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Lung cancer is the most commonly diagnosed cancer and the one that causes the most deaths worldwide, so there
is a need for therapies that improve survival rates. Products derived from marine organisms are a source of novel
and potent antitumor compounds, but they present the great obstacle of their obtaining from the natural envi-
ronment and the problems associated with the synthesis and biological effects of chemical analogues. In this
work, a Bengamide analogue (Bengamide II) was chemically synthesized and in vitro and in vivo studies were
performed to determine its antitumor activity and mechanisms of action. It was shown to have potent anti-
proliferative activity in lung cancer lines in 2D and 3D models. In addition, Bengamide II-treated cells showed
G2/M and GO/G1 cell cycle arrest, together with a decrease in the proliferation marker Ki67. As for the
mechanism of action, the treatment was associated with increased LC3-II expression and production of acidic
vesicles signaling autophagy. In addition, Bengamide II treatment was associated with caspase-3 activation and
DNA fragmentation related to apoptosis. Furthermore, a reduction of VEGFA expression, related to angiogenesis,
was also observed. In vivo studies showed that Bengamide II markedly reduced tumor volume and metastases
increasing survival. Additionally, it revealed no systemic toxicity in in vivo models at the therapeutic doses used,
which is essential for its future clinical use. Taken together, the chemically synthesized bengamide analogue
Bengamide II, is a promising drug for lung cancer treatment showing relevant antitumor activity and significant
safety.

1. Introduction et al. reported the existence of bengamides, in particular bengamides E

(3), F (4, E (5) and F (6) in a gram negative terrestrial bacterium,

Bengamides comprise a large number of members of a family of
naturally occurring compounds of marine origin. The discovery of the
first members of bengamides, A (1) and B (2), was in 1986 by Crews and
Quinoa from an undescribed specimen of a sponge belonging to the
Jaspidae family in the Fiji Islands [1]. Following this first discovery,
other members of the bengamides (bengamides C-Q) were isolated from
sponges in other parts of the world [2]. Interestingly, in 2012, Johnson

Myxococcus virescens [3]. These natural compounds displayed impres-
sive biological activities, including antitumor, anthelmintic and anti-
biotic activities, what encouraged an intense research activity towards
the design, synthesis, and biological evaluation of analogues in the last
years [4,5].

The robust and outstanding antitumor effects of some of the natural
bengamides and analogues have attracted the attention of several
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research groups, and some of the mechanisms by which they exert this
antitumor effect have been investigated and are now known. In vitro
studies have documented the antiproliferative effects of bengamide
analogues, while in vivo assays have been conducted to evaluate their
efficacy against breast cancer and melanoma mouse model. Addition-
ally, a clinical trial developed by Novartis was undertaken; however, it
was discontinued due to cardiac toxicity [2]. Recently, bengamide an-
alogues have shown no toxic effects in blood cells and cells of the im-
mune system (macrophages and white blood cells) [6].

The molecular target of bengamides was elucidated by proteomics-
based approach, showing that bengamides inhibited the methionine
aminopeptidases, MetApl and MetAp2, and revealing that cells treated
with bengamide had an increase in N-terminal methionine residues of
20% [7]. This action mechanism was supported by the crystalization of
the enzyme-bengamide complex and subsequent X-ray analysis [7,8],
together with enzymatic assays that showed an inhibitory effect of
bengamides against MetApl and MetAp2 activity [9,10]. As a conse-
quence of MetAps inhibition, bengamide hampered N-myristoylation of
proto-oncogene c-Src, which play a pivotal role in cell cycle progression,
altered its subcellular localization and significantly decreased its tyro-
sine kinase activity, producing a delay in cell cycle progression through
G2/M phase [6,10]. In addition, bengamides exert immunomodulatory
effect through targeting nuclear factor kB (NF-kB) pathway implicated
in development and metastasis in several cancers [3]. Furthermore,
MetAp2 enzyme inhibition has gained interest as a cancer treatment
strategy as it is a well-known target of anti-angiogenic and tumor growth
suppressor drugs such as ovalicin [11] and fumagillin [12]. Addition-
ally, Wenzel et al. suggested that bengamide could be recognized by
P-glycoprotein efflux pump, an important detoxifying protein located in
cell membrane [13].

Among all the bengamide analogues reported so far, the ring-opened
derivatives, developed by Tai et al. exhibited very potent activities
(Scheme 1) and improved solubilities in water with respect to the nat-
ural counterparts. Particularly striking was compound 8, which was
found to be the most potent analogue of the series (ICsg = 4 nM against
MDA-MB-435), displaying an excellent solubility in water (7.57 mg/mL)
[14]. Given the promising antitumor properties showed by this benga-
mide analogue, we decided to prepare it, according to our synthetic
strategy established for the bengamides, and to further investigate its
antitumor activities.

A) Selected Natural Bengamides
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On the other hand, lung cancer, the second most frequently diag-
nosed cancer (11.4% of all cancers) and the leading cause of cancer-
related death worldwide (18% of all cancer deaths) in 2020 [15],
needs new therapeutic strategies to improve the survival rate of patients.
In fact, non-small cell lung cancer (NSCLC), the most common type of
lung cancer (85% of lung cancer), has progressively increased its inci-
dence and mortality in recent years [16] despite advances in the
application of predictive and diagnostic biomarkers and healthier life-
styles [17]. Surgical resection, chemotherapy, radiation, immuno-
therapy, targeted molecular therapy, and/or their combination are the
current treatment for NSCLC [18]. Surgical resection in early stages
(stage I) offers a favorable prognosis with a 5-year survival rate of
70-90%. However, advanced-stage NSCLC (more than 60% of diagnoses
are stage III or IV) is unresectable showing an overall 5-year survival rate
of about 15% despite multiple drugs available for treatment [19]. The
development of drug resistance is the main cause of treatment failure
and poor prognosis. In fact, drug resistance appears not only against
conventional chemotherapy treatments, but also against targeted mo-
lecular therapies [20]. Therefore, it is mandatory to develop new ther-
apeutic tools to improve the prognosis of patients with NSCLC.

The main objective of this study was to analyze the antitumor effect
of a new bengamide (Bengamide II) first in a panel of tumor cell lines
and later, in view of the obtained results, specifically in NSCLC cells.
Although future trials will be necessary, these results suggest that Ben-
gamide II may be a promising new molecule for the treatment of this
type of tumor.

2. Materials and methods
2.1. General techniques

All reactions were carried out under an argon atmosphere with dry,
freshly distilled solvents under anhydrous conditions, unless using
aqueous reagents or otherwise noted. All solvents used in reactions were
dried and distilled using standard procedures. Tetrahydrofuran (THF)
was distilled from sodium benzophenone, and methylene chloride
(CH2Cly) from calcium hydride. Yields refer to chromatographically and
spectroscopically (‘\H NMR) homogeneous materials, unless otherwise
stated. All solutions used in workup procedures were saturated unless
otherwise noted. All reagents were purchased at highest commercial

Me OH OMe , o]
= - N, N
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RZ z z

OH OH O
Bengamide E (3 =H, Ry =Me [ICs = 3.3 uM]
Bengamide F (4 R, = Me [IC5q = 2.9 uM]
Bengamide E' (5): Ry = H, Ry = Et [IC5q = 3.3 uM]
Bengamide F' (6): Ry = Me, Ry = Et [IC5g = 2.9 uM]
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Analogue BG-II (8) [IC5y = 4 nM]

Scheme 1. Natural Bengamides and Bengamide analogues. (A) Molecular structures of representative natural bengamides; (B) Representative bengamide analogues

and their cytotoxicities against MDA-MB-435 human breast cancer cells.
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quality and used without further purification unless otherwise stated. All
reactions were monitored by thin-layer chromatography (TLC) using
0.25 mm silica gel plates (60 F-254) using UV light (254 nm) as visu-
alizing agent and acidic ceric ammonium molybdate/ phosphomolybdic
acid or potassium permanganate solutions and heat as developing
agents. Flash column chromatography (FCC) was performed using silica
gel (60 A, particle size 230-400 mesh) under air pressure. All solvents
used for chromatographic purifications were distilled prior to use. 'H
and '*C NMR spectra were recorded on a Bruker DPX-400 MHz instru-
ment (Féllanden, Switzerland) and calibrated using residual undeu-
terated solvent as an internal reference. Chemical shifts are reported in
ppm with the resonance resulting from incomplete deuteration of the
solvent as the internal standard (*>*CDClg: 7.26 ppm, s and 77.0 ppm, t;
13CD30D2 4.87 ppm, s, 3.31 ppm, quin and 49.1 ppm, sep; 13C2D6OS:
2.49 ppm, quin and 39.52 ppm, sep). Data are reported as follows:
chemical shift §/ppm (multiplicity, coupling constants J (Hz) and inte-
gration (*H only)). The following abbreviations were used to explain the
multiplicities: s = singlet; d = doublet; t = triplet; q = quartet; quin
= quintet; b = broad; m = multiplet or combination thereof. 13C signals
are singles, unless otherwise stated. High-resolution mass spectrometry
(HRMS) was performed on a Thermo Fisher Scientific H-ESI and APCI
mass spectrometer (Waltham (MA), USA) in positive mode and using an
ion trap (Orbitrap) as the mass analyzer type. HRMS signals are reported
to four decimal places and are within + 5 ppm of theoretical values.

2.2. Synthesis of the Bengamide Analogue 8

Alkene 11. Olefin 9 (85 mg, 0.37 mmol, 1.0 equiv) and Hoveyda-
Grubbs 2nd generation catalyst (38 mg, 0.06 mmol, 0.15 equiv) were
dissolved in degassed CH2Cly (8.0 mL). Then 3,3-dimethylbut-1-ene
(10) (2.0 mL) was added dropwise at room temperature. The resulting
mixture reaction was heated at 40°C for 12 h. After this time, the solvent
was removed in vacuo and the resulting crude product was purified by
flash column chromatography (Silica gel, 100% hexanes — 40% EtOAc
in hexanes) to obtain 11 (96 mg, 90%) as a brown solid: Rz 0.72 (silica
gel, 40% EtOAc in hexanes); H NMR (400 MHz, CDCl3): 6§ 5.87 (d, J =
15.6 Hz, 1 H), 5.33 (dd, J = 15.6, 8.2 Hz, 1 H), 4.56 (d, J = 6.8 Hz, 2 H),
4.40 (t, J = 8.4 Hz, 1 H), 3.45 (s, 3 H), 3.19 (dt, J = 7.7, 4.0 Hz, 2 H),
1.46 (s, 3 H), 1.44 (s, 3 H), 1.03 (s, 9 H).

Carboxylic acid 12. BAIB (100 mg, 0.30 mmol, 3.0 equiv) was added
to a stirred solution of diol 11 (30 mg, 0.10 mmol, 1.0 equiv) in a 1:1
mixture of acetonitrile: water (4.0 mL). Then, 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) (4.6 mg, 0.03 mmol, 0.3 equiv) was added
and the resulting reaction mixture was stirred for 12 h at room tem-
perature. After this time, the reaction was quenched by addition of a
saturated aqueous NayS,03 solution and the aqueous layer was extrac-
ted with AcOEt. The combined organic extracts were washed with brine,
dried over anhydrous MgSOy, filtered and concentrated under reduced
pressure to yield carboxylic acid 12 as a light yellow oil, which was used
in the next step without any further purification.

Compound 14. To a solution of crude acid 12 (~ 0.30 mmol, 1.0
equiv) in DMF (3 mL) were added DIPEA (0.18 mL, 0.99 mmol, 3.3
equiv) and amino acid derivative 13 (133 mg, 0.36 mmol, 1.2 equiv).
When the solution was homogeneous, BOP (159 mg, 0.36 mmol, 1.2
equiv) was added in one portion, and the reaction mixture was stirred
for 12 h at room temperature. After this time, EtoO was added, and the
organic phase was washed with a saturated aqueous NH4Cl solution. The
organic layer was dried over anhydrous MgSOy, filtered and solvents
were removed in vacuo. The resulting crude product was purified by
flash column chromatography (Silica gel, 60% EtOAc in hexanes) to
obtain compound 14 (133 mg, 82% over 2 steps from 11) as a white
solid. Rg: 0.60 (silica gel, 100% EtOAc); 'H NMR (400 MHz, CDCl3) 6
6.90 (d, J=7.2 Hz,1 H), 6.76 — 6.71 (m, 1H), 5.89-5.82(m, 1 H), 5.41
(dd, J = 15.6, 8.3 Hz, 1 H), 4.54 — 4.43 (m, 1 H), 4.39 — 4.29 (m, 2 H),
4.11 (t, J = 6.0 Hz, 2 H), 3.92 (dd, J = 8.4, 3.9 Hz, 2 H), 3.72 (t, J =
5.6 Hz, 2 H), 3.46 (s, J = 6.6 Hz, 3 H), 3.32 - 3.22 (m, 2 H), 2.37 - 2.24
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(m, 3 H), 1.92-1.72 (m, 8 H), 1.43 (d, J = 1.4 Hz, 6 H), 1.04 (s, 9 H).
13C NMR (101 MHz, CDCl3) § 171.58, 170.60, 148.47, 132.42, 130.08,
128.29, 121.68, 109.00, 81.76, 79.33, 79.15, 71.25, 61.32, 59.13,
48.55, 43.22, 36.20, 33.25, 29.71, 29.27, 29.05, 28.66, 27.27, 26.93,
25.72, 25.42, 22.70, 17.91, 14.13; HRMS (H-ESI) m/z: [M +H]"
calculated for CogH49N2Og 541.3489; found 541.3485.

Bengamide analogue 8. HCI (1 M, 15 mL) was added to a stirred
solution of compound 14 (133 mg, 0.25 mmol, 1.0 equiv) in THF
(20 mL). The resulting reaction mixture was vigorously stirred for 4 h at
room temperature. After this time, the reaction mixture was diluted with
EtOAc and the excess of HCI was quenched by addition of a saturated
aqueous NaHCOs solution. The aqueous layer was extracted with AcOEt,
the organic layer washed with brine, dried over anhydrous MgSOs,
filtered and concentrated under reduced pressure. The resulting crude
product was purified by flash column chromatography (Silica gel, 60%
EtOAc in hexanes — 20% MeOH in CH2Cly) to obtain bengamide
analogue 8 (103.8 mg, 83%) as a colourless oil: Rz 0.1 (silica gel, 10%
MeOH in DCM); 'H NMR (400 MHz, CDCls): § 7.13 (s, 1 H), 6.79 (s,
1 H), 5.84 (d, J =15.7 Hz, 1 H), 5.49 (dd, J = 15.6, 6.4 Hz, 1 H), 4.55 —
4.40 (m, 2 H), 4.27 - 4.18 (m, 1 H), 4.10 (t, J = 6.5 Hz, 2 H), 4.00 (s,
1 H), 3.83 (d, J = 4.2 Hz, 1 H), 3.69 (s, 1 H), 3.50 (s, 3 H), 3.40 - 3.26
(m, 2 H), 3.18 (dt, J = 13.5, 6.2 Hz, 1 H), 2.35 — 2.24 (m, 2 H), 1.95 —
1.70 (m, 8 H), 1.45(d, J=7.2 Hz, 3 H), 1.25 (s, 4 H), 1.03 (s, J = 0.9 Hz,
9 H); HRMS (H-ESI) m/z: [M + H]' calculated for CysH4sN2Og
501.3176; found 501.3158.

2.3. Cell culture

Human lung (A549, NCIH460, NCIH520), breast (MCF7, SKBR3),
pancreas (PANC1), central nervous system (SK-N-SH, A172, SF268,
LN229), colon (T84) and liver (HepG2) cancer cell lines, murine breast
(E0771), pancreas (PANC2), lung (LL2) and colon (MC38) cancer cell
lines and colon (CCD18Co) non-tumor cell line were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM)-high glucose (Sigma-Aldrich). H69
lung cancer cell line was grown in RPMI 1640 medium (Sigma-Aldrich)
and breast cancer cell line MDA-MB-231 in Dulbecco’s Modified Eagle’s
Medium/Nutrient Mixture F-12 Ham (Sigma-Aldrich). Culture mediums
were supplemented with 10% of Fetal Bovine Serum (FBS) (Gibco) and
1% of Penicillin/Streptomycin (Sigma-Aldrich). Furthermore, MCF10A
breast non-tumor cell line was grown in Dulbecco’s Modified Eagle’s
Medium/Nutrient Mixture F-12 Ham (Sigma-Aldrich) supplemented
with 5% horse serum (HS) (Sigma-Aldrich), 0.02 pg/mL epithelial
growth factor (EGF) (Sigma-Aldrich), 0.5 pg/mL hydrocortisone (Sigma-
Aldrich), 100 ng/mL cholera toxin (Sigma-Aldrich) and 0.01 pg/mL
insulin-transferrin-selenium (ITS) (Thermo Fisher Scientific). Cells were
maintained at 37 °C and 5% CO2 humidified atmosphere. Scheme S1
shows a summary of the cell types used and most relevant information
about Material and Methods.

2.4. Proliferation assay

Cell lines were seeded in 48 well-plates at a density between
2.5 x 10% and 5 x 10* cells/well in order to calculate the half maximal
inhibitory concentration (ICsp) of Bengamide II (BII) in each cell line.
This study focus on lung cancer, so human non-small cell lung cancer
A549, NCIH460 and NCIH520 cell lines, human small cell lung cancer
H69 cell line and murine lung cancer LL/2 cell line were the most widely
studied. Cell lines were seeded in 48-well plates at a density of 4 x 10°
cells/well for LL/2, 5 x 10° cells/well for A549, 6 x 10° cells/well for
NCIH460, and 10* cells/well for H69. NCIH520 were seeded in 96-well
plates at a density of 1.5 x 10* cells/well. After 24 h cells were incu-
bated with increasing concentration (0.01-10 pM) of the drug (Benga-
mide II) for 72 h. Thus, adherent cell lines were fixed with cold
trichloroacetic acid (TCA) (Sigma-Aldrich) 10% for 20 min at 4°C and
stained for 20 min at room temperature with Sulforhodamine B (SRB)
(Sigma-Aldrich) (0.08%) diluted in 1% acetic acid glacial (PanReac
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AppliChem). The dye was solubilized using Trizma® (10 mM, pH 10.5)
(Sigma-Aldrich). Finally, the optical density (OD) was measured at
492 nm using 800™ TS Absorbance Reader (BioTek). Viability assay of
H69 cell line was performed using Cell Counting Kit-8 (CCK-8) (Dojindo
Laboratories, Kumamoto, Japan) 10% in RPMI, incubating cells for 3 h
at 37 °C and the absorbance at 450 nm was determined. Cell viability
(%) was calculated as follows:

OD sample — blank

100
OD negative control — blank .

%Proliferation =

2.5. Clonogenic assay

A549, NCIH460 and LL2 cell lines were pretreated with ICsy of
Bengamide II (0.4, 0.15 and 4 uM respectively). After 72 h, surviving
pretreated cells and non-treated cells were seeded at different densities
for A549 (10% cells/well), NCIH460 (2 x10? cells/well) and LL2 (10?
cells/well) in 12-well plates. A549, NCIH460 and LL2 non-treated cells
were treated with IC; (0.05, 0.05 and 1 puM respectively) and ICys5 (0.1,
0.1 and 3 uM respectively) of Bengamide II. The reduction of colony
number was assessed after 14 days (A549 and NCIH460) or 6 days (LL2)
of incubation at 37 °C in fully humidified atmosphere and 5% COs.
Colonies were fixed with cold TCA (Sigma-Aldrich) 10% for 20 min at
4°C and stained for 20 min at room temperature with SRB (Sigma-
Aldrich) (0.08%) diluted in 1% acetic acid glacial (PanReac Appli-
Chem), photos of the 12-well plate were taken, and colonies were
counted through ImageJ software.

2.6. Multicellular tumor spheroid (MTS) assay

Multicellular tumor spheroids of different lung cancer cell lines were
generated following our previously described protocol [21]. Briefly, a
96-well plate was coated with 50 pl of 1% agarose (w/v) to avoid cell
adhesion and dried at room temperature. Therefore, A549 (2 x10°
cells/well), LL/2 and NCIH460 (5 %102 cells/well) were seeded. The
plates were centrifuged at 2230 rpm for 10 min to facilitate cellular
aggregation and single spheroid formation per well. The plates were
maintained at 37 °C and 5% CO, humidified atmosphere for 72 h to
allow them to take the three-dimensional spheroid form. After that,
medium was changed and MTS were treated with a concentration
equivalent to ICsq (IC50), 2 times ICsg (2IC50) and 4 times ICsq (41C50)
doses of Bengamide II (Day 0). Untreated MTS were used as negative
control. New medium change and re-addition of Bengamide II were
made after three days (Day 3). Three days later (Day 6), a new medium
change was performed, and MTS were maintained three more days
without any treatment. To monitor the MTS growth, photos were taken
every three days until the end of experiment (Day 9) using a photo-
graphic inverted Microscope (Olympus, CKX41). Spheroid volume was
calculated mathematically with the longest diameter (LD) and the
shortest diameter (SD) as follows:

V=D x SD) x %
Additionally, cytotoxicity of MTS was determined using CCK-8 kit
(Dojindo Laboratories, Kumamoto, Japan) and measured using 800™ TS

Absorbance Reader (BioTek) as previously described.

2.7. Cell cycle analysis

Cell lines were seeded in 6-well plates at a density of 7 x 10* cells/
well for LL/2 and 9 x 10* cells/well for A549. The next day, the medium
was discarded and replaced for serum-free DMEM to synchronize cell
cycle. After 24 h, the medium was replaced again for supplemented
DMEM and treatments. LL/2 and A549 cell lines were treated with
16 uM and 1.6 uM of Bengamide II, respectively, which correspond to
4IC50 at 72 h during different times (12, 24 and 48 h). After treatment,
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medium was collected, and cells were harvested and centrifuged at
1500 g for 3 min. Pellet was resuspended in 100 pl of PBS and cells were
fixed by adding 900 ul of 70% cold EtOH and placed on ice for 10 min.
After that, cells were washed twice with PBS and DNA extraction solu-
tion (NagHPO4 0.2 M diluted in 0.1 M acetic acid, pH 7.8) was added
and incubated for 10 min at room temperature. DNA extraction solution
was removed by centrifugation (300 g, 3 min) and pellets were incu-
bated using the propidium iodide (PI)/RNASE solution (ImmunoStep) at
37 °C for 15 min in the dark. Subsequently cells were washed, and the
results were obtained in BD FACSCanto II flow cytometer (BD
BioSciences).

2.8. Western blot analysis

Proteins for western blot analysis were obtained from LL/2 and A549
cell lines treated with 4IC50 of Bengamide II (16 uM and 1.6 uM,
respectively) at different time points (12, 24 and 48 h) and an untreated
control was included. Cells were harvested and lysed with RIPA lysis &
extraction buffer (G-Biosciences). Protein concentrations were deter-
mined using Bradford Reagent (Sigma-Aldrich) and then denatured in
sodium dodecyl sulfate (SDS) loading buffer at 95°C for 5 min. Equal
amounts of total protein (60 pg) were separated by 12% SDS-
polyacrylamide electrophoresis gels (SDS-PAGE) and then transferred
onto nitrocellulose membranes (pore size 0.45 um, Bio-Rad), blocked
with 5% fat-free dry milk in 1X TBS (Thermo Fisher Scientific) con-
taining 0.1% Tween 20 (Bio-Rad) at room temperature for 1 h. The
primary antibodies were incubated overnight at 4°C, followed immu-
noblotting with horseradish peroxidase-coupled secondary antibody for
1 h at room temperature. Finally, the bands corresponding to interest
proteins were visualized using Amersham™ ECL™ Prime (Thermo
Fisher Scientific) in the LAS-4000 mini equipment (GEHealthcare, Chi-
cago, Illinois, EEU) and optical density (OD) values were quantified
using Quantity One analytical software (Bio-Rad). Western Blot condi-
tions and antibodies are shown in Table 1.

2.9. TUNEL staining

Apoptotic cell death in A549 and LL2 cell lines, control and treated
with Bengamide II, was evaluated with terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL) staining using a
TMR red in situ cell death detection kit (Roche). Cells were seeded at a
density of 2 x 10® and 3 x 10 cells/well for LL2 and A549, respec-
tively, in culture slides chambers (Corning Incorporated) and treated
with four times the ICso of Bengamide II (16 uM and 1.6 uM respec-
tively) at different time points (12, 24 and 48 h) and an untreated
control was included. After treatment, cells were fixed with 4% PFA at
room temperature for 1 h. In addition, deparaffinized and rehydrated
sections of tumor from mice were also analyzed by TUNEL analysis.
Both, cells and tissue section were permeabilized with 0.1% Triton X-

Table 1
Western Blot conditions and antibodies.

Target Supplier Catalog no. Working conditions
(Dilution, Temperature and
Time)
Primary antibodies
Caspase-3 Invitrogen 700182 1:500, 4°C, Overnight
VEGFA Abcam ab46154 1:1000, 4°C, Overnight
LC3B Novus Biologicals NB100-2220 1:1000, 4°C, Overnight
y-H2AX Invitrogen MA1-2022 1:1000, 4°C, Overnight
p-actin Sigma-Aldrich A3854 1:25000, Room Temperature,
1h
Secondary antibodies
Mouse IgG Santa Cruz sc-516102 1:5000, Room Temperature,
Biotech 1h
Rabbit Santa Cruz sc-2357 1:5000, Room Temperature,
1gG Biotech 1h
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100 and 0.1% sodium citrate for 2 and 8 min, respectively, and then
incubated with TUNEL reaction mixture at 37°C in darkness for 60 min.
After incubation, washes and staining with Hoechst (1:1000) for 5 min
were performed. Apoptotic cells were observed by fluorescence micro-
scopy (Leica). Finally, the number of TUNEL-positive cells in each of the
conditions compared to the control was determined. Using ImageJ
software, the TUNEL labeling intensity of each cell was quantified and,
based on a threshold set from the control, positive and negative cells
were counted.

2.10. Ki67 immunofluorescence

Immunofluorescence was performed to determine Ki67 expression.
LL2 and A549 cell lines were seeded at a density of 2 x 10 and 3 x 10°
cells/well, respectively, in culture slides chambers (Corning Incorpo-
rated) and treated with 4IC50 of Bengamide II (16 uM and 1.6 uM,
respectively) at different time points (12, 24 and 48 h) and an untreated
control was included. Cells were fixed with 95% cold methanol for
25 min at — 20°C, permeabilized with 0.3% Triton X-100 diluted in
0.1% PBS-Tween for 10 min and blocked with 5% goat serum in 0.1%
PBS-Tween for 30 min. After that, cells were incubated with primary
anti-Ki67 antibody (BD, 550906, 1:50) for 1 h at room temperature and
goat anti mouse IgG-FITC secondary antibody (SantaCruz Biotech-
nology, sc-2010, 1:100) for 1 h. Finally, nuclei staining was performed
using Hoescht (1:1000). To analyze Ki67 expression in tumor from mice,
samples were included in paraffin blocks and then cut with a rotary
microtome (Leica). Sections were deparaffinized, hydrated and anti-
genic recovery was performed by incubating them in a heat vaporizer
with 20% citrate buffer for 20 min. After cooling samples in distilled
water, Ki67 staining was performed as previously and observed by
fluorescence microscopy (Leica). For quantification of Ki67 labelling,
the number of Ki67 foci in each cell nucleus was counted using ImageJ
software.

2.11. Lysosomes staining

A549 and LL2 cell lines were seeded in 96-well plates and left
overnight to attach and were treated with 4IC50 of Bengamide II (16 pM
and 1.6 uM, respectively) at different time points (12, 24 and 48 h) and
an untreated control was included. After treatment, lysosomal vesicles
were stained with LysoTracker™ Red DND-99 (ThermoFisher Scientific)
diluted to 50 nM concentration for 1 h, after which nucleus were stained
with Hoechst (1:1000). The images were taken on live cells in PBS using
a fluorescence microscopy (Leica). Quantification of the images was
performed by analyzing the fluorescence intensity with ImageJ
software.

2.12. In vivo assay

Immunocompetent female C57BL/6 mice (weight 18-22 g) (Charles
River Laboratories Inc) were used to perform in vivo studies. Mice were
housed in cages under controlled conditions (22 + 2°C and 12 light-dark
cycle) and free access to water and food. The in vivo experiment was
approved by the Research Ethics Committee of Granada University
(Reference code: 16/01/2020/005) and in accordance with interna-
tional standards (European Communities Council Directive 2010/63).

2.12.1. In vivo toxicity test

Fifteen mice were divided into three groups. The control group
received saline solution and another two groups were treated with
different doses of Bengamide II (10 and 20 mg/kg) intraperitoneally
every two days for a total of 9 doses. Toxicity was monitored by
recording body weights and deaths in each treatment cycle and by
observation of general health. At the end point of the toxicity test, mice
were sacrificed by isoflurane (Fatro) inhalation and extraction of com-
plete peripheral blood from the mouse via axillary vessels was
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performed. To evaluate the possible impact of treatment in hematolog-
ical parameters, mice blood was processed in Mslab21 Medical Lab Fully
Auto Hematology Analyzer/Cbc Test Machine (Medsinglong Global
Group Co, China) and hemograms were obtained.

2.12.2. In vivo tumoral induction

Subcutaneous and metastatic tumor models were induced and
additionally, a group of healthy control mice were included in both
assays. Subcutaneous tumors were induced by injecting 5 x 10° cells of
LL/2 cell line resuspended in 100 pl of saline serum into the right flank
of the mice. When tumors were palpable, mice were divided into two
groups, a subcutaneous control group (n = 10) and a subcutaneous
treated group (n = 10). Treated group was injected intraperitoneally
with a dose of 20 mg/kg Bengamide II and control group was injected
with saline solution. Each group was treated every two days (three times
a week) for a total of 9 doses. The weights (controlled with a balance),
tumor dimensions (measured with a digital caliper) and death of both
groups of mice were recorded throughout the time. Tumor volume was
calculated as follows:

) b3
V= (a x b ) X 13
Where “a” is the largest diameter of the tumor, and “b” the largest
diameter perpendicular to “a”. Day 32 from the inoculation of tumor
cells (day 21 from the start of treatment) mice were sacrificed by iso-
flurane (Fatro) inhalation and extraction of complete peripheral blood
from the mouse via axillary vessels was carried out. Tumors were
excised, photographed and weighed. Finally, samples of tumors were
fixed in paraformaldehyde 4% (PanReac) for further inclusion in
paraffin. Additionally, tumor fragments were preserved in RNAlater
(Sigma-Aldrich) at — 80°C for further analysis.

Metastatic model was induced by injecting intravenously 1 x 10° of
LL/2 cells resuspended in 100 pl of DMEM in the tail vein. Three days
later, mice were divided into two groups, a metastatic control group
(n = 9) and a metastatic treated group (n = 8). The treated group was
injected intraperitoneally with a dose of 20 mg/kg Bengamide II and the
control group was injected with saline solution. Each group was treated
every two days (three times a week) for a total of 9 doses. Mice weights
and deaths of both groups were recorded throughout the time. The
endpoint of the experiment was on the day 34 from the inoculation of
tumor cells (day 31 from the start of treatment). Mice were sacrificed by
isoflurane (Fatro) inhalation and extraction of complete peripheral
blood from the mouse via axillary vessels was done. In this case, the
thoracic content was excised and lungs were filled with Bouin’s solution
(Sigma-Aldrich) during 24 h. After that, thoracic content was photo-
graphed, heart was removed, and lungs were weighed and then, lungs
were embedded in paraffin.

2.13. Evaluation of organ damage

To collect serum, blood mice was kept for 15 min at room temper-
ature and then centrifuged at 2000 g for 10 min. Serum was preserved at
— 80°C for further analysis. Organ damage was evaluated using reagent
kits supplied by Spinreact (Girona, Spain) and following the manufac-
turer’s instructions. The serum determinations performed were lactate
dehydrogenase (LDH, Ref. 1001260), creatine (Ref. 1001110), amylase
(Ref. 41201), total protein (Ref. 1001290), creatinine kinase MB
isoenzyme (CK-MB, Ref. 1001054), creatinine kinase-NAC (CK-NAC,
Ref. 41250), glutamate oxaloacetate (GOT, Ref. 1001160) and gluta-
mate pyruvate transaminase (GPT, Ref. 1001170).

2.14. Histological analysis
Tumors included in paraffin blocks were cut with a rotary microtome

(Leica). Sections were deparaffinized, hydrated and stained with he-
matoxylin-eosin.
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2.15. RNA isolation and real-time quantitative polymerase chain reaction
(RT-gPCR)

Tumor tissue preserved in RNAlater (Sigma-Aldrich) was mechani-
cally homogenized. Total RNA was extracted using RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions and quantified
using Nanodrop 2000 (Thermo Fisher). The synthesis of complementary
DNA was done using Reverse Transcription System kit (Promega) and
RT-qPCR was run on StepOnePlus™ Real-Time PCR System (Applied
Biosystem) and performed using TB Green Premix Ex Taq II (Takara Bio)
according to the manufacturer’s instructions. The primers used in RT-
qPCR are listed in Table S1. B-2-microglobulin was used as reference
gene. Gene expression was analyzed using 2-22Ct method. After that,
fold change compared to control mice was calculated and data
represented.

2.16. Statistical analysis

Different statistical tests were used depending on the type of data
analyzed. All statistical analyses and images were performed with
Graphad Prism 9. Comparisons between two groups were analyzed with
Student t-test. One-way ANOVA (univariate comparison) and two-way
ANOVA (comparison of two variables) were used for the comparison
between several samples and Tukey’s post-hoc test was performed. Non-
linear regression was performed for the cytotoxicity analysis and
1ogIC50 was calculated. Kaplan-Meier method was used to evaluate mice
survival and log-rank test was performed. Differences with p-value
< 0.05 were considered statistically significant.

3. Results and discussion
3.1. Synthesis of the Bengamide analogues

As mentioned above, we reported an alternative synthesis of ben-
gamide analogue 8 according to the synthetic strategy delineated in our
laboratories for the bengamides. However, in order to have access to
sufficient amounts of analogue 8 for the in vivo studies, we considered
that the cross-metathesis reaction should be carried out in earlier stages
of the synthesis, prior to the peptidic coupling. According to this
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modification in the order of the synthetic steps, terminal olefin 9 was
reacted with olefin 10 in the presence of Hoveyda-Grubbs 2nd genera-
tion catalyst to provide E-alkene 11 in an excellent 90% yield. Having
been efficiently installed the olefin substituent, selective oxidation of the
resulting disubstituted alkene 11 with TEMPO/BAIB furnished acid 12,
which, without further purification, was coupled with the amino acid
derivative 13 by the action of the coupling reagent BOP to obtain the
protected bengamide analogue 14 in 82% yield over 2 steps. Final acetal
deprotection of 14 provided analogue 8 in an 83% yield. After that, NMR
data (Fig. S1) confirmed that it was the Bengamide II molecule. This
improved synthesis (Scheme 2) allowed us to have access to more than
100 mg for all the biological evaluations described herein.

3.2. Bengamide II reduces viability in a broad panel of cell lines

Cytotoxic effects of Bengamide II were evaluated in a panel of 21
tumoral and non-tumoral cell lines of different origin (breast, pancreas,
lung, central nervous system, colon and liver) after 72 h of drug expo-
sure. For each cell line, ICsy was calculated (Table 2).

ICs0 values varied over a wide range from 0.16 to > 75 pM. The most
pronounced effect on cell viability was observed in the lung cancer lines
NCIH460 and A549 with ICsg values of 0.16 and 0.41 pM, respectively.
This is in agreement with results obtained by other authors for other
bengamides with antiproliferative effect against breast cancer cell lines
MDA-MD-435 [22] and MCF7 [6], NSCLC and SCLC cell lines A549 and
H1299 [9], colon cancer cell lines T84, SW480, HCT15, HT29 and MC38
[6] and other cancer cell types in the NCI60 cell-line panel [22] with
ICso values of nM-uM range. Furthermore, the non-tumor cell line
MCF10A included in the in vitro assay showed ICsy value (1.82 puM)
similar to the tumor cell lines. However, the colon non-tumor cell line,
CCD18Co showed an ICsg > 75 uM. Among the murine tumor cell lines,
the one from pancreas (Panc2) together with the one of pulmonary
origin (LL2) showed a large reduction in viability with ICsq values of
1.09 M and 4.02 uM, respectively, compared to the cell lines from
breast, E0771 (IC59 = 19.54 uM) and colon, MC38 (IC5¢ = 28.88 uM).
Taking together, low ICs¢ of Bengamide II in human lung cancer cell
lines and in LL2 murine lung cancer cell line, this tumor type was
selected for further in vitro studies and in vivo assay in immunocompe-
tent mice.

(82% over

Me OH OMe 0
Me P H H H_L
Me <N Sl ko
OH OH O Me N
BII (8)

2 steps)

¢ 4)1 M HCI, RT

(83%)

Scheme 2. An Improved Synthesis for Bengamide Analogue 8 (BII).
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Table 2
Determination of ICE;?)) (uM) of Bengamide II in different cell lines.

Organ/Tissue Cell line Bengamide II ICsq (uM)
Breast MCF7 0.50 + 0.15
MDA-MB-231 5.00 + 0.07
SKBR3 25.92+8
MCF10A 1.82 +£0.31
E0771 19.54 +£1.27
Pancreas Pancl 4.04 £ 0.61
Panc2 1.09 +£0.19
Lung A549 0.41 £0.2
NCI-H460 0.16 + 0.02
NCI-H520 >75
H69 4.80 +1.52
LL2 4.02 +0.72
Central Nervous System SK-N-SH 8.97 +1.02
Al172 1.11 +£0.23
SF268 29.52 4+ 1.93
LN229 1.35 + 0.46
Colon T84 1.35+0.28
CCD18Co >75
MC38 28.88 + 4.14
Liver HepG2 14.98 £+ 0.58

®Half-maximal inhibitory concentration (ICso) values calculated from dose-
response curves as the concentration of compound that inhibits cell survival
by 50% compared to control. They are expressed as means + SD of triplicate
samples each.

3.3. Bengamide II reduces the colony-forming capacity of lung tumor cell
lines

As shown in Fig. 1, all three lung cell lines treated with Bengamide II
IC;10 and ICys at 72 h displayed a decreased capacity to form colonies in
long-term experiment when seeded at low cell density. Concretely, the
exposure of A549 (Fig. 1A), NCIH460 (Fig. 1B) and LL2 (Fig. 1C) to
Bengamide II ICy5 (0.1, 0.1 and 3 pM, respectively) showed an almost
total reduction in colony forming capacity. In addition, the fraction of
cells resistant to Bengamide II ICsy exposure for 72 h showed a slight
reduction in colony forming ability that was not statistically significant
in any of the cell lines tested.

3.4. Bengamide II inhibits growth of Multicellular Tumor Spheroid (MTS)
from lung tumor cell lines

MTS were used to study the effects and penetrability of Bengamide II
in a three-dimensional system that mimics 3D tumors in vivo. As shown
in Fig. 1, cell viability at the end point of the experiment (9 days)
measured by CCK8 showed a marked reduction in cell viability in all cell
lines studied. Furthermore, a significant reduction in MTS size was also
demonstrated after exposure to Bengamide II treatments (IC50, 2IC50,
and 4IC50) indicating a dose-dependent response. Specifically,
NCIH460 MTS treated with IC50, 2IC50, and 4IC50 of Bengamide II
showed a 15.7%, 26% and 36.6% of size reduction respectively
(Fig. 1E). LL2 MTS showed the most marked size differences with a
reduction of 49.2%, 65.6% and 80.2% after the use of IC50, 2IC50, and
4IC50 of Bengamide II, respectively (Fig. 1F). Finally, only the A549 cell
line did not show MTS volume differences despite a positive modulation
of cell viability. However, MTS from A549 (Fig. 1D), NCIH460 (Fig. 1E)
and LL2 (Fig. 1F) cell lines showed a dose-dependent reduction in
viability on the endpoint of the experiment (Day 9).

The findings obtained in this MTS assay using Bengamide II
demonstrated their potent antitumor effects within this three-
dimensional arrangement, which more closely resembles an in vivo
model due to the presence of chemical gradients (such as oxygen, nu-
trients, catabolites, or drugs) and the formation of a necrotic zone within
the spheroids [23].
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3.5. Modulation of cell cycle by Bengamide II

Morphological alterations were observed in A549 and LL2 cell lines
subsequent to exposure to Bengamide II. Fig. 2A demonstrates that the
A549 cell line exhibited a transition towards a more spherical
morphology, while the LL2 cell line (Fig. 2B) displayed an elongated
morphology following treatment with Bengamide II, in contrast to their
corresponding control conditions.

A549 and LL2 cells lines treated with Bengamide II showed statisti-
cally significant changes in cell cycle analysis. A549 cell line showed a
statistically significant (p < 0.001) GO/G1 phase increase with Benga-
mide II treatment at all treatment times. At longer times (24 and 48 h) a
G2/M phase arrest was also observed (Fig. 2C). In LL2 cell line (Fig. 2D)
an arrest in the GO/G1 phase of the cell cycle was observed at 12 and
24 h and basal levels were restored at 48 h. A G2/M arrest is also
observed at 12 and 48 h of Bengamide II treatment. Furthermore, a
significant reduction in the proportion of cells in the S phase of the cell
cycle was observed in both A549 and LL2 cell lines. However, no
changes in the SubG1 phase were observed in either cell line (Figs. 2E
and F). The induction of cell cycle arrest in the G2/M phase by Benga-
mide II was similarly observed in a study conducted by Garcia Pinel et al.
using the colon cancer cell line T84 [6]. Furthermore, Philips et al.
revealed arrest in G1 and G2/M phases of cell cycle, data supported by
western blot analysis of key cell cycle regulators [24].

3.6. Molecular mechanisms of Bengamide II treatment

In order to determine the molecular mechanism of cell death induced
by Bengamide II, proteins involved in apoptosis mechanisms such as
caspase 3 or autophagy such as LC3B were studied in A549 human non-
small lung cancer cell line (Fig. 3A) and LL2 murine lung cancer cell line
(Fig. 3B). Activation of caspase 3 was observed in A549 cell line and an
increase of caspase-3 cleavage only after longer treatment times (48 h).
Caspases maintain cellular homeostasis by modulating processes related
to cell death and inflammation. They achieve this regulation through
targeted proteolytic cleavage at specific aspartate residues within their
substrate proteins, thus exerting precise control over cellular responses.
Caspase-3 is an effector apoptotic caspase which has been associated
with the treatment of different drugs used in the clinic for NSCLC, such
as paclitaxel or cisplatin [25,26].

Western blot detection of LC3B derivates (LC3-I and LC3-II) revealed
a time-dependent increase in LC3-II levels in A549, indicating auto-
phagy process activation. An increase in LC3-II expression was also
observed in LL2 cell line upon Bengamide II treatment, but was not time-
dependent. LC3 proteins are essential in autophagy involved in
biogenesis and transportation of autophagosomes. LC3-I is conjugated to
phosphatidylethanolamine to form lipidated LC3-II, which remains in
autophagosomes until autophagosomal fusion with lysosomes. Some
drugs have been shown to have antitumor activity through the promo-
tion of autophagy, such as metformin [27] and rapamycin [28,29]. A
study in NSCLC linked high levels of LC3B to better prognosis and
reduced tumor aggressiveness [30]. Finally, lysosome formation was
analyzed by LysoTracker staining of acidic vesicles (Figs. 4A and B). As
shown in Fig. 4E, in A549 the fluorescence intensity per Lysotracker cell
presented a 1.37, 1.98 and 3.09 fold increase compared to untreated
cells at 12, 24 and 48 h of Bengamide II treatment, respectively. On the
other hand, in LL2 the Lysotracker fluorescence intensity increased at
12 h of Bengamide II treatment and was maintained at 24 and 48 h. The
results showed a higher presence of these vesicles in treated cells
compared to control cells in both cell lines, which supports the results
obtained in the western blot with LC3-II expression.

Another analysis performed was VEGFA expression, which showed a
progressive time-dependent decrease in Bengamide II treatment in both
cell lines (Figs. 3 A and B). In various cancer types, including NSCLC, the
targeting of angiogenesis pathways has emerged as an important ther-
apeutic approach. Angiogenesis plays a crucial role in the growth,



A. Ortigosa-Palomo et al. Biomedicine & Pharmacotherapy 168 (2023) 115789

0 kE
% w r 1
w ,*
2 50 2 ‘55“
s s s
S s S 40
5 40 5 S 30
5 2 5
2 5 S 20
E 20 z E
z 2 Z 0
& =
2o 3
H

CNTRL  PRETREAT. 0.05uMBIl  0.luMBIl PRETREAT.  1uM BII 3uM Bl

9 Days

= ; —~ CONTROL = IC50 = 2IC50 - 4IC50 -
S : - —
§ ‘ - il
. —
‘-gu.ns- * kK
=1 g & 1007
2 s z
=lo >
2| ‘ '9“-“*/ 5
ol = 2
&= % © 50
= 2 £
& £
& 0.02 T T 1 Gl
0 3 [3 9
Time (Days)
| gy 8 Days 9Days . CONTROL - IC50 -+ 2IC50 —= 4IC50 s
o
o -
© - %’ *k k
o E E ! !
134 @
o -
1= ' : 5 0.10 § —
= o ke T
i o ; w5
£ 8 E k=
§, = Q 0.05 s 501
[ I E
o E !..,
2 5 k3
(=) = H
e o
0.00 T T 1 0-
0 § =
Time (Days)
0 Days
_ Y — CONTROL -+ IC50 -+ 2IC50 -+ 4IC50 ok
o
E . nla- ***
S —
o 5 L
4 s g & _ * %k %k
8 [
(%) - .
BE : i = 02 E -
= L £ ~
[ ] -l
HE 2 "z
HE 2 8
= B S o1 oW e
@ 9y o 8
< e
0.0 T T 1 0-
0 3 6 9

Time (Days)

Fig. 1. Effect of Bengamide II on colony formation capacity and on growth modulation of Multicellular Tumor Spheroid (MTS). Colony growth analysis of A549 (A),
NCIH460 (B) and LL2 (C) after IC50 Bengamide II (BII) pretreatment (72 h) (PRETREAT) and after IC10 (0.05, 0.05 and 1 uM respectively) and IC25 (0.1, 0.1 and
3 uM respectively) Bengamide II treatment. Data are presented as mean + SD of three replicates vs. control. Representative images and graphic representation of
A549 (D), NCIH460 (E) and LL2 (F) MTS volume (mm3) monitorization at different times after exposure to different doses of Bengamide II (IC50, 2IC50 and 4IC50).
Untreated MTS were used as control. CCK8 analysis of A549 (G), NCIH460 (H) and LL2 (I) MTS at day 9. Data represent the mean value + SD of 10 replicates. **
p < 0.01 and *** p < 0.001 vs. control.
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Fig. 2. Morphological changes and cell cycle modifications in lung cancer cell lines treated with Bengamide II. Cell morphology of A549 (A) and LL2 (B) cell lines in
control cells and cells treated with Bengamide II. 40x Magnification. Graphical representation of GO/G1, S and G2/M phases of cell cycle analysis after treatment with
41C50 of Bengamide II at different time points (12, 24 and 48 h) in A549 (C) and LL2 (D) cell lines. Modulation Sub G1 cell cycle phase by Bengamide II in A549 (E)
and LL2 (F). Representative images of cell cycle analysis in A549 (G) and LL2 (H). Data represent the mean value + SD of 3 replicates. * p < 0.05, ** p < 0.01 and

*** p < 0.001 vs. control group.

proliferation, and metastasis of primary tumors. VEGF is the most
important protein with proangiogenic functions. VEGF-A, specifically,
acts as a potent inducer of angiogenesis and enhances vascular perme-
ability by binding to its receptors. High levels of VEGF-A expression
have been associated with poor prognosis [31] and reduced survival in
lung adenocarcinoma [32].

DNA fragmentation plays a crucial role in inducing apoptosis and cell
cycle arrest [33]. DNA double-strand breaks lead to phosphorylation of
histone H2AX resulting in y-H2AX. In LL2 cell line, a progressive in-
crease in histone H2AX phosphorylation was observed with time of
exposure to Bengamide II. In A549 the differences were less marked,
with an increase in y-H2AX expression at 12 and 48 h and matching the
control at 24 h (Figs. 3 A and B). This indicates an increase in DNA
double strand breaks after Bengamide II treatment. Furthermore, in this
study, the TUNEL assay was employed to investigate the potential of
Bengamide II in inducing apoptosis in tumor cells. Apoptotic cells un-
dergo nuclear pyknosis characterized by condensed nuclei that break
into fragments of varying sizes, leading to the formation of apoptotic
bodies [34]. The results shown in Figs. 4A and B demonstrated minimal
red fluorescence in the control cells of A549 and LL/2 following TUNEL
staining. However, treatment of tumor cell lines with 4IC50 of Benga-
mide II revealed a significant presence of red fluorescence compared to
the control group. Furthermore, an increase in the number of

TUNEL-positive cells was found to be dependent on the duration of
exposure to Bengamide II (Fig. 4C). In addition, the expression of the
proliferation marker Ki67, implicated in tumor aggressiveness [35], was
also studied. The number of Ki67 foci per cell were counted and repre-
sented in Fig. 4D. The analysis showed, in both cell lines, an increase in
the number of cells without Ki67 labelling (n = 0 foci) and a reduction
in the number of Ki67 foci per cell in a time-dependent manner.

3.7. In vivo toxicity assay

To determine the non-toxic Bengamide II dose in in vivo assay, a
toxicity assay was performed using 10 and 20 mg Bengamide II/kg
mouse (n =5 per group). Our results showed that 10 and 20 mg Ben-
gamide II/kg mouse treatment groups retained all individuals alive at
the end of the experiment, with no apparent alterations in health status
or body weight (Figs. 5A and B) and it did not induce any hematological
abnormality (Table S2). Some of the systemic toxicities anticipated for
bengamide B analogue, LAF389, in animal experimental studies
included reversible myelosuppression, mainly lymphopenia [36].
However, our hematological analysis revealed no significant changes in
lymphocyte levels, with the percentage of lymphocytes remaining stable
and even exhibiting a slight increase following treatment with Benga-
mide II. Only a mild elevation in platelet counts was observed in the
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Fig. 3. Western Blot analysis of lung cancer cell lines treated with Bengamide II. Representative Western Blot and densitometric analysis of Caspase 3, VEGFA, LC3-II
and y-H2AX protein expression in A549 (A) and LL2 (B) lung cancer cell lines untreated (CNTRL) and treated with 4IC50 of Bengamide II at different time points (12,
24 and 48 h). B-actin was used as an internal control. Data represent the mean value + SD of 3 replicates. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. control group.

Bengamide II-treated mice compared to the control group, yet these
values fell within the normal range established for C57B/L female mice
obtained from the commercial supplier Charles River.

Additionally, we assessed serum markers associated with cardiac,
hepatic, renal, and pancreatic damage. Serum concentrations of cardiac
muscle enzymes CK-MB, CK-NAC and LDH have been defined as bio-
markers of heart diseases such as acute myocardial injury [37,38]. As
shown in Fig. 5, after Bengamide II administration, serum concentra-
tions of LDH (Fig. 5C and CK-NAC (Fig. 5D) remained unaltered, and
CK-MB (Fig. 5E) showed a significant decrease at all doses of Bengamide
II compared to control, indicating absence of cardiac damage. The
elevation of serum amylase has been used as marker for pancreatic
damage. The serum amylase level was measured, and results showed
that there were no differences between healthy control mice and treated
mice with Bengamide II at any dose (Fig. 5F). To estimate the toxicity of
Bengamide II to liver, serum GPT and GOT were measured. Fig. 5G
shows that serum GPT of Bengamide II treated mice was equal to those
of healthy control mice, while serum GOT (Fig. 5H) was significantly
decreased in treated mice compared to healthy control. Therefore,
Bengamide II did not produce liver damage. As shown in Fig. 5I,
creatinine levels in serum obtained after Bengamide II administration
remained unaltered compared to healthy control group indicating no
renal toxicity. Finally, total serum protein levels (Fig. 5J) did not show
differences between groups.

Taken together, these findings demonstrate that Bengamide II did
not induce any toxic side effects, and the myocardial, pancreatic, he-
patic, and renal functions of the mice remained intact and functional. In
contrast, a clinical trial conducted by Novartis involving the bengamide
B analogue, LAF389 [39], in cancer patients (excluding leukemia) who
were refractory to existing treatments, was prematurely discontinued
due to the manifestation of cardiac toxicity signals, coupled with the
absence of evident clinical activity [36]. Recent findings by Garcia-Pinel
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et al. (2020) demonstrated the absence of toxic effects of bengamide
analogues on blood cells and immune system cells, including macro-
phages and white blood cells [6]. Hence, the encouraging results
regarding the favorable toxicity profile of our Bengamide II compound,
which may exhibit enhanced suitability for clinical application, warrant
continued advancement in in vivo studies involving tumor induction in
immunocompetent mouse models.

3.8. Bengamide II treatment significantly reduces subcutaneous tumor
growth

Subcutaneous induction of lung tumors in C57BL/6 with LL2 cell line
was developed to determine the in vivo antitumor effect of Bengamide II.
In terms of survival and mouse weight, no differences were observed
between the control group and the treatment group with 20 mg/kg
Bengamide II (Figs. 6A and 6B). As shown in Fig. 6C, the differences in
tumor size were significantly evident in the last 3 measurement points,
causing treatment with BII a reduction in tumor volume of 47%
compared to the control group at the last point. At the end point of the
experiment, these data were corroborated by weighing the excised tu-
mors. Fig. 6D shows a 33.6% of tumor weight reduction in the treated
group. Two additional in vivo studies have been conducted using ben-
gamide analogues. In the study conducted by Kinder et al., the impact of
a series of bengamide B analogues on tumor size reduction was assessed
using the MDA-MB-435 xenograft model of human breast cancer. None
of the analogues induced significant body weight loss or led to any
mortality. Notably, the analogues tested at higher doses exhibited sub-
stantial tumor regression rates of 29% and 57% [40]. Wenzel et al.
investigated the efficacy of a bengamide analogue in mice with
early-stage subcutaneous B16 melanoma model. The authors adminis-
tered a dose of 60 mg/kg, reaching a cumulative dose of 480 mg, which
resulted in a 31% reduction in tumor size. However, it is important to
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Fig. 4. Fluorescence microscopy analysis of lung cancer cell lines treated with Bengamide II. Representative fluorescence microscopy images of TUNEL assay, Ki67
proliferation marker and LysoTracker in A549 (A) and LL2 (B) cell lines. Nuclear staining was performed using Hoechst. Photos were taken using 40X magnification.
Graphical TUNEL (C), Ki67 (D) and Lysotracker (E) fluorescence quantification. Data represent the mean value + SD of 3 replicates. * p < 0.05, * * p < 0.01 and

* %% p < 0.001 vs. control group.

note that the mice in the study exhibited a 14% decrease in body weight
compared to the control group. Furthermore, two deaths were reported
in the group of seven mice at a lower dose of the bengamide analogue
(48.4 mg/kg) [13].

Interestingly, a RT-qPCR analysis of the tumor tissue of surviving
mice showed a significant decrease in EpCAM expression after Benga-
mide II treatment (Fig. 6E). In NSCLC, elevated expression of EpCAM has
been associated with unfavorable overall survival outcomes [41] and
tumor progression [42]. EpCAM expression is also correlated with CD44
and CD166, and the presence of the triple-positive phenotype
(EpCAM+/CD44 +/CD166 +) in NSCLC indicates higher self-renewal
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capacity, clonal heterogeneity, and gene expression associated with
stemness [43]. Alibolandi et al. demonstrated that an aptamer-drug
conjugate targeting EpCAM effectively inhibited the growth of lung
cancer stem cells (CSCs) [44]. Therefore, given the effect of Bengamide
II on EpCAM expression, this treatment could be advantageous and
potentially contributing to a more favorable prognosis for lung cancer.
Furthermore, the other markers analyzed by RT-qPCR did not show
significant differences between the Bengamide II-treated group and
control group, indicating that Bengamide II treatment did not select
more aggressive or stem-like cancer cell populations nor those with
increased proliferative capacity.
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Fig. 5. In vivo toxicity assay. (A) Survival plot of different Bengamide II (BII)-treated mice groups. (B) Mouse weight monitorization among treatment cycles.
Measurement of serum (C) lactate dehydrogenase (LDH), (D) creatinine kinase-NAC (CK-NAC), (E) creatinine kinase-MB (CK-MB), (F) amylase, (G) glutamate py-
ruvate transaminase (GPT), (H) glutamate oxaloacetate (GOT), (I) creatinine and (J) total protein. Data are represented as mean + SD compared to each control.

*p < 0.05, * * p < 0.01 and * ** p < 0.001.

The tumor damage in tumor-bearing mice, after Bengamide II
treatment (20 mg/kg) was determined by Hematoxylin and Eosin (H&E)
staining, TUNEL staining and Ki67 immunofluorescence assays (Fig. 6F).
Histological evaluation by H&E suggested a slight reduction in vascu-
larization after treatment with Bengamide II, although specific labeling
of endothelial cells would be necessary to confirm this modulation.
These preliminary results would be consistent with the reduction of

12

VEGFA levels in vitro assays. In addition, compared to the control group,
severe cell apoptosis occurred in the tumor tissues upon Bengamide II
treatment compared to control group as indicated by TUNEL staining.
The immunofluorescence images showed a higher labelling of the pro-
liferation marker Ki67 in tumors of the control group compared to the
Bengamide II treated group.
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3.9. Bengamide II treatment significantly inhibited the formation of
metastases from LL2

To determine the potential impact of Bengamide II on a model of
cancer metastasis to lung, LL2 cells were injected into the tail vein of
C57BL/6 mice. Interestingly, the Bengamide II treated group resulted in
a significantly higher survival than the metastatic control group (non
treated) (p-value = 0.019) (Fig. 7A). No differences in the weight of the
mice were detected between both the metastatic control and the
metastatic-treated groups (Fig. 7B). Metastases were assessed by gross
morphology of the thoracic cavity (Fig. 7C) and % lung weight (Fig. 7D)
at the end point of the experiment. Bengamide II treated mice showed
few lung metastatic areas compared to metastatic control mice. H&E
staining of lung sections and tissue examination showed substantially
accelerated tumor growth with enhanced tumor burden and exhibited
more tumor lesions in metastatic control group compared to mice
treated with Bengamide II. Overall, the metastatic control group
demonstrated a more evident and accelerated disease progression
compared to the group of mice treated with Bengamide II. To date, there
is limited knowledge regarding the impact of Bengamides on metastatic
models. However, the preliminary findings indicated a substantial
decrease in the size of metastatic regions (as determined by lung weight)
and an improvement in overall survival rates in the treated group.

4. Conclusion

We have synthesized a new bengamide analogue, named Bengamide
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1I, which showed a potent cytotoxic effect against a wide panel of tumor
cell lines. We focused our assays on the antitumor activity of Bengamide
IT against lung cancer due to its poor prognosis and the need to develop
new treatments. Bengamide II was able to inhibit cell viability in 2D
(reducing the ability to form colonies) and 3D (reducing the growth of
MTS) in vitro systems. In addition, cells treated with Bengamide II
showed G2/M and G0/G1 cell cycle arrest, along with a decrease in the
proliferation marker Ki67, associated with poor tumor prognosis.
Regarding the mechanism of action, Bengamide II induced the produc-
tion of acid vesicles and increased the autophagy through LC3-II
signaling, with activation of caspase-3 and DNA fragmentation during
the earliest stages of programmed cell death or apoptosis. In addition,
Bengamide II showed a reduction in VEGFA, which may be involved in
decreasing angiogenesis, a key process in tumor metastasis phenomena.
In vivo studies showed that Bengamide II markedly reduced tumor vol-
ume and metastases, increasing survival. Interestingly, Bengamide II
lacks systemic and hematological toxicities at the doses used with
antitumor effect. In summary, the chemically synthesized bengamide
analogue Bengamide II, is a promising drug for the lung cancer treat-
ment showing relevant antitumor activity and significant safety.
Although more research will be necessary to broaden our knowledge of
this molecule, Bengamide II may be a new therapeutic tool for this type
of tumor.
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