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Abstract The sesquiterpene a-bisabolol (a-BSB) has been
shown to be an effective cytotoxic agent for a variety of
human cancer cells in culture and animal models. How-
ever, much of its intracellular action remains elusive. We
evaluated the cytotoxic action of a-BSB against CML-T1,
Jurkat and HeLa cell lines, as preclinical models for
myeloid, lymphoid and epithelial neoplasias. The approach
included single cell analysis (flow cytometry, immunocy-
tology) combined with cytotoxicity and proliferation
assays to characterize organelle damage, autophagy, cyto-
static effect, and apoptosis. The study focuses on the rel-
evant steps in the cytotoxic cascade triggered by a-BSB:
(1) the lipid rafts through which a-BSB enters the cells, (2)
the opening of pores in the mitochondria and lysosomes,
(3) the activation of both caspase-dependent and caspase-
independent cell death pathways, (4) the induction of
autophagy and (5) apoptosis. The effectiveness of a-BSB
as an agent against tumor cells is grounded on its capability
to act on different layers of cell regulation to elicit different
concurrent death signals, thereby neutralizing a variety of
aberrant survival mechanisms leading to treatment resis-
tance in neoplastic cell.
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Cyto-ID® Green
DAPI

AY,,

FSC

HBSS

ICso
JC-1

LT Green
mPTP

MTT
Q-VD-Oph

ROS
SSC

Autophagic activity factor

Acridine orange, a red fluorescent
lysosomotropic probe

a-bisabolol

Acetoxymethyl

Carboxyfluorescein succinimidyl ester
Complete medium
5-(and-6)-chloromethyl-2’,7’-
dichlorodihydrofluorescein diacetate,
acetyl ester

Blast crisis of chronic myeloid
leukemia, acute T cell leukemia,
cervical cancer cell line, respectively
Cationic amphiphilic tracer that
selectively stains autophagic vacuoles
4',6-Diamidino-2-phenylindole,
fluorescent nuclear counterstain
Mitochondrial transmembrane
potential

Forward scatter (in flow cytometry)
Hank’s balanced salt solution

Half maximal inhibitory concentration
5,5',6,6'-Tetrachloro-1,1',3,3/-
tetraethylbenzimidazolylcarbocyanine
iodide, red fluorescent mitochondrial
counterstain

Lysosomotropic probe

Mitochondrial permeability transition
pore
3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide
Pan-caspase inhibitor

Reactive oxygen species

Side scatter (in flow cytometry)
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TO-PRO®-3 Red-fluorescent nuclear and
chromosome counterstain

Introduction

The plant-derived sesquiterpene alcohol a-bisabolol (o-
BSB) has been found to be cytotoxic against a variety of
human and animal neoplastic cells, ranging from leukemia
[1-3] to pancreatic [4] and mammary [5] cancer cells to
various cancer cell lines [6-9], at dosages devoid of organ
toxicity in animal models [4, 5].

To date only partial descriptions of the mechanisms of
action of o-BSB are available [1, 7-9]. The experimental
evidence points to a pleiotropic effect targeting an array of
cell structures and activities, including autophagy and
apoptosis, which are typically crossregulated through BCL-
2 family and autophagy gene-encoded molecules [10-21].

Sesquiterpenes like artemisinin [22] gossypol [23] or a-
BSB that target these processes have theoretical and
practical interest in fields ranging from neoplastic to
infectious to inflammatory diseases. They are agents
expected to have a killing potential against cells charac-
terized by complex and multiple mechanisms of treatment
resistance such as those encompassing tissue-derivation
[4, 5], differentiation degree [1], proliferative kinetic and
autocrine/paracrine loops [24-27] as well as defective
apoptotic pathways [3, 5, 28-30] or constitutively acti-
vated autophagic mechanisms [2, 28, 29]. For instance,
hematopoietic stem/progenitor cells make full use of
autophagy [31, 32] and, not surprisingly, leukemic stem/
progenitor cells are as likely to have autophagy programs
activated as inhibited. In the end, autophagy can allow
leukemic cells to escape otherwise effective treatment [33].
Nevertheless, we have found leukemic stem/progenitor
cells to be sensitive to a-BSB [2, 29, 32].

We show here by using three well established preclinical
models of highly undifferentiated myeloid, lymphoid and
epithelial neoplasias, i.e. CML-T1, Jurkat and HeLa cell
lines, respectively, that a-BSB enters cells through lipid
rafts [2, 3, 6, 7, 9] and is able to induce membrane pores in
both mitochondria and lysosomes, activating caspase-de-
pendent [1-3, 8] or -independent death pathways and
triggering both autophagy and apoptosis [10-21].

Materials and methods
Cells

CML-T1, Jurkat and HeLa cell lines (blast crisis of chronic
myeloid leukemia, acute T cell leukemia and cervical
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cancer respectively) were purchased from DSMZ (Braun-
schweig, DE). Cells were cultured in RPMI-1640 (Invit-
rogen, Carlsbad, CA), supplemented with 10 % heat-
inactivated fetal bovine serum (Invitrogen), 50 U/mL
penicillin and 50 pg/mL streptomycin (complete medium,
CM) and maintained at 37 °C in 5 % CO, [34].

Treatment with «-BSB

(—)-0-BSB at a purity >95 % (Sigma-Aldrich, St. Louis,
MO) was dissolved in DMSO and a 500 uM stock solution
in CM was prepared. The concentrations of o-BSB indi-
cated in the different assays represent the calculated sol-
uble fraction as reported elsewhere [1, 2].

Flow cytometry

Flow cytometry data were generated, acquired and ana-
lyzed by FACSCalibur cytometer (Becton Dickinson, San
Jose, CA) and FlowJo 9.3.3 software (Tree Star, Ashland,
OR).

Cell viability assay

Cells resuspended in CM, seeded at a density of
3 x 10* cells/mL in 96-well plates and incubated at 37 °C
in 5 % CO, were exposed to 10, 20, 40, 80, 160 uM o-BSB
for up to 96 h. In selected experiments 25 uM caspase
inhibitor Q-VD-OPh (Calbiochem, Billerica, MA) [35] was
added to Jurkat cells 30 min before o-BSB treatment. At
the end of the culture, viability was measured by 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Sigma-Aldrich) incorporation as previously descri-
bed [36]. Viability was expressed as the ratio between the
number of cells treated with a-BSB and the number of cells
treated with the vehicle alone.

o-BSB uptake assay

Cells were resuspended in CM, seeded at a density of
3 x 10% cells/mL in 96-well plates in the absence or
presence of 1-1.5 pg/mL Filipin II (Sigma-Aldrich) and
incubated 90 min at 37 °C in 5 % CO,. Then they were
exposed for 24 h to 20, 40, 80 M a-BSB and viability was
measured by MTT incorporation as reported above. Data
were expressed as percentage of rescue from apoptosis in
Filipin III treated cells as compared to untreated ones.

Proliferation assay
24-h-starved cells were labeled with CFSE (Invitrogen), as

described previously [37]. Briefly, cells were resuspended
at a final concentration of 107 cells/mL in PBS/5 % FCS.
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CFSE was added at a final concentration of 5 pM and
incubated for 5 min at room temperature. The reaction was
stopped by washing twice with PBS/5 % FCS. Cells were
plated at 108 cells/mL in CM and exposed to 10, 20, 40, 80,
160 uM of a-BSB. Every 24 h for 4 days an aliquot of
cells was harvested, added with TO-PRO-3 (Invitrogen)
and subjected to flow cytometry.

Apoptosis assay

Cell lines were treated for 1-96 h with 20-80 uM «-BSB,
then washed with PBS and stained with Annexin-V-FITC
(Miltenyi Biotec, Bergisch Gladbach, DE) for 15 min fol-
lowing manufacturer’s instructions. TO-PRO-3 was added
immediately before acquisition by flow cytometry (FL-1 and
FL-4 channels). In selected experiments Jurkat cells were
preincubated for 4 h with the autophagy inhibitors 3-methy-
ladenine (3-MA, 5 mM, Sigma-Aldrich) and bafilomycin A
(BafA 100 nM, Sigma-Aldrich). Then they were stimulated
with 20 and 40 uM o-BSB for 24 h and viability was mea-
sured by MTT and AnnexinV-FITC/TO-PRO-3 assays. If
needed, necrosis was differentiated as cell swelling and
plasma membrane breakdown by using phase contrast optics.

Autophagy assay

Cells were resuspended in CM and exposed for 1-96 h to
20, 40 and 80 pM o-BSB. Then they were washed in PBS
and stained (Cyto-ID Autophagy Detection Kit, Enzo Life
Science, Farmingdale, NY). Cellular fluorescence was
evaluated on Fl-1 channel. Cells incubated 2 h in HBSS
without serum (starvation) were used as positive control of
autophagy. Data were expressed as autophagic activity
factor: AAF = 100 x (MFItreated - MFlcontrol)/MFItreated
where MFI is the median fluorescence intensity of the cells.

Detection of intracellular reactive oxygen species
(ROS)

Cells were incubated with 40 or 80 uM o-BSB for 2 h,
then washed, resuspended in HBSS (Invitrogen) at
5 x 10°/mL and loaded with 2.5 pM of CM-H,DCFDA
(Molecular Probes) for 1 h at 37 °C. After washing, ROS
were evaluated in flow cytometry by measuring the green
fluorescence signal of DCF, the oxidation product of
CM-H,DCFDA by free radicals. H,O, was used as positive
control.

Mitochondrial injury assays
Cells were resuspended in CM at 1 x 10%mL and treated

with 40 uM o-BSB for 3 and 5 h at 37 °C. (1) Mitochon-
drial permeability transition pore (mPTP) opening. Cells

were washed with CM, resuspended with HBSS/Ca’** and
loaded with 10 nM calcein AM with or without 400 uM
CoCl, for 15 min at 37 °C (MitoProbe Transition Pore
Assay Kit, Invitrogen). Cell fluorescence was recorded by
flow cytometry. (2) Mitochondrial transmembrane poten-
tial (4V,,). As previously described [1], cells were washed
with prewarmed CM, loaded with 4 pM JC-1 (Molecular
Probes, Eugene, OR) [38, 39] and after 30 min incubation
they were washed twice with PBS. An aliquot of each
sample was resuspended in PBS and analyzed by flow
cytometry. The remaining aliquot of each sample was
spotted onto a slide, immobilized under a coverslip and
immediately recorded by an Axio Observer inverted
microscope (Zeiss, Gottingen, DE). Visualization of JC-1
monomers (green fluorescence) and JC-1 aggregates (red
fluorescence) was done using filter sets for fluorescein and
rhodamine dyes. Image analysis was done by Axiovision 3
software.

Lysosome injury assays

(1) Acridine orange (AO)-uptake assay. Cells treated with
80 uM o-BSB for 1 and 3 h were stained with 0.5 pg/mL
AO for 15 min at 37 °C, washed twice and acquired by
flow cytometry (FL-3 channel). (2) AO-relocation assay.
Cells incubated with 0.5 pg/mL AO (Molecular Probes) for
15 min at 37 °C, washed twice with RPMI-1640 and
incubated with 40, 60, 80 uM o-BSB for 1 and 3 h, were
acquired by flow cytometry (FL-1 channel). (3) Lyso-
Tracker green (LTG)-uptake assay. Cells treated with
80 uM ao-BSB for 1, 3 and 5 h were washed and incubated
at 37 °C for 1 h with 75 nM of the acidotropic dye LTG
DND-26 (LTG, Molecular Probes). Cells were acquired by
flow cytometry (FL-1 channel) or counterstained with
Hoechst 33342 (Invitrogen), transferred to a slide and
imaged by an Axio Observer inverted microscope. (4)
Cathepsin B immunofluorescence staining. Hela cells were
grown on slides until semiconfluence, exposed to 80 pM o~
BSB for 1, 3 and 5 h, washed in PBS and fixed in methanol
at —20 °C for 20 min. After a brief rinsing in cold acetone
cells were blocked for 1 h in PBS/5 % normal goat serum
and incubated overnight at 4 °C with a rabbit monoclonal
antibody to human cathepsin B (Abcam, Cambridge, UK)
in PBS/0.1 % Triton X-100. The cell samples were
developed with a goat anti-rabbit Alexa Fluor 568-conju-
gated antibody (Invitrogen), counterstained with DAPI and
imaged by an Axio Observer inverted microscope.

Statistics
Student’s ¢ test for means, x2 tests and Kruskall-Wallis

analysis of variance by rank as appropriate were considered
significant for p values <0.05.

@ Springer



920 Apoptosis (2016) 21:917-927

— Jurkat
CML-T1

Results

—_
o
o

Cytotoxicity

~
(6]

Exposure to o-BSB reduced cell viability in a dose-de-
pendent manner. In the experiments depicted in Fig. la,
o-BSB ICsq was 52 + 7, 80 & 3 and 95 £ 9 uM in CML-
T1, Jurkat and HeLa cells, respectively. The different ICs
may reflect either characteristics of the different cell lin- , :
eages or differential patterns of tumor-related mutations or 40 80 120 160
metabolism. The loss of cell viability was associated with MM a-BSB
several activities enacted by a-BSB. (1) Apoptosis. In the
experiment in Fig. 1b, a-BSB induced a time-dependent
increase of Annexin-V and TO-PRO-3 fluorescence, indi-
cating the activation of the apoptotic cascade. (2) Caspase-
independent death. Figure 1c shows that treatment with the
broad spectrum caspase inhibitor Q-VD-OPh was only
partially effective in blocking the apoptotic effects induced
by o-BSB, suggesting that death pathways different from
the apoptotic ones were activated and induced loss of cell 3
viability [35]. (3) Cytostatic effect. In Fig. 1d, parallel Annexin-V
experiments of cell proliferation are depicted, as evaluated

by CSFE assay. a-BSB induced a lesser decrease of mean C m a-BSB

fluorescence intensity (MFI), i.e. longer S-phases, as B Q-VD-OPh+a-BSB
opposed to untreated cells at each time, a feature in line 100
with the activation of autophagic processes. In the fol-
lowing paragraphs we will analyze in detail such different
a-BSB-induced activities.

% of viable cells
N [é)]
[6)] o

o

o]

TO-PRO-3

80
60
40

20
It has been demonstrated that cell membrane lipid rafts are 0
targets of a-BSB [9]. The exact role, however, if any, 20 40 80 160
played by lipid rafts in the mechanism of a-BSB entry into MM a-BSB
cells remained an unsolved question. To characterize the

relevance of lipid rafts in the process of a-BSB internal- D 100 5
ization, we disrupted them by pretreating cells with Filipin o
III. As shown in Fig. 2, Filipin III rescued cells from o- — control

BSB cytotoxicity in a dose-dependent manner. Therefore, — 0-BSB al
lipid raft-dependent endocytosis plays a role in o-BSB
internalization that leads to cell toxicity.

Lipid raft-mediated internalization

% of viable cells

control

w

N

p<0.05

Mitochondrial destabilization

CFSE MFI x 10*

We have previously demonstrated that treatment with o-
BSB induced dissipation of the AW, in leukemic cell lines ‘ _
as well as in leukemic primary cells [1-3]. Here we anal- 24 48 72 96
ysed these events in CML-T1, Jurkat and HeLa cell lines. hours

As shown in Fig. 2b, the cells were incubated with o-BSB

and then loaded with calcein acetoxymethyl (AM) that

becomes fluorescent in cytoplasm and mitochondria, and

added with CoCl,, a quenching compound that enters

10* 10°

" CFSE
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«Fig. 1 o-BSB activities on cell viability, apoptosis and proliferation.
a Viability of cells treated with o-BSB for 48 h. b Apoptosis of cells
treated with 80 uM o-BSB for 1 and 3 h. Staining with Annexin-V
and TO-PRO-3 to distinguish between alive (Annexin-V"*¢/TO-PRO-
3"°€), early apoptotic (Annexin-VP/TO-PRO-3"°®), late apoptotic
(Annexin-VP*/TO-PRO-3P**) and necrotic (Annexin-V"°¢/TO-PRO-
3P%%) cells. ¢ Effects of 25 pM pancaspase inhibitor Q-VD-OPh on the
viability of cells treated with «-BSB for 48 h. The inhibition of death
was statistically significant (p < 0.05). d Left side. 96-h time-course
comparison of the CFSE fluorescence intensity between control and
treated cells (MFI £ SD, p < 0.05). Right side. Representative
overlay histogram of the daily CFSE fluorescence intensity in alive
cells (TO-PRO-3"¢ population). In control cells, CFSE dilution
amongst the proliferating cells induced a given decrease of fluores-
cence intensity day by day. In 40 uM o-BSB-treated cells a lesser
dilution of CFSE indicated decreased cell division. Note that
proliferating cell lines generated a single peak of CSFE characterized
by a gradual decrease of MFI over time. Representative experiments
or mean £ SD of at least five experiments are depicted

mitochondria only in the presence of pores in their mem-
brane. A clear-cut decrease of the fluorescence emitted by
treated cells as opposed to the untreated ones indicated
mitochondrial pore opening. Then cells were stained with
JC-1, a fluorescence emitter preferentially driven by the
AY,, to mitochondria, where it forms red-emitting aggre-
gates, whereas in the cytosol it exists as a green-fluorescent
monomer. The ratio of red/green JC-1 fluorescence is a
reliable measure of AW, [40]. At flow cytometry, cells
exposed to o-BSB lost their red fluorescence, shifting
downward over a few hours (Fig. 2c, left side). At micro-
scopy, treated cells changed from a punctate red to a dif-
fuse green fluorescence to indicate disruption of AW,
(Fig. 2c, right side). Taken together, the calcein AM/CoCl,
and JC-1 assays show that o-BSB induces irreversible
mPTP opening (Fig. 2b) with dissipation of the AW,
(Fig. 2¢). This is followed by cytochrome c release, the
start of the caspase-dependent apoptotic process and the
loss of cell viability (Fig. la, b). The evidence, however,
that o-BSB induced cell death despite caspase blocking
(Fig. 1c) led us to investigate other kinds of organelle
damage beside the mitochondrial loss of AW ,,.

Lysosomal membrane permeabilization

The effect of a-BSB on lysosomes was studied by using the
lysosomotropic probes AO (red fluorescent) and LTG
(green fluorescent), both of which are retained in intact
lysosomes and emit intense fluorescence at flow cytometry.
Damaged lysosomes release AO to the cytosol, which turns
green [41, 42]. The AO-uptake assay measures directly the
red lysosomal fluorescence. Instead, the AO-relocation
assay is based on the assessment of increased cytosolic
green fluorescence secondary to lysosomal rupture with
AO relocation to the cytosol [42-45]. After treatment with

JC-1 aggrgates
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«Fig. 2 o-BSB enters cells via lipid rafts and induces mitochondrial A
membrane injury. a Pretreatment with 1 and 1.5 pg/mL Filipin III control control
(which disrupt lipid rafts with no leakage through the membrane)
rescued from apoptosis 7 + 3.6, 10 & 2.9, 19 + 6.7 and 12 + 1.4, \
17 £ 2.8, 35 + 3.5 %, respectively, of the cells exposed to 20, 40,
80 uM o-BSB for 24 h (p < 0.05). b a-BSB-induced mPTP opening.
After 5 h of treatment with 40 pM o-BSB, cells loaded with calcein J

AM ester and added with CoCl, were significantly less fluorescent

than untreated cells (p < 0.01), indicating the presence of pores in k\,k
mitochondrial membrane allowing CoCl, to pass through. ¢ a-BSB- a-BSB \ JJS&-BSB \_
induced dissipation of AW, is indicated by JC-1 relocation from = - - = =
mitochondria (red-fluorescent aggregates) to cytoplasm (green-fluo- 0 10* o’ 10*  10° 00 0 10°
rescent monomer). Flow cytometry (left side). Untreated cells showed AO - F|-1 AO Fl 3

high red fluorescent JC-1 aggregates corresponding to normal (high)
AY,,. Treatment with 40 pM o-BSB for 3 and 5 h induced B

progressive reduction of the red fluorescence, i.e. JC-1 relocation to control 1h

the cytosol, due to the o-BSB-induced progressive loss of A¥Y,, oa-BSB
(intermediate and low AWY,,). Fluorescence microscopy (X400, right

side). Untreated cells show intact, well-polarized mitochondria, 1038 463 1633

marked by a red punctate fluorescence; after treatment with 40 pM

o-BSB for 3 and 5 h, a green fluorescence indicates the relocation of
(o) (o) o)

JC-1 to cytosol (green-fluorescent monomers) due to loss of AW, J 98% 30% 70%

Representative experiments or mean £ SD of at least five experi-
ments are depicted

T -y oy p ~—T -y oy Ry

a-BSB, the AO-relocation assay demonstrated an increase 3h a-BSB 5h a-BSB
in green fluorescence detectable up to 3 h (Fig. 3a, left
side) and, accordingly, the AO-uptake assay demonstrated

59%

a decrease in red fluorescence (Fig. 3a, right side), both
assays indicating the alteration of the lysosomal membrane
permeability by a-BSB. This was further confirmed by the
LTG-uptake assay [46, 47]. Under baseline conditions,
LTG was located at large green fluorescent vesicles in the
cytoplasm. It showed higher MFI within 1 h of treatment 10
with o-BSB and a time-dependent appearance of an

incremental population of dimly fluorescent cells (Fig. 3b,
top). These flow cytometry findings are consistent with an
enlargement and subsequent collapse of lysosomes due to
o-BSB. At microscopy we could directly observe a shift
from a speckled cytosolic pattern in untreated cells to a
diffuse pale extralysosomal pattern after 5 h of treatment
(Fig. 3b, bottom) in line with an alteration of the lysosomal
membrane permeability. Immunofluorescence staining of sh a-BSB

cathepsin B confirmed the o-BSB-induced leakage of

0 10% 10

LTG

lysosomal contents into the cytosol. In untreated cells CathepSin B
cathepsin B showed a cytoplasmic punctate pattern with a C

typical higher concentration in the perinuclear region

(Fig. 3c, left side). Following exposure to o-BSB there was :

a clear leakage of cathepsin B out around lysosomes into .
the cytosol as demonstrated by diffuse cytoplasmic posi- .

tivity (Fig. 3c, right side). Therefore o-BSB triggers irre-

versible opening in the lysosomal membrane (Fig. 3a—c)

and may explain why the pan-caspase inhibitor Q-VD-OPh control 5h a-BSB
induced only a partial blockade of the a-BSB cytotoxicity

(Fig. 1c).
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«Fig. 3 o-BSB induces lysosomal membrane injury. Cells were
incubated in the presence or absence of 40 uM o-BSB up to 5h
and stained with AO, LTG and immunofluorescence to lysosomal
enzyme cathepsin B. a Left side AO-relocation assay shows an
increase of green fluorescence by flow cytometry indicating a leakage
of AO from lysosomes into the cytoplasm. Right side AO-uptake
assay measures a reduction in red fluorescence due to defective
lysosomal accumulation of AO. b Flow cytometry. Kinetics of
lysosomal destabilization as evaluated by LTG-uptake assay showing
initial enhancement of fluorescence followed by collapse (MFI values
and the corresponding percentage of cells are reported). Fluorescence
microscopy (X1000). Shift from a punctate staining (intact lyso-
somes) in control cells to a diffuse extralysosomal signal (lysosomal
destabilization) in treated cells. (¢) Immunostaining of cathepsin B
(X1000 fluorescence microscopy). The red punctate distribution of
the cathepsin preferentially in the perinuclear region of control cells is
replaced by a diffuse cytosolic pattern throughout the cell after
exposure to a-BSB. Nuclei counterstained with DAPI. Representative
experiments out of five are depicted

ROS induction

The cell-permeant probe CM-H,DCFDA is nonfluorescent
until removal of the acetate groups by intracellular
esterases. Therefore the intensity of CM-H,DCFDA fluo-
rescence is proportional to the cellular amount of ROS. In
Jurkat cells treated with 40 and 80 pM o-BSB for 2 h
(Fig. 4a) there was a clear increase of fluorescence of CM-
H,DCFDA loaded cells (MFleareq = 35 &+ 3 vs MFlpa =
8.5 £ 0.5; p < 0.01), indicating ROS generation, which is
associated with lysosome injury and mitochondrial disrup-
tion [21, 48].

Autophagy and apoptosis

Damaged cells are expected to undergo an attempt of res-
cue through autophagy and to undergo apoptosis if the
rescue fails [11]. Therefore, the a-BSB-dependent cyto-
static effect shown in Fig. 1d experiments could signal
autophagy. To study this we first obtained FSC-A versus
SSC-A cytograms of a-BSB-treated cells to roughly dis-
criminate between living (G1) and apoptotic (G2) cells
(Fig. 4b, top). G1 cells were still alive, while G2 cells were
apoptotic, as shown in Fig. 4b, bottom. Then we used Cyto-
ID-green, to measure autophagic vacuoles in live cells. The
dye exhibits bright fluorescence upon incorporation into
preautophagosomes, autophagosomes and autophagolyso-
somes. Analysis on the G1 population loaded with Cyto-
ID-green evidenced a dose response increase of green
fluorescence (Fig. 4c, left side): the autophagic activity
factor raised up to 50.5 & 10.4 upon increasing concen-
trations of a-BSB as opposed to 31.6 & 7.5 in starved cells
used as a control, which indicated active autophagy
(Fig. 4c, right side). By contrast, analysis on the G2 pop-
ulation demonstrated a reduction of fluorescence, as a

result of dye leakage (data not shown) in line with apop-
tosis. An increase of Cyto-ID-green-related fluorescence
may signal either induction of autophagy or accumulation
of autophagosomes following inhibition of the autophagic
flux, namely due to damaged lysosomes. But autophagy
takes place in both cases. The dose— and time— response
experiments in Fig. 5 further supported this interpretation.
The rescue effect of autophagy was measured as increased
number of cells at each analysis-point as opposed to seeded
cells. Up to 20 pM o-BSB, the autophagic rescue was
efficient. At higher o-BSB concentrations and longer times
cumulative lysosomal damage inhibited autophagy likely
by impairing the autophagic flux. The highest o-BSB doses
led to necrosis. This was supported by the experiments
shown in Fig. 6, where the inhibition of autophagy by
using 3-MA and BafA led to a clear-cut increase of
apoptotic death in the range of 20-40 uM o-BSB.

Discussion

In the present work we investigated the mechanisms of cell
death induced by the plant-derived sesquiterpene o-BSB.
Our findings show that this agent promotes cytotoxicity by
inducing pores in mitochondria and lysosomes. Loss of
AW, lysosome leakage, and apoptosis follow. Autophagy
activated first as a rescue response to o-BSB-induced
damage is bound to fail due to lysosome permeabilization.
Eventually, both mitochondrial and lysosomal damages
cooperate in activating caspases and cell apoptosis.
Lysosomal variation may be a predisposing factor for
disease [49] and some alterations have been described in
malignancy that highlight the role of lysosomes both in
cancer pathogenesis and treatment [21, 29]. Often cancer
cells share overexpression of lysosomal proteases that
promote cancer growth, invasion and metastasis or cells
bear acquired defects in the classic caspase-dependent
pathways of apoptosis that favor survival as well as resis-
tance to agents acting through those pathways. Therefore,
enhancing lysosomal cell-death pathways may be a thera-
peutic strategy to overcome those acquired defects [29].
On the other hand, lysosomes are involved in autophagy.
This regulated mechanism sequesters parts of the cyto-
plasm and organelles and delivers them to lysosomes for
degradation. Autophagy protects cells against starvation
(recycling nutrient from digested organelles), ensures cell
homeostasis (removing damaged protein and organelle),
and is involved in aging, cancer and degenerative diseases
[11, 12, 50]. Convincing data show that cancer stem cells
may survive treatment due to autophagy [29, 31, 32]. For
example, BCR/ABL + stem cells represent a leukemic
reservoir that resists tyrosine kinase inhibitors through
autophagy [1, 2]. o-BSB by damaging lysosomes and
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Fig. 4 o-BSB induces A
autophagy and apoptosis. Cells

were cultured for 2 and 5 h in

the presence of a-BSB at the

indicated doses. Then each

sample was divided in three

aliquots to test ROS generation,
autophagy and apoptosis.

a Dose-response generation of

ROS in Jurkat cells as

evidenced by the increase of

green fluorescence of CM-

H,DCFDA. Incubation with

H,0, was used as positive B
control. b Top FSC-A versus

20 uM a-BSB

01 10* 10t 108
CM-H,DCFDA

40 uM

control

SSC-A cytograms. Gate 1 (G1)
and gate 2 (G2) were applied to
evidence alive and dead cells
based on their morphological
pattern. Bottom Analysis of
apoptosis. G1, alive cells
(Annexin V"*¢/TO-PRO-3"%%);
G2, apoptotic cells (Annexin

VPITO-PRO-3P%). ¢ Left side
Dose-response increase of
fluorescence in o-BSB-treated
cells from G1 population

stained with Cyto-ID-green 10° 9
autophagy detection tracer.
Right side Upon o-BSB the 1oy G.2V
AAF rose significantly even as :
compared to the positive control
(cells starved in HBSS).

Representative results or 0

TO-PRO-3

mean =+ SD of at least five rr————
experiments are depicted
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Annexin-
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inhibiting the autophagic flux may contribute to target such
cancer reservoirs whose survival depends on autophagic
mechanisms [29, 31, 32]. Indeed, lysosomal permeabi-
lization with the release of proteolytic enzymes is a rec-
ognized trigger for apoptosis and inhibition of autophagy
[11, 21]. For example, TNF-related apoptosis-inducing
ligand (TRAIL) induces apoptosis through lysosomal per-
meabilization supported by BCL-2-associated X protein
(BAX), for BAX siRNA reduced cell death following
stimulation with TRAIL [29]. TNFa-induced hepatocyte
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apoptosis is mediated through the BCL-2 homology 3
(BH3)-only protein BH3-interacting domain death agonist
(BID) upstream of lysosome-dependent caspase 2 activa-
tion [51].

Accordingly, our working hypothesis is that the effects
of a-BSB on mammal cells may involve the interaction of
o-BSB and BID, which based on previous structural anal-
ysis harbors a pocket chemically recognized by a-BSB [9].
The switch from autophagy to apoptosis eventually
induced by o-BSB in our experiments may be prevalently a
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Fig. 5 Relationship between o-BSB-dependent autophagy, apoptosis
and necrosis. Cell number was determined by MTT after a-BSB
treatment at the indicated concentrations and times. a Absolute
number of cells in untreated and o-BSB-treated samples. b Compar-
ison of proliferation between untreated and 120 uM o-BSB-treated
cells. ¢ The dying-cell percentages related to the a-BSB concentra-
tions suggested activation and then subversion of protective
autophagy [11]. Apoptosis eventually prevailed, while the highest
o-BSB doses induced necrosis, which was evaluated by phase contrast
optics as cell swelling and plasma membrane breakdown. Orange,
blue and green areas indicate apoptotic cell loss, autophagic cell
rescue and necrosis, respectively. Mean £ SD of at least five
experiments are depicted

consequence of the lysosomal damage inhibiting autop-
hagy and tipping the balance towards apoptosis
[11, 14, 16-20, 52, 53]. Lower dosages of a-BSB activated
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Fig. 6 Autophagy inhibitors increase o-BSB apoptotic activity.
Jurkat cells were pretreated with BafA and 3-MA and then with the
indicated doses of a-BSB for 24 h. a Viability measurement by
AnnexinV-FITC/TO-PRO-3 assay. The percentages are reported of
increase of apoptotic cells (i.e. AnxVP*/TO-PRO-3"¢ + AnxVP®/
TO-PRO-3P%) after o-BSB stimulation in cells pretreated with
autophagy inhibitors as opposed to untreated ones (p < 0.01). b Vi-
ability measurement by MTT assay. Percentages of cellular death
increase after o-BSB stimulation in cells pretreated with autophagy
inhibitors as opposed to untreated ones (p < 0.01). Mean + SD of
four experiments are depicted

autophagy, while higher dosages determined apoptosis or
even necrosis. This is in line with the cytostatic effect
(Fig. 1c, d), with the relationship between concentra-
tion/time and autophagy/apoptosis/necrosis (Figs. 4, 5) and
with the increase of apoptosis induced by inhibiting
autophagy (Fig. 6) that we could measure in our experi-
ments following the treatment with o-BSB.

The specific effects of o-BSB, a terpene alcohol, on
mammal cells may be achieved through a xenohormesis [54]
layered over a pre-existing chemical foundation that comes
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from ancient molecular interactions regulating apoptosis/
autophagy switches shared by plant and mammal cells. In
plant cell immunity, terpenes amongst other molecules act
as pore-opening antimicrobial agents, apoptosis/autophagy
regulators, mediators of hormone defense networking and
eventually as cell fate regulator [13, 55-60], a context where
autophagy may represent the oldest form of eukaryotic
innate immunity to survive microorganisms.

In conclusion, a-BSB is a plant-derived agent effective
in inducing cytotoxicity in preclinical cellular and animal
models. Its activities in mammal cells are probably foun-
ded on a layer of ancient and basic molecular interactions
conserved over evolutionary distances [55-62]. In the
present study we showed that o-BSB kills neoplastic cells
through cascade affects of mitochondria [7, 20] and lyso-
somes eventually subverting autophagic protective mech-
anisms and inducing apoptosis [11, 21]. For a-BSB may
recruit either caspase-dependent or caspase-independent
cell death pathways, it is a cytotoxic agent able to over-
come various mechanisms of resistance to treatment that
neoplastic cells have acquired.
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