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Abstract

Marine organisms such as corals,
sponges and tunicates produce active mole-
cules which could represent a valid starting
point for new drug development processes.
Among the various structural classes, the
attention has been focused on 2,2-bis(6-
bromo-3-indolyl) ethylamine, a marine alka-
loid which showed a good anticancer activi-
ty against several tumor cell lines. Here, for
the first time, the mechanisms of action of
2,2-bis(6-bromo-3-indolyl) ethylamine have
been evaluated in a U937 tumor cell model.
Morpho-functional and molecular analyses,
highlighting its preferred signaling pathway,
demonstrated that apoptosis is the major
death response induced by this marine com-
pund. Chromatin condensation, micronuclei
formation, blebbing and in situ DNA frag-
mentation, occurring through caspase acti-
vation (extrinsic and intrinsic pathways),
were observed. In particular, the bisindole
alkaloid induces a mitochondrial involve-
ment in apoptosis machinery activation with
Blc-2/Bcl-x down-regulation and Bax up-
regulation. These findings demonstrated that
2,2-bis(6-bromo-3-indolyl) ethylamine alka-
loid-induced apoptosis is regulated by the
Bcl-2 protein family upstream of caspase
activation.

Introduction

Apoptosis, the most well-characterized
form of programmed cell death, has crucial
roles in normal and pathological states,
including cancer.! It can be triggered by a
variety of physiological and pathological
stimuli and it is routed through two main
pathways, the extrinsic and the intrinsic
one. The first pathway, such as Fas and
other members of the tumor-necrosis factor
(TNF) receptor family, is receptor-depen-
dent, whereas the intrinsic one is activated
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by intracellular events which induce the
release of pro-apoptotic factors from the
mitochondria. Mitochondrial membrane
permeability alteration is usually accompa-
nied by the release of cytochrome c and final-
ly by the activation of caspase-9, -8 and -3.2
Mitochondrial membrane integrity is
afforded by the complex of Bcl-2 proteins,
whose expression regulates the intrinsic
apoptosis route,’ controlling the release of
mitochondrial proteins into the cytoplasm.*

The intrinsic pathway is activated by
various stimuli, including growth factor
deprivation, oxidants, Ca?* overload, onco-
gene activation, DNA-damaging agents or
anticancer drugs, which usually induce
apoptosis following the cytochrome c¢/Apaf-
1/caspase-9 intrinsic pathway.’ In addition
to cytochrome c, mitochondria release
endonuclease G, AIF (a death modulating
flavoprotein) and other proteins, some of
which may promote caspase-independent
cell death.’

Over the past decade, significant
advances have been made in discovery and
validation of several types of novel cancer
therapeutics which could act as promising
apoptosis-inducing agents. Marine natural
products show potent activity and selectivi-
ty against a wide spectrum of pharmacolog-
ical targets and their unprecedented struc-
tures are often an important source of lead
compounds in drug discovery and develop-
ment.®® Among the various structural class-
es, the marine bisindole alkaloids have
received much attention due to the signifi-
cant cytotoxicity, antineoplastic and antimi-
crobial activities.!” In particular, 2,2-bis(6-
bromo-3-indolyl) ethylamine (BrBln,
Figure 1), isolated from the Californian
tunicate Didemnum candidum and the New
Caledonian sponge Orina,''? has shown
high cytotoxicity against several tumor cell
lines such as U937 human leukemia,'
MCEF-7 human breast and Caco-2 human
epithelial colorectal cells.!*

Cytofluorimetric analyses have already
shown the presence of an apoptotic popula-
tion identified through sub-G, peak, treating
cancer cells with BrBIn."> Moreover, the
apoptotic activity is common among 3,3’-
diindolylmethane scaffold containing mole-
cules.”'7 However, the mechanism of
action in inducing cell death of BrBIn has
not yet been explored. As part of our ongo-
ing research program in apoptosis, we
report herein molecular and morpho-fun-
tional analyses of U937 cell line treated
with BrBIn highlighting the signaling path-
ways and describing the ultrastructural
changes. Moreover, BrBIn was conjugated
with a fluorescent tag (NBD-BrBIn, Figure
1) to monitor its distribution inside normal
and apoptotic cells in real time.
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Materials and Methods

Chemicals

4-Chloro-7-nitrobenzofurazan (NBD)
and all organic solvents used in this study
were purchased from Sigma-Aldrich. Prior
to use, acetonitrile was dried with molecular
sieves with an effective pore diameter of 4 A.
Column chromatography purifications were
performed under “flash” conditions using
Merck 230-400 mesh silica gel. Analytical
thin-layer chromatography (TLC) was car-
ried out on Merck silica gel plates (silica gel
60 F,s,), which were visualized by exposure
to ultraviolet light and an aqueous solution
of cerium ammonium molybdate (CAM).
ESI-MS spectra were recorded with a
Waters Micromass ZQ spectrometer in a
negative mode using a nebulizing nitrogen
gas at 400 L/min and a temperature of
250°C, cone flow 40 mL/min, capillary 3.5
kV and cone voltage 60 V; only molecular
ion [M-H]- is given. '"H NMR and *C NMR
spectra were recorded on a Bruker AC 400
or 100, respectively, spectrometer and ana-
lyzed using the TopSpin software package.
Chemical shifts were measured by using the
central peak of the solvent.

Chemistry

BrBIn was synthesized as reported by
Mari et al.’* BrBIn has been conjugated
with NBD tag, a green fluorescent dye.
Synthesis of N-[2,2-bis(6-bromo-1H-indol-
3-yl)ethyl]-7-nitrobenzo[c][1,2,5]oxadia-
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zol-4-amine (NBD-BrBIn).

A solution of 4-chloro-7-nitrobenzofu-
razan (42 mg, 0.21 mmol, 1 eq.) in dry ace-
tonitrile (4.2 mL) was added dropwise to a
mixture of BrBIn (99 mg, 0.23 mmol, 1.1
eq.) and Na,CO; (134 mg, 1.26 mmol, 6
eq.) in dry acetonitrile (10.5 mL, 0.016 M)
under nitrogen atmosphere. The mixture
was stirred at room temperature for 24 h.
The solvent was removed under reduced
pressure and the residue was dissolved in 50
mL of dichloromethane. The organic solu-
tion was washed with 20 mL of NaHCO,
saturated solution and 20 mL of brine. The
organic phase was dried over Na,SO, and
the solvent was removed under reduced
pressure. The residue was purified by flash
chromatography on silica gel (cyclohexane
/ ethyl acetate, 7:3) to give NBD-BrBIn as a
red solid (105 mg, 0.18 mmol, 84% yield).
Melting point = 179-181°C. TLC: Rf=0.70
(dichloromethane / methanol / trimethy-
lamine, 90:9:1). MS (ESI): m/z (%) 593
(50), 595 (100), 597 (50) [M-HJ. 'H NMR
(DMSO-dg, 293 K) 8 =4.22 (d, 2H, J=6.0
Hz, CHCH,NHR), 4.98 (dd, 1H, J, = J, =
6.0 Hz, CHCH,NHR), 6.40 (d, 1H, J = 9.0
Hz, ArH?), 6.97 (d, 2H, J = 8.5 Hz, ArH’),
7.36 (d, 2H, J = 8.5 Hz, ArH*), 7.43 (s, 2H,
ArH?), 7.49 (s, 2H, ArH,), 8.40 (d, 1H, J =
9.0 Hz, ArH%), 9.55 (s, 1H, CHCH,NHR),
11.07 (s, 2H, NH). *C NMR (DMSO-dq,
293 K) & = 33.0, 48.5, 99.9, 114.2, 114.4,
116.0, 120.9, 120.9, 121.6, 124.4, 126.0,
137.7, 138.1 144.5, 144.8, 145.5, 170.8

Cell culture

U937 human myelomonocytic lym-
phoma cell line, grown in RPMI 1640 (25
cm? flasks for electron microscopy and
western blotting; multiwall with 6 well for
confocal microscopy) and supplemented
with 10% heat-inactivated fetal bovine
serum, 2 mM glutamine, 1% antibiotics,
was maintained at 37°C in humidified air
with 5% CO,' and cell behavior was moni-
tored with the Inverted Microscopy (IM;
Eclipse TE2000-S Nikon; objective 10x).

Apoptosis induction

For the induction of apoptosis, cells
(seeded at 1x10° cells/mL) were exposed to
BrBIn at various concentrations (5 uM, 7.5
uM, 10 uM) for 24 h. Trypan blue (TB)
exclusion assay'® has been used to evaluate
living and dead cells in control condition
and in treated samples. For this analysis, the
Neubauer chamber has been used.

Transmission electron microscopy

U937 pellets were immediately fixed in
2.5% glutaraldehyde in 0.1 M in phosphate
buffer and then post-fixed in 1% OsO, in
the same buffer, dehydrated with ethanol
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and embedded in araldite as described in
Salucci et al.? For ultrastructural analysis,
thin sections, collected on nickel grids and
stained with uranyl acetate and lead citrate,
were observed with an electron microscope
(Philips CM 10, 80KV, FEI Italia Srl, Milan,
Italy).

Confocal laser scanning microscopy

TUNEL

Control and treated cells were fixed
with 4% paraformaldehyde in phosphate
buffer saline (PBS) pH 7.4 for 30 min, then
deposited on poly-lysinated coverslips in
Petri dishes overnight at 4°C. After PBS
washing, samples were permeabilized with
a 2:1 mixture of ethanol and acetic acid for
5 min at -20°C.?! For the TUNEL technique,
all reagents were part of the Apoptag Plus
kit (D.B.A., Oncor, Dallas, TX, USA) and
procedures were carried out according to
the manufacturer’s instructions and as
described in Salucci et al.*® Finally, slides
were mounted with an antifading medium.?
Specimens were observed with a Leica
TCS-SP5 confocal laser scanning micro-
scope (CLSM) connected to a DMI 6000
CS inverted  microscope  (Leica
Microsystems CMS GmbH, Mannheim,
Germany); excitation was at 488 nm and
emission signals were detected at 517 nm.

Mitochondrial behavior

To monitor mitochondrial behavior,
fresh cells were treated with 10-nonyl acri-
dine orange (NAO) and JC1 probe for eval-
uating mitochondria membrane integrity
and potential membrane functionality,
respectively. In particular, NAO binds car-
diolipin, a phospholipid located in the inner
mitochondrial membrane permitting to
identify peroxidation events. Fresh cells
were exposed to 50 nM NAO for 10 min at
room temperature or to JC1 for 20 min at
37°C.%2 Samples were observed through a
Leica TCS-SP5 Confocal connected to a
DMI 6000 CS Inverted Microscope (Leica
Microsystems CMS GmbH; objectives 40x
and 60x); excitation was at 488nm (FITC
and NAO); emission signals were detected
at 519 nm (NAO) or 525 nm (JC1). CLSM
images are presented as single-plane images
or Z-stack projections.?*

Quantitative phase imaging
(Q-PHASE)

Multimodal holographic microscope Q-
PHASE (Tescan, Brno, Czech Republic)
permits to observe live and fixed cells with-
out any additional staining.?*2¢ It is based on
a robust inverted transmission microscope
platform. The whole system is situated in a
microscope incubator and includes multiple
imaging modes with fully integrated fluo-
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rescence module, simulated DIC (differen-
tial interference contrast) and brightfield
imaging options. Cells were seeded (1x10?
cells/200 pL) and grown in Flow chambers
-Slide I Lauer Family (Ibidi, Martinsried,
Germany). Holograms were captured by a
CCD camera (XIMEA MR4021 MC-
VELETA). The entire image reconstruction
and image processing were performed in Q-
PHASE control software. Quantitative
phase images are shown in grayscale with
units of pg/um? that were recalculated from
original radians. Nikon Plan 10x/0.3 and
Nikon PlanFluor 20%/0.5 objectives were
used for both holographic and fluorescence
observations useful to monitor drug behav-
ior after its administration in cells. In this
case, compound BrBIn has been conjugated
with a fluorescent chemical group becom-
ing the compound NBD-BrBIn (Figure 1).
After several experiments on cell viability
(data not shown), a 40 uM dose of NBD-
BrBIn, able to induce a significant apopto-
sis rate, has been chosen. Therefore, cells
have been treated with 40 uM of NBD-BrBIn
and drug behavior has been monitored in
vivo to evaluate its distribution in cells after
1 h and 24 h. Cells were collected and fixed
with 4% paraformaldehyde and, after PBS
washing, they were stained with 3 pL/mL
nuclear probe DAPI for 2 min and analyzed
through Q-PHASE microscope.

Western blotting

Western blot analyses were performed
as previously detailed.”’ Cells were lysed
using the M-PER Mammalian Protein
Extraction Reagent, supplemented with the
Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific Inc., Rockford,
IL, USA). Gradient gels (4% - 20% acry-
lamide) were used. Analysis with an anti-
body to B-actin documented equal protein
loading. All the primary and secondary anti-
bodies were from Cell Signaling
Technology (Danvers, MA, USA). Proteins
were detected using the Amersham ECL
Prime Western Blotting Detection Reagent
(GE Healthcare, Little Chalfont, UK), the
ChemiDoc-It2 Imaging System and the
VisionWorksLS Software for camera con-
trol setting and image capture (UVP, LLC,
Upland, CA, USA).

Results

The effect of BrBIn has been evaluated
at different concentrations (5 uM, 7.5 uM,
10 uM) after 24 h from the administration.
Evaluating cell viability with TB, com-
pound BrBlIn is able to reduce cell viability
showing a dose dependent effect (Figure
2A). To identify whether the type of death
induced by bis-indole alkaloid was apoptot-
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ic or necrotic, samples have been processed
for ultrastructural analyses (Figure 2).
Morphological observations showed pre-
served nuclei and cytoplasmic organelles
(Figure 2B) in untreated samples. When
cells were exposed to 5 uM drug concentra-
tion, a negligible number of apoptotic cells
could be detected (Figure 2C), while the
other ones presented a diffuse cytoplasmic
vacuolization similar to autophagic com-
plexes (Figure 2D). Typical apoptotic mark-
ers, such as cell shrinkage, cytoplasmic vac-
uolization, mitochondria alterations, chro-
matin condensation, micronuclei and sec-
ondary necrosis could be observed by
increasing drug concentration to 7.5 pM
(Figure 2E-H). Exposing cells to 10 pM
concentration, cells are almost necrotic
(Figure 2I), for this reason the 10 pM
dosage has not considered for the further
experiments.

TUNEL reaction reveals no in situ DNA
fragmentation in control condition (Figure
3A). Cells exposed to 5 uM alkaloid dose
showed few TUNEL positive nuclei (Figure
3B) and their number thereby increases
after 7.5 uM drug treatment (Figure 3 C-E).
In this experimental condition fluorescent
staining appeared localized in the cup-
shaped masses (Figure 3D) and on micronu-
clei (Figure 3 C, E).

Western blotting showed the alkaloid
ability to induce apoptotic cell death by cas-
pase dependent mechanisms (Figure 3F). In
particular, at 5 pM dose no caspase activa-
tion can be observed but only a minimal
increase of cleaved caspase-8. On the other
hand, after 7.5 pM drug exposure, caspase-8
and -9 appeared cleaved, demonstrating the
involvement of both extrinsic and intrinsic
pathways, also confirmed by the caspase-3
activation which is, as known, the executive
enzyme of apoptosis. Caspase-mediated
apoptotic cell death is supported by the
cleavage of several key proteins required for
cellular functioning and survival.?® PARP-1
is one of the well known cellular substrates
of caspases and its cleavage by caspases is
considered a hallmark of apoptosis.?’ In addi-
tion, a higher expression of cleaved PARP
assured that the apoptosis involved inter-
nucleosomal DNA fragmentation,*® and this
is the case of our samples exposed to 7.5 uM
alkaloid dose (Figure 3F).

Since ultrastructural analyses revealed a
diffuse mitochondria damage after alkaloid
treatments, the mitochondrial behavior has
been also investigated at CLSM through
specific fluorescent probes to monitor car-
diolipin state and mitochondrial membrane
potential preservation. Differently from
control cells (Figure 4 A,B), the treated-
ones presented mitochondria with structural
and functional changes, as observed after
NAO (Figure 4 C,E) and JC-1 (Figure 4
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D,F) staining, resulting more evident after
7.5 uM exposure (Figure 4 E,F). Thus,
mitochondrial pathway involvement, fur-
therly demonstrated by peroxidation events
and mitochondrial membrane potential
alterations, suggests an important role of
this organelle in our model too. In addition,

NH,
0
| |
HN NH
BrBln
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since Bax/Bcl-2 modulation is proceeded
by the collapse of mitochondrial membrane
potential, which could be associated with
the initiation of caspase cascade leading to
cell death,’! molecular analyses have been
carried out to evaluate the involvement of
Bcl-2 protein family. In this study, western
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Figure 1. Chemical structure of BrBIn and NBD-BrBIn.

g &

g

living cell percentage
g

Figure 2. TB exclusion assay (A) reveals a cell viability reduction after drug administration.

Data are from three separate experiments and furnished as mean +/- standard deviation.

TEM micrographs of U937 cells in control condition (B) and after 5 pM (C, D) or 7.5 pM

(E-H) or 10 EM (I) alkaloid exposure. In B, a preserved morphology appears. After treat-
agi

ments autop

c structures (D, white arrows), apoptotic cells with condensed chromatin

(G, E, E H, black arrows) and empty mitochondria (G, asterisks) can be observed. In I, a
necrotic cell is visible. Scale bars: B,D,EI) 1 pm; C,E) 2 pm; G,H) 0.5 pm.
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blotting revealed Bax up-regulation and

=
Bcl-2 and Bcl-xL down-regulation (Figure F E g
4F), a condition favorable to apoptotic sig- g £ E
nal transduction mechanism. 5 E 2
Finally, BrBIn has been conjugated PARP e ™
with a green fluorescent dye, obtaining the cleaved
NBD-BrBIn compound (Figure 1). Several PARP ——

analyses on cell viability (data not shown)
evidenced that the fluorescent chemical
group added to the alkyl-amino side chain
of BrBIn thereby reduced the cytotoxic
activity of bis- indole alkaloid. So, NBD-
BrBIn must be used at 40 uM dosage to
obtain a considerable apoptotic effect.
Q-PHASE instrument has been useful
to investigate how the fluorescent drug
interacts with normal or apoptotic cells
using hologram and fluorescence modality
contemporary. This technique permits to
detect, also without staining, the morpho-
logical apoptotic patterns. So, as shown in
Figure 5, at the beginning the compound
diffuses through the cytoplasm in the pres-
ence of intact and well preserved nuclei

CASP 9 == == ==

cleaved -
s _4

CASP 8
cleaved N N

—
cleaved

CASP 3 -

ACTIN e s s

1 ith DAPI staini Fi Figure 3. Control cells (A) and those exposed to 5 pM (B) or 7.5 pM (C-E) drug concen-

oAb]sse)rvzl;te ;V;th staining ( lgtl;u ¢ Sf tration after TUNEL reaction, reveal a fluorescent staining localized in micronuclei
,ll : er d > con§p1f€:u0us nu;n (;r 0 (arrows). Western blotting analyses (F) of caspase-8, -9, -3 and PARP-1 which appear

cells presented apoptotic features. In these  (leaved after treatments. Scale bars: A,B) 10 pm; C) 5 pm; D,E) 2 pm.

cells, NBD-BrBIn forms the punctate dots

inside the cytoplasm demonstrating that its
action site for apoptosis induction is not the
nucleus (Figure 5 C,D) but it could co-
localize with cytoplasmic organelles like
mitochondria.

Discussion

In this study, we have evaluated the
anti-cancer potential of a marine bisindole
alkaloid BrBIn. Previous studies have
shown, through cell cycle analysis, the pres-
ence of an apoptotic population induced by
BrBIn,”* but the molecular mechanisms
underlying the cell death remained unex-
plored.

Here, for the first time, morpho-func-
tional behavior and molecular mechanisms
have been investigated in a human cancer
cell line exposed to BrBIn. These findings
display the potential role of sponge alkaloid
as a possible apoptotic drug, demonstrating
its dose dependent effect.

In U937 treated cell line apoptotic fea-
tures, such as in situ DNA fragmentation,
chromatin condensation and micronuclei
formation, could be observed in the pres-
ence of peroxidation event increase and
reduction or loss of mitochondrial mem-
brane potential. These morpho-functional
results, indirectly evidencing a possible
drug interaction with the mitochondrial  Figyre 4. NAO (A,C,E) and JC-1 (B,D,F) fluorescence images of control condition (A,B) and
pathway, demonstrated by cardiolipin oxi- of samples exposed to 5 pM (C,D) or 7.5 pM drug concentration (E,F). NAO fluorescence
dation increase which could induce the decreases after treatments (C,E) and JC1 staining (D,F) became green indicating a low mito-

release of pro-apoptotic proteins.? In addi- chondrial potential. Scale bars: 10 pm. Western blotting analyses of Bcl-2 protein family acti-
tion, Q-PHASE observations clearly vation (G) evidence an up-regulation of Bcl-xL and Bax after BrBIn exposure.

ctrl 5 microM 7.5 microM

BCL2 _»o -

BelXL & =

ACTIN s s s
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Figure 5. Q-PHASE micrographs in phase (A,C) and fluorescence modality (B,D). Cells have
been treated with fluorescent alkaloid molecule after 1 h (A,B) or 24 h (C,D) and stained
with DAPI to monitor nuclear behavior. Apoptotic cells are visible in C and D, where the
fluorescent compound is organized in punctate dots (arrows). Scale bars: 10 pm.

showed that cytoplasm is the site where the
alkaloid seems to act and where it aggre-
gates when apoptosis occurs. Western blot-
ting analyses confirmed the mitochondrial
involvement revealing the activation of the
intrinsic pathway followed by caspase-3
activation and cleavage of PARP-1. Then,
our investigations have been focused on
Bcl-2 family, well-known apoptosis regula-
tors, which play a primary role in intrinsic
apoptosis.’? The ratio between anti- and
pro-apoptotic factors influences the occur-
rence of apoptosis.’® Bel-2 and Bel-xL, the
anti-apoptotic factors, that block the release
of cytochrome ¢ from mitochondria and
thus promote cell survival, are inactivated
in treated sample. In contrast, Bax, a pro-
apoptotic factor, is up-regulated after alka-
loid exposure, assuring its translocation
from the cytoplasm to the outer mitochondr-
ial membrane promoting its permeabiliza-
tion. In addition, caspase-8 up-regulation
may activate Bax and induce the release of
cytochrome ¢ from the mitochondria, caus-
ing the cleavage of caspase-9 and contribut-
ing to the activation of caspase-3.3* These
results suggest that sponge alkaloid BrBIn
modulates the ratio between anti-apoptotic
and pro-apoptotic factors, in particular by
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enhancing Bax expression, promoting U937
apoptotic cell death.

It is known that the success rate of
chemotherapy in cancer patients depends
upon Bcl-2 and other anti-apoptotic pro-
teins for cell survival: for that reason,
molecular therapies which targeted anti-
apoptotic Bcl-2 protein have shown poten-
tial success in killing many types of can-
cer.>> Moreover, overexpression of Bcl-2
has been shown to inhibit cisplatin-induced
cell death in cancer cells.’® Thus, this
sponge alkaloid, which has the ability to
suppress anti-apoptotic protein of the Bcl-2
family, may become a promising candidate
for cancer treatment.
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