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Abstract
Brevibacillus laterosporus, a newly discovered genus, had been shown to be one of the best candidates
for producing multiple antimicrobial peptides (AMPs). Herein, we discovered a new bioactivity of
Brevilaterin B, an AMP produced by Br. laterosporus S62-9, and investigated the details about its
Anticancer. Proliferation, membrane permeability and apoptotic rate were checked using CCK-8 Assay,
LDH Assay and Annexin V-FITC/PI Kits. ROS levels and mitochondrial membrane potential were detected
using the �uorescent probe DCFH-DA and JC-1. Brevilaterin B exhibited broad anticancer activity in a
dose-dependent manner. It selectively inhibited the proliferation of epidermal cancer cell A431 but had no
effect on normal cells at 2 µg/mL. Typical morphological characteristics of apoptosis and an apoptotic
ratio of 71.0% in A431 were observed after treatment with 2-3 µg/mL of Brevilaterin B. In A431 cells,
21.3% ROS generated and 48.8% reduction in mitochondrial membrane potential further occurred,
indicating the main site of action was the mitochondrion. Brevilaterin B secreted by Br. laterosporus S62-9
has potential application as an anticancer medicament, increasing its commercial value. It’s believed to
be the �rst report of the anticancer activity of this type of AMPs.

Highlights
Brevilaterin B was �rst report to exhibit anticancer activity.

Brevilaterin B induces apoptosis of epidermal cancer cell by action on mitochondrion.

Brevilaterin B has potential application as an anticancer medicament.

Introduction
Despite unprecedented successes in the �eld of medicine in the last �fty years, human cancer remains a
major cause of high morbidity and mortality worldwide (Deslouches et al. 2017). Chemotherapy drugs are
still the principal agents used to treat cancer in the advanced or metastatic stages, but the severe side
effects to normal cells and tissues, and the easy formation of multi-drug resistance remain problems with
the use of chemotherapeutic drugs (Siegel et al. 2014). In the last few decades, tremendous efforts have
been devoted to creating new therapies that are more selective and less harmful for patients. There is
increasing evidence that antimicrobial peptides (AMPs) have antitumor activity. AMPs are an untapped
resource with a low propensity to elicit the development of resistance and low propensity to cause toxicity
to healthy cells undergoing rapid proliferation (Deslouches et al. 2013; Steckbeck et al. 2014; Deslouches
et al. 2015). AMPs, as cationic and amphipathic peptides may bind to the outer membranes of cancer
cells, which have been reported to carry more negatively charged molecules, by electrostatic interactions,
and hence cause cytotoxicity toward cancer cells with either a necrotic or apoptotic phenotype (Giuliani et
al. 2007; Ting et al. 2014). AMPs are therefore potential therapeutic drugs for the prevention and
treatment of cancer. AMPs have e�cient tissue penetration and uptake by heterogeneous cancer cells,
and treatment with AMPs, either alone or acting synergistically with existing therapeutics, is excepted to
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result in improved anticancer therapies with higher selectivity for neoplastic cells and fewer harmful
effects on healthy tissues (Oyston et al. 2009).

Several AMPs from bacteria, �lamentous fungi, and actinomycetes have been reported to display
anticancer properties (Zhao et al. 2018). In particular, AMPs from Bacillus sp. have been the focus of
many studies because of their interesting antitumor properties. For example, Surfactin secreted by
Bacillus subtilis has shown good anticancer ability in various cancer cell lines, including the breast
cancer cell lines MCF-7 and MDA-MB-231, the human leukemia cell line K562, the cervical cancer cell line
HeLa, the rectal cancer cell line LoVo, the histiocytic lymphoma cell line U-937, and the mouse monocyte
macrophage leukemia cell line RAW264.7 (Kim et al. 2007; Park et al. 2013). Br. laterosporus, previously
classi�ed as Bacillus laterosporus, is a newly discovered genus and had been shown to be one of the
best candidates for producing multiple short sequence AMPs (Krachkovskii et al. 2002). Such peptides
contain three structurally unrelated families, a lipopeptide (tauramamide), �ve linear cationic peptides
(bogorols A–E), and four cyclic decapeptides (loloatins A–D) (Barsby et al., 2006; Gerard et al. 1999).
Originally, the most valuable feature of these types of AMPs was the broad-spectrum activity against
vegetative and nonmultiplying cells of gram-positive and gram-negative bacteria (Singh et al. 2015), drug-
resistant bacteria, and pathogenic fungi, such as MRSA, VER, PRSP, and Candida albicans (Barsby et al.
2006; Wang et al. 2017). The potential anticancer ability of these AMPs has also been explored. For
example, Bogorol B-JX has shown strong inhibition of the proliferation of the human histiocytic
lymphoma cell line U-937 and ConA-activated spleen cells (Jiang et al. 2017), and Spergualin has
exhibited potential antitumor activity against transplantable leukemias in mice (Nishikawa et al. 1996).
However, to the best of our knowledge, these are the only studies of the anticancer activity of AMPs
reported to date. Therefore, further systematic research into the selective anticancer activity of AMPs,
including the mode of the anticancer action on speci�c cancer cell lines is desirable.

We selected a recently discovered species Br. laterosporus S62-9, which can produce multiple AMPs, and
focused on the potential antitumor property of Brevilaterin B, the most valuable component isolated from
this species. Thus, the aim of the present work was to evaluate the activity exerted by the AMP
Brevilaterin B against various human cancer cell lines and the ability of Brevilaterin B to induce apoptosis
in epidermal cancer cell lines in vitro.

Materials And Methods
Strains and AMPs. Br. laterosporus S62-9 (CGMCC No. 18629) was used in our research and was stored
in the Laboratory of Enzyme Engineering. Brevilaterin B, produced by Br. laterosporus S62-9, was obtained
according to the method described in our previous report (Ning et al. 2021). The yielding titer of Br.
laterosporus S62-9 toward Staphylococcus aureus (ATCC 25923) was 1888.67 AU/mg.

Cell lines and culture conditions. Human cancer cell lines (n = 27) and several corresponding normal cell
lines were used. The cell lines were purchased from Bnbio (Beijing, China), except for the HCT-116, KB,
A549, LoVo, and K562 cell lines, which were kindly provided by Prof. Zhenghua Ren from Sun Yat-Sen
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University (Guangzhou, China). All cells were cultured at 37°C in a humidi�ed atmosphere containing 5%
CO2 and in media containing 10% FBS and 1% penicillin. All standard reagents, including FBS, DEME,
RPMI 1640, Ham’s F-12, and EGM were obtained from Gibco (Big Cabin, Oklahoma, ME, USA). The cell
counting kit 8 (CCK-8), annexin V/propidium iodide (PI) staining kit, and lactase dehydrogenase (LDH)
and reactive oxygen species (ROS) assay kits were obtained from Biodee (Beijing, China), BD Biosciences
(San Jose, CA, USA), and Jiancheng Bioengineering Institute (Nanjing, China), respectively.

Effect of Brevilaterin B on the proliferation of cell lines. The CCK-8 assay was used to determine the
proliferation of the cell lines. First, 100 µL of each cell line (5 × 104 cells/mL) in logarithmic growth phase
were seeded on 96-well plates and cultured for 24 h. Cells were then mixed and reacted with Brevilaterin B
(0, 1, 2, 4, 8, 16, and 32 µg/mL) for 48 h. Finally, CCK-8 solution was used to dye the above mixtures for 4
h, then the cells were examined for absorption at 490 nm using a microplate reader (INFINITE Spark 10M,
TECAN, Switzerland). Afterwards, the IC50 values were calculated for each cell line.

Effect of Brevilaterin B on the membrane permeability of the cell lines. The membrane permeability of the
cell lines was evaluated by the release rate of LDH. First, 500 µL of cells (105 cells/mL) in logarithmic
growth phase from each cell line were seeded on 48-well plates and cultured for 24 h. The cells and
Brevilaterin B (0, 2, and 3 µg/mL) were mixed and reacted for 24 h. Then, the supernatant was harvested
after centrifugation (300 × g) for 5 min. Finally, the LDH assay kit was used to calculate the release rate
of LDH.

Ultrastructure observation of the cell lines. Transmission electron microscopy (TEM) was used to observe
microscopic changes in the cell lines. Cells (3 × 105 cells/mL) in logarithmic growth phase were cultured
for 24 h, then mixed and reacted with Brevilaterin B (0, 2, and 3 µg/mL) for another 24 h. After the
treatment, the cells were �xed with 5% glutaraldehyde for 12 h, followed by treatment with osmium
tetroxide for 90 min. Ethanol was used to dehydrate the �xed cells and the cells were embedded in
epon812 epoxy resin. Ultrathin sections prepared using an ultrathin slicer were dyed by 0.5% uranyl
acetate and lead citrate. Finally, the microscopic changes in the cell lines were observed using a JEOL
TEM-1400 transmission electron microscope (Hitachi, Tokyo, Japan).

Induction of apoptosis in the cell lines. To evaluate the ability of Brevilaterin B to induce apoptosis in the
cell lines, the apoptotic rate, level of ROS, and mitochondrial membrane potential were evaluated.

The annexin V-FITC/PI kit was used for calculation of the apoptotic rate. Cells (105 cells/mL) in
logarithmic growth phase were seeded on six-well plates and incubated for 24 h. These cells were mixed
and reacted with Brevilaterin B (0, 2, and 3 µg/mL) for 24 h. Annexin V-FITC (5 µL) was added to the
treated cells (100 µL) followed by 5 µL of PI for staining. Then, 400 µL of binding buffer was added and
the mixture was quantitatively measured using a BD C6 �ow cytometer from BD Bioscience.

DCFH-DA was the �uorescent probe used for examination of the ROS levels. Cell lines (105 cells/well) in
logarithmic growth phase were seeded on a six-well plate and incubated overnight. Then, these cells were
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treated with various concentrations (0, 2, and 3 µg/mL) of Brevilaterin B for 24 h. Next, the treated cells
were harvested and washed with PBS (1×) buffer followed by further treatment with DCFH-DA for 20 min.
Then, all the cells were washed twice with PBS (1×) buffer, harvested by trypsin digestion, and collected
by centrifugation (300 × g, 3 min). Finally, a BD C6 �ow cytometer was used to determine the levels of
ROS in the cells.

We also evaluated the mitochondrial membrane potential of the cell lines after treatment with Brevilaterin
B. Cell lines (105 cells/well) in logarithmic growth phase were treated and incubated according to the
method described above. The treated cells were resuspended with the �uorescent probe JC-1 and reacted
for 15 min. Next, cells were harvested by trypsin digestion and collected by centrifugation (300 × g, 3
min). Finally, the prepared cell lines were resuspended twice in staining solution and evaluated by a BD
C6 �ow cytometer.

Results
Effect of Brevilaterin B on the proliferation of cells. The effect of Brevilaterin B on the proliferation of 27
human cancer cell lines and 12 corresponding normal cell lines was examined (Table 1). The IC50 values
determined in our study strongly indicated that Brevilaterin B could effectively inhibit the proliferation of
all the tested cancer cells in a dose-dependent manner. However, 8 µg/mL of Brevilaterin B exhibited an
obvious cytotoxicity in most of the cancer cell lines. The lowest IC50 value observed for Brevilaterin B was
1.40 µg/mL. The IC50 values of Brevilaterin B toward the epidermal carcinoma cell line A431 and a gastric
cancer cell line were 2.75 and 5.68 µg/mL, respectively and the values toward the corresponding normal
cell lines were 12.78 and 10.62 µg/mL, respectively. The results described above indicated that
Brevilaterin B could effectively inhibit the proliferation of speci�c cancer cell lines.
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Table 1
IC50 values of Brevilaterin B to cancer and normal cell lines

Cell lines IC50(µg/mL) Cell lines IC50(µg/mL)

Skin �broblasts HSF 12.78±0.33 Normal mammary epithelial
cells MCF-10A

1.58±0.33

Epidermal carcinoma cell A431 2.75±0.07 Breast cancer cells MDA-MB-
231

4.16±0.27

Esophageal epithelial cells HEEC 2.66±0.34 Breast cancer cells MCF-7 4.94±0.28

Esophageal cancer cell EC109 2.13±0.23 Normal cervical cells HIBEPIC 2.37±0.38

Esophageal cancer cell EC9706 3.23±0.16 Cervical cancer cells Hela 2.60±0.24

Pancreatic duct epithelial cells
HPDE6-C7

3.45±0.20 Cervical cancer cells HelaS3 3.16±0.45

Pancreatic cancer cells SW1990 13.40±0.08 Normal ovarian epithelial cells
IOSE80

1.12±0.04

Pancreatic cancer cells PANC-1 3.11±0.49 Ovarian cancer cells A2780 7.40±0.36

Normal hepatocytes Lo-2 2.91±0.07 Ovarian cancer cells SKOV3 4.26±0.25

Hepatoma cells SMMC7721 13.81±0.31 Normal prostatic epithelial cells
RWPE-1

1.07±0.34

Hepatoma cells HepG2 9.84±0.39 Prostate cancer cells DU145 2.56±0.23

Normal colonic epithelial cells
NCM460

3.04±0.10 Prostate cancer cells PC-3M 6.17±0.24

Colon cancer cells HT-29 1.40±0.09 Human normal gastric epithelial
cells GES-1

10.62±0.73

Colon cancer cells sw480 17.15±0.97 Human gastric cancer cells
BGC-823

5.68±0.25

Colon cancer cells HCT-116 7.67±0.57 Human gastric cancer cells
SGC-7901

5.73±0.21

Rectal cancer cells LoVo 4.16±0.53 Squamous cell carcinoma of
tongue Tca8113

5.82±0.25

Human embryonic lung
�broblasts CCD-19 Lu

4.76±0.03 Melanoma cells A375 4.16±0.15

Human non-small lung cancer
cells A549

5.54±0.55 Human leukemia cells K-562 5.86±0.66

Embryonic kidney cell HEK-293 4.78±0.32 Oral cancer cells KB 3.14±0.07

Renal cell carcinoma A-498 2.33±0.49 - -
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Effect of Brevilaterin B on membrane permeability. On the basis of the above �ndings, the epidermal
carcinoma cell line A431 and normal human skin �broblasts (HSF) were selected for further study of
Brevilaterin B. First, we investigated the effect of Brevilaterin B on the membrane permeability of A431
and HSF as determined from the LDH release rates (Fig. 1). The results showed that 2 µg/mL of
Brevilaterin B could induce LDH release from the cancer cell line A431, with a release rate of 107.21%.
However, Brevilaterin B did not affect the membrane permeability of the HSF cell line.

Effect of Brevilaterin B on cell nuclear morphology and ultrastructure. The effect of Brevilaterin B on the
cell nuclear morphology was observed using Hoechst 33258 dye solution (Fig. 2). After treatment with 2–
3 µg/mL of Brevilaterin B for 24 h, the number of cancer cells was decreased markedly, and the number
of irregular cells and the intensity of the blue �uorescence were increased signi�cantly. Later, the typical
morphological characteristics of apoptosis appeared, including the occurrence of pyknosis in the nucleus
and the fragmentation of some chromatin, while the HSF cells remained in a normal state.

We further observed the ultrastructure changes in the treated cancer cell line A431 and the HSF cell line
using TEM (Fig. 3). The intracellular organelles and microvilli on the cell surface of the HSF cells were
complete and abundant, indicating that Brevilaterin B had no effect on these normal cells. In comparison,
after treatment with Brevilaterin B, some typical apoptotic characteristics gradually appeared in the A431
cells, including a decrease in the super�cial microvilli, the appearance of autophagic vacuoles, "wrinkling"
of the nuclear membrane, an increase in nuclear heterochromatin, and the disappearance of the internal
structure of the organelles.

Brevilaterin B induced apoptosis in A431 cells. The apoptotic rate, ROS level, and mitochondrial
membrane potential of A431 cells were all affected by treatment with Brevilaterin B in a dose-dependent
manner. When the concentration of Brevilaterin B was increased from 2 to 3 µg/mL, the apoptotic ratio of
the A431 cell line was increased from 17.4–71.0% (Fig. 4). Similarly, treatment with Brevilaterin B caused
the intracellular ROS level of A431 cells to increase up to 21.3%, when the Brevilaterin B concentration
was increased to 3 µg/mL (Fig. 5). Furthermore, the aggregates of JC-1 were detected to evaluate the
ability of Brevilaterin B to induce apoptosis in A431 cells. As shown in Fig. 6, 3 µg/mL of Brevilaterin B
could induce 48.8% reduction in the mitochondrial membrane potential in A431 cells, while a reduction of
only 24.0% occurred after treatment with 3 µg/mL of Brevilaterin B.

Discussion
Cancers pose a great threat to human health worldwide. Many functional medicaments have been
discovered for the treatment of cancer, but these drugs can have severe side effects on normal cells and
multi-drug resistance can easily be developed to many drugs currently used to treat cancer (Siegel et al.
2014). AMPs have the potential to be developed as anticancer drugs that are more selective and less
harmful toward the human body than many current therapeutics (Deslouches et al., 2013; Steckbeck et
al., 2014; Deslouches et al. 2015). The AMPs from Br. laterosporus are currently of interest because of
their excellent antibacterial and antifungal activities. These AMPs have also been shown to inhibit the
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proliferation of the human histiocytic lymphoma cell line U-937 (Jiang et al. 2017). However, to the best
of our knowledge, no other studies of the antitumor properties of these AMPs have been reported to date.
Herein, we found that our previously reported AMP from Br. laterosporus S62-9, Brevilaterin B, could
inhibit the proliferation of 27 cancer cell lines in a dose-dependent manner, showing a broad spectrum of
anti-cancer activity (Ning et al. 2021). Subsequently, we investigated the primary mechanism of action of
Brevilaterin B against the epidermal carcinoma cell line A431, and demonstrated that Brevilaterin B could
induce apoptosis in this cell line but was not toxic toward the corresponding normal human cell line.

When cultured cells undergo apoptosis, the cell membrane is the �rst to be destroyed, and then various
enzymes, including LDH, are released and can be rapidly detected in the culture medium (Flores-Guzmán
et al. 2019). Accordingly, the rate of released LDH can be used to evaluate the integrity of cell membranes
(He et al. 2013). In our study, the levels of LDH detected in the supernatants were obviously increased
when epidermal carcinoma A431 cells were treated with Brevilaterin B, which was a similar result to that
observed in human promyelocytic leukemia HL-60 cells after treatment with the AMP cecropin A (Cerón et
al. 2010). In comparison, normal HSF cells, which were regarded as a control group, were not affected by
treatment with Brevilaterin B at the same dose. These results indicated that Brevilaterin B could rupture
the cancer cell membrane in a selective way, which was also observed by TEM.

The cell nucleus is an important organelle in active cells. Cell nuclei pyknosis occurs when active cells
enter into the apoptotic phase and this can be used as a speci�c morphological sign to indicate apoptotic
cells (Xue et al. 2017). We found that cell nuclei pyknosis occurred in A432 cells, but not in HSF cells,
after treatment with Brevilaterin B (2–3 µg/mL), indicating that Brevilaterin B may damage the cell nuclei
of A431 cells but not those of HSF cells.

Alterations in the cell morphology, including the changes in the cell membrane and cell nucleus described
above, are usually the �rst changes to occur when cancer cells undergo apoptosis. More changes in the
morphological details appear with the arrival of the apoptotic phase, and these changes can be directly
observed by TEM.

Apoptosis is a pivotal homeostatic mechanism that causes programmed cell death to prevent the
uncontrolled proliferation of cancer cells (Li et al. 2017). At the beginning of cell apoptosis,
phosphatidylserine in the cell membrane is exposed, and can be easily stained by annexinV-FITC.
Measurement of the amounts of such stained cells can be used to evaluate the apoptotic rate of cancer
cell lines, and this rate is usually used for the rapid detection of apoptosis. In our results, the addition of
Brevilaterin B obviously induced apoptosis and increased the apoptotic rate, in a similar manner to that
reported for the AMP ranatuerin-2PLx against the PC-3M cell line (Chen et al. 2018). Wang et al. have also
shown that the AMP temporin-1CEa could e�ciency induce apoptosis of the breast cancer cell line Bcap-
37. The apoptotic rate of Bcap-37 was increased to 80% after treatment with 40 µM of the AMP, which
was similar to the effect of Brevilaterin B (Wang et al. 2013).

The mitochondrion is the main organelle in cells that plays an important role in cell growth, proliferation,
and differentiation. Perturbation of mitochondrial function is a key event in the apoptotic cascade, and
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the development of a mitochondrial permeability transition state is necessary for cell death to proceed
(Gaspar et al. 2013). Additionally, the mitochondrion is the “factory” for ROS release, which is the �rst
important feature for apoptosis evaluation. On stimulation from an external factor, intracellular ROS
levels can be increased substantially, which can cause oxidative damage to the cell membrane, proteins,
and nucleic acids, until apoptosis occurs (Shahrestanaki et al. 2019). In the present study, a 10-fold
increase in the amount of ROS released was observed when the concentration of Brevilaterin B was
increased from 2 to 3 µg/mL. Li et al. have studied the effect of the AMP CM4 on the breast cancer cell
lines MX-1, MCF-7, and MDA-MB-231. The results demonstrated that CM4 could cause the release of high
levels of ROS, which then induced apoptosis (Li et al. 2018). The mitochondrion is also the “factory” for
cell energy generation. Its pathway could be activated when drugs act on cancer cell lines, resulting in
changes in the mitochondrial membrane potential, which is the second most important feature for
apoptosis evaluation. Liu et al. have found that the AMP B11 could in�ltrate into cervical cancer HeLa
cells, and cause mitochondrial disorder, even cell apoptosis, by effectively decreasing the mitochondrial
membrane potential (Xia et al. 2016). In the present study, Brevilaterin B caused a decrease in the
mitochondrial membrane potential of A431 cancer cells, resulting in mitochondrial depolarization, and
�nally inducing apoptosis of the cancer cells.

In conclusion, we investigated the selective anti-cancer activity of the AMP Brevilaterin B from Br.
laterosporus S62-9. Brevilaterin B exhibited selective anti-cancer activity toward the epidermal carcinoma
cell line A431 but had no effect on normal HSF cells. Our study revealed that 2 µg/mL of Brevilaterin B
could inhibit the proliferation of A431 cells and cause damage to the cell morphology, including the cell
membrane and cell nucleus. In addition, we have shown that Brevilaterin B could induce the apoptosis of
A431 cancer cells, and the mitochondrion was the main site of action. Overall, these �ndings indicate that
Brevilaterin B may have potential application as an anti-cancer medicament. To the best of our
knowledge, the present study is the �rst report of anti-cancer activity for this type of AMP.
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Figure 1

Changes of LDH release rate in A431 cells treated by Brevilaterin B (*p<0.05; **p <0.01).
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Figure 2

Effects of Brevilaterin B on nucleus in A431 cells and HSF cells (enlargement factor: 100×).

Figure 3

Effects of Brevilaterin B on ultrastructure in A431 and HSF cells.
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Figure 4

Effect of Brevilaterin B on apoptotic rate of A431 cells (A, FITC/PI double-staining �ow chart; B, statistical
chart of apoptotic rate; **p <0.01).
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Figure 5

Effect of Brevilaterin B on ROS levels of A431 cells (A, DCFH-DA monochrome �ow chart; B, DCFH
positive proportion statistical chart; **p <0.01).
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Figure 6

Effect of Brevilaterin B on mitochondrial membrane potential of A431 cells (A, JC-1 monochrome �ow
chart; B, JC-1 positive aggregate statistical chart; **p <0.01).
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