ministerio de Ciencia y Tecnologia and the European Union and BMC-2002-
04081-C02-02 from the Ministerio de Educacion y Ciencia and a grant from La Maratd
de TV3 (001510).”

AQS: reemplazar “we” por “In the present study, we”

AQ6: reemplazar “(perhaps all)” por “(if not all)”

AQ7: reemplazar “each” por “every”

AQS8: reemplazar “H,O” por “DEPC treated water”

AQO9: reemplazar “The time-course” por “Time-course”

AQI10: reeplazar “given” por “giving”

AQI11: reemplazar “play” por “plays”

AQ12: reemplazar “to the blots” por “of the blots”

AQ13: reemplazar “show” por “shown”

AQ14: reemplazar “We draw attention to” por “It is important to note”

AQIS5: reemplazar “in the same” por “at the same”

AQ16: cambiar orden por “dose-response assay after PG treatment is observed”

AQ17: reemplazar “describe” por “describes”

AQ18: reemplazar “to show” por “that shows”

AQ19: eliminar “As can observe that”

AQ20: reemplazar “supplied” por “added”
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Preclinical report "1

High cytotoxic sensitivity of the human small cell lung

doxorubicin-resistant carcinoma (GLC4/ADR) cell line to

prodigiosin through apoptosis activation

Esther Llagostera® Vanessa Soto-Cerrato®, Ricky Joshi®, Beatriz Montaner?,
Pepita Gimenez-Bonafé® and Ricardo Pérez-Tomas®

AQ5 We describe the cytotoxicity of the new drug prodigiosin
(PG) in two small cell lung carcinoma (SCLC) cell lines,
GLC4 and its derived doxorubicin-resistant GLC4/ADR cell
line, which overexpresses multidrug-related protein 1
(MRP-1). We observed through Western blot that PG
mediated cytochrome c release, caspase cascade activa-
tion and PARP cleavage, thereby leading to apoptosis in a
dose-response manner. MRP-1 expression increased after
PG treatment, although that does not lead to protein
accumulation. The MTT assay showed no difference in
sensitivity to PG between the two cell lines. Our results
support PG as a potential drug for the treatment of lung
cancer as it overcomes the multidrug resistance phenotype
produced by MRP-1 overexpression. Anti-Cancer Drugs
16:000-000 © 2005 Lippincott Williams & Wilkins.

Introduction

Apoptosis is involved in the action of many (perhaps all)
chemotherapeutic agents. In most cases, apoptosis is
accompanied by cytochrome ¢ release from the mitochon-
dria into the cytosol. Then caspases can be activated and
generate the characteristic apoptotic morphology (chro-
matin condensation, membrane blebbing, cell shrinkage,
DNA cleavage, etc). Resistance to chemotherapy is the
main cause of failure in the treatment of human cancer.
One major mechanism of resistance is linked to decreased
intracellular accumulation of anticancer drugs through
enhanced cellular efflux of the antitumor compound [1].
MRP-1 is an efflux pump that belongs to the family of
ABC transporters and is frequently overexpressed in
clinical samples from patients with small cell lung cancer
(SCLC) [2]. Cytotoxic drugs irrespective of their
intracellular target cause cell death in sensitive cells by
inducing apoptosis [3]. Some members of a family of
natural bacterial pigments called prodigiosins (PGs)
induce apoptosis in several human cancer cell lines [4—
6] and in hepatocellular carcinoma xenografts [7]. The
aim of this study is to describe the apoptosis induction by
PG treatment in a doxorubicin-resistant SCLC cell line
compared to its parental cell line. Here we studied the
ability of PG to overcome the multidrug resistance
(MDR) phenotype as well as the cytotoxic effect induced
in the MRP-1 overexpressing GLC4/ADR cell line,
finding interesting parallels with what we have previously
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described in the doxorubicin-sensitive GLC4 cell line

[8].

Methods

Cell lines and culture conditions

The human lung cancer GLC4 cell line and its
doxorubicin-resistant subline GLC4/ADR were derived
in the laboratory of N. H. Mulder [9]. GLC4/ADR cells
were exposed to 1172 nM doxorubicin (Sigma, St Louis,
MO) during 48h once each 15 days to maintain their
resistance characteristics. All the experiments using
GLC4/ADR were performed after 7 days of non-exposure
to doxorubicin treatment. Both cell lines were cultured in
RPMI 1640 medium with 10% FCS (Biological Indus-
tries, Beit Haemek, Israecl) supplemented with 4 mM L-
glutamine, 100 IU/ml penicillin and 100 pg/ml (Sigma) at
37°C with 5% CO,.

Purification of PG

PG was isolated from a culture broth of Serratia marcescens
2170 as described previously [4]. Stock solutions were
prepared in methanol and concentrations were deter-
mined by UV/vis in 95% EtOH-HCI (€535 = 112000 M/

cm).

Cell viability assay
Cell viability was determined by the MTT assay [10].
Briefly, 5 x 10* cells were incubated in 96-well microtiter
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cell culture plates, in the absence (control cells) or
presence of 20-240nM PG to a final volume of 100 pl.
After 4, 8, 16 or 24 h incubation, 10 pl of MTT (diluted in
PBS) was added to a final concentration of 10 mM for an
additional 4 h. The blue MTT formazan precipitate was
dissolved in 100 pl of isopropanol:1 N HCI (24:1) and the
absorbance at 550 nm was measured on a multiwell plate
reader. Cell viability was expressed as a percentage of
control. Data are shown as the mean value = SD of
triplicate cultures.

Western blot analysis

Cells (5x 10° cells/ml) were exposed to 100, 150 or
200nM PG for 16 h, except when MRP-1 was analyzed
(100, 200 or 300 nM PG for 24 h), they were then washed
twice with PBS and lysed with ice-cold lysis buffer
(85mM Tris—HCI, pH 6.8, 0.4% SDS, 0.1 mM PMSE
1 ng/ml aprotinin and 1pg/ml leupeptin). Protein con-
centration was measured using the micro BCA Protein
Assay Reagent Kit (Pierce, Rockford, MD). Protein
extracts were electrophoresed on a polyacrylamide gel
and transferred to Immobilon-P membrane (Millipore,
Bedford, MA). Membranes were blocked with 5% dry-
milk diluted in TBST (50mM Tris-HCI, pH 7.5,
150mM NaCl and 0.1% 'Tween-20) and incubated
overnight at 4°C. The rabbit polyclonal antibodies used
were as follows: cleaved caspase-3 (Aspl75) (New
England Biolabs, Beverly, MA), caspase-8 (BD PharMin-
gen, San Diego, CA), cleaved caspase-9 (37 kDa) (New
England Biolabs) and PARP (New England Biolabs).
Monoclonal antibody to MRP-1 (human) MRPm6 (Alexis
Biochemicals, LOCATION?) and purified mouse anti-
cytochrome ¢ monoclonal antibody (BD PharMingen)
were also used.

The peroxidase-conjugated secondary antibodies used
were goat anti-rabbit IgG (170-6515; Bio-Rad, UK) and
goat anti-mouse (170-6516; Bio-Rad, LOCATION?).
Peroxidase was then developed by incubating the
membrane with the enhanced chemiluminescence
(ECL) detection kit (Amersham, Little Chalfont, UK).
Protein expression of Western blot images was quantified
using the image analysis software program Phoretix 1-D
advanced. Results are presented relative to the control
densitometry values.

Cytochrome c detection assay

In time-course cytochrome ¢ detection assays, cells were
harvested after a 15-min to 12-h exposure to 200 nM PG
and prepared as previously described [11], with slight
modifications. Briefly, cells were lysed for 30 s in 50 pl ice-
cold lysis buffer (250 mM sucrose, 1 mM EDTA, 0.05%
digitonin, 25mM Tris, pH 6.8, 1mM DTT, 1pg/ml
aprotinin, 1pg/ml leupeptin, 1pg/ml pepstatin and
0.1 mM PMSF). Lysates were centrifuged at 13000¢ at

4°C for 2min to obtain the supernatants (cytosolic
extracts) and the pellet (fraction with mitochondria).

Analysis of DNA fragmentation

DNA fragmentation was analyzed by agarose gel electro-
phoresis, as described previously [6]. Briefly, 5 x 10° cells/
ml were treated with 100 or 200 nM PG for 16 h or were
left untreated (control). DNA preparations were electro-
phoresed in a 1% agarose gel containing ethidium
bromide. Gels were placed in a UV light box to visualize
the DNA ladder pattern.

Gene expression analysis

Cells (5 x 10°) were treated with 0 (control), 100, 200 or
300nM PG during 24h. Total RNA extraction was
performed using Ultraspec RNA (Biotex, TX). cDNA
synthesis was obtained using random hexamers and
MuLV reverse transcriptase after washing the RNA pellet
twice in 75% ethanol, dissolved in H,O, following the
manufacturer’s instructions. The final concentration of
c¢DNA was 1 pg in 50 pl. Each cDNA sample was analyzed
for expression of MRP-1 using the fluorescent TagMan 5’
nuclease assay. Oligonucleotide  primers MRP-1
(Hs00219905) and actin (Hs99999903) and probes were
initially designed and synthesized as Assay-on-Demand
Gene Expression Products (Applied Biosystems, Warring-
ton, UK). The 5 nuclease assay PCRs were performed
using the ABI Prism 7700 sequence detection system for
thermal cycling and real-time fluorescence measurements
(Applied Biosystems). Each 50-pl reaction consisted of
1 x TagMan Universal PCR MasterMix (PE Biosystems),
1 x Assay-on-Demand mix containing forward primer,
reverse primer and TagMan quantification probe (Ap-
plied Biosystems), and 100 ng cDNA template. Reaction
conditions comprised an initial step of 92°C for 10 min,
then 40 cycles of 95°C for 15s and 60°C for 1 min. The
levels of MRP-1 obtained were normalized by mRNA
expression of actin. The relative mRNA expression for
MRP-1 was thus presented as relative to the control. Data
were analyzed using The Sequence Detector Software
(SDS version 1.9; Applied Biosystems).

Statistical comparison of mean values was performed
using Student’s /-test.

Results

PG decreases the viability of GLC4 and GLC4/ADR cells
First at all, we proved the doxorubicin sensitivity and
resistance phenotypes of both cell lines (Fig. 1). Then,
the effect of PG on the viability of human SCLC cell
lines (GLC4, GLC4/ADR) was studied. Cell lines were
incubated for 4, 8, 16 or 24 h with several doses of PG,
ranging from 20 to 200 nM, and cell viability was then
determined by the MTT assay. A significant dose-
dependent decrease in the number of viable cells was
observed in GLC4 and GLLC4/ADR cells and no marked
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differences were detected between them (Fig. 2A and B).
The time-course experiments showed a marked decrease
in the ICsq value as incubation time increased. GLC4
IC50 was 129.40 = 17.10 and 104.59 = 5.72 nM at 16 and
24h of PG incubation, respectively. In contrast, GLC4/
ADR presented an ICsy value of 143.16 = 24.57 nM at
16h, which decreased to 111.40 =4.27nM at 24h.
Therefore, we can conclude that there is no significant
difference between the viability of GLC4 and GLC4/
ADR cells when given the same PG treatment.

Apoptotic features

Fig. 1

140

120

100w

80

60

Percent cell viability

40

—— GLC4/ADR

20 -=- GLC4/S

O T T T 1
0 50 100 150 200
Doxorubicin (ium)

Doxorubicin resistance. Samples of 2 x 10° cells per condition were
incubated for 24 h in a 96-well plate at the indicated doxorubicin
concentrations. As expected, resistance to doxorubicin was proved in
GLC4/ADR, but not in its parental cell line. Results depicted represent
the mean of three independent experiments. Error bars represent SD.
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One of the main biochemical features associated with
apoptosis is caspase activation. PG induced the proces-
sing of caspases, as shown by the appearance of the active
cleavage products of caspases-8 (23 kDa) and -3 (17 kDa)
(Fig. 3). The appearance of the caspase-9 intermediate
cleaved product (37kDa) and the disappearance of the
precursor form were also determined by Western blot in
whole-cell extracts (Fig. 3).

PARP cleavage, as a result of caspase-3 activation, was
analyzed on protein extracts from cells incubated with
100, 150 and 200nM of PG by immunoblotting as a
specific marker of caspase activity. In PG-treated cells,
both the native PARP (116kDa) and the cleavage
product (85kDa) were observed (Fig. 4A). Agarose gel
electrophoresis showed the characteristic DNA ladder
pattern induced in the apoptotic process in the two cell
lines when incubated for 16 h in the presence of 100 and
200nM PG (Fig. 4B).

Cytochrome c involvement

There is evidence that mitochondria play an essential role
in many forms of apoptosis by releasing apoptogenic
factors as cytochrome ¢. To analyze the involvement of
cytochrome ¢ release in PG-induced apoptosis, cytosolic
and mitochondrial fractions were obtained and analyzed
for the presence of cytochrome ¢ by Western blot. Cell
lines were incubated for 16 h with three doses of PG (100,
150 and 200nM). PG induced the appearance of
cytochrome ¢ in the cytosolic fractions in a dose-response
manner in both cell lines (Fig. 5A). In time-course
experiments (Fig. 5B), we demonstrated that PG induced
the appearance of cytochrome ¢ in these fractions after
15 min of drug exposure in both cell lines.

Fig. 2
(A) 140
120
2
5 100
o
>
=z 80+
o
& 60
&}
15
o 40 1
20 4
0 T T T 1
0 50 100 150 200
PG (nm)

GLC-4ADR

Percent cell viability

1
200

T
150

T
100
PG (nm)

0 50

Effect of PG treatment on the viability of GLC4 (A) and GLC4/ADR (B) cell lines by the MTT assay. Cell viability decreases in a dose-response
manner, and no significant differences between sensitive and resistant cell lines are observed. The results represent the mean of three independent

experiments. Error bars show SD.
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Fig. 3
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PG induces the activation of caspases. Western Blotting of 50 pug of whole-cell protein extract was used. Cleavage of caspase-9, caspase-8 and
caspase-3 was observed after 16 h of PG treatment in a dose-response manner. A representative result from three independent experiments is

shown. Control of protein loading by actin is shown in the bottom panel.

Densitometric analysis to the blots corresponding to Figs
3, 4(A) and 5 to quantify the intensity of the bands
confirmed no differences between both cell lines (data
not shown).

Quantification of MRP-1 mRNA and MRP-1 protein
Our study demonstrates that PG circumvents the MDR
phenotype acquired by the GLLC4/ADR cell line (mainly
caused by MRP-1 overexpression) as PG treatment
induces similar cell wviability loss and biochemical
apoptotic features in both sensitive and resistant cell
lines. The PG treatment effect in MRP-1 mRNA
expression was measured by quantitative PCR (Q-
PCR). The relative levels of MRP-1 mRNA expression
in GLC-4/ADR cells (Fig. 6A) increased slightly after PG
exposure. However, at the protein level, MRP-1 de-
creased in a dose-response fashion after the first dose
(Fig. 6B and C) and it was hardly detectable at the
highest dose of PG (p <0.05). The levels of MRP-1
mRNA and protein were also studied for GLC4, but no
effect of PG was observed in this cell line (data not
show).

Discussion

PG exerts its cytotoxic effect in the MDR phenotype
GLC4/ADR cell line and its parental GLLC4 cell line in a
dose-dependent manner. GLC4 and GLC4/ADR have
been used as a model to study the effect of several novel
or established lung cancer chemotherapy agents [12,13].
The resistant cell line shows cross-resistance not only to
doxorubicin, but also to topotecan and paclitaxel [14].

However, PG treatment results in an equivalent decrease
in cell viability for both cell lines. We draw attention to
the low ICsy concentration obtained for PG in these cell
lines when compared with cisplatin which is one of the
most commonly used drugs in SCLC treatment in the US
[15], i.e. the ICsq values of cisplatin at 72 h are 2000 and
3000 nM in GLLC4 and GLC4/ADR, respectively [14].

PG induces apoptosis in hematopoietic, colon and gastric
cancer cell lines [4-6]. Cycloprodigiosin hydrochloride,
another member of the PG family, also has a pro-apoptotic
effect in hepatocarcinoma cells i vitro and i vivo [7].
Moreover, an apoptotic effect has also been described in
human primary cancer cells [16]. However, the mechan-
ism by which PG induces apoptosis remains unclear,
although several pathways have recently been hypothe-
sized [17].

Here, we have confirmed the activation of the apoptotic
process by analyzing biochemical events such as caspase
activation, PARP cleavage and DNA ladder pattern
formation as well as the cytochrome ¢ release involvement
in a doxorubicin-resistant SCLLC model. We observed a
slight delay in caspase-8 activation in GLLC4/ADR, but
the final apoptosis execution is performed by caspase-3,
which is activated in the same way in both sensitive and
resistant cell lines.

Our study demonstrates that PG circumvents the MDR
phenotype acquired by the GLLC4/ADR cell line (mainly
caused by MRP-1 overexpression) as PG treatment
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Fig. 4
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AQ1 6 PG apoptotic induction. (A) PARP cleavage in a dose—response assay is observed by Western blot after PG treatment. The bottom shows actin as a
loading control. (B) DNA fragmentation induced by PG is detected in agarose gel electrophoresis.
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Fig. 6
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PG effect in MRP-1 (A). The results are shown as the relative
expression of MRP-1 mRNA after cell treatment with PG normalized by
actin mRNA. A slight increase in the resistance protein is observed.
Error bars represent SD. (B) MRP-1 protein detected by Western blot.
Samples of 30 pg of protein were electrophoresed. MRP-1 slightly
decreases after PG treatment. Figures show a representative result
from three independent experiments. (C) Western blot quantification is
represented by bars. As can observe that MRP-1 protein increases at
low PG concentration (100 nM), but decreases when higher doses are
supplied.

induces similar cell viability loss and biochemical
apoptotic features in both sensitive and resistant cell
lines. We have previously reported that PG is not a
substrate for another ABC transporter family member
[BCRP (breast cancer resistance protein)] [18]. Results
presented here indicate that PG might not be a substrate
for MRP-1. The relative levels of MRP-1 mRNA
expression in GLC-4/ADR cells increased slightly after
PG exposure although MRP-1 protein decreased in a
dose—response fashion after dose 1. This finding indicates
that PG could have a novel and useful activity in this

aspect, as the increase in MRP-1 has been reported in
most SCLC patients, and in leukemia, esophageal
carcinoma and non-SCLC [19]. Interestingly, Versant-
voort and collaborators hypothesized that the GL.C4 cell
line, probably like most cell lines # vitro, reacts to low
chemical selective pressure by increasing the MRP-1
detoxifying protein [20], thereby allowing the cell to
pump chemotherapy agents such as doxorubicin, epir-
ubicin, etoposide, vincristine and methotrexate [21]. We
have also observed an increase of MRP-1 protein at the
lower dose followed by decrease when higher doses of PG
were used. Here we report that PG blocks the increase in
MRP-1 protein levels, an effect that supports its use in
combined therapy as well as describe a new property that
could be added to those of PG already described [17].

To our knowledge, this is the first study to show the] AQ18

cytotoxic activity of a member of the PG family in a
doxorubicin-resistant SCLLC cell line. Given the high
sensitivity of the GLLC4 and GLLC4/ADR cell lines to PG
compared with other commonly used drugs, we conclude
that PG is a potential novel chemotherapy agent for lung
cancer, particularly for SCLC.
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Resultados

Capitulo 3.3. Identificacion de los mecanismos de toxicidad inducidos por
prodigiosina en células de neuroblastoma.

(“Francisco R, Pérez-Tomas R, Giménez-Bonafé P, Soto-Cerrato V, Giménez-Xavier P,
Ambrosio S. Mechanisms of prodigiosin cytotoxicity in human neuroblastoma cell lines. Eur

J Pharmacol 2007; doi:10.1016/j.ejphar.2007.06.054").

Mas recientemente hemos ampliado la caracterizacion del efecto de prodigiosina a
células de neuroblastoma, profundizando en el estudio de la localizacion subcelular y accion
de prodigiosina una vez internalizada. Prodigiosina mostré una marcada toxicidad en células
de neuroblastoma, llegando a ser hasta treinta veces superior a la de cisplatino,
quimioterapéutico en uso clinico. Respecto al mecanismo de accion, se describid cémo
prodigiosina actuaba como un agente secuestrador de protones en la mitocondria, organulo en
el que se observaba acumulacion, destruyendo asi el gradiente de pH. Alli provoco un efecto
desacoplador de la cadena respiratoria de la actividad ATP sintasa. Como resultado, la
produccion de ATP se vio disminuida sin alterar la tasa de consumo de oxigeno. Este
mecanismo de accidon es diferente al de los quimioterapéuticos usados actualmente,
sugiriendo que prodigiosina podria aumentar el efecto antitumoral de estos en el tratamiento

de neuroblastomas.

(Estudio realizado en colaboracion con el grupo del Dr. S. Ambrosio en el que he contribuido de forma

parcial).
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Abstract

Prodigiosin is a bacterial red pigment with cytotoxic properties and potential antitumor activity that has been tested against different cancerous
cells. In this study we report the effect and mechanisms of action of prodigiosin against different human neuroblastoma cell lines: SH-SY5Y,
LAN-1, IMR-32 (N-type) and SK-N-AS (S-type). We compare the anticancerous effect of prodigiosin with that of cisplatin at different
concentrations during 24 h of exposure. Prodigiosin is more potent, with ICs, values lower than 1.5 pM in N-type neuroblastoma cells and around
7 uM in the S-type neuroblastoma cell line. We describe prodigiosin as a proton sequestering agent that destroys the intracellular pH gradient, and
propose that its main cytotoxic effect could be related to its action on mitochondria, where it exerts an uncoupling effect on the electronic chain
transport of protons to mitochondrial ATP synthase. As a result of this action, ATP production is reduced but without decreasing in oxygen
consumption. This mechanism of action differs from those induced by conventional chemotherapeutic drugs, suggesting a possible role for

prodigiosin to enhance the effect of antitumor agents in the treatment of neuroblastoma.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Neuroblastoma; Prodigiosin; Cisplatin; Apoptosis

1. Introduction

Prodigiosins are a family of naturally occurring polypyrrole
red pigments produced by a small group of microorganisms,
including Serratia spp. and Actinomycetes (for example, Strep-
tomyces coelicor A3 and various marine bacteria), characterized
by a common pyrrolyl—dipyrrolyl-methene skeleton. The phys-
iology and regulation of prodigiosin production in these bacteria
are now well understood (Williamson et al., 2006).

Prodigiosin has antibacterial, antifungical, antimalarial and
cytotoxic properties (for a review, see Montaner and Perez-
Tomas, 2003), and it has been suggested for the treatment of
autoimmune diabetes and collagen-induced arthritis (Han et al.,
2001). However, prodigiosin has mainly been studied for its

* Corresponding author. Unitat de Bioquimica, Departament de Cincies
Fisiolgiques II, Campus de Bellvitge, Universitat de Barcelona, c/Feixa Llarga s/
n, E-08907-L Hospitalet del Llobregat, Barcelona, Spain. Tel.: +93 403 90 94;
fax: +93 402 42 68.

E-mail address: sambrosio@ub.edu (S. Ambrosio).

0014-2999/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejphar.2007.06.054

potential as a chemotherapeutic drug. Prodigiosin has been
tested in vitro against a variety of tumor cell lines and primary
cultures (Yamamoto et al., 1999; Yamamoto et al., 2002; Pérez-
Tomas et al., 2003), and its antimetastatic effect has been
reported in lung cancer cells (Zhang et al., 2005). Prodigiosin
triggers apoptosis in haematopoietic, gastrointestinal, breast and
lung cancer cell lines, not being markedly toxic to non-malig-
nant cell lines (Montaner et al., 2000; Diaz-Ruiz et al., 2001;
Montaner and Pérez-Tomas, 2001; Soto-Cerrato, 2004; Llagos-
tera et al., 2005). The apoptosis induced by prodigiosin is p53
independent and overcomes multidrug resistance, both repre-
senting an advantage over other antitumor drugs (Montaner
et al., 2000; Soto-Cerrato, 2004). The molecular mechanism of
action of prodigiosin is not yet fully understood, but it seems to
differ from those of other common chemotherapeutic agents. /n
vitro, prodigiosin is a DNA-interacting agent, which induces
DNA single- and double-strand breaks via poisoning topoi-
somerases and through copper-promoted oxidative DNA
damage (Melvin et al., 2001; Montaner et al., 2005). Some
compounds of the prodigiosin family have been reported to
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promote H'/C1™ symport transport and to induce neutralization
of the acid compartments (Sato et al., 1998; Yamamoto et al.,
1999; Castillo-Avila et al., 2005), although the involvement of
these mechanisms in the initiation of a programmed cell death is
still unknown.

Prodigiosin has not been assayed against neuroblastoma or
neuroblastoma cell lines. Neuroblastoma is the most common
solid tumor in children and the second most frequent malig-
nancy in infancy after lymphoblastic leukemia. It arises from the
neural crest cell precursors of the sympathetic nervous system
failing to complete differentiation. Neuroblastoma is one of the
most challenging malignant tumors because of its heterogeneity,
variety of clinical behavior and high recurrence. At the present,
there is no effective or specific chemotherapy against neuro-
blastoma and new treatment strategies are urgently needed to
improve the survival rate and the quality of life of children
suffering from this illness (Berthold and Hero, 2000; Broudeur,
2003).

In the present work we examine the mechanisms of action of
prodigiosin against tumor cells using distinct human neuro-
blastoma cell lines. We describe the anti-proliferative activity of
prodigiosin, inducing cell death and/or differentiation in a way
that involves the disruption of intracellular proton gradients,
mainly the mitochondrial gradient needed to couple respiration
to ATP production.

2. Materials and methods
2.1. Reagents

Prodigiosin was kindly provided by Dr. R. J. Schultz of the
National Cancer Drug Synthesis and Chemistry Branch
Chemotherapeutic Agents Repository (Bethesda, MD). Stock
solutions were prepared in methanol and concentrations were
determined by UV—Vis in 95% EtOH-HCI (19:1) (Melvin et al.,
1999). Cisplatin (cis-diammine-dichloroplatinum) was pur-
chased from Sigma (Madrid, Spain), dissolved in water and
stored at 4 °C from light. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was purchased from
Sigma. Z-Val-Ala-DL-Asp-fluoromethylketone (zVAD.fmk)
was obtained from Bachem (Weil, Germany).

2.2. Cell lines and growth conditions

Three N-type (neuronal lineage), LAN-1, IMR-2 (both high-
ly expressing the bad prognostic factor N-Myc, Zaizen et al.,
1998) and SH-SY5Y (not over-expressing N-Myc), and one S-
type (stromal), SK-N-AS, human neuroblastoma cell lines were
used. The cell lines LAN-1 and SK-N-AS were kindly donated
by Dr. J. Mora (Hospital St. Joan de Déu, Barcelona, Spain).
SH-SY5Y and IMR-32 were purchased from ATCC (American
Type Culture Collection, Manassas, VA). A second SH-SY5Y
clone, which we named “high proliferation SH-SYSY” (SH-
SY5Yhp, Boix et al., 1997; Encinas et al., 2000), was provided
by Dr. J. Comella (University of Lleida, Spain). Cells were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM),
supplemented with 10% decomplemented fetal bovine serum,

2 mM L-glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin. In the IMR-32 medium, 1 mM pyruvate was
also added (all the products were purchased from Biological
Industries; Kibbutz Beit Haemek, Israecl). The cells were
maintained at 37 °C in a humidified atmosphere with 10% CO,.

2.3. Cell viability assay

Cell survival was evaluated using the MTT colorimetric
assay. 10* cells were incubated in 96 well microtiter cell culture
plates, in the absence (control cells) or presence of prodigiosin or
cisplatin, in a final volume of 100 pl. After the indicated treat-
ment, cells were incubated for 3 h at 37 °C in DMEM containing
10 uM MTT (diluted in PBS). The blue MTT formazan
precipitate was then dissolved in 100 pl of isopropanol and the
absorbance was measured at 570 nm on a multiwell plate reader.
The absorbance measured was related to the protein content
(BCA (bicinchoninic acid) Protein Assays, Pierce, Rockford,
USA) and considered proportional to the number of viable cells.
Cell viability was expressed as a percentage of these values in
treated cells in comparison with the non-treated control cells.
Data are shown as the mean+standard error media of triplicate
cultures. Cell viability was also assessed by counting the ad-
herent cells with or without treatment. In that case 2 x 10° cells
were cultured in 6 well plates, 24 h after treatment cells were
washed twice in phosphate buffer solution (PBS) and counted
with a Neubauer cell counting chamber.

The cell-permeable pan-caspase inhibitor zZVAD.fmk was
used prior to prodigiosin treatment. Cells were incubated for
90 min at 37 °C with or without 100 uM zVAD.fmk and cell
survival was evaluated with the MTT colorimetric assay.

2.4. Thymidine incorporation assays

The effect of prodigiosin on cell proliferation was deter-
mined using different concentrations of this compound. 10’
cells were plated in 6-well plates in a final volume of 2 ml. After
24 h, the medium was removed and changed for fresh one
containing 1 pCi/ml of [*H]-thymidine and different concentra-
tions of prodigiosin. After 6, 12, 24 and 48 h of incubation, cells
were washed twice in cold PBS and 1 ml of 5% trichloroacetic
acid (TCA) was added for 20 min at 4 °C. The samples were
then washed once with 1 ml of TCA followed by 2 ml of 70%
ethanol, and dried out at 37 °C. Finally 0.6 ml of lysis buffer
(2% Na,CO3, 0.1 M NaOH, 1% sodium dodecyl sulphate
(SDS)) was added to each well for 20 min at 37 °C. The
radioactivity was counted in a scintillation counter (Beckman
LS5000TA, USA) using 0.5 ml of each sample to which 0.5 ml
of scintillation liquid was added.

2.5. DNA fragmentation

Analysis of DNA fragmentation was performed as described
by Bellosillo et al. (1998). 10° cells were cultured on 12 well
plates and treated with or without prodigiosin. Cell extracts
were run on a 1% agarose gel electrophoresis. Gels were stained
with ethidium bromide and viewed under ultraviolet light.
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2.6. Cell staining

Cells were grown over cover slips on 6-well plates and were
allowed to attach overnight. For nuclear staining, cells were
labeled with 2 pg/ml of the DNA dye Hoechst-33342
(bisbenzimide; Sigma) for 30 min at 37 °C.

Mitochondrial staining was realized with Mitotracker Deep
Red 633 (Molecular Probes, Eugene, OR). Cells were incubated in
amedium containing 250 nM of Mitotracker Deep Red for 30 min
at 37 °C, and washed in PBS three times for 5 min. For vital
staining, the living cultured cells were washed twice in PBS and
stained with 5 pg/ml acridine orange (Sigma) for 30 min (Castillo-
Avilaetal., 2005). After incubation, cells were washed three times
in PBS containing 10% of fetal bovine serum for 5 min. Finally,
cells were examined on a Nikon microscope (E800) equipped with
a diagnostic instruments photo automat system (Spot JR).

2.7. Western blotting

Experiments were performed with adherent and floating cells.
Protein concentration was determined by the BCA assay. Equal
amounts of protein were loaded onto each lane and electrophor-
esed on SDS-polyacrylamide gels with Tris-glycine running
buffer. They were then transferred to nitrocellulose membranes
(Millipore, Bredford, MA) by using a semidry electrotransfer for
50 min at 40 V. Membranes were incubated with antibodies to
procaspase-2 (rabbit polyclonal, Sta. Cruz Biotech., Sta. Cruz, CA,
1:500), procaspase-3 (rabbit polyclonal, BD Biosci., San Jose, CA,
1:500), procaspase-7 (monoclonal antibody, Cell Signalling,
Danvers, MA, 1:1000), procaspase-9 (rabbit polyclonal, New
Engl. Biolabs, Beverly, MA, 1:250), PARP (H-250 rabbit
polyclonal, Sta. Cruz Biotech., Sta. Cruz, CA, 1:200), and tubulin
(Sigma, St. Louis, MO, 1:4000). After washing, the membranes
were incubated with biotinylated secondary antibody labeled with
horseradish peroxidase (Amersham, Little Chalfont Buckingham-
shire, UK) for 1 h at room temperature, washed again, and
developed with the electro chemiluminescence ECL-Western
blotting system (Amersham, Little Chalfont Buckinghamshire,
UK), followed by exposure of the membranes to autoradiographic
films (Kodak Medical X-ray film, Windsor, CO).

Antibodies to cytochrome ¢ (monoclonal, Pharmingen, San
Diego, CA, 1:500), smac/DIABLO (rabbit polyclonal, BD
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Fig. 1. Analysis of cell proliferation of the different cell lines. [*H]-Thymidine
incorporation up to 24 h in 5 distinct human neuroblastoma cell lines. 5 x 10°
cells were seeded at the time 0 in their respective culture media.
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Fig. 2. Reduction of cell proliferation by prodigiosin. A) [*H]-Thymidine
incorporation 24 h after the incubation of the distinct human neuroblastoma cell
lines with different concentrations of prodigiosin (PG) indicated in logarithmic
scale. B) Time course for [*H]-thymidine incorporation with prodigiosin
concentrations corresponding to the ICs, (see Fig. 4) for each cell line. Values are
given as % of tritium incorporation related to non-treated control cells at each time.

Biosci., St. Louis, MO, 1:200), and AIF (monoclonal, Sigma-
Aldrich, Cambridge, UK, 1:100) were used in western blotting
to study the release of these compounds from mitochondria to
cytosol in mitochondrial and cytosolic fractions respectively.
Cells (10%) were treated during 3 h with prodigiosin, then
harvested, washed once, and gently lysed in 150 pl of ice-cold
lysis buffer (250 mM sucrose, | mM EDTA, 0.1% digitonin,
25 mM Tris, pH 6.8, 1 mM dithiothreitol, 1 pg/ml leupeptine,
1 pg/ml pepstatin, 1 pg/ml aproptin, 1 mM benzamidine and
0.1 mM phenylmethylsulfonyl fluoride). Lysates were centri-
fuged at 13,000 xg at 4 °C for 3 min to obtain the pelleted
fractions. Mitochondrial and cytosolic fractions were lysed with
sample buffer and electrophoresed on a 15% polyacrylamide gel
and then analyzed by Western blotting as described above.

2.8. High-resolution respirometry

The function of the respiratory chain was analyzed by high-
resolution respirometry in a two-channel titration injection
respirometer at 37 °C (Oroboros Oxygraph, Innsbruck, Austria)
as described (Giménez-Xavier et al., 2006). Briefly, cells were
washed and resuspended in DMEM medium to a final concen-
tration of 5x 10> cells/ml. Oxygen flux was measured in un-
treated cells (control) and with 1.5 uM prodigiosin. In both
cases, 10 uM oligomycin, an inhibitor of the mitochondrial ATP
synthase, was added after 30 min of incubation.

2.9. ATP measurements

ATP content was measured in cell extracts from control
cultures and cultures treated for 3 or 24 h with 1.5 uM prodigiosin.
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Fig. 3. A) Viability of the distinct cell lines by MTT reduction after 24 h of
incubation with different prodigiosin (PG) concentrations. Results are expressed
as % compared with non-treated controls after 24 h of incubation. B) Number of
adherent cells after 24 h of incubation with different prodigiosin concentrations.
Results are expressed as % of cells compared with non-treated controls after 24 h
of incubation. The results are the mean+S.E.M. for three distinct experiments in
both cases. C) Morphology of SH-SYSY and LAN-I cells 24 h after the
treatment with 1.5 uM prodigiosin (ICsy dose). LAN-1 cells clearly show a
marked differentiation with neurite-like structures after prodigiosin treatment.
SH-SYS5Y cells are shown as representative of morphological changes observed
in the other neuroblastoma cell lines: no or little differentiation and swelling
feature. Scale bar 50 pm.

An ATP assay kit based on the luciferin—luciferase procedure was
used following the instructions of the manufacturer (Calbiochem,
Beeston/Notthingham, UK). The light emission was measured in
a luminometer plate (Fluostar optima Microtiter Plate Reader).
ATP concentrations were calculated with a standard curve
generated using the ATP standard provided by the kit.

3. Results
3.1. Cell proliferation assays
The rate of proliferation, measured by [*H]-thymidine in-

corporation, was similar in IMR-32, SK-N-AS and SH-SY5Y
ATCC-clone, and markedly higher in LAN-1 and the second

SH-SYS5Y (SH-SY5Yhp) (Fig. 1). No morphological differ-
ences were observed between the two SH-SYSY clones.
Proliferation was reduced to less than 50% after 24 h exposure
to prodigiosin at concentrations lower than 1 uM in all cell lines
except for SK-N-AS, which needed 3.5 uM prodigiosin to
reduce the proliferation rate to half (Fig. 2A). The time-course
of [*H]-thymidine incorporation using the prodigiosin concen-
trations corresponding to the ICs, for each cell line (see Fig. 4)
showed that cell proliferation mechanisms were almost
completely blocked in SK-N-AS cells after 6 h, whereas for
the other cell lines progressively decreased [*H]-thymidine
incorporation until 10—20% of non-treated cells after 24 h (Fig.
2B).

3.2. Cell viability

The arrest of cell proliferation could initiate a program of cell
death or lead to cell differentiation. The viability of most of the
cell lines (with the exception of SK-N-AS), measured by cell
counting and by MTT, was dramatically reduced after 24 h of
exposure to prodigiosin concentrations lower than 3 uM. The
SH-SYSYhp was the most sensitive cell line, reducing its
viability to 50% (by MTT) with 150 nM prodigiosin (Fig. 3A).
Similar curve profiles were found by MTT and the adherent cells
number counting. The values obtained by cell counting were
however lower, indicating that some of the floating washed cells
were still able to reduce MTT (Fig. 3A and B). SK-N-AS was the
most resistant cell line, its viability being reduced to 50% with
7 uM prodigiosin after 24 h, and with 3 uM after 48 h (data not
shown), values that approached the sensitivity of these kind of
cells to those of non-tumoral cells (Montaner and Pérez-Tomas,
2003). The content of protein per cell was established in non-
treated cells as: 1.0£0.1 (SH-SY5Yhp), 1.8+£0.2 (SH-SY5Y),
2.240.2 (LAN-1), 1.8£0.1 (IMR-32), 2.6+0.3 (SK-N-AS) (ug
prot. x 10~ #/cell). No significant differences were found in this
relationship in any prodigiosin-treated cell line, therefore the

Cell line IC50 Prodigiosin IC50 Cisplatin
HM £ SEM. pM £ S.E.M.
SH-SY5Yhp 0.15 £0.01 505
SH-SY5Y 15+0.2 50+5
LAN-1 15%0.2 1008
IMR-32 0.7£0.1 07201
SK-N-AS 7005 8548
SH-SYSY
100 § re
= 80 4
E 28 ) Prodigiosin Cisplatin
& 20 4
0 g Ardobid
0.1 1 10 100

M

Fig. 4. ICs50+S.E.M. concentrations of the different cell lines for prodigiosin and
cisplatin determined by MTT at 24 h of incubation. Viability of SH-SY5Y cells
at 24 h of treatment with different concentrations of prodigiosin or cisplatin (in
logarithmic scale) is shown as indicative of the results obtained in the distinct
cell lines.
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Fig. 5. Cell viability, measured with MTT, after treatment with different
concentrations of prodigiosin alone (PG) or in combination with 20 or 100 uM
cisplatin (CisPt-20, CisPt-100) in LAN-1 neuroblastoma cells. Results are the
mean+S.E:M. for three distinct experiments. *P<0.05, **P<0.01 compared
with prodigiosin treatment (Anova-+Duncan test).

values of MTT could be assumed as lineal with the protein
content and cell number.

The effect of prodigiosin was compared with the effect of a
conventional chemotherapeutic drug such as cisplatin. Fig. 4
shows the values of ICso (24 h) of prodigiosin and cisplatin for
each cell line. Only for IMR-32 were the effects of prodigiosin
and cisplatin of similar magnitude. SH-SYS5Y, LAN-1 and even
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SK-N-AS cells were much more sensitive to prodigiosin than to
cisplatin. A prodigiosin and cisplatin combined treatment was
assayed in LAN-1 cells. The results showed a significantly
increased effect on the loss of cell viability compared to one-drug
treatments, even at a dose of cisplatin ineffective by itself (Fig. 5).

Regarding the possibility of cell differentiation after the
arrest of cell proliferation, LAN-1 showed a marked differen-
tiation after 24 h exposure to 1.5 uM prodigiosin, showing
neurite-like structures (Fig. 3C), whereas this behavior was very
poorly expressed in the other cell lines, in the order LAN-
1>SH-SY5Y >IMR-32>SK-N-AS. Most of the neuroblastoma
cell lines, when incubated with prodigiosin concentrations
corresponding to their respective ICs, acquired a shrunken and
rounded morphology, characteristic of non-viable cells. Be-
tween 48 and 72 h at the ICsy (24 h) prodigiosin dose, the
viability of the cell lines (with the exception of SK-N-AS) was
practically reduced to zero.

3.3. Cell death

Taking these results into consideration, we proceeded to
study the induction of apoptosis or other forms of cell death, and
their relationship with cell proliferation, after prodigiosin treat-
ment. The most characteristic parameters of apoptosis were
observed only in SH-SY5Yhp cells when they were incubated
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Fig. 6. A) Fluorescent Hoescht staining in SH-SY5Yhp and LAN-1 cells after treatment for 24 h with prodigiosin at the ICs, concentration. Scale bar 50 pm. B) DNA
laddering of SH-SY5Yhp cells in the same conditions than above. C) Western blot of caspases and PARP in SH-SYS5Yhp cells. D) Western blot of mitochondrial
factors in the cytosolic fraction of SH-SY5Yhp cells. E) Effect of zZVAD.fimk on the viability of the different cell lines after prodigiosin treatment (24 h at their
respective ICso doses). Values are the mean+S.E.M. for the viabilities of the different cell lines, *P<0.05 compared with controls at 24 h (¢-Student).
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Prodigiosin

Control

SK-N-AS

Fig. 7. Intracellular acidic pH detection by orange acridine. Orange fluorescence
disappears after the treatment of the distinct cell lines with 1.5 pM prodigiosin
for 6 h. The figure shows the results in LAN-1 and SK-N-AS as representative.
Scale bar 10 um.

for 24 h with prodigiosin at the ICs,: condensed and fragmented
nuclei with the fluorescent Hoescht staining (Fig. 6A); DNA
laddering (Fig. 6B); activation of the pro-caspases-2, -9, -3
and -7 (Fig. 6C); activation of poly(ADP-ribose) polymerase
(PARP; Fig. 6C); release of mitochondrial factors to the cyto-
plasm, including cytochrome ¢, apoptosis inducing factor (AIF)
and smac/Diablo (Fig. 6D). The other cell lines showed con-
densed nuclei (Fig. 6A) but not DNA fragmentation or caspase
activation. With regard to mitochondrial factors, no release of

Prodigiosin

SH-SYS5Y

Mitotracker

cytochrome ¢ was observed in any of the other cell lines, and
only IMR-32 cells showed smac/Diablo release to cytoplasm
(data not shown). The non-specific caspase inhibitor zZVAD.fmk
partially protected the prodigiosin effect at 24 h in all the cell
lines, but not at 48 h (Fig. 6E).

3.4. Intracellular pH

According to previously published results (Castillo-Avila
et al., 2005), the loss of acidic pH in intracellular compartments
could play an important role in prodigiosin toxicity. Also, in all
the neuroblastoma cell lines studied, the acidic intracellular
compartments were neutralized after treatment with ICsq (24 h)
prodigiosin or by a 1.5 uM prodigiosin (a toxic dose for all the cell
lines except for SK-N-AS), as it could be seen by the disappearing
of the orange colour in orange acridine treated cells (Fig. 7).

3.5. Mitochondrial localization

Prodigiosin is a fluorescent red compound, whose distribution
inside the cell can be assessed under a fluorescence microscope.
Shortly after 1.5 uM treatment, prodigiosin was seen throughout
the cytoplasm and accumulated in mitochondria in all but SK-N-
AS cell lines. Prodigiosin and Mitotracker co-localization staining
was observed by confocal microscopy (Fig. 8). The cell nucleus
was preserved from prodigiosin access in all the cases.

3.6. Oxygen consumption and ATP content

The intramitochondrial accumulation of prodigiosin could
impair the mitochondrial function. The analysis of oxygen

Merge

Fig. 8. Confocal fluorescence of prodigiosin (Aem=>543 nm) and Mitotracker (Aem=633 nm) in LAN-1, SH-SY5Y and SK-N-AS cells 3 h after 1.5 pM prodigiosin
treatment. Prodigiosin fluorescence is shown in green, Mitotracker fluorescence in red and the co-localization (merge) in yellow. Scale bar 10 pm.
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Fig. 9. A) Oxygen flow in culture media measured by respirometry and
expressed as pmol of oxygen per second and ml of medium in non-treated cells
(C) and 2 h after 1.5 uM prodigiosin (PG) treatment. In both cases the decrease
of oxygen consumption after the addition of oligomycin (Olig) is shown.
The oxygen concentration was 200 uM at the beginning of the measurements
and about 175 pM at the end of the experiment. Oxygen flow in control cells
was: 30+ 1 (SH-SY5Y and SH-SY5Yhp), 18+0.5 (IMR-32), 18+0.7 (LAN-1),
14£1 (SK-N-AS) pmol/s/10° cells. The results are the mean=S.E.M. of ten
readings over 10 min. *P<0.05, **P<0.01 compared with the corresponding
control (Anova+Duncan test). B) ATP relative concentrations 3 and 24 h after
the treatment of different neuroblastoma cell lines with 1.5 pM prodigiosin. The
results are the mean of three measures+S.E.M. ¥*P<0.05, **P<0.01. The basal
ATP concentrations were: [ATP]gy.sysy=0.97£0.16; [ATP]; an.1=0.84£0.14;
[ATP]imr-32=0.74£0.07; [ATP]sk-n-aS=0.84+0.08 nmol/10° cells, deter-
mined as the mean+S.E.M. of three samples. *P<0.05, compared with time
0 (non-treated cells, Anova+Duncan test).

consumption revealed a rate of about 30 pmol/s/10° cells in SH-
SYSY cells and 14 pmol/s/10° cells in SK-N-AS cells. This
parameter was increased after 3 h treatment with 1.5 pM
prodigiosin in LAN-1 and IMR-32 cells and was not altered in
SH-SYS5Y and SK-N-AS cells. The inhibition of ATP synthesis
with oligomycin decreased the oxygen consumption between
50 and 80% in LAN-1, SH-SYS5Y and IMR-32 cells (only 30%
in SK-N-AS cells). However, oligomycin had no significant
effect on oxygen consumption in prodigiosin-treated cells
(Fig. 9A). The ATP basal content was about 1 nmol/10° cells in
all the cell lines used. The ATP concentrations were signif-
icantly reduced in SH-SY5Y and LAN-1 cells by 40% and 35%
respectively after 3 h of treatment with 1.5 uM prodigiosin, and
between 60% and 80% after 24 h in SH-SY5Y, LAN-1 and
IMR-32 cell lines. No significant effect was found in ATP
content in SK-N-AS cells (Fig. 9B).

4. Discussion
Prodigiosin is strongly cytotoxic for human N-type neuro-

blastoma cell lines (cells with a potential neuroblastic pheno-
type), reducing their viability in 24 h to less than 50% at a dose

of 1.5 uM or lower, while S-type cells (SK-N-AS, with glial-
schwannian phenotype) require a dose of 7 uM prodigiosin to
achieve the ICsy, at which non-tumor cells could also be
affected (Montaner et al., 2000; Campas et al., 2003). Although
prodigiosin and closely related compounds have been described
as potent immunosuppressive agents (Campas et al., 2003) and
have been studied for their cytotoxic activity in several cancer
cells (Pérez-Tomas et al., 2003; Yamamoto et al., 2000), their
effect on neuroblastoma cells had not previously been reported.
For SH-SYSY and LAN-1 the ICsq of prodigiosin is more than
30 times lower than that of cisplatin, a conventional chemo-
therapeutic drug. The effect of prodigiosin is, at least in part,
linked to cell proliferation: a cell clone of SH-SY5Y cells with a
high rate of proliferation (SH-SY5Yhp) is shown to be one
order of magnitude more vulnerable to prodigiosin than another
clone with a lower rate of proliferation. Prodigiosin markedly
decreased cell proliferation in all the lines studied after 24 h of
incubation with the concentrations corresponding to the ICsy,.
The loss of viability at 24 h in relation to non-treated cells might
be thus in part due to the arrest of the cell cycle. Although the
viability decreased after the arresting of the cell cycle, es-
pecially in N-type cells, their subsequent behavior differed from
one cell line to another, showing in LAN-1 a higher ability to
differentiate than the other cell lines studied.

In an attempt to examine the mechanisms leading to cell
cycle arrest and death in greater depth, we analyzed the intra-
cellular prodigiosin distribution. We assessed the uptake and
cell distribution of prodigiosin taking advantage of its auto-
fluorescence. Prodigiosin spreads throughout the cytoplasm and
organelles, but spares the nucleus, which showed little or no
fluorescence after prodigiosin treatment.

Although prodigiosin may interact in vitro with DNA by
binding to the DNA grooves (Melvin et al., 2001), the lack of
access of prodigiosin to the nucleus makes it difficult to con-
sider that a direct prodigiosin—DNA interaction could be
achieved in vivo. The intra-mitochondrial accumulation of
prodigiosin was assessed by the co-localization of Mitotracker
and prodigiosin. Mitochondrial swelling caused by prodigiosin
in rat mitochondrial preparations had been previously reported
(Konno et al., 1998) and could be related to mitochondrial
prodigiosin accumulation. At the same time, the ATP cell con-
tent was reduced by approximately 30% in the N-type cell lines,
indicating damage to mitochondrial activity. The loss of ATP
reached 60% after 24 h. Interestingly, co-localization of
Mitotracker and prodigiosin was very low in the S-type cells,
coinciding with the lack of ATP decrease and with the low effect
of prodigiosin on cell viability in these cells.

The mitochondrial damage could lead to the release of
mitochondrial factors to the cytoplasm that triggers apoptosis
with the recruitment of the apoptosome and the activation of
effector caspases. However, this was observed only in SH-
SY5Yhp cells; no clear signs of apoptosis were seen in the other
cell lines. At least for IMR-32 cells (Yuste et al., 2001) a lack of
the caspase-activated DNase has been described.

An apoptotic process may be a secondary effect of mito-
chondrial cell damage, because the death is only partially pro-
tected by caspase inhibition, indicating that even when caspases
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participated in neuroblastoma cell death, their inhibition would
be not enough to rescue the cells from death. Mitochondrial
damage could trigger apoptotic or non-apoptotic mechanisms of
death depending on the metabolic status and the expression of
apoptosis-regulating factors (Nakashima et al., 2005). The ATP
content and the oxygen consumption were assumed to be in-
dices of mitochondrial activity. However, whereas ATP content
decreased, the rate of oxygen consumption was not altered, or
even increased, by prodigiosin. The rate of oxygen consumption
and the ATP content (about 1 mM) were low in all the neuro-
blastoma cells studied, consistent with immature cells with a
metabolism not completely dependent on aerobic conditions.
The decrease of ATP levels to less than a half in 24 h seriously
compromised cell viability. Other authors have described an
effect in hamster kidney cells of prodigiosin 25-C on the proton
pump and the H -ATPase lysosomal activity without altering
the ATP levels (Kataoka et al., 1995). Those measures of ATP
were done at short times (1 h) and in cells with a high ATP
content (about 5 mM) which could make them more resistant to
the mitochondrial effect of prodigiosin.

We suggest that prodigiosin could modify all the H"-depen-
dent ATPases but, at least in neuroblastoma cells, this effect is
particularly determinant for cell viability only when prodigiosin
blocks the H'-mitochondrial gradient. Our results indicate an
uncoupling effect between the energy supplied by the mitochon-
drial chain and the use of this energy for ATP synthesis. This
effect would be due to the proton-trapping ability of prodigiosin.
The pK, of prodigiosin is about 7.2 (Rizzo et al., 1998), meaning
an equilibrium prodigiosin+H" <= prodigiosin-H" displaced to
the right at a pH lower than 7.2. Protonated and deprotonated
prodigiosin forms have, in addition, different main conforma-
tions (a linear prodigiosin-a, favored at pH<7 and a folded
prodigiosin-p, favored at pH>7; Manderville 2001). The pro-
digiosin charge and conformation must be determinant for its
intracellular distribution and accumulation. The cytosolic pH in
cancerous cells tends to be neutral or even slightly alkaline
(Yamamoto et al., 1999), so that prodigiosin is there practically at
its pK,. In acidic compartments such as lysosomes or mitochon-
drial intermembrane space, the major form of prodigiosin would
be prodigiosin-H". It has already been noted that prodigiosins
uncouple F-ATPases and V-ATPases, disrupting the proton
intracellular gradients and, through H'/CI™ symport activity,
causing cytoplasm acidification (Kataoka et al., 1995; Sato et al.,
1998; Konno et al., 1998; Yamamoto et al., 2000). We observed
this effect in conditions in which cells lost their viability (SH-
SY5Y, LAN-1, IMR-32) but also in conditions in which cells
maintained it (SK-N-AS).

The effect of prodigiosin accumulation in the mitochondria
had not been previously reported. The uncoupling-like effect in
mitochondria would be due to proton sequestration in the
intermembrane space. The lower accumulation of prodigiosin
in SK-N-AS mitochondria is determinant for its effect, but
the decrease in oxygen consumption induced by oligomycin
was also less in these cells, indicating that SK-N-AS have
different metabolic characteristics than N-type cells, probably
having a relatively low requirement of mitochondrial ATP for
survival.

Taking these results together, we conclude that, at least in
human N-type neuroblastoma cells, which are considered to be
the most proliferative and invasive in children’s tumors, low
concentrations of prodigiosin have a mitochondrial uncoupling
effect, and reduce ATP levels as well as cell viability. This
mechanism of action differs from those of conventional chemo-
therapeutics, suggesting that this compound could be studied as
a toxic agent for neuroblastoma, and could be used alone or in
combination with other drugs in neuroblastoma treatment.
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4. REVISION DE LAS PROPIEDADES ANTICANCEROSAS DE
MIEMBROS DE LA FAMILIA DE LAS PRODIGININAS






Resultados

Las prodigiosinas, drogas proapoptéticas con actividades anticancerosas.

(“Pérez-Tomas R, Montaner B, Llagostera E, Soto-Cerrato V. The prodigiosins,

proapoptotic drugs with anticancer properties. Biochem Pharmacol 2003;66(8):1447-52").

Durante la realizacion de esta tesis, nuestro grupo realizé una revision de las actividades
farmacologicas descritas hasta el momento de los miembros de la familia de las prodigininas.
Algunos cuentan con propiedades inmunosupresoras, mientras que otros han mostrado efectos
apoptoticos in vitro a la vez que actividad antitumoral in vivo. Conocer a fondo el mecanismo
de accidn de una droga es esencial para su desarrollo clinico y requiere de la identificacion de
las dianas moleculares de dicha sustancia. En esta revision también se hipotetiza acerca del
posible mecanismo de accion de las prodigininas y se discute acerca de las dianas moleculares
de estas moléculas. Los resultados mostrados en esta revision sugieren que las prodigininas son
una nueva clase de drogas anticancerosas, las cuales poseen actividades potencialmente

prometedoras para la industria farmacéutica.

(Revision llevada a cabo por nuestro grupo de investigacion en la que he contribuido de forma parcial).
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Abstract

The family of natural red pigments, called prodigiosins (PGs), characterised by a common pyrrolylpyrromethene skeleton, are
produced by various bacteria. Some members have immunosuppressive properties and apoptotic effects in vitro and they have also
displayed antitumour activity in vivo. Understanding the mechanism of action of PGs is essential for drug development and will require
the identification and characterisation of their still unidentified cell target. Four possible mechanisms of action have been suggested for
these molecules: (i) PGs as pH modulators; (ii) PGs as cell cycle inhibitors; (iii) PGs as DNA cleavage agents; (iv) PGs as mitogen-
activated protein kinase regulators. Here, we review the pharmacological activity of PG and related compounds, including novel
synthetic PG derivatives with lower toxicity and discuss the mechanisms of action and the molecular targets of those molecules. The
results reported in this review suggest that PGs are a new class of anticancer drugs, which hold out considerable promise for the

Pharmacological Industry.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

In 1888, Dr. William B. Coley (1862-1936), a prominent
New York surgeon, stumbled across one of the most
intriguing findings ever made in cancer research. Dr. Coley
combined the cultures of Streptococcus sp. and Bacillus
prodigiosus (called S. marcescens), and then sterilised
them by either heat or filtration. The mixture was called
mixed bacterial vaccines (now called the Coley’s toxins).
This therapy was used to treat tumours with fascinating
results in tumours of mesodermal origin [1,2]. Although
the biologically active substance in Coley’s toxins is
described as tumour necrosis factor (TNF), a cytokine that
is induced in response to lipopolysaccharide (LPS) and
causes cancer cell death [3,4], PG might be contained in
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Abbreviations: cPrG-HCI, cycloprodigiosin hydrochloride; ds, double
strand; ERK, extracellular signal-regulated kinase; 1Csg, inhibitory
concentration 50%; Jak3, janus kinase 3; JNK, c-jun N-terminal kinase;
MAPK, mitogen-activated protein kinase; PG, prodigiosin; pH;, intracel-
lular pH; PKC, protein kinase C; SAPK, stress-activated protein kinase; ss,
single strand; UP, prodigiosin 25-C (undecylprodigiosin).
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Coley’s toxin. In fact, in recent years new interest in PG
and its derivatives has emerged among researchers.

PGs are a family of naturally occurring polypyrrole red
pigments produced by a restricted group of microorgan-
isms, including some Streptomyces and Serratia strains,
characterised by a common pyrrolyldipyrrolylmethene
skeleton (Fig. 1). PG, cycloprodigiosin hydrochloride
(cPrG-HCl), metacycloprodigiosin, nonylprodigiosin and
undecylprodigiosin (prodigiosin 25-C, UP) are all mem-
bers of this family. PG was first isolated from S. marces-
cens in pure form in 1929. Its name, used by early
researchers, was retained but the pigment was not char-
acterised and its main structural features elucidated until
1934 [5]. As typical secondary metabolites, PG and related
materials have no clearly defined physiological functions
in the producing organisms. However, PG is a wetting
agent that provides ecological advantages in bacteria dis-
persion [6,7]. PG family members have potent antimicro-
bial, antimalarial, immunosuppressive and cytotoxic
activity [8-33]. Recently, an extensive chemical research
programme was undertaken by D’ Alessio and co-workers
from Pharmacia & Upjohn, in order to obtain synthetic
derivatives of PG [34-36] and identify more active and less
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Fig. 1. Side-on view of 2-methyl-3-pentyl-6-methoxyprodigiosene (PG),
showing the planar arrangements of the three pyrrole rings. The
exceptional cytotoxic potency of PG may be attributed to the presence
of the PG C-6 methoxy substituent (circle).

toxic drugs than natural PG compounds. The best com-
pound obtained to date is PNU156804.

2. PGs trigger apoptosis

Apoptosis has become one of the newest areas of cell
biology research, possibly because of the belated realisa-
tion that cell death is a biochemically regulated process
that may be as complex as other fundamental biological
processes. It has been linked to such diverse pathophysio-
logic processes as oncogenesis [36]. The activation of the
apoptosis programme is regulated by various signals from
both intracellular and extracellular stimuli. Indeed, in
recent years evidence is beginning to accumulate that many
(and perhaps all) agents of cancer chemotherapy kill
tumour cells by launching the mechanisms of apoptosis.

New drugs associated with apoptosis are expected to be
most effective against tumours with high proliferation rates
and are being screened for use in the treatment of cancer
[36]. Microbial pathogens engage or circumvent the host
apoptotic programme. Indeed, PGs have been shown to
induce apoptosis. Their apoptotic effects have been
observed in several human cancer cell lines in tissue
culture [19,24,29-33,37-39], in hepatocellular carcinoma
xenografts [40] and in human primary cancer cells [33].

cPrG-HCI induces apoptosis in liver cancer cells both in
vitro and in vivo, with high effectiveness on liver cancer
and breast cancer cell lines, promyelocytic leukaemia cells
and colon cancer cells [37-39], but nominally no toxicity
on normal cells [39]. Apoptosis is the mechanism of action
suggested for this molecule to exert immunosuppression
[19,24]. However, PG rapidly and potently triggers apop-
tosis in haematopoietic cancer cell lines, including acute
T-cell leukaemia, promyelocytic leukaemia, myeloma and
Burkitt lymphoma cells [29]. PG also induces apoptosis in
cells derived from other human cancers, including gastric
[31] and colon [30], with no marked toxicity in non-
malignant cell lines [29,31]. It also induces apoptosis of
B and T cells in B-cell chronic lymphocytic leukaemia
(B-CLL) samples [33].

Understanding the mechanism of action of PGs is
essential for drug development and will require the iden-
tification and characterisation of their still unidentified cell
target. Four possible mechanisms of action for these
molecules have been suggested: (i) PGs as pH modulators;

(i1) PGs as cell cycle inhibitors; (iii) PGs as DNA cleavage
agents; (iv) PGs as mitogen-activated protein kinase
(MAPK) regulators.

2.1. PGs as pH modulators

The pH within acidic organelles could be responsible for
a wide variety of important cell functions, such as endo-
cytosis, exocytosis and intracellular trafficking, as well as
cell differentiation, cell growth and cell death [41]. It has
been argued that the apoptotic process is modulated or
triggered by changes in intracellular pH (pH;) [42,43]. A
very early event in mitochondria-dependent apoptosis
involves a change in cellular pH regulation that is char-
acterised by mitochondrial alkalinization and concomitant
cytosol acidification [44]. Alteration of pH regulation
precedes cytochrome c release from mitochondria and
facilitates cytochrome c¢ activation of caspases [44]. F-
ATPase and V-ATPase inhibitors prevent changes in cyto-
solic pH and impair caspase activation and thus apoptosis
[44]. Part of the action of PGs depends on their ability to
uncouple vacuolar H"-ATPase (V-ATPase) through pro-
motion of the H"/C1~ symporter and to induce neutralisa-
tion of the acid compartment of cells, so bringing about
intracellular acidification and eventually apoptosis (Fig. 2,
Route 2) [37,38,40,45].

cPrG-HCl is a protonophore that raises lysosomal pH by
inhibiting the proton pump activity of V-ATPase without
affecting its ATPase activity [16]. Moreover, in the inhibi-
tion of vacuolar acidification by cPrG-HCl, C1™ is required
to collapse the chemical gradient of H' across the tono-
plast [46]. In human breast cancer cells, which overexpress
V-ATPase and maintain a higher pH; than non-cancerous
cells, cPrG-HCI inhibits the acidification of lysosomes,
decreases pH; and causes apoptosis. This suggests that high
pH; is necessary for the maintenance of the function of
cancer cells, which are more sensitive to pH changes than
normal cells [37]. Other studies in human promyelocytic
leukaemia cells (HL-60) and in colon cancer cell lines
support this hypothesis [38,39].

PG, metacycloprodigiosin and UP display H"/CI~ sym-
port activity on liposomal membranes and uncouple both
V- and F-ATPases, although they do not inhibit catalysis or
membrane potential formation [45,47]. Additionally, UP
induces functional and morphological changes in the Golgi
apparatus and swelling of mitochondria [48].

Fiirstner et al. reported that three pyrrole units are
required for PGs to inhibit vacuolar acidification. They
used two PG derivatives that essentially affect only one of
these two biological responses: the proliferation of murine
spleen cells or activity inhibiting vacuolar acidification.
Thus, the action of PGs to inhibit proliferation is caused by
mechanisms other than the inhibition of vacuolar acidifi-
cation [26].

It would be useful to explore whether the drugs that
modulate pH in cells through their effects on specific
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Fig. 2. Scheme for the numerous actions of PG by different pathways. PG could act by simple mechanisms related to its chemical or physical properties. PGs
are hydrophobic molecules, very unstable in water solutions, and might diffuse freely through membranes and interact with the DNA with a preference for AT
sites from the minor-groove [55] promoting dsDNA cleavage event [59,60]. Cells respond to DNA damage by activating cell cycle arrest [18,22,28,32], DNA
repair, and in some circumstances, the triggering of apoptosis (Route 1). PG might be incorporated into the lipids bilayer of the plasmatic membrane, where
by endocytosis it reaches the endosome compartment, uncouples vacuolar H"-ATPase (V-ATPase) through promotion of the H"/CI~ symporter, and induces
neutralisation of the acid compartment of cells, inducing intracellular acidification and eventually apoptosis (Route 2) [37,38,40,45]. Apoptosis by PG might
occur through the activation of an unidentified PG receptor or by the activation of a known death receptor, inducing caspase 8 activation and consequently,
apoptosis (Route 3). Finally, PG might diffuse freely through membranes and interact with the mitochondrial outer membrane, uncoupling F,-F;-ATPase and
therefore, inducing apoptosis (Route 4) [47,48]. In conclusion, the pathway followed by PGs would depend very much on the cell type studied, the drug
concentration inside the cell, the hierarchy of the PG targets and the interaction of distinct pathways mentioned above.

membrane transporters could be employed for therapeutic
purposes in the modulation of apoptosis pathways in vivo.

2.2. PGs as cell cycle inhibitors

Cell cycle-related proteins and cytoplasmic pH home-
ostasis are connected [49]. In fact, PGs induce cell cycle
arrest, although differences exist in the process induced by
them, suggesting different mechanisms of action.

UP and PNU156804 induce growth arrest in late G; in
T and B lymphocytes but not in human Jurkat T [18,22,28].
However, PG inhibits the proliferation of human Jurkat
T cells mainly via G;-S transition arrest (Fig. 2, Route 1)
[32]. These three molecules abolish the expression of

the cyclin-dependent kinase inhibitor p27, suggesting that
p27, in their presence, coordinates the final outcome of
proliferation or death of the cell [18,22,32]. Furthermore,
UP and PNUI156804 require the stimulation of Jak3,
whereas cPrG-HCI or PG do not need previous stimulation
to induce cell cycle arrest in transformed cell lines
[18,22,27,28,32,37,44]. cPrG-HCI inhibits proliferation
and induces apoptosis in liver carcinoma cell lines [40]
and in human breast cancer cell lines [37], and induces
differentiation in the human promyelocytic leukaemia cell
line HL-60 [38].

Genetic alterations of the pS3 tumour suppressor gene
are frequently associated with human cancers [50] and give
a consistently poor prognosis [51]. The absence of p53 or
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aberrant p53 implies that apoptosis does not occur even
when the cell suffers genetic damage [52]. PG-induced
apoptosis is p53-independent [29], which may represent an
advantage over other chemotherapeutic drugs [52,53].

Comparison of the cytotoxic properties of PG (2-methyl-
3-pentyl-6-methoxyprodigiosene), prodigiosene and 2-
methyl-3-pentylprodigiosene revealed the exceptional
cytotoxic potency of PG, which may be attributed to the
presence of the PG C-6 methoxy substituent (Fig. 1) [9,29].
Also, differences in the chemical structures of the A-
pyrrole rings between PG and UP (2-undecyl-6-methox-
yprodigiosene) are key in cytotoxic potency [54]. D’ Ales-
sio and co-workers found that the replacement of methoxy
by a larger alkoxy steadily reduces activity, which is
counterbalanced by a more marked decrease in cytotoxi-
city, thus favouring selectivity. The best compound with
these characteristics obtained by D’ Alessio and co-workers
was PNU156804, which had a therapeutic index almost 3
times higher than UP [34-36].

2.3. PGs as DNA cleavage agents

DNA-binding molecules regulate mechanisms central to
cellular function, including DNA replication and gene
expression. The planar PG nucleus binds DNA by inter-
calation, while the methoxy group and ring nitrogens
provide hydrogen-bonding sites to facilitate DNA binding.
The cationic nature of PGs at neutral pH also provides
electrostatic interaction with the negatively phosphate
groups of the DNA helix. PG is a DNA interacting agent,
with a preference for AT sites from the minor-groove [55].
In addition, PG facilitates copper-promoted oxidative dou-
ble strand (ds) DNA cleavage through reductive activation
of Cu(Il), by oxidation of the electron-rich PG molecule
[55,56]. Copper is an essential trace element distributed in
all cellular organelles, including nucleus [56,57]. Copper
levels are usually high in cancer [58]. In dry non-cancerous
breast tissue, the mean concentration of copper is
1.47 ppm, whereas the mean concentration increases to
5.12 ppm in cancerous tissue. Melvin et al. predicted that
the amount of damage under these conditions would be
significant and should be lethal to the cells. They also
suggested a correlation between nuclease activity and the
cytotoxicity of PG [59].

The A-pyrrole ring of PGs influences the redox proper-
ties of pyrromethene. The bipyrrole moiety promotes
ssDNA cleavage, while the intact pyrrolylpyrromethene
chromophore of PGs is required for the more lethal copper-
promoted dsDNA cleavage event [59,60].

Cells respond to DNA damage by activating a complex
DNA-damage response pathway that includes cell cycle
arrest, DNA repair and, under some circumstances, the
triggering of apoptosis (Fig. 2, Route 1) [61,62]. Because
PGs bind to DNA, they are capable of disrupting its
replication and inducing apoptosis, as we related above,
and hence are prospective anticancer drugs.

2.4. PGs as MAPK regulators

Various effects of PGs on MAPK signalling cascades
have been described. These cascades include the ERKSs,
normally associated with proliferation and growth factors,
and stress-activated protein kinase (SAPK)/c-jun N-term-
inal kinase (JNK) and p38-MAPK, induced by stress
responses and cytokines and a mediator of differentiation
and cell death [63].

Protein kinase C (PKC) is involved in many cellular
functions, including cell proliferation and differentiation.
PKC also participates in the regulation of apoptosis
induced by several distinct stimuli, such as TNFa, ionising
irradiation and antitumour drugs [64—66]. The activation of
PKC by the phorbol ester PMA, which prevents intracel-
lular acidification through PKC-induced activation of the
Na*/H" antiport [67], conferred protection against apop-
tosis induced by PG through an ERK-dependent pathway
(Fig. 2, Route 2) [68], whereas the percentage of dead
cells increased with cPrG-HCI [19]. The differences in
the chemical structures of PG and cPrG-HCI may explain
this difference. Moreover, imidazole, a permeable base,
prevented intracellular acidification and suppressed cPrG-
HCl-induced apoptosis [37].

PGs also activate either or both of the p38-MAPK and
SAPK/INK pathways, so inducing apoptosis. Whereas PG
induced phosphorylation of p38 but not of INK-MAPK
[69], cPrG-HCI activated SAPK/JNK to promote apoptosis
[38], which suggests that structural or methodological
differences account for these discrepancies.

3. Conclusions

The cytotoxic properties of PGs, tripyrrole red pigments,
have been recognised for some times. In 1977, Fullan et al.
observed the antitumour activity of PG in mice [70]. Since
then, the results presented above for different cell lines and
xenografted nude mice have demonstrated that PG group
natural products are promising antineoplastic agents.

Some cancer chemotherapy agents act primarily by
causing apoptotic cell death in susceptible cancer cells.
Each chemotherapeutic agent interacts with a specific
target, causing dysfunction and injury, which is then
interpreted by susceptible cancer cells as an instruction
to undergo apoptosis [71]. New therapies seek to identify
drugs more selectively so as to target more effectively
cancer but not normal cells. The identification of novel
targets and the development of drugs with greater selec-
tivity towards cancer cells represent the primary goals of
cancer therapy research. The in vitro 60 human tumour cell
panel of the National Cancer Institute Drug Discovery
Program (NCI, Bethesda, MD) provides an interesting tool
that is available on Internet at www.dtp.nci.nih.gov with
the NSC Number: 47147-F. PG has been screened with an
average ICsy of 2.1 uM.
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PGs, therefore, are a new group of molecules with a
common mechanism of action to select molecular targets.
Although PGs’ apoptotic mechanisms are still to be fully
determined (additional in vivo assays are necessary), cur-
rent results reported in this review suggest that PGs are a
new class of anticancer drugs which hold out considerable
promise for the Pharmacological Industry.
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