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Abstract. The effects of different marine derived agents
were studied in A549 cell growth. These drugs induced
cell cycle arrest at the G,-M phase associated with the
up-regulation of GADD450—y and down-regulation of
c-Myec. In treated cells, GADD450—y and c-Myc were
up- and down-regulated, respectively. A cascade of events
leading to apoptotic mitochondrial ‘intrinsic’ pathway
was observed in treated cells: (1) dephosphorylation of
BAD serine'3%; (2) BAD dissociation from 14-3-3 fol-
lowed by its association with BCL-XL; (3) cytochrome ¢

release; (4) caspase-3 activation, and (5) cleavage of vi-
mentin. Caspase(s) inhibitor prevented the formation of
cleavage products and, in turn, apoptosis was inhibited
through a p53-independent mechanism. Moreover, these
compounds did not activate NF-xB. Our findings may
offer new insights into the mechanisms of action of these
agents in A549 cells. The better understanding of their
effects might be important to fully exploit the potential
of these new drugs.
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Introduction

Small molecules derived from plant and microbial sources
have long had a significant role in cancer therapy. As a
class, they have the advantage of having greater chemical
diversity than typical synthetic chemical libraries. Thus,
looking back at the history of cancer therapies, natural
products have always played a major role in medical on-
cology. Almost 60% of drugs approved for cancer treat-
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ment are of natural origin: vincristine (VCR), irinotecan,
etoposide, taxanes and camptothecines are all examples
of plant-derived compounds. Furthermore, dactinomicine,
anthracyclines, mitomycin and bleomycin are anticancer
agents derived from microbial sources [ 1-4]. Until the mid-
1960s, investigation of natural products from marine or-
ganisms was essentially non-existent. Since then, ~10000
new structures have been isolated from marine microor-
ganisms, seaweeds, sponges, soft corals, and marine inver-
tebrates, such as bryozoans, echinoderms, molluscs and
ascidians. The best example of a new class of antitumor
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drugs from a marine source is Ecteinascidin 743 (ET-743;
Yondelis,; Trabectedin) isolated from the Caribbean marine
tunicate Ecteinascidia turbinata. ET-743 targets DNA by
binding in the minor groove in GC-rich sequences and al-
kylating the 2-amino group of guanine. Recently, ET-743
demonstrates clinical activity as first-line therapy against
soft tissues sarcomas with acceptable toxicity [5].
Molecular-targeted drug discovery and its application to
marine natural products are continuously evolving dis-
ciplines. Apoptosis represents an universal and efficient
form of cell death that is executed through a highly or-
dered intrinsic cellular suicide program. A number of
marine natural products that induce apoptosis were first
identified as cytotoxic agents, and their apoptotic activity
was discovered later in secondary pharmacological evalu-
ations in tumor cell lines [6]. Among these we selected
six different marine natural products that modify the cel-
lular cytoskeleton acting on tubulin [6] and we character-
ized their apoptotic potential in the human non small cell
lung cancer (NSCLC) cell line A549.

In the early 1970s, Pettit and colleagues [7] discovered
the extremely potent anticancer properties of some ex-
tracts from the sea hare Dolabella auricularia, named
Dolastatins. The low concentration of the active prin-
ciple (DLS10) in sea hares implicated a cyanobacterial
diet as its origin, and this was subsequently confirmed
by direct isolation of DLS10 from the marine cyanobac-
terium Symploca. DLS10 is a pentapeptide that strongly
affects microtubule assembly and tubulin-dependent gua-
nosine trisphosphate hydrolysis, causing cell cycle arrest
in metaphase. Auristatin-PE (Soblidotin, TZT-1027) is
a derivative of DLS10 with superior preclinical activity.
DLSI15, also derived from a cyanobacterium, showed a
much weaker binding to tubulin compared with DLS10
[8, 9]. The complexity, the low yield of DLS15 chemical
synthesis and its poor water solubility prompted the de-
velopment of different synthetic analogues compounds,
like the LU103793 (Cematodin). Spongistatins and ha-
lichondrins are polyether macrolides of marine origin.
Spongistatin 1, a macrocyclic lactone polyether from the
marine sponge Hyrtios erecta, is a noncompetitive in-
hibitor of the binding of vinblastine and DLS10 to tubu-
lin, causing inhibition of microtubule assembly and cell
death. Halichondrin B was isolated by various unrelated
sponges such as Aninella species. /n vitro, Halichondrin
B non-competitively inhibits the binding of vinblastine to
tubulin, indicating that it may bind to tubulin in the Vinca
binding domain and prevent the polymerization of tubulin
into microtubules [10]. When compared with other micro-
tubule-targeted classes of drugs, the halichondrins exhibit
a unique constellation of effects on the conformation of
tubulin, as indicated by their consequences on tubulin
alkylation, on the chemical cross-linking of tubulin, and
on the binding to tubulin of the hydrophobic probe, bis-
8-anilinonaphthalene sulfate [10]. These data have led to

Marine-derivative agents induced apoptosis

the idea that the halichondrins interact with tubulin in a
manner distinct from that of other microtubule-targeted
drugs and, thus, they might possess unique antitumor ac-
tivities [10]. Because of their biological activity in killing
cancer cells (data generated in the NCI drug evaluation
program), drugs were generated by chemical synthesis
that led to the discovery of one possible clinical candidate
E7389 [10]. Curacin A is another potent cancer cell toxin
obtained from strains of the tropical marine cyanobacte-
rium Lyngbya majuscula found in Curacao. Its structure
is unique in that it contains the sequential positioning of
a thiazoline and cyclopropyl ring, and it exerts its potent
cell toxicity through interaction with the colchicine drug
binding site on microtubules [11-13].

Although characterized by distinct structural differences
[14], some of these drugs have shown the tendency to trig-
ger apoptosis [15—18]. In the apoptotic pathway, the Bcl-2
family proteins are well-characterized regulators, consist-
ing of anti-apoptotic and pro-apoptotic members [19, 20].
Pro-apoptotic proteins, such as Bad, act as a gateway for
a variety of apoptotic signals. Bad is normally localized
in the cytoplasm in an inactive form. Serine phosphoryla-
tion of Bad leads to its association with 14-3-3 and, conse-
quently, the inhibition of Bad-induced cell death [21].

In the present study, we further characterize the mecha-
nisms of induction of apoptosis studying the phosphory-
lation of BAD and its interaction with 14-3-3 or BCL-XL,
the cytochrome c release from the mitochondria, the acti-
vation and the role of caspase-3, the cleavage of vimentin
(caspase-3 substrate) and the possible activation of NF-
kB. We also characterized the mechanism of the G,-M
arrest, induced by these drugs, looking at the regulation
of GADD45 family and c-Myc proteins.

Materials and methods

Cell culture and drugs. Human NSCLC cell line A549
(lung carcinoma) was obtained by our Institutional Cell
Repository (Genoa, Italy). Cells were grown in RPMI
1640 (Gibco BRL, Grand Island, NY) supplemented
with 10% non-heat inactivated fetal bovine serum (Gibco
BRL, Grand Island, NY). Cell counts were determined
using a Coulter Counter with Channelyzer attachment to
monitor cell size (Coulter Electronics, Hialeah, FL). Cell
membranes integrity was determined by trypan blue dye
exclusion assay.

Drugs were kindly provided by Dr. G.R. Pettit (Cancer
Research Institute, Arizona State University). LU103793
was obtained from KNOLL-BASF (Ludwigshafen, Ger-
many). z-DEVD-fmk was obtained from Calbiochem
(EMD Biosciences, Inc. Germany).

Cell proliferation assay. All of the experiments were
performed at least three times with a minimum of six
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replicates per data point per experiment. A549 cells were
plated with an 8-channel pipette at 250 cells/well in 96-
well plates Drugs were added 24 h after cell plating and
cells treated for 24 h in a final volume of 200 pl. Follow-
ing treatment, medium was withdrawn and cells were in-
cubated for additional 24 and 48 h in drug-free medium.
The MTT-based-assay [3-(4,5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide], was used to measure cell
growth as described [22]. Value of 50% inhibitory con-
centration (ICy,) was calculated as the drug concentration
that inhibits cell growth to 50% of the control sample.
IC,, values were estimated fitting the data with a non lin-
ear regression to the dose-effect model derived by Chou
and Talalay [23, 24]: f,/f, = (D/D,,)™, where D is the dose
of the drug, D,, is the ICy,, f, is the fraction affected by the
dose, f is the fraction unaffected, and m is a coefficient
that determines the sigmoidicity of the curve.

Detection of apoptosis. Apoptosis was detected by DNA
secondary fragmentation assay and by internucleosomal
DNA fragmentation. In the DNA secondary fragmenta-
tion assay, apoptosis associated DNA fragmentation was
analyzed by filter binding assay (FBA) as described pre-
viously [25]. The FBA was performed under non-deprot-
einizing conditions using protein-adsorbing filters (vinyl/
acrylic copolymers filters, Metricel membrane, 0.8-mm
pore size, 25-mm diameter; Gelman; Sciences) accord-
ing to Bertrand et al. [25]. Results were expressed as the
percentage of fragmented DNA in treated cells compared
with fragmented DNA in control untreated cells (back-
ground) using the formula: [(F—F,)/(1—-Fy]x 100
where F and F represent DNA fragmentation in treated
and control cells, respectively.

Internucleosomal DNA fragmentation was determined as
described previously [26]. Briefly, adherent and detached
cells were harvested separately, washed, and lysed with
50 mM/1 Tris, pH 7.5, 10 mM/l EDTA, 0.5% Triton X-
100, and 0.5 mg/ml proteinase K for 2 h at 50 °C. Sam-
ples were then extracted twice with phenol/chloroform/
isoamyl alcohol and precipitated with ethanol. The pellet
was resuspended in Tris-EDTA and 10 ug/ml ribonucle-
ase A and the DNA was separated on a 2% agarose gel.

Preparation of mitochondria-free cytosolic extracts
and whole cell extracts. Cytosolic extracts were pre-
pared as described previously [27]. In brief, A549 cells
were harvested by gently scraping and were incubated in
a buffer containing 220 nM mannitol and 60 mM sucrose
on ice for 30 min. Then cells were broken in a Dounce ho-
mogenizer by 70 gentle strokes of a type B pestle. The ho-
mogenates were centrifuged at 16 000 g for 15 min, and
the mitochondria-free supernatants were frozen at —70 °C
until further analysis. Extracts of the pellets as well as
whole cells extracts were obtained by dissolving in lysis
buffer, followed by repetitive vortexing and freeze thaw-
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ing. After centrifugation at 16 000 g, the supernatants
were stored at —70 °C.

Immunoblotting. Samples were washed twice with
PBS, scraped off the plates, and lysed in cell lysis buf-
fer (50 mM Tris-HCI pH 7.5, 150 mM NacCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, and 0.1% sodium do-
decyl sulfate) containing the protease inhibitors [100 ng/
ml phenylmethylsulfonyl fluoride (PMSF), 1 ug/ml
aprotinin, 1 pg/ml leupeptin, 1 ug/ml pepstatin, 50 mM
NaF, 2 mM Na,;VO,]. Whole cell lysates were boiled,
and the protein concentration was determined with the
Bradford assay (Bio-Rad Laboratories, Hercules, CA).
Equal amounts of protein (20—40 pg) were separated by
SDS-PAGE under reducing conditions in 4-20% linear
gradient polyacrylamide gels (Ready-Gel; Bio-Rad Lab-
oratories). Primary antibodies for Bcl-XL, 14-3-3, cas-
pase 3, activated caspase 3, vimentin, GADD45¢, anti-
GADDA45p, anti-GADD457; c-Myc and actin were ob-
tained from Santa Cruz Biotechnology (Santa Cruz, CA).
Polyclonal phospho-specific Bad serine!'? or serine!®
antibodies were obtained from New England Biolabs
(Beverly, MA). Horseradish peroxidase-conjugated goat
anti-mouse or donkey anti-goat antibodies were used as
secondary antibodies (Santa Cruz Biotechnology). Pro-
teins were visualized with chemiluminescence’s luminol
reagents (Amersham Biosciences, Piscataway, NJ).

Co-immunoprecipitation experiments. A phosphoryla-
tion serine!'? BAD antibody (New England Biolabs) was
cross-linked to protein G-Sepharose beads (Sigma, St.
Louis, MO) using 20 mM dimethylpimelimidate. Post-
mitochondrial supernatant fractions (14-3-3) or pellet
fractions (Bcl-XL) of control and treated cells were in-
cubated with the immobilized BAD antibody overnight at
4 °C on a rocker table. After repeated washing in 0.1 M
PBS, proteins bound to BAD were eluted away from
the protein G-Sepharose-BAD antibody complex with
100 mM glycine, pH 2.7, and the eluant was neutralized
with 1 M Tris, pH 9.0. Eluted samples were then sepa-
rated by SDS-PAGE, and immunoblotting was used as
above to analyze 14-3-3, and Bcl-XL bound to BAD.

Gel mobility shift assay. Nucleic extracts were prepared
according to Vikhanskaya et al. [27]. Briefly, 5 x 10°cells
were collected, washed in PBS and pelleted. Pellet was
resuspended in 400 pl hypotonic buffer (20 mM HEPES
pH 7.9, 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA,
I mM DTT, 0.5 mM PMSF). The cells are allowed to
swell on ice for 15 min, after which 25 ul 18% solution of
Nonidet NF-40 was added, and the tubes were vigorously
vortexed for 10 s. The homogenate was centrifuged for
30 s in a microfuge. The nuclear pellet was resuspended
in 50 ul ice-cold buffer (20 mM HEPES pH 7.9, 0.4 M
NaCl, 1 mM EDTA, 1 mM EGTA, I mM DTT, 1 mM
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PMSF) and the tubes were vigorously rocked at 4 °C for
15 min. Nucleic extracts were centrifuged for 5 min in a
microfuge at 4 °C and supernatant was frozen as aliquots
at =70 °C. Of each cell treatment, 1-3 mg was incubated
on ice for 30 min in 15 ml buffer containing 10 mM TRIS
pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 3 mg
poly(dI-dC), 2 ul pab65 (Santa Cruz Biotechnology,
INC), or non-specific antibodies, 1 ng 3?P-end labeled
oligonucleotide. Part of the enhancer sequence from the
HIV LTR region (ENH7 from —115 to—81: GCTTGCTA-
CAAGGGACTTTCCGCTGGGGACTTTCC) was added
for another 15 min at room temperature. DNA-protein
complexes were separated by electrophoresis through 5%
native polyacrylamide gel, dried and visualized [27].

RT-PCR analysis. The mRNA from cell lines was isolated
utilizing the Quick Prep Micro mRNA purification kit
(Pharmacia AB, Uppsala, Sweden) and quantitated spec-
trophotometrically. About 200 ng of mRNA from each
sample were reverse-transcribed using oligo(dT), follow-
ing the manufacturer’s instructions (GeneAMP RNA PCR
kit; Perkin-Elmer Life Sciences, Boston, MA). The primers
used for c-myc were (5'-TGGTCTTCCCCTACCCTCT-
CAAC-3and 5-GATCCAGACTCTACCCTCTCAAC-3)
and for GA3PDH (5’-GGTCATCCCTGAGCTGAACG-3’
and 5-TTCGTTGTCATACCACGAATTG-3’). Thermal
cycling was performed as follows: denaturation at 95 °C
for30 s, annealing at 55 °C for 30 s and extension at 72 °C
for 90 s. Thirty-five cycles were performed. Primers were
used at a final concentration of 10 uM each, with 500 uM
dNTPs (Eurogentec, Seraing, Belgium), and 3 mM MgCl,.
Five units of Taqg DNA polymerase were used per 50-ul
reaction. Ten microliter of PCR product were electropho-
resed on a 2% agarose gel containing ethidium bromide
and visualized by UV illumination.

Densitometry and statistical analysis. Blots were
scanned and analyzed by using NIH IMAGE software
(Version 1.62, http://rsb.info.nih.gov/nih-image/Default.
html). Theratio between immunoreactive proteins and ac-
tin was quantified with an electrophoresis Gel Doc 2000
imaging system coupledto Quantity One™ software (Bio-
Rad). Background density was subtracted from the densi-
tometric data obtained for each band. At least three to five
independent experiments were performed to obtain mean
values = S.E. Statistical analyses [Student’s 7-test (not sig-
nificant p > 0.05)] were performed with PRISM software
(Version 3.0a, Graph-Pad, San Diego, CA).

Results
Inhibition of cell growth and cell cycle regulation. The

cytotoxic activity of different marine-derived agents:
namely DLS10, Auristatin-PE, DLS15, LU103793,

Marine-derivative agents induced apoptosis

Table 1. Cytotoxicity of marine-derived agents in A549 cells. Cyto-
toxicity of marine-derived agents in A549 cells as determined by
MTT assay after 24 h exposure to the drug and additional zero
(24 h), 24 h (48 h) and 48 h (72 h) incubation in drug free medium.

Compound ICs, [nM] + SE
24h 48 h 72h

DLS10 >1.0 >1.0 0.97 £ 0.38*
Auristatin-PE >1.0 >1.0 0.58 £0.11*
DLS15 >1.0 >1.0 0.74 £0.25
Lul03793 >1.0 >1.0 0.62 +0.32*
Spongistatin 1 >1.0 >1.0 1.0 +£0.0*
Curacin A >1.0 1.0+ 0.0* 0.58 +£0.32*%
Halichondrin B >100.0 852+ 1.8% 32 +04%*

*p <0.002. Each value is representative of a single experiment,
which was repeated at least twice.

Spongistatin-1, Curacin A and Halichondrin B were eval-
uated in A549 cell line. Cells were exposed to different
concentrations of drug for 24 h, followed by additional
time in drug-free medium (0, 24, 48 h) prior to the deter-
mination of cell survival evaluated by standardized MTT
assay. The ICy, [nM] values were reached after 72 h (24 h
treatment + 48 h in drug free medium) (Table 1). Curacin
A, Auristatin PE and LU103 were the most potent drugs,
whereas Halichondrin B was the least potent (Table 1).
The ICs, induced by cis-platin (CDDP), under the same
experimental conditions, was 250.0 = 4.5 nM. Therefore,
although within a broad range, marine-derived agents
were more potent agents than CDDP, one of the standard
drugs for NSCLC treatment.

As reported [10], these drugs are tubulin-interacting
agents that cause microtubule depolymerization. Such a
mechanism was confirmed in the A549 cell line by look-
ing at the tubulin polymerization and at the cell cycle dis-
tribution (G,-M arrest; data not shown).

Since GADD45 (o, B and y) plays a role in the G,/M
checkpoint [28], we determined its expression level in
logarithmically growing cell cultures (Fig. 1). In these
cells, the treatment induced up-regulation of GADD45¢.
and y, whereas GADD45 3 was reduced, indicating that
all three members of the GADD45 family are regulated
by these marine derived agents in A549 cells (Fig. 1). The
c-myc (protein and mRNA) expression was also analyzed,
in view of the fact that the c-myc transcription factor re-
presses the GADD45¢o promoter by a polymerase II re-
cruitment mechanism [29]. We found that c-myc was in-
hibited both at the mRNA (Fig. 1¢) and protein (Fig. 1a)
levels, suggesting its involvement in the GADD45 modu-
lation after these marine derivative treatments.

A role of p53 in the regulation of GADDA45 and in G,-M
arrest was also investigated. A549 cells endogenously ex-
press a wild-type p53 protein [30] that is strongly induced
after treatment with CDDP (Fig. 2). After treatment with
DLS10, p53 induction was not observed at different times
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Figure 1. Levels of GADD45 and c-myc proteins in logarithmically growing A549 cells. (a) Western blots showing the effects of drugs
on GADD45 o, B and yand c-myc expression. Cells were treated for 24 h with different marine-derivative agents at their respective 1Cs,
evaluated after 72 h. Picture is representative of one experiment repeated three times with similar results. (b) The histograms report the
densitometric analysis from three experiments performed as in (a). (¢) RT-PCR showing the effects of drugs on c-myc mRNA expression.
Cells are treated as in (a). M: molecular weight marker (@X 174 Haelll digest). Picture shows one experiment performed in duplicate.
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Figure 2. Effects of DLS10 on p53 protein level. Western blots
showing the effects of DLS10 on p53 protein level. Cisplatin
(CDDP) was the positive controls. A549 cells were treated with
DLS10 for different times. Figures are representative of three repli-
cate experiments yielding similar results.

after drug exposure (Fig. 2). Moreover, basal levels of
p53 were observed after treatment with all marine de-
rived compounds (data not shown), suggesting that p53
is likely not involved in the observed G,-M arrest and
GADD45 modulation induced by these drugs.

Apoptosis-induction. Since NF-kB is activated by most
chemotherapeutic agents like VCR and vinblastine, two
well-known inhibitors of microtubule assembly [14], we
analyzed NF-xB nuclear translocation by electrophoretic
mobility shift assay (EMSA) in nuclear protein extracts
of treated or untreated cells (Fig. 3). TNF was used to
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Figure 3. Gel EMSA of NF-xB complexes. Nucleic extracts of
A549 cells, which were treated with different drugs for 24 h (as
in Fig. 1a), were incubated with labeled probe containing a NF-
kB site and with designed antibodies for 30 min. The position of
NF-xB complex is shown at the left. CTRL: untreated cells, TNF
1000 U/ml for 24 h is the positive standard, Ab-p65 and Ab un-
specific are positive and negative control for NF-kB translocation.
Picture is one representative of three independent experiments.

confirm NF-xB translocation: p65 antibodies (against the
p65 subunit of NF-xB) inhibited translocation, whereas
unspecific antibodies did not. Interestingly, none of the
marine-derived agents induced NF-xB translocation to
the nucleus after 24 h of treatment (Fig. 3).

DNA secondary fragmentation (apoptosis-related) was
measured by FBA in time-dependence studies. For all
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compounds, apoptosis started 24 h after treatment with
the ICy, and increased up to 72 h (Fig. 4). Necrotic ef-
fects were excluded since the percentage of DNA present
in the loading fraction (LF) was less than 20%, suggest-
ing that no fragmented DNA was present in this frac-
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Figure 4. Determination of apoptosis by FBA. The kinetics of induc-
tion of DNA secondary fragmentation (apoptosis-related) in A549
cells was evaluated by FBA. Cells were incubated for different times
with different agents at their ICy,. Data are expressed as mean + SE
of three independent experiments performed at least in duplicate. The
black portion of the histogram represent the % of fragmented DNA
already present before loading on filter (LF: loading fraction).
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treatment with marine-derived agents are indicated by arrows. (b/)
The cleavage of vimentin was inhibited by Z-VAD-fmk. Cells were
preincubated for 0.30 h with Z-VAD-fmk and then treated for an-
other 24 h with marine-derived agents before Western blot analysis.
(c) Inhibition of apoptosis was evaluated by internucleosomal DNA
fragmentation (gel ladder). Figures are representative of three repli-
cate experiments yielding similar results. CTRL: untreated cells.

tion. Gel laddering confirmed the generation of DNA
fragmentation related to induction of apoptosis (data not
shown).

We evaluated the ability of marine-derived agents to trig-
ger phosphorylation of Bad at serine!''? (pBAD!'?) or at
serine'*¢ (pBAD!*¢). pPBAD!"?was unaffected by treatment
(Fig. 5a). In contrast, each marine-derived agent inhibited
the phosphorylation of Bad at serine'*¢ and, consequently,
increased the level of total Bad (Fig. 5a). Dephosphory-
lation of BAD, as reported by Masters et al. [21], results
in its dissociation from the 14-3-3-complex and the sub-
sequent binding to Bel-XL. Co-immunoprecipitation ex-
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Figure 8. Schematic representation of the cascade induced by
marine-derived agents. (1) Interaction with tubulin that affects mi-
crotubule assembly. (2) Cell cycle arrest at the G,-M phase. (3)
Phosphorylation of BAD, dissociation of BAD from 14-3-3 and as-
sociation of BAD with BCL-XL, inhibition of survival. (4) BAD
translocation to mitochondria, inactivation of BCL-XL, release of
cytochrome c, activation of caspase(s) and induction of apoptosis
(see Discussion).
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periments, carried out on untreated cells, showed that 14-
3-3, but not Bcl-XL, co-immunoprecipitated with BAD
(Fig. 5b1, lane CTRL). In contrast, after treatment, BAD
dissociates from 14-3-3 and binds to Bcl-XL (Fig. 5bl).
At this point BAD can move to mitochondria. Mitochon-
dria-localized Bad promotes cell death by neutralizing
the anti-apoptotic actions of Bcl-XL [31-33]. As a con-
sequence of BAD translocation, cytochrome c is released
to the cytoplasm, caspases are activated and finally apo-
ptosis is triggered [31-33].

We investigated this cascade of events in A549. All ma-
rine-derived agents caused cytochrome ¢ release to the
cytoplasm after 24 h of treatment (Fig. 6¢). For DLS10,
a time course study was performed: cytochrome c¢ started
to appear in cytoplasm after 12 h and increased until 48 h.
Simultaneously, it disappeared in the mitochondrial frac-
tion (Fig. 6a, b). All agents induced caspase-3 cleavage,
as demonstrated by the presence of the 17- and 19-kD
cleavage products (Fig. 7a). Furthermore, since vimentin
is an apoptotic substrate of caspase-3 during apoptosis
[34, 35], its possible cleavage was analyzed. Figure 8b
showed that vimentin cleavage was evident after 24 h of
treatment, which induced at least four major cleavage
products of 44, 36, 25 and 15 kDa. The addition of the
caspase inhibitor z-DEVD-fmk, at a concentration of
10 uM, efficiently inhibited the formation of these cleav-
age products (Fig. 7b1) as well as the induction of apop-
tosis (Fig. 7c).

These data indicate that the induction of apoptosis induced
by marine-derived agents is related to dephosphorylation
of BAD and consequential activation of mitochondrial
apoptosis pathway.



2384 A. Catassi et al.

Discussion

In this study the effects of different marine-derived agents,
Dolastatin10, Dolastatinl5, their synthetic derivatives
Auristatin-PE and LU103793, Spongistatin-1, Curacin A
and Halichondrin B, were studied in NSCLC A549 cells.
We have shown that marine derivatives up-regulated the
expression of GADD45¢ and ¥, and induced G,-M ar-
rest. These effects might be mediated by suppression of
c-Myc mRNA and protein expression, whose relative
mRNA and protein basal levels are moderately high in
A549, cells (see [36] and our data). In addition, we ana-
lyzed NF-xB nuclear translocation by EMSA in nuclear
protein extracts of treated or untreated cells. Interestingly,
none of the marine-derived agents induced NF-xB trans-
location to the nucleus. It is known that c-Myc is under
the control of NF-xB and has a protective role against the
apoptotic effect of cellular insults [37]. NF-xB modulates
the expression of many genes that control cell survival
[37]. While some of the target genes products are protec-
tive and others death inducing, the primary role of NF-xB
is to promote cell survival as massive apoptosis of liver
cells is observed in embryonic NF-kxB-knockout mice
[37]. These contradictory effects of NF-xB are probably
cell type-specific and/or dependent on the inducing sig-
nal (i.e. the cell- and drug-specific networks). Neverthe-
less, in general, the activation of NF-xB increases resis-
tance to apoptosis ordinarily induced by chemotherapy
or radiation therapy [37]. Recently, Zerbini et al. [38, 39]
have demonstrated that NF-xB-mediated cell-survival
mechanisms in cancer cells are absolutely dependent on
two GADDA45 family members, GADD45 o and 7. These
authors showed that down-regulation of GADD45 o and
Y protein expression, presumably through induction of
c-Myec, is an essential step in NF-xB-dependent escape
from programmed cell death.

Our observations are rather interesting since it has been
observed that in response to cellular insults by chemo-
therapeutic drugs such as cis-platin, 5-FU, paclitaxel, y-
ionizing radiation, and H,0,, c-Myc is induced and NF-
kB activated [37]. In contrast, these marine derivatives do
not induce c-Myc expression and NF-kB translocations.
Moreover, these compounds did not induce p53. Thus, the
induction of apoptosis was investigated.

The mitochondrial ‘intrinsic’ pathway and the transmem-
brane ‘extrinsic’ pathway are the two principal pathways
leading to apoptosis, both of which converge on caspases,
a family of cysteine proteases [12, 13]. Most chemothera-
peutic drugs induce mitochondrial membrane permeabi-
lization and consequent apoptosis. Permeabilization of
the outer mitochondrial membrane induces the leakage of
pro-apoptotic molecules including cytochrome ¢, Smac/
DIABLO, HtrA2/Omi, apoptosis inducing factor and
endonuclease G from the mitochondrial intermembrane
space [13]. Normally apoptosis is under the control of the

Marine-derivative agents induced apoptosis

Bcl-2 proteins family [12, 13]. BAD is a member of the
BH3-only subfamily of the Bcl-2 apoptosis-regulating
proteins, which is regulated extensively by phosphoryla-
tion on serine [15, 16]. In the absence of phosphorylation,
BAD are found localized to the mitochondria bound to
Bcl-2 and Bcel-XL, where it can induce cell death [15,
16]. When serine!!? and serine'*¢ of BAD becomes phos-
phorylated, BAD is found in the cytosol, bound to 14-3-
3 proteins rather than to Bcl-2 or Bel-XL [15, 16]. This
form of BAD does not promote apoptosis. It has been
shown that the serine!*® epitope of BAD represents its pri-
mary 14-3-3 binding site [15]. Thus, phosphorylation of
serine’*® and 14-3-3 binding serves as a potent inhibitory
mechanism to prevent BAD-induced apoptosis. By exert-
ing control over multiple pro-apoptotic proteins, 14-3-3
may function as a general promoter of cell survival [18].
We have found that after treatment with marine-derived
agents there is a rapid dephosphorylation of BAD and its
release from the complex BAD/14-3-3. At this point BAD
may dimerize with Bcl-XL and translocates from cyto-
plasm to mitochondria, causing cytochrome c release in
the cytoplasm with subsequent caspase 3 activation. This
cascade may trigger apoptosis in A549 cells, as outlined
in Figure 8. It is important to note that the NCI-ACDS
study [36] reported a strong negative correlation between
basal protein and mRNA levels of BCL-XL and drug sen-
sitivity, suggesting that BCL-XL may play a unique role
in general resistance to cytotoxic agents (70000 drugs
considered).

In conclusion these agents are characterized as having
unique mechanisms of action and pharmacological prop-
erties. They represent potential candidates for the treat-
ment of malignant disease, either to be used as single
agents, or as part of a combination regimen. DLS10 en-
tered in phase I clinical trials in 1990s and progressed to
phase II trials. Although DLS10 is well tolerated clini-
cally, with hematological toxicity being the main side ef-
fect, in recent phase II clinical trials, as a single agent, it
lacked significant activity [40—45]. In a small phase II
study (19 patients) in advanced untreated NCSLC (stage
IIB/1V) [46], DLS10, as a single agent, failed to show
activity. The activity of Auristatin-PE (Soblidotin, TZT-
1027) is now under study in a phase II trials in anthracy-
cline-refractory soft tissue sarcoma [47]. A recent phase |
study of intravenous TZT-1027, in combination with car-
boplatin, in patients with advanced solid tumors supports
the development of a phase II study [48].

At least two phase II studies conducted with LU103793
do not support the further evaluation of LU103793 in
metastatic breast cancer [49] and in advanced non-small-
cell lung cancer [50].

Until now, no clinical studies are ongoing for Curacin
A and Spongistatin (July 2006, www.ncbi.nlm.nih.gov).
Among these compounds halichondrins exhibit a unique
constellation of effects on the conformation of tubulin
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as indicated by their effects on tubulin alkylation, on the
chemical cross-linking of tubulin, and on the binding to
tubulin of the hydrophobic probe, bis-8-anilinonaphtha-
lene sulfate [10]. Such data have led to the idea that the
Halichondrins interact with tubulin in a manner distinct
from that of other microtubule-targeted drugs and, thus,
that they might possess unique antitumor activities [10].
Because of their phenomenal biological activity in kill-
ing cancer cells (data generated in the NCI drug evalu-
ation program) and great structural complexity, drugs
were generated by chemical synthesis from Halichondrin
B that led to the discovery of E7389, which is in phase I
and I1 clinical trials [51] The ongoing phase II trial shows
encouraging results (partial responses, mild to moderate
side effects) [52].

In summary, the marine world has become an important
source of anticancer agents with novel mechanisms of ac-
tion. The continuation of preclinical and clinical studies is
required to assess the exact role of this new class of com-
pound in the treatment of patients with cancer. Marine-
derived agents such as DLS10, Auristatin-PE, DLS15,
LU103793, Spongistatin-1, Curacin A and Halichondrin
B seem more potent than classical antitumor agents (i.e.
CDDP) and may be considered important anticancer
leads that may have development potential.
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