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Abstract

Historically, the most important source of both antibiotics and anticancer medications has been
microorganisms. Bacillus thuringiensis (Bt) is one of the most prominent bacterial species used as a
therapeutic agent targeting cancerous cells in recent worldwide investigations. This study was designed
to isolate, molecularly identify, and discover novel Saudi Arabian Bt strains that selectively exhibit
cytotoxic properties against MDA-MB-231, a human triple-negative breast cancer (TNBC) cell model.
The bacterial strain under investigation was biochemically typed using APl 20E and APl CH50 and
molecularly typed using 16S rDNA sequencing. Flow cytometry and immunoblotting were performed
to elucidate the mechanism-of-action (MOA). Molecular typing confirmed the identity of the isolated
non-hemolytic strain to be Bt and was named Bt HAU-145. Microscopic examination showed that the
strain possessed a parasporal (PS) crystal protein with a spherical morphology. Data of cytotoxicity
assay based on MTT revealed that Bt HAU-145 strain exhibited selective and potent cytotoxicity
against MDA-MB-231, with a 50 percent inhibition (IC, ) of 28 pg/ml. FACS analysis revealed that PS
proteins induced both late and early apoptosis in a ROS-dependent manner. Immunoblotting assays
showed increased expression of caspase-3 in response to PS treatment, paralleled by a reduction in
Bcl-2 expression. This is the first study to investigate the MOA of PS proteins from the Saudi Arabian
Bt strain, showing an induction of apoptosis through a ROS-dependent mechanism in TNBC cells. It is
hoped that PS-based therapeutic strategies will be investigated at the preclinical scale in non-human
primates prior to the clinical scale in randomized clinical trials.
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INTRODUCTION

Cancer is a critical global public health
issue because it is one of the primary causes of
mortality worldwide. In 2020, the worldwide
cancer incidence increased dramatically, recording
20 million cases with new diagnosis and 9.7 million
fatalities compared to only 12.4 and 7.6 million
in 2008, respectively. These rates are expected
to climb to an astonishing 26.4 million newly
diagnosed cases and a total of 17 million fatalities
caused by cancer by 2030.! The Saudi Cancer
Registry (SCR) is responsible for updating records
and registering cancer cases across various regions
of the Kingdom. In 2020, the number of newly
diagnosed cancer cases and mortalities were
27885 and 13069 cases in KSA, respectively.? As
a result, KSA and other countries should be ready
to tackle the issue of an imminent rise in cancer
burden due to increasing risk factors, including
obesity, genetic predisposition, changes in lifestyle,
smoking, and other environmental factors.® Of
note, TNBC that lack the estrogen receptor (ER),
progesterone receptor (PR), and human epidermal
growth factor-receptor 2 (HER2), are immensely
aggressive tumors, representing 15-20% of all
diagnosed BCs with the poorest prognosis.*
Moreover, TNBC possesses a unique capacity to
evade apoptosis, leading to immortality, which
aggravates its insensitivity to chemotherapy.®
These projected increasing trends in cancer cases
and fatalities necessitate preventive measures,
early detection techniques, and innovative
therapeutic methods. This has spurred the pursuit
of natural remedies as alternatives to systemic
chemotherapy that would lessen the clinical
consequences of TNBC and exhibit a wider safety
margin. Therefore, it is critical to discover a novel
category of anticancer drugs of natural origin with
low toxicity, high selectivity, and the ability to
overcome the effects of drug resistance.®°

In this context, some natural bioactive
small peptides (5-50 amino acids) have been
reported to exhibit powerful anticancer activities
through either mitochondrial disruption or
membranolytic mechanisms.* Some of these
ubiquitous short peptides, including Moricin,
Brevinin 2R, Bufforin llb, Phylloseptin-PHa, D-K6L9,
are cytotoxic against breast cancer (BC) cells.'**2
Owing to their remarkable ability to trigger cancer

cell death, several of these peptides have been
utilized as chemotherapeutic drugs and vaccines
and have been tested in various stages of clinical
trials.!

Historically, microorganisms have been
the most important sources of antibiotics and
anticancer medications. Non-insecticidal and non-
hemolytic Bacillus thuringiensis strains have been
reported to exert cytotoxic effects against human
cancer cells.® This potent cytotoxicity is attributed
to parasporin (PS), a novel parasporal protein.**
PS was first identified as a human leukemic cell-
recognizing PS protein.®® PS protein are excellent
natural anticancer therapeutic agents, which is
attributed to its reported selectivity for cancerous
cells, with minimal or negligible effects on non-
cancerous cells.”® From this perspective, a recent
study of Saudi Arabian Bt strains by our group
reported the selectivity of PS proteins towards
Hela cervical cancer cells with a marginal effect
against non-cancerous uterine smooth muscle
cells.> Moreover, this observed cytotoxic effect
has been reported to be specific to Hela cells,
but not to HT-29 colon cancer cells.’® Another
study reported that Bt strains native to the
Makkah Province (Saudi Arabia) exerted cytotoxic
effects against liver, lung, and cervical cancer
cells.’® Hence, PS proteins offer great promise as
a natural and effective alternative therapeutic
strategy to currently employed chemotherapeutic
drugs, which are based on synthetic drugs with
uncontrollable side effects and issues of non-
target specificity. The discovery of PS proteins
as anticancer agents dates back more than two
centuries.’*!* Nonetheless, a wide gap exists in the
knowledge regarding the molecular mechanisms
of action of these ubiquitous proteins. This is
supported by a limited number of reports on the
selectivity of PS proteins against non-cancerous
cells.®

Because of their ubiquity and remarkable
specificity against cancer cells, PS proteins are
promising candidates for cancer therapies.’® As a
continuation of our endeavors, the current study
was initiated to investigate the anticancer effect
of a Bt strain isolated from the Hafr Al-Batin
region of Saudi Arabia and to dissect its mode of
action using flow cytometry and immunoblotting
techniques. The model cell line investigated in
the current study was MDA-MB-231, which is
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classified as a triple-negative subtype of breast
cancer (BC) owing to the absence of two hormonal
receptors vis-a-vis estrogen and progesterone, as
well as the amplification of HER-2/Neu markers.*
This subtype of breast cancer is particularly
problematic because of its unfavorable outcome
and aggressiveness.'” Therefore, the current study
focused on this specific subtype. To the best of
our knowledge, this is the first report from Saudi
Arabia investigating the mode of action of PS
proteins against this particular BC subtype.

MATERIALS AND METHODS

Isolation of B. thuringiensis

Five separate locations in the city
of Hafr Al-Batin (Saudi Arabia) were used to
recover soil samples containing B. thuringiensis
(Bt) isolates between January and March 2022.
Detailed isolation and culturing procedures were
performed according to previously published
protocols.'® The strain investigated in this study is
hereafter referred to as HAU-145.

Cell lines and culturing protocol

MDA-MB-231 (a triple negative BC cell
model; ATCC HTB-26) and MCF-12 (a normal
epithelial BC model; ATCC CRL-10782) were
obtained from the American Type Culture
Collection (ATCC), a bioresource non-profit
center that distributes cell lines. The cells
were routinely sub-cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with fetal bovine serum (FBS, 10%),
L-glutamine (2 mM), and penicillin/streptomycin
(1%). Flasks containing cells were incubated at
37°Cin a humidified atmosphere for CO, and O,
5% and 95%, respectively. The cultured cells were
inspected regularly using an inverted microscope
(Observer Al; Zeiss, Gottingen, Germany).

Biochemical typing of HAU-145 strain

Biochemical characterization of the Bt
strain was conducted by examining its metabolic
activity using a matrix of test results produced by
both API 20E and API CH50.%

Microscopic examination
Samples were prepared from Bt HAU-145
colonies grown at 30°C on nutrient agar for one

week. Morphology of crystal-spore complexes that
had been air-dried on micro cover glasses was
examined by use of scanning electron microscope
(Model JSM-6380 LA, Japan) and the associated
software (Smile Shot), at 15 kV voltage and 4,300
magnification. Phase-contrast microscopy was
conducted using an Olympus CX41 microscope
(Olympus Life Sciences, Tokyo, Japan).

Genomic DNA extraction and 16S rDNA
sequencing of Bt HAU-145 strain

Genomic DNA of Bt HAU-145 strains was
rapidly extracted by use of InstaGene Matrix (Bio-
Rad, Melville, NY, USA) containing 6% w/v Chelex
resin, according to the manufacturers’ protocol.
Briefly, Bt colonies were taken up with a sterile
micropipette tip and subsequently suspended in
0.5 ml phosphate-buffered saline (PBS) in a 2 ml
sterilized Eppendorf tube. Following spinning for
10 min at 10,000 x g and discarding supernatant,
the resultant pellet was resuspended in 500 pl
of InstaGene Matrix (Bio-Rad). Then, the tube
was placed in an incubator at 56°C for 30 min
followed by boiling for 15 min. gDNA was released
outside the cell into the supernatant after boiling
in the resin and bound to the lysis products and
PCR inhibitors. For Bt genotyping, the following
forward and reverse primers were employed for
the PCR reaction to amplify rDNA fragment: 52
-AGA GTT TGA TCM TGG CTC AG-32 and 52 -TAC
GGY TAC CTT GTT ACG ACT T-32, respectively. A
30 ul PCR reaction with gDNA template (30 ng)
was setup in a thermal cycler (Veriti, Applied
Biosystems, USA) according to the following cycling
program: initial denaturation for 5 min at 95°C;
followed by 30 cycles: 60 s at 95°C, 60 s at 55°C,
60 s at 72°C. Finally, a 10 min final elongation
step at 72°C was performed. PCR amplicons of
approximately 1400 bp were separated by 2%
agarose gel electrophoresis in 1x Tris-borate-EDTA
(TBE) for 30 min. The ethidium bromide-stained
gels were examined under UV light using a gel
documentation system (UVITEC, UK). Purified
PCR amplicons were utilized to setup sequencing
reaction by use of BigDye Terminator v3.1 Cycle
Sequencing Kit (Thermo Fisher Scientific, Waltham,
MA, USA). DNA sequencing based on chain-
terminating inhibitors?® by use of the following
forward and reverse primers, 52 -CCA GCA GCC
GCG GTA ATA CG-32 and 52 -TAC CAG GGT ATC TAA
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TCC-32, respectively, was conducted on Applied
Biosystems (Foster City, CA, USA) DNA analyzer
model Prism 3730XL to resolve and analyze rDNA
amplicons.

Alignment of rDNA Sequences and phylogenetic
analysis

Pairwise sequence alignment of the PCR
amplicons of the Bt strain under investigation
(HAU-145) was conducted with reference to the
standard Bti-H14 (Bacillus thuringiensis israelensis
de Barjac) using the MultAlin interface (http://
multalin.toulouse.inra.fr/multalin/).?* Obtained
16S sequence of HAU-145 was inputted into the
standard nucleotide BLAST-Blastn suite of NCBI
to check for potential similarity/identity hits. The
phylogenetic tree was created using Drawtree
3.696 software, a tree viewer tool available on the
website www.phylogeny.fr/, which is based on the
neighbor-joining method.

Separation of parasporal (PS) crystal inclusion
proteins

The bacterial Bt-HAU-145 culture was
prepared in 0.5 L Anderson medium?? for a
minimum of 48 h at 30°C. Then, the obtained
culture medium was subjected to centrifugation
at 6000 x g under cooling at 4°C for 10 min. The
resulting pellet was rinsed twice with 1 M NaCl
supplemented with Triton X-100 (0.01%). The
resultant pellet was subsequently suspended
in a Falcon tube (50 mL) containing PBS to
enhance the hydrophobic interactions. Hexane
was subsequently added to 10% of the aqueous
suspension, followed by sonication for 10 min at
100 W and finally, the tube was centrifuged for
10 min at 6000 x g. While Bt spores were trapped
in the organic (hexane) upper layer, cell debris
remained in the lower aqueous layer. Then, the
pellet enriched with parasporal crystals was
resuspended in PBS, and the whole procedure was
performed by adding hexane three times. Finally,
the pellet was washed twice with cold distilled
water.??

Protein quantification

The Bradford colorimetric method was
employed to determine the protein concentration
in the parasporal crystal samples based on the
binding of protein molecules to Coomassie

Brilliant Blue.” The absorbance (A) was recorded
at A, using a BioTek microplate ELISA reader
(Synergy HT). A standard curve was constructed
using serially diluted bovine serum albumin
concentrations, and A on the y-axis was plotted
against the concentration on the x-axis. The
unknown protein concentration (mg/ml) was

calculated using a linear equation.

SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) of PS samples
was conducted on a Mini-PROTEAN Tetra Vertical
Electrophoresis Cell (Bio-Rad Laboratories,
Hercules, CA, USA) according to standard
protocol.?*#?> PS proteins were solubilized, and
the protein final concentration was adjusted to
200 pg/mL* in Na,CO, buffer (50 mM, pH 10.5)
supplemented with DTT a final concentration of
10 mM. Next, PS protoxins were proteolytically
activated by use of trypsin at a protease/PS ratio
of 1/10 at 37°C. The Laemmli sample buffer (2x)
was freshly mixed with a reducing agent at a
ratio 1/10 freshly before use.? Equal amounts of
parasporal protein and sample buffer (1/1) were
prepared and boiled for 10 min. The mixture was
loaded into wells with 10% TGX Precast Gels (Bio-
Rad Laboratories). Electrophoresis was performed
in 1x Tris-glycine SDS running buffer for 60 min
at 150 V. The determination of the molecular
mass of individual protein bands was conducted
with reference to protein marker Il (AppliChem
GmbH, Darmstadt, Germany), comprising standard
proteins with a M.W. range of aprotinin-6.5 to
myosin-200 kDa.

Western blotting of apoptotic marker proteins
MDA-MB-231 cells were subjected to the
IC,, concentration (i.e., 28 pg/ml) of trypsinized
parasporal crystal proteins for 48 h. DMSO was
used as a negative control. After cell collection,
protein was extracted using an extraction buffer
containing 50 mM Tris-HCI (pH 7.5), 1 mM PMSF,
and 0.1% NP-40, together with a cocktail of
protease inhibitors. A sterile plastic pestle was
used to grind the cells, and the proteins were
quantified.?® The electrophoresed PS proteins
were transferred from the gel to PVDF membrane
utilizing Trans Blot Turbo Transfer System (Bio-Rad
Laboratories), in a semi-dry and rapid fashion that
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lasted for 3 min at 25 v. Mini PVDF membranes (0.2
pum pore size) were subsequently washed thrice
with 1x PBS for 5 min followed by blocking with
FBS with shaking for at least 1 h. PVDF membrane
was incubated with primary anti-caspase-3
polyclonal (ab13847; Abcam, Cambridge, UK),
anti-Bcl2 monoclonal (E17; ab32124; Abcam)
and anti-pB-Actin monoclonal (SP124; ab115777;
Abcam) followed by secondary antibodies.?® The
chemiluminescent signals from the protein bands
were detected by scanning the membrane using
ChemiDoc XRS Imaging (Bio-Rad Laboratories).

Anti-proliferative MTT assay

Cytotoxicity in MDA-MB-231 cells was
determined by measuring the absorbance of purple
formazan resulting from the enzymatic reduction of
yellow water-soluble MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide)
tetrazolium dye, as previously reported. This is a
96-well microtiter plate assay whose absorption
was measured by use of Bio-Tek microplate ELISA
reader (Synergy HT, Winooski, Vermont, USA).
Cellular metabolic activities represented by the
absorbance (y-xis) at | 549 nm were graphically
plotted against the concentration (x-axis) of
trypsinized PS using the GraphPad Prism 9
software. The PS concentration that led to a 50
percent inhibition (IC_ ) of cell proliferation was
determined from the generated regression curves.
Dasatinib, an effective multi-targeted kinase
antagonist for BCR-ABL and SRC-related kinases,?”
was tested at the same doses as the evaluated
PS proteins on MDA-MB-231 cells, serving as
an established positive control for comparative
assessment. Normal epithelial breast MCF-12 cells
served as controls to evaluate selectivity.

Apoptosis detection by Annexin V staining
MDA-MB-231 cells were treated with the
IC,, concentration (i.e., 28 pg/ml) of trypsinized
parasporal crystal proteins for 48 h. DMSO was used
as a negative control. For flow cytometry, a Dead
Cell Apoptosis Kit containing both Annexin V FITC
and Pl dyes (Thermo Fisher Scientific, Waltham,
MA, USA) was used, as previously described.?®
Briefly, after cell collection by centrifugation
at 3000 x g for 3 min, the pelleted cells were
rinsed three times with PBS and centrifuged for
3 min at 3000 x g. 1x binding buffer was used to

resuspend the cells at a density of 1x10° cells.
ml2. Cell suspension of 100ul was subsequently
stained with 1l of 1x Propidium lodide (PI) and
Sul of Annexin V-FITC. The tubes were then placed
in the dark at laboratory temperature for 20 min.
Cells undergoing apoptosis were analyzed by
use of Becton Dickinson flow cytometer model
FACSCalibur (Franklin Lakes, NJ, USA). Annexin-V-
FITC fluorescence was detected at A__and A__ at
488/520 and 535/670 nm, respectively.?’

Oxidative stress detection by dichlorofluorescein
staining

In order to monitor intracellular
generation of reactive oxidative species (ROS)
in PS-treated MCF-7 breast cancer cells, 22,72
-dichlorodihydrofluorescein diacetate (H2DCFDA;
Thermo Fisher Scientific) was employed.?®
Following collection by spinning and washing
with PBS, cells were labeled by H2DCFDA (10
uM) and placed in the dark at 37°C for 30
min. The fluorescence of the generated 22,72
-dichlorofluorescein (DCF) was measured A__ and
A, of 488 nm at 520 nm, respectively by use of
FACSCalibur (Becton Dickinson, Franklin Lakes, NJ,
USA) flow cytometer.

Determination of caspase-3 enzymatic activity
Cancer cells at a concentration of
5x10* were grown in TC-designated flasks and
subsequently exposed for 48 h to the 1x (28
pg/ml), 5x (140 pg/ml) and 10x (280 pg/ml) of
IC,., concentrations of Bt-derived PS that had
been solubilized and trypsin-activated. DMSO
at an equivalent dilution was used as a negative
control. The enzymatic reaction was setup to
accommodate the following components: 30 pl
of either DMSO- or PS-treated cell lysate cancer
cells, 20 pl of Ac-DEVDAFC as a substrate for
caspase-3, 150 pl HEPES buffer at a concentration
of 50 mM, EDTA (1 mM) and DTT (1 mM).
After incubation at pH 7.2, the samples were
measured |_ at 430 nm and | at 535 nm on a
Bio-Tek microplate ELISA reader (Synergy HT)
over a period of 15 min at intervals of 5 min.
The standard curve for the caspase-3 substrate
AFC (7-amido-4- trifluoromethylcoumarin) was
constructed with concentrations between 5 and 15
UM. The obtained fluorescence was transformed
into caspase-3 enzyme activity after calculation
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and was expressed in pM of enzymatically
released AFC min'/mg protein.?’

Statistical analysis

Statistical analyses were performed using
the Statistical Package for Social Sciences version
17.0 (SPSS; Armonk, NY, USA). Three independent
experiments were conducted in duplicate.
Calculated data were expressed in terms of mean
1 SD. To verify significant differences between PS-
treated and mock-treated vehicle (DMSO solvent)
controls, data were analyzed using a paired
Student’s t-test. Mean values were considered
statistically significant at p < 0.05.

RESULTS

Molecular typing of Bt HAU-145

The isolated HAU-14 bacterial strain
native to the city of Hafr Al-Batin soil (GPS location:
28°12’30.1"N 45°55’30.1’E, KSA) was molecularly
identified as Bacillus thuringienesis by 16S rDNA
sequencing as detailed in the methods section.
Amplification of the 16S rDNA gene using PCR was
conducted on the isolated HAU-145 strain and the
reference strain Bti-H14 (Figure 1). APCR amplicon
of the expected size of approximately 1400 bp was
obtained.

A Blastn similarity/identity hit search of
the 165 rDNA sequence revealed a high similarity
of 99% (E value = 0.0) with the rDNA gene
sequence of the reference strain Bti-H14. This
high similarity is clearly observed in the pairwise
similarity diagram shown in Figure 2. Red bases
indicate high similarity between the 16S DNA
of the reference strains Bti-H14 and HAU-145.
This confirms that the strain under investigation

M -VE Bti-H14 HAU-145

3000 bp |
1000 bp

250 bp

Figure 1. Agarose gel electrophoresis of 165 rDNA
PCR amplicons. M: DNA marker. -VE negative control.
Products have size of around 1400 bp after having been
electrophoresed for 30 min at 100 v in 2% agarose

belongs to the species Bacillus thuringienesis.
Phylogenetic analysis was performed using the
neighbor-joining method. The phylogenetic tree
confirmed the high similarity of the 16S rDNA
sequence with several B. thuringienesis and B.
cereus sequences (Figure 3).

Biochemical typing of Bt HAU-145

Discriminating test results of API 20E and
AP| CH50 were used for the biochemical typing
of strain Bt HAU-145. Notably, Bt HAU-145 strain
was nonhemolytic (negative in the hemolysis test)
and positive in the motility (MOT) test. Moreover,
it exhibited distinctive positive phenotypes for
amygdalin (AMY), citrate utilization (CIT), arginine
decarboxylation (ADH) proteolytic activity of
gelatinase (GEL), hydrolysis of both lecithin and
esculin, L-tryptophan deaminase enzymes (TDA)
as well as D-glucose (GLU) and sucrose (SAC)
fermentation. In contrast, the strain was negative
for D-sorbitol (SOR) fermentation, rhamnose
(RHA), D-melibiose (MEL), the Voges Proskauer
(VP) test, oxidase activity (OX), and salicin (SAL),
hydrogen sulfide (H,S), urease (URE), and indole
(IND) production.

Bt HAU-145 possess spherical-shaped crystal
parasporal proteins

The morphological structure of the
crystal-spore complexes of Bt HAU-145 was
examined using phase-contrast and scanning
electron microscopy (SEM) (Figure 4A and B).
Microscopic examination revealed that parasporal
crystals were attached to the spores and did not
detach. Moreover, SEM examination revealed that
the crystals were spherical (Figure 4B).

Visualization of protoxin and activated parasporal
proteins by SDS-PAGE

SDS-PAGE was conducted to visualize
the protein profile of purified parasporal proteins
in both trypsin-activated and protoxin forms
(Figure 5). Two distinct protein profiles were
observed: unactivated (U) and activated (A). The
unactivated parasporal protein profile contained
two major bands of approximately 80 and 30 kDa.
Moreover, four minor bands were visualized in
the unactivated parasporal protein profile: two
immediately below the major band at 80 kDa
and two just above the 47 kDa marker band. In
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contrast, the activated parasporal protein profile  effect was confined to cancerous cells, as the
primarily contained a 30 kDa band. activated parasporal crystals exhibited significant
cytotoxicity towards MDA-MB-231 cells but not
Bt HAU-145-derived parasporal proteins exhibit  against healthy MCF-12 breast control cells (less
selective anticancer activity against cells than 5%). Notably, the antiproliferative effect of
The cytotoxic activity of activated (i.e.,  the unactivated parasporal crystals was negligible
trypsin-digested) parasporal crystals derived towards normal epithelial breast MCF-12 cells,
from Bt HAU-145 against MDA-MB-231 cells was  indicative of its selectivity.
determined using an MTT assay. The IC,  value for
the activated parasporal crystal was calculated to  Exposure of MDA-MB-231 cells to parasporins
be 28 ug/mL (Figure 6). causes apoptosis
The cytotoxic effects showed a clear Analysis based on FACS flow cytometry
dose-dependent response. This observed cytotoxic ~ using Annexin V- /Propidium lodide dual labeling

1 10 20 30 40 50 60 70 80 90 100 110 120 130

Bt-H14 EETCRGGRTEHHEECTGECEGCGTEECTH“THCR!GCHHGTCEHGCERHTEERITERGBGCTTECTCTEHHGRHETTHGEGECEGHtGEGTEHGTﬁﬁCHEETEEETH“tCTECCERTRﬂGﬁC
HAU-145 TGATTCTGGCTCAGGATGARCGCTGGCGGCGTGCCTARTACATGCARGTCGAGCGAATGGATTGAGAGCT TGCTCTCARGARGT TAGCGGCGGACGGGTGAGTARCACGTGGGTARCCTGCCCATAAGAC
Consensus ........6CTCAGGATGARCGCTGGCGGCGTGCCTARTACATGCARGTCGAGCGAATGGAT TGAGAGCT TGCTCTCARGAAGT TAGCGGCGGACGGGTGAGTARCACGTGGGTARCCTGCCCATARGAC
}31 140 150 160 170 180 190 200 210 220 230 240 250 289

Bt-H14 TGGGATARCTCCGGGARACCGGGGCTARTACCGGATARCATTTTGARCTGCATGGTTCGARATTGARAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTARCG
HAU-145 TGGGATARCTCCGGGARRCCGGGGCTAATACCGGATARCATTTTGARCTGCATGGTTCGAAATTGARAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACG
Consensus TGGGATARCTCCGGGARACCGGGGCTAATACCGGATARCATTTTGARCTGCATGGTTCGARATTGARRGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTARCG

261 270 280 290 300 310 320 330 340 350 360 370 380 390

Bt-H1d GCTCACCARGGCARCGATGCGTAGCCGACCTGAGAGGGTGATCEGCCACACTAGEACTGAGACACGGECCAGACTCCTACGGEAGGCAGCAGTAGEGARTCTTCCGCARTGGACGARAGTCTGACGGAGE
HAU-145 GCTCACCARGGCARCGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGARTCTTCCGCARTGGACGARAGTCTGACGGAGC
Consensus GCTCACCARGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGARTCTTCCGCARTGGACGARAGTCTGACGGAGC

?91 400 410 420 430 440 450 460 470 480 490 500 510 529
Bt-H1d4 AACGCCGCGTGAGTGATGARGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGARGARCARGTGCTAGTTGARTAAGCTGGCACCTTGACGGTACCTARCCAGAARGCCACGGCTAACTACGTGCCAGCAG
HAU-145 RAACGCCGCGTGAGTGATGARGGCTTTCGGGTCGTARARCTCTGTTGTTAGGGARGAACARGTGCTAGTTGARTARGCTGGCACCTTGACGGTACCTAACCAGARAGCCACGGCTARCTACGTGCCAGCAG
Consensus AACGCCGCGTGAGTGATGARGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGARGARCARGTGCTAGTTGARTARGCTGGCACCTTGACGGTACCTARCCAGARAGCCACGGCTARCTACGTGCCAGCAG

.r.l21 530 540 550 560 570 580 590 600 610 620 630 640 55?

Bt-H1d CCGCGGTARTACGTAGGTGGCARGCGTTATCCGGAATTATTGGGCGTARAGCGCGCGCAGGTGGTTTCTTARGTCTGATGTGARAGCCCACGGCTCARCCGTGGAGGGTCATTGGARACTGGGAGACTTG
HAU-145 CCGCGGTARTACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTARAGCGCGCGCAGGTGGTTTCTTARGTCTGATGTGARAGCCCACGGCTCAACCGTGGAGGGTCATTGGARACTGGGAGACTTG
Consensus CCGCGGTARTACGTAGGTGGCARGCGTTATCCGGAATTATTGGGCGTARAGCGCGCGCAGGTGGT TTCTTARGTCTGATGTGARAGCCCACGGCTCARCCGTGGAGGGTCATTGGARACTGGGAGACTTG

951 660 670 680 690 700 710 720 730 740 750 760 770 799

Bt-H14 RAGTGCAGARGAGGARAGTGGARTTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAGGARCACCAGTGGCGAAGGCGACTTTCTGGTCTGTARCTGACACTGAGGCGCGARAGCGTGGGGAGCARACA
HAU-145 AGTGCAGAAGAGGARAGTGGARTTCCATGTGTAGCGGTGARATGCGTAGAGATATGGAGGARCACCAGTGGCGARGGCGACTTTCTGGTCTGTARCTGACACTGAGGCGCGARAGCGTGGGGAGCARACA
Consensus AGTGCAGARGAGGARAGTGGARTTCCATGTGTAGCGGTGARATGCGTAGAGATATGGAGGARCACCAGTGGCGARGGCGACTTTCTGGTCTGTARCTGACACTGAGGCGCGARAGCGTGGGGAGCARACA

781 790 800 810 820 830 840 850 860 870 880 890 900 910

Bt-H1d4 GGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTARGTGT TAGAGGGT TTCCGCCCTTTAGTGCTGAAGTTAACGCATTARGCACTCCGCCTGGGGAGTACGGCCGCARGGCTGARACTCA
HAU-145 GGATTAGATACCCTGGTAGTCCACGCCGTARACGATGAGTGCTARGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGRAGT TARCGCATTARGCACTCCGCCTGGGGAGTACGGCCGCARGGCTGRARCTCA
Consensus GGATTAGATACCCTGGTAGTCCACGCCGTARACGATGAGTGCTARGTGTTAGAGGGT TTCCGCCCTTTAGTGCTGARGTTARCGCATTARGCACTCCGCCTGGGGAGTACGGCCGCARGGCTGARACTCA

511 920 930 940 950 960 970 980 990 1000 1010 1020 1030 1040

Bt-H14 ﬁREEﬂHTTEHEGGEEEECCEEREHHGEEETEGHEERTEIGET?THHTTEEHHEERHEG[ERREHRE[TTHE[HEETCTTEREHTEETEIGﬁnHHEEETREHGRTREEEETTETECTTEEEEHEERERGTE
HAU-145 AAGGARTTGACGGGGGCCCGCACARGCGGTGGAGCATGTGGTTTARTTCGARGCARCGCGARGAACCTTACCAGGTCTTGACATCCTCTGARRACCCTAGAGATAGGGCTTCTCCTTCGGGAGCAGAGTG
Consensus AAGGAATTGACGGGGGCCCGCACARGCGGTGGAGCATGTGGTTTARTTCGARGCARCGCGARGARCCTTACCAGGTCTTGACATCCTCTGARAACCCTAGAGATAGGGCTTCTCCTTCGGGAGCAGAGTG

}041 1050 1060 1070 1080 1080 1100 1110 1120 1130 1140 1150 1160 117?

Bt-H14 RCAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTARGTCCCGCARCGAGCGCARCCCTTGATCTTAGTTGCCATCATTARGTTGGGCACTCTARGGTGACTGCCGGTGACARACCG
HAU-145 RACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCARCGAGCGCARCCCTTGATCTTAGTTGCCATCATTAAGT TGGGCACTCTARGGTGACTGCCGGTGACARACCG
Consensus ACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTARGTCCCGCARCGAGCGCARCCCTTGATCTTAGTTGCCATCATTARGTTGGGCACTCTARGGTGACTGCCGGTGACARACCG

1171 1180 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300

Bt-H14 éHGGﬂRGGTGGGG-RTGHCﬁTEHHHTCHTERTGECCCTTHTGHCCTGGGCTRKHEREGTGCTHCHHTGGRDGGTHCHHHERECTGCHHGHCEGCGRGGTGﬁﬂﬁCTRRTCTCHTHHHHCEGTTCTCHGTTE
HAU-145 GAGGAAGGTGGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACARTGGACGGTACARAGAGC TGCARGACCGCGAGGTGGAGCTARTCTCATARARCCGTTCTCAGTTC
Consensus GAGGAAGGTGGGG.ATGACGTCARATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACARTGGACGGTACARAGAGCTGCARGACCGCGAGGTGGAGCTAATCTCATAARRCCGTTCTCAGTTC

1301 1310 1320 1330 1340 1350 1360 1370 1380 1330 1400 1410 1420 1430
Bt-H14 GGA-TTGTAGGCTGCARCTCGCCTACATGARGCTGGARTCGCTAGTARTCGCGGATCAGCATGCCGCGG-TGARTACGTTCCCGGG-CCTTGTACACACCGCCCGTCACACCACGA-GAGTTTGTAACAC
HAU-145 GGARTTGTAGGCTGCARCTCGCCTACATGARGCTGGARTCGCTAGTARTCGCGGATCAGCATGCCGCGGGTGARTACGT TCCCGGGGCCTTGTACACACCGCCCGTCACACCACGARGAGTTTGTAACAC
Consensus GGA,TTGTAGGCTGCARCTCGCCTACATGARGCTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGG. TGAATACGTTCCCGGG,CCTTGTACACACCGCCCGTCACACCACGA .GAGTTTGTAACAC
1431 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530 1541
Bt-H14 [EERHETE-EETGEGE--THH[ETTTIT-EGHE[EHGC[EEETHHEETEEGREBERTEHTTGEGGTEﬁﬁGTCGTﬂHCﬂHEGTﬁﬁCCGTHTCﬁEﬂﬁﬁﬁTGCEECTEENTCCC

HAU-145 CCGARGTCCGGTGGGGGTARACCTTTTTTGGAGCCAGCCGCCTARGGTGGGACAGATGATTTGGGG
Consensus CCGAAGTC .GGTGGGG..aAACCTTTTT,GGAGCCAGCCGCCTARGGTGGGACAGATGATTEEGEE s cessesssosssosssosssosssossssssssssssssssss

Figure 2. Sequence alignment of the 16S rDNA of Bt HAU-145 with that of the reference Bti-H14 strain. The pairwise
alignment was carried out using MultiAlin interface.?* Red color indicates identical bases, whereas blue color
indicates non-identical or mismatched bases
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was employed to ascertain whether the observed
cytotoxicity of activated PS proteins against
MDA-MB-231 cells was mediated through
the induction of programmed cell death (i.e.,
apoptosis). The results indicated that the exposure
of breast cancer cells to PS proteins significantly
triggered cells to undergo both early (top right
quadrant) and late (bottom right quadrant) phases

Exposure of MDA-MB-231 cells to parasporins
causes oxidative stress

The involvement of reactive oxygen
species (ROS) was investigated using the cell-
permeable probe, H2DCFDA. Upon the generation
of ROS, H2DCFDA is intracellularly oxidized to
22,72-dichlorofluorescein (DCF). Apoptotic PS-
exposed MDA-MB-231 cells appeared to generate

(Figure 7).

greater levels of ROS than DMSO-treated controls

+————————— Bacillus thuringiensis strain ATCC 10792 16S ribosomal RNA gene, partial sequence

— Bacillus thuringiensis gene for 165 rRNA, partial sequence, strain: JAM-GG01
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+—— Bacterium C39(2013) 16S ribosomal RNA gene, partial sequence
+—— Bacillus cereus strain 5YW6 165 ribosomal RNA gene, partial sequence

—

+—— Bacillus thuringiensis strain Lr7 /2 165 ribosomal RNA gene, partial sequence
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+— Bacillus thuringiensis strain ASK13 165 ribosomal RNA gene, partial sequence
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+—— Bacillus sp. H37 16S ribosomal RNA gene, partial sequence
+— Bacillus thuringiensis strain KUDC1705 165 ribosomal RNA gene, partial sequence

4—————— Bacillus sp. HH1500 16S ribosomal RNA gene, partial sequence

+—————— Bacillus thuringiensis strain VITLW1 16S ribosomal RNA gene, partial sequence

Bacillus thuringiensis strain SW17 16S ribosomal RNA gene, partial sequence
+—— Bacillus thuringiensis strain JN243 16S ribosomal RNA gene, partial sequence

Bacillus thuringiensis isolate Y34 165 ribosomal RNA gene, partial sequence

I«f—l +—— Bacillus thuringiensis strain JN110 16S ribosomal RNA gene, partial sequence
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+————— Bacillus sp. OrSF1 16S ribosomal RNA gene, partial sequence

Bacillus thuringiensis partial 16S rRNA gene, strain GL88

Uncultured Bacillus sp. clone Filt.98 165 ribosomal RNA gene, partial sequence

Bacillus thuringiensis strain 4Q281 16S ribosomal RNA gene, partial sequence

Figure 3. Phylogenetic analysis of 16s rRNA of Bt HAU-145 strain compared with selected Bt and B. cereus strains
whose sequences were obtained from GenBank’. The phylogenetic tree was created by use of Drawtree 3.696
software, which is one of the Tree viewers tools at www.phylogeny.fr/ base on the neighbor-joining method
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Figure 4. Micrographs of the native non-hemolytic Bt HAU-145 illustrating parasporal crystal-spore complexes
taken by phase-contrast (A) and scanning electron microscopy. Black arrows point to spores and crystals. Scale
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(Figure 8A and B). Specifically, PS-exposed cells
elicited 29.4% ROS (Figure 8B), compared to only
2.6% ROS in the DMSO-treated control (Figure 8A).

Parasporins modulate the protein expression of
apoptotic markers

Immunoblotting was conducted to
investigate the modulatory potential of parasporins
on the expression of two selected apoptotic

M U A

kDa
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34
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Figure 5. SDS-PAGE of Bt HAU-145 solubilized parasporal
crystal proteins. U, unactivated. A, Activated (i.e.,
trypsinized) inclusions. PS proteins were separated SDS-
PAGE gel (10% TGX) and was subsequently subjected to
by silver staining for band detection (Methods)

A B

marker proteins, the pro-apoptotic marker
caspase-3 and the anti-apoptotic marker Bcl-2.
Notably, profound induction in the expression of
the pro-apoptotic “executioner” caspase-3 at 12
and 24 h post-exposure to the IC_ concentration
of activated parasporin crystal proteins that have
been isolated from Bt HAU-145 (Figure 9). In
contrast, a notable reduction in the expression of
Bcl-2, an anti-apoptotic marker, was observed at 12
and 24 h post-exposure to the IC, concentration of
activated parasporin crystal proteins isolated from
Bt HAU-145 (Figure 9).
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Figure 6. Effect of activated parasporal crystal proteins
derived from Bt HAU-145 on MDA-MB231 cells
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Figure 7. Annexin V-FITC/PI FACS assessment of the apoptosis-inducing capacity of activated parasporal proteins
derived from Bt HAU-145 in MDA-MB-231. (A): FACS analysis of MDA-MB-231cells after 48 h treatment with DMSO
(solvent control). (B): FACS analysis of MDA-MB-231cells after 48 h exposure to IC,; (28 pg/ml) concentration of
trypsin-activated parasporal proteins. While the Y-axis represents the Pl-labeled cell population, the X-axis indicates

the FITC-labeled annexin V-positive cells
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Parasporins upregulate enzymatic activity of
caspase-3

Forty-eight-hour exposure of MDA-
MB-231 cells to PS concentrations (i.e., 28, 140,
or 280 ug activated-PS/ml, which are equivalent
to 1x, 5x, and 10x IC_, significantly induced
caspase-3 enzymatic activity compared to DMSO
solvent control (Figure 10). The 1x and 5x IC
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Count

T T T T

LB S e R R a0t
10! 102 10%

DCF (FL1-H)

Count

95

concentrations of activated PS resulted in a clear
upregulation of caspase-3 activity (p < 0.05). A
more significant upregulation in the activity of
caspase-3 was detected when MDA-MB-231 cells
were exposed to 10x (68 pg/ml) IC, concentration
of activated-PS at significance p value < 0.01
(Figure 10).
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Figure 8. Activated parasporins induce oxidative stress in MDA-MB-231 cells. Histograms show DCF fluorescence
intensity (FL1-H) versus cell counts depicting intracellular ROS outbreak in MDA-MB-231 cells after 48 h exposure
to DMSO (A) and IC_; (28 ug/ml) concentration of parasporins (B)
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Figure 9. Effect of activated parasporins on the expression
of apoptotic protein markers in MDA-MB-231 cells. (A)
Immunoblotting of Bcl-2 and Caspase-3 proteins with
reference to B-actin. (B) densitometric analysis of band
intensities by use of Imagel) software (NIH). Adherent
cells were exposed to 28 pg/mL concentration, which
is equivalent to the IC  concentration of activated
parasporins for 12 and 24 h
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Figure 10. Activated parasporins induce caspase-3
enzymatic activity in MDA-MB-231 breast cancer cells.
DMSO was used as solvent control. MDA-MB-231
cells were exposed for 48 h with increasing concentrations
(1x, 28; 5x, 140 and 10x, 280 pg/ml) of activated PS
proteins. ¥*p<0.05, **p<0.01
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DISCUSSION

In the present study, we examined the
anticancer activity of a non-hemolytic native
Bacillus thuringiensis (Bt) strain that had been
isolated from the Hafr Al-Batin region in Saudi
Arabia. The isolated strain was typed both
biochemically and molecularly using API 20E, API
CH50, and 16S rDNA sequencing. Biochemical
typing revealed that the isolated strain was
non-hemolytic. The non-hemolytic feature of Bt
strains has been attributed to the absence of Cty
proteins.?®3 The inability to induce hemolysis
has been reported to be one of the two essential
features, along with non-insecticidal activity, of Bt
strains that produce anticancer PS proteins.’>* This
observation was the driving motive to investigate
the anticancer activity of Bt HAU-145 in the current
study. However, before further characterization, it
was important to verify the identity of the isolated
strains. In this context, 16S rDNA molecular typing
was conducted to compare the sequences of
standard Bti-H14 and B. cereus strains. Based on
the Sanger sequencing data of the PCR amplicons,
the strain under investigation, HAU-145 was
confirmed to be a Bt strain (Figures 1, 2, and
3). The 99% homology to the reference Bt-H14
strain conforms to a previously published report
on Saudi Arabian strains, which showed 99.5%
homology.'® Phase-contrast and SEM microscopic
examinations revealed that Bt HAU-145 possessed
a spherical parasporal crystal (Figure 4). Previously,
it was reported that Bt isolates from different
geographical regions worldwide exhibited variable
crystal morphological features, including spherical,
bi-pyramidal, or irregular shapes.®3¢ This finding
confirms previous results on Bt strains of Saudi
Arabian origin and highlights the diversity and
variation in crystal protein morphology.'>*®

SDS-PAGE revealed that the nascent
(unactivated) parasporal protein profile contained
two major bands at approximately 80 and 30
kDa. Upon activation, the major band at 80 kDa
was completely lost, leaving only one band at
approximately 30 kDa (Figure 5). Interestingly, it
has been reported the Bt A1190 strain produces
a nascent PS1Aal protein of 81 kDa. Proteolytic
cleavage produced two protein bands at 56 and 15
kDa.* Therefore, it is plausible that the Bt HAU-145
strain produces a PS protein that resembles PS1.

However, this possibility remains to be confirmed
by sequencing its gene and protein. The fact that
the 15 kDa band is completely missing from the
SDS-PAGE profile of the activated PS protein from
Bt HAU-145 remains to be reconciled.

MTT anti-proliferation assay revealed that
the activated form of PS protein isolated from Bt
HAU-14 exhibits potent cytotoxicity towards MDA-
MB-231, which is classified as a triple negative
breast cancer cell model, with an IC_; of 28 ug/
ml (Figure 6). This finding is in agreement with
our previous report on Saudi Arabian Bt non-
insecticidal and non-hemolytic strains, which
showed that they exhibit cytotoxicity against Hela
cells, a cervical cancer model. This cytotoxicity
has been shown to be specific to cervical cancer
cells, as no tangible effects were observed in colon
cancer cells.” Previous reports have pointed to
the wide cytotoxic spectrum of PS1 proteins, not
only against cervical cancer cells but also against
leukemic and hepatocarcinoma cells.?? Structurally,
PS1, PS3, and PS6 are classified as PS-type proteins
with a three-domain structure. As such, they share
a high resemblance to Cry toxins, as they also
possess five-block domains.?2373° To elucidate
the mechanism of action of activated PS protein
derived from Bt HAU-145 cells, immunoblotting
and FACS analyses were conducted. Annexin-V/
Pl double staining revealed that the enhanced
Bt HAU-145-mediated cytotoxic activity against
MDA-MB-231 cells was mediated by both early and
late apoptosis (Figure 7). This staining technique
is since cells undergoing apoptosis translocate
phosphatidylserine (PS) residues to the exterior of
the plasma membrane. In this case, the exposed
PS residues could be easily detected by staining
with the fluorescent probe Annexin V, a protein
molecule that exhibits potent affinity for PS.
Later in the apoptotic process, cell membrane
integrity is lost, thereby permitting the free
diffusion of Pl inside the cells and subsequent
binding to DNA. Hence, high PI fluorescence
indicated late apoptotic and necrotic cell death.”
Moreover, FACS analysis clearly indicated that
the activated PS protein derived from Bt HAU-
145 cells induced significant oxidative stress (OS)
in terms of ROS generation (Figure 8). Previous
studies have shown a cause-and-effect association
between aggravated generation of OS and ROS
production from one side and the induction of

Journal of Pure and Applied Microbiology

www.microbiologyjournal.org



Aljeldah et al | J Pure Appl Microbiol. 2024;18(2):1305-1318. https://doi.org/10.22207/JPAM.18.2.51

apoptosis. It is widely known that one of the main
hallmarks of cancer progression is the ability to
resist or overcome intracellular apoptotic cues.®
Therefore, apoptosis is central to drug discovery
as a target for cancer therapeutics.'® In the event
of malfunction in the antioxidant machinery that
detoxifies and scavenges ROS, an outbreak of OS
occurs, leading to a heightened risk of developing
breast cancer. This is ascribed to the detrimental
effects of ROS on biological molecules, such as
nucleic acids, proteins, and lipids. This outbreak
would eventually lead to inflammation, cell
cycle arrest, apoptosis, and necrosis.***? The
FACS findings reported in the current study on
the PS-mediated impact on the induction of
apoptosis (Figure 7) were further confirmed
by immunoblotting of two apoptotic markers
(Figure 9). Western blotting revealed contrasting
findings regarding the expression levels of two
apoptotic markers, caspase-3 (pro-apoptotic)
and Bcl-2 (anti-apoptotic). While the expression
levels of caspase-3 were enhanced at 12 and 24
h post-treatment with activated PS proteins in
MDA-MB-231 cells, Bcl-2 expression levels were
significantly reduced (Figure 9). The enzymatic
activity of caspase-3 has also been found to be
enhanced in a dose-dependent manner, which
further confirmed the immunoblotting results
(Figure 10). Active caspase-3 is catalytically
produced by the proteolysis of its zymogen
precursor, procaspase-3. This in turn results in
the production of an activated ‘executioner’
form of caspase that catalyzes the hydrolytic
process of several protein substrates within the
apoptosis cascade.*”® Collectively, these results
clearly indicate that PS treatment resulted in
the activation of the apoptotic pathway. Current
literature on the mode of action of PS proteins
is scarce, with only a limited number of studies
reporting the enhancement of apoptosis. Among
these, a recent study reported the isolation of
PS A13-2 from a Mexican Bt strain that exhibited
potent and selective cytotoxic activity against
a triple-positive MCF-7 breast cancer cell line.*
Moreover, PS A13-2 has been reported to exhibit
anIC, of 6 pg/ml, which is very similar to that
reported in the current study by PS-derived from
Bt HAU-145 (28 pg/ml). Notably, this study also
reported that PS A13-2 was ineffective against
two other types of breast cancer cells: MDA-

MB-231 and MDA-MB-468.% This observation is
intriguing and clearly highlights the uniqueness
of the cytotoxicity of a given PS protein not
only against a different type of cancer, but also
against subtypes within the same cancer type.
PS A13-2-mediated cytotoxicity against MCF-7
cells has been reported to be mediated through
late apoptosis and necrosis* independent of ROS
generation, which conflicts with our findings. This
can be explained by a difference in the molecular
structure of the two types of PS proteins in the
two reports, and therefore, differences in the
downstream molecular targets and cascades.
Moreover, this might imply that some PS proteins
induce apoptosis through a ROS-independent
mechanism, which requires further investigation.

CONCLUSION

PS proteins derived from the Bt HAU-145
strain are under investigation for their selective
cytotoxicity against the triple-negative breast
cancer cell line MDA-MB-231. The cytotoxic effect
has been shown to be associated with apoptosis
induction that proceeds through a ROS-dependent
mechanism. Further investigation is warranted to
dissect the molecular structure of the PS protein
and its downstream targets. Moreover, it is
necessary to test in vivo anticancer effectiveness
of the PS proteins derived from Bt HAU-145 in
preclinical experiments with non-human primates.
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