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ABSTRACT

Objective: To elucidate the cytotoxic effect of the secondary
metabolites of Barrientosiimonas humi (B. humi) on MCF-7 and
MDA-MB-231 human breast cancer cells and its underlying
mechanisms of action.

Methods: The extract was obtained from the fermentation of B.
humi and fractionation of the crude extract was conducted via
column chromatography. Cytotoxicity of the B. humi extract was
determined by using MTT assay and real-time cellular analysis.
Morphological changes, cell cycle profiles, mode of cell death, and
caspase expressions of control and treated breast cancer cells were
determined.

Results: The ethyl acetate extract isolated from B. humi was
cytotoxic against MCF-7 and MDA-MB-231 cell lines. One of
the dichloromethane (DCM) fractions, designated as DCM-F2,
exhibited the strongest activity among all the fractions and thereby
was selected for further studies. DCM-F2 had selective cytotoxicity
on target cells by inducing apoptosis, particularly in the early stage,
and cell cycle arrest. Treated cells caused inhibition of cell cycle
progression at 72 h leading to a significant increase (P < 0.05) in
the Gy/G, population. DCM-F2 treated MDA-MB-231 cells showed
caspase-dependent apoptosis, whereas DCM-F2 treated MCF-7 cells
showed a caspase-independent apoptosis pathway. Five compounds
were successfully isolated from B. humi. Cyclo (Pro-Tyr) was the
most cytotoxic and selective compound against MCF-7 cells.
Conclusions: B. humi ethyl acetate extract exhibits significant
cytotoxicity against MCF-7 and MDA-MB-231 cells via induction of

apoptosis and cell cycle arrest.
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Apoptosis; Cell cycle; Breast cancer

1. Introduction

Cancer continues to be the main cause of morbidity and mortality
worldwide, where the incidence rate of cancer cases appears to be on
the rise in recent years. Breast cancer was one of the most frequently
diagnosed cancers with nearly 2.1 million new cancer cases worldwide
in 2018[1]. Global emergence of multidrug resistance in cancer causes

enormous healthcare costs. However, many chemotherapeutic
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antibacterial and anticancer activities against HT-29 colorectal
cancer. Five compounds were successfully isolated through
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via induction of apoptosis and cell cycle arrest.
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drugs available on the market have undesirable adverse effects in
patients with reduced therapeutic effects. To date, natural products
isolated from a microorganism, in particular actinobacteria, could
be a promising source of lead compounds with better cytotoxicity
and selectivity[2]. According to the Natural Products Library, 80% of
small molecule anticancer drugs are natural product-based. They are
generally low in cost with little toxicity or side effects in clinical use
in contrast to synthetic drugs|3].

Soil actinobacteria have attracted great attention since they have
played an important role in the discovery of diverse anticancer
compounds. The majority of the commercially available
chemotherapeutic drugs, such as doxorubicin, bleomycin, and
mitomycin, are derived from soil actinobacteria4]. However, these
chemotherapeutic drugs may cause detrimental cardiovascular
effects, which are known to cause cardiotoxicity, heart damage,
and even death[5]. With an increase in global cancer incidence,
there would be a greater demand for new anticancer drugs with
better activity, low toxicity, and cost-effectiveness. In recent years,
the probabilities of discovering novel bioactive compounds from
different actinobacterial species have fallen dramatically.

The decrease in the discovery of new compounds may be due to the
following reasons: 1) many cryptic secondary metabolite pathways
remain silent and are not expressed under normal laboratory culture
conditions, 2) frequent genetic exchange among microorganisms
that may have comparable physical and chemical selection features
in a certain environment|6.7]. Due to the difficulty of obtaining new
valuable metabolites, current trend has been shifted towards the
isolation of actinobacteria from unexplored areas such as marine[2],
and polar([8] regions. Extremophiles have diverse physiology,
flexibility, and adaptability that allow them to endure harsh
conditions. Thus, there is a high possibility that the extremophilic
actinobacteria could produce diverse novel compounds. Many
bioactive compounds have been successfully isolated from
extremophilic actinobacteria[9,10].

Barrientosiimonas humi (B. humi) is a novel actinobacteria derived
from the Antarctica soil samples collected from Barrientos Island
in 2007[11]. The genus Barrientosiimonas belongs to the order
Actinomycetales(11] that are well-documented for their proven ability
to yield a broad range of bioactive compounds of pharmaceutical
and industrial interest. Previous studies reported that compounds
derived from polar actinobacteria could induce cytotoxicity in
cancer cells. For instance, two new compounds, arcticoside, and
C-1027 chromophore-V were successfully isolated from polar
marine actinobacteria. C-1027 chromophore-V induced a significant
cytotoxic effect in breast and colorectal cancer cells (MDA-MB-231
and HCT-116)[12]. Our previous study revealed that crude extract of
B. humi exhibited significant antibacterial and anticancer activities
against HT-29 colorectal cancer|13]. A total of five compounds
were successfully isolated after bioassay-guided fractionation[14].
However, there is no published article reported on the biological
activities of the compounds derived from B. humi. Thus, this study

was performed to evaluate the cytotoxicity and mode of action of the

compounds produced by B. humi.

First, we evaluated the cytotoxic activity of the ethyl acetate
extract of B. humi (EA-BH) on a panel of human cancer cells.
After bioassay-guided fractionation, the most potent fraction
[dichloromethane (DCM)-F2] was chosen for further elucidations
of its underlying mechanisms of action in both MCF-7 and MDA-
MB-231 breast cancer cells. Five compounds have been structurally
elucidated in our previous study[14]. Bioassay-guided fractionation
and purification identified cyclo [-Proline-Tyrosine (-Pro-Tyr)] as
the major cytotoxic agent in DCM-F2. The cytotoxic activities and
mechanism of actions of the major compounds derived from novel

B. humi were evaluated.

2. Materials and methods
2.1. Biological materials

The B. humi strain 39" was isolated from a soil sample collected
from Barrientos Island (62° 24’ 26.0” S 59° 44’ 49.1” W), Antarctica
during the XI Ecuadorian Antarctic Expedition in 2007[11]. The strain

was maintained using an actinomyces agar medium at 4 °C.

2.2. Fermentation of B. humi

A single bacterial colony of the producing strain was inoculated in an
Erlenmeyer flask (500 mL) containing actinomyces broth (100 mL),
and incubated in an incubator shaker for 72 h (28°C, 100 xg). The
seed culture (5%) was then inoculated in an Erlenmeyer flask (1 L)
containing 300 mL same media and incubated (28 °C) with continuous
shaking for 8 d.

2.3. Isolation and preparation of EA—-BH

The fermented broth collected was extracted twice using organic
solvent method. Ethyl acetate was added to the fermented broth of B.
humi in the ratio of 1:1 (v/) and shaken vigorously for 20 min. Next,
the organic layer was collected, dried, and concentrated at 40°C in a
rotary evaporator under reduced pressure. Dried EA-BH was subjected
to thin-layer chromatography (TLC) by dissolving in methanol
(MeOH). The TLC profiles of the dissolved EA-BH were carried out
by spotting the extract (10 uL) on a TLC plate (Merck, Kieselgel
60 F254, 0.25 mm) at a concentration of 10 mg/mL. A proper
solvent system was determined by using different organic solvents
at various ratios for creating different combinations of eluting
solvents with varied polarities. The eluted spots on TLC plate were
viewed under UV light at 254 nm, sprayed with the reagent vanillin/
H,SO, solution, and heated using a hot plate for spot identification.
Fermentation, extraction, and evaporation were repeated until the

maximum yield of crude EA-BH was obtained.
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2.4. Cell line culture

Cell lines used in this study were MCF-7 and MDA-MB-231
human breast cancer, HepG2 liver cancer, A549 lung cancer, SCC9
tongue cancer, HEK-293 human embryonic kidney cells, and H9c2
rat cardiomyoblast cells. All the cell lines used were obtained from
the American Type Culture Collection (ATCC, Rockville, MD,
USA). MCF-7, MDA-MB-231, A549, and H9c2 cell lines were
grown in Dulbecco’s modified eagle medium (DMEM) medium
containing 10% fetal bovine serum and 1% PenStrep (Gibco). SCC9
was cultured in DMEM HAM F-12 medium, HEK-293 in MEM
medium with 1% sodium pyruvate, and HepG2 in Roswell Park
Memorial Institute medium, containing 10% fetal bovine serum and
1% PenStrep.

2.5. MTT cell viability assay

Cytotoxicity of the EA-BH on different cancer cells were
determined by 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-
phenytetrazoliumromide (MTT) assay|15]. Cells were seeded in 96-
well flat-bottomed plates (5 X 10° per well) in a complete culture
medium (100 pL) for 24 h (37°C, 5% CO,). Next, the cells were
treated with EA-BH (31.5-1000 pg/mL) and doxorubicin for 72 h.
Control wells with untreated cells were also included. A total of 20
uL of MTT solution (5 mg/mL in PBS) was added into each well
followed by 3 h incubation. Medium in each well was removed,
and the formation of purple-blue formazan was observed by adding
dimethyl sulfoxide (DMSO) (100 uL). The absorbance (proportional
to cell viability), was analyzed by using Biolog ELx808 Microplate
Reader (Biotek, Vermont, USA) at 570 nm wavelength, and
reference wavelength (630 nm). Cell viability was measured based
on the following equation: Cell viability (%) = [The absorbance of
the treated group/the absorbance of the control (DMSO)] X 100%.
The half-maximal inhibitory concentration (ICs,) was determined
from the dose-response curves fitted to the measured points by
using GraphPad Prism software (version 5.0). The cytotoxic activity
of crude extract was determined based on ICs,, which was divided
into four different categories, i) very active (IC5, < 20 pg/mL), ii)
moderately active (ICs, > 20-100 pg/mL), iii) weakly active (ICs, >
100-1000 ug/mL), and iv) inactive (ICs, > 1000 pg/mL)[16.17].

2.6. Real-time cell analysis (RTCA)

The RTCA iCELLigence assay (ACEA Biosciences, San Diego,
CA, USA) was used to examine the inhibitory activity of EA-BH on
different cancer cell lines. Initially, DMEM growth medium (50 pL)
was added to each well of the specialized 16-wells E-Plate. The cells
were seeded (2.5x 10 cells/well) in 150 uL medium. After 24h cell
seeding (log phase), different concentrations (62.5-1000 ug/mL) of
EA-BH were added to the wells. Control wells were included (blank
& DMSO). The E-plate was then inserted into the iCELLigence

station, and the cell growth rates were automatically monitored every
15min for 72h. Cell impedance signal was stated as the cell index.
The cell index values were automatically recorded, and analyzed
by the integrated RTCA software[18]. Cell viability (%) = [The
cell index of the treated group/the cell index of the control group
(DMSO)] x 100%.

2.7. Bioassay guided fractionation

The dried EA-BH (10 g) was dissolved in 100% methanol (MeOH),
and subjected to liquid-liquid extraction. The crude extract was
partitioned with DCM (150 mL x 3 times) and H,O (150 mL x 3
times) furnishing non-aqueous DCM fraction (3.3 g) and aqueous
fraction (5.8 g) after decantation and evaporation. Each fraction was
spotted on a TLC plate using a fine glass capillary and the plate was
then placed in a chromatographic chamber with an optimized mobile
phase. The eluted spots were viewed under UV light at 254 nm,
stained with the reagent vanillin/H,SO, solution, and heated using a
hot plate for spot identification. Both fractions were then subjected
to bioassay screening to assess the cytotoxic activity. The active
partitioned DCM fraction was further fractionated using column
chromatography (25 mm width x 450 mm height), with silica gel 60,
0.063 mm-0.200 mm (Merck, Germany). Wet packing method was
performed to load the column by mixing the silica with 100% DCM.
The dissolved non-aqueous DCM fraction was loaded on the packed
column. The column was then eluted using a combination of DCM:
MeOH in increasing polarity (9:1 to 4:6 v/v). The fractions that
demonstrated a similar TLC profile were pooled to yield four major
fractions (F1-F4). Supplementary Figure 1 displays the flow chart
of the bioassay-guided fractionation and isolation of EA-BH crude

extract.

2.8. Morphological study

Briefly, 1 x 10° cells were seeded into a 6-well plate, and incubated
(24 h) in 3 mL of DMEM at 37°C (5% CO, and 95% air) before
being treated with DCM-F2. Morphological changes of the control
and DCM-F2 treated MCF-7 and MDA-MB-231 cells were
determined and analyzed under an inverted light microscope (Zeiss
Primovert, NY, US) at 72 h.

2.9. Determination of mode of cell death

Quantification of cell death was determined using the Muse
Annexin V kit (Merck Millipore). Briefly, 1 x 10’ of the cells were
seeded in a 6-well plate and incubated for 24 h. Test compounds,
including positive and negative controls, were added and incubated
for 72 h. Next, the adherent cells were transferred to a 15 mL
tube. After centrifugation, a new medium (1 mL) was used to re-
suspend the cell. Cell suspension (100 uL) was then transferred to

a centrifuge tube (1.5 mL), and Muse Annexin V reagent (100 uL)
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was added. The samples were stained at room temperature in the
dark (20 min) and subsequently analyzed using the Muse Automated
Cell Analyzer with integrated software analysis (Merck Millipore,
Billerica, MA, USA).

2.10. Cell cycle analysts

Cell cycle distribution was evaluated using the Muse Cell Cycle
assay (Merck Millipore). Briefly, 1 x 10° of the cells were cultured
in a 6-well cell culture plate, followed by 24 h incubation. The cells
were then treated with the DCM-F2 at indicated concentrations (25,
50, and 100 pug/mL), and incubated (37°C, 72 h). Next, the cells
were collected by trypsinization, and 200 pL of the cell suspension
was transferred to a centrifuge tube (1.5 mL). The suspension was
centrifuged (5 min, 300 xg), and washed with 1 x PBS. Ice cold
70% ethanol (200 pL) was gradually added into the tube to prevent
aggregation of cells, and the cell pellet was incubated (—20°C, > 3
h). The cells were then centrifuged (5 min, 300 xg) before being
washed with 1 x PBS. Muse Cell Cycle Reagent (200 pL) was added
to each test tube and incubated (30 min) at room temperature in the
dark. The sample was transferred to a microcentrifuge tube (1.5 mL)

and subsequently analyzed using the Muse Cell Analyzer.

2.11. Determination of caspase activity

Caspase-like reaction was determined using the Muse Caspase
3/7 assay kit (Merck Millipore). Briefly, target cells were cultured
in a 6-well cell culture plate (1 x 10° cells per well), followed by
24 h incubation. The cells were then treated with the DCM-F2 at
indicated concentrations (50 and 100 pug/mL) and incubated for 72
h. The cells were collected by trypsinization, and the cell suspension
(50 uL) was transferred to a centrifuge tube. The cells were
centrifuged (5 min, 300 xg), and washed with 1 x PBS. Next, the
cell pellet was resuspended in 1 x Assay Buffer BA, mixed with the
Muse Caspase-3/7 reagent (5 uL), followed by incubation (30 min)
at 37°C with 5% CO,. Afterward, Muse Caspase 7-AAD solution
(150 pL) was added and mixed thoroughly by vortexing for 3-5 s.
The samples were then incubated (5 min) at room temperature in the
dark. Lastly, quantitative analysis of caspase-3/7-positive cells was

performed using the Muse Cell Analyzer

2.12. Bioassay for the isolated pure compounds

Our previous study showed that the isolation and purification of
B. humi led to the identification of five compounds. Structures of
the isolated B. humi pure compounds were successfully elucidated
using spectroscopic methods[14]. Compounds were then subjected to
cytotoxicity screening using breast cancer cells. The target cells were
seeded in 96-well flat-bottomed culture plates (5 x 10° per well) in
100 pL complete culture medium for 24 h. Subsequently, the target

cells were treated with B. humi compounds (6.25 to 200 ug/mL) for
72 h. Untreated negative and positive control drugs (doxorubicin)
were also included. Next, 20 uL of MTT solution (5 mg/mL in PBS)
was pipetted into each well, followed by another 3 h incubation.
Culture medium in each well was then discarded, and the purple-
blue formazan formed was dissolved by adding DMSOI15]. The
absorbance (proportional to cell viability), was analyzed with a
Biolog ELx808 Microplate Reader (Biotek, Vermont, USA) at
570 nm wavelength, and 630 nm as the reference wavelength. Cell
viability and ICy, were determined. The selectivity index (SI) of the
compound was also calculated as per an earlier report[19] with minor
modifications: SI = ICs, of a pure compound in normal cells/ICs, of
a pure compound in cancer cells. Based on this, the selectivity effect
was calculated from the ICs, ratio in H9¢c2 cells versus MCF-7 cell

line. A SI value higher than 2 means high selectivity[20].

2.13. Statistical analysts

Data obtained were analyzed using GraphPad Prism software
(version 5.0). Significant differences between the control and the
treated groups were analyzed by one-way analysis of variance
(ANOVA) and Turkey’s post—hoc test, and P-values less than
0.05 (P < 0.05) were considered statistically significant. Results
are represented as mean + standard deviation (mean + SD) from

triplicates over three independent experiments.

3. Results
3.1. Cytotoxicity of EA-BH

In the present study, cancer cells were treated with different
concentrations of EA-BH, and ICs, value of EA-BH was calculated
to evaluate its cytotoxicity. EA-BH possessed moderate cytotoxicity
towards MCF-7 cells with ICy, value of (97.67 + 1.34) ug/mL. Also,
the extract induced weak cytotoxic effect on MDA-MB-231 cells
[ICs, = (108.10 * 2.12) ug/mL] and other cell lines tested (ICs, >
150 pg/mL). A significant decrease in cell viability was observed
on both breast cancer cells in a concentration-dependent manner
(Supplementary Figure 2).

Next, the selectivity of EA-BH was tested against heart and
kidney normal cell lines (H9¢2 and HEK-293). EA-BH was less
cytotoxic to both H9¢2 [ICs, = (281.40 + 5.09) ug/mL] and HEK-
293 normal cells [ICs, = (273.50 + 4.67) ug/mL], compared to
MCF-7 following 72 h incubation. Based on the results of toxicity
assessment, a significant decrease of cell viability was detected on
both normal H9¢2 and HEK-293 cell lines at a higher concentration
range compared to untreated control (P < 0.05), indicating that the
cytotoxicity of EA-BH was more selective towards MCF-7 and
MDA-MB-231 cells.



Cytotoxicity and mode of action of Barrientositmonas humi extract 91

3.2. RTCA results

The pattern of growth and viability of MCF-7 and MDA-MB-231
cells after treatment of EA-BH for 3 d was further observed using
RTCA assay. EA-BH exhibited cytotoxicity against MCF-7 and
MDA-MB-231 cells in a time- and concentration-dependent manners
(Figure 1). Comparable RTCA profiles were observed between EA-BH
treated cells. EA-BH induced significant cytotoxic activity against MCF-
7 and MDA-MB-231 cells by a significant decrease of cell viability
compared with the untreated control group. However, weak cell inhibition
(IG5, > 150 pg/mL) was observed on SCC-9, A549, and HepG2 human
cancer cells in concentrations ranging from 62.5 pg/mL to 1000 pg/mL.
An exponential increase in cell proliferation was detected in control wells
(blank & DMSO). Conversely, cells treated with doxorubicin (positive
control) showed a significant reduction of cell index in a panel of cell
lines tested.

EA-BH showed significant cell inhibition against both breast cancer
cells compared to the control group with ICs, value of (83.04 + 0.57)
ug/mL and (87.61 + 0.61) ug/mL, respectively at 72 h (P < 0.05). At 24
h and 48 h, the extract showed better cytotoxicity against MCF-7 cells,
with ICs, values of (143.87 + 0.31) pug/mL and (133.97 + 0.35) pg/
mL, respectively. The activity of EA-BH was concentration and time-
dependent. Treatment with EA-BH at 62.5 and 1000 pg/mL reduced
the cell viability on both MCF-7 (57.4% to 5.1%), and MDA-MB-231
(59.2% to 18.28%) at 72 h.

3.3. Bioassay guided fractionation

DCM extract was more cytotoxic towards MCF-7 cells compared
to aqueous extract (Figure 2). An increase of cell growth was
detected in control wells as indicated by elevated cell index values.
Conversely, cells treated with doxorubicin and DCM extract in
concentrations ranging from 31.25 pug/mL to 500 pg/mL showed
a significant reduction of cell index values. Next, the highly active
partitioned DCM extract was subjected to fractionation by using
column chromatography and eluted with the DCM-MeOH optimized
solvent system in an increasing polarity (started with DCM-MeOH,
9:1), resulting in 16 fractions. The chemical constituents that exist
in each obtained fraction were analyzed using TLC, using hexane/
DCM/methanol as solvents at different proportions (Supplementary
Table 1). Fractions that demonstrated similar TLC profiles were
pooled to yield four major fractions (F1-F4). The composition of
fraction 3 (F3) was the highest, comprised of 2.6 g from 3.3 g of
DCM fraction (78.79%).

3.4. Determination of cytotoxic effect of the isolated fractions

The cytotoxicity of the isolated fractions was evaluated using
MTT assay in MCF-7 and MDA-MB-231 cells for 72 h. F2 and F4
fractions showed significant cytotoxic effects against MCF-7 cells,
with ICs, values of (37.79 + 2.17) pg/mL and (40.34 + 2.33) pg/

mL, respectively (Supplementary Table 2). Similarly, both fractions
showed significant cytotoxic effects against MDA-MB-231 cells
with ICs, values of (72.43 + 2.90) ug/mL and (94.53 = 2.21) pg/
mL, respectively. The cytotoxic activity of F2 against breast cancer
cells was slightly better than F4. Both fractions were less cytotoxic
to hormone-independent MDA-MB-231 cells at 72 h post-treatment
compared with hormone-dependent MCF-7 cells. The cytotoxic
effects of all the isolated fractions were time and concentration-
dependent. A significant decrease in cell viability was observed on
both target cells at higher concentrations (Supplementary Figure 3).
Among all the fractions, F2 exhibited the strongest effect against
both MCF-7 and MDA-MB-231 cells. This isolated fraction from
DCM extract, designated as DCM-F2, was thereby selected for

further experiment.

3.5. Morphological assessment of cancer cells treated with

DCM-F2

Morphological alterations of the control and treated groups were
evaluated under an inverted light microscope. There was a decrease
in cell population for DCM-F2 treated breast cancer cells. The
untreated control cells maintained their original shape and stayed
close to each other following 72 h incubation. Conversely, both
treated cells changed their original shape at 72 h, respectively (Figure
3). Figure 4 shows the close-up view of MCF-7 and MDA-MB-231
cells treated with DCM-F2 for 72 h. The treated MCF-7 cells did
not exhibit their original polygonal-shaped cell morphology, while
MDA-MB-231 cells were not in spindle shape. Cell detachment,
cytoplasmic condensation, cell rounding, and shrinkage were
observed at 72 h in the majority of the cells treated with bioactive
DCM-F2 (at ICs,). Also, suspension of dead cells was detected in
DCM-F2 treated cells. Taken together, these morphological changes
indicate that DCM-F2 causes apoptosis in MCF-7 and MDA-
MB-231 cells.

3.6. Mode of cell death induced by DCM—F2

The percentage of early apoptotic MCF-7 cells (Annexin V + and
7-AAD —; lower right quadrant) was elevated from 2.95% (control)
to 35.35%, 45.15%, and 27.50% following treatment with different
concentrations of DCM-F2 in MCF-7 cells, respectively. Also, the
percentage of late apoptotic/necrotic cells (both Annexin V and
7-AAD +; upper right quadrant) was increased from 1.65% (control)
to 3.85%, 2.65%, and 23.75% following treatment with DCM-F2
(25 pg/mL, 50 pg/mL and 100 pg/mL) of DCM-F2 in MCF-7 cells,
respectively (Figure SA). A higher concentration of DCM-F2 (100
ug/mL) induced late apoptosis, in which the cell population tended
to shift from early apoptotic to late apoptotic phase. Similarly,
quantitative analysis also revealed a significant increment in
Annexin-V positive cells in DCM-F2 treated cells (Figure 5C).

For MDA-MB-231 cells, the percentage of early apoptotic cells



92 Chiann Ying Yeoh et al./ Asian Pacific Journal of Tropical Biomedicine 2022; 12(2): 87-98

A B Control (blank)
on a

3 25 DMSO

Doxorubicin

1000 pg/mL

500 pg/mL

250 pg/mL

125 pg/mL

62.5 pg/mL

T
g
=]

i8]
T
—_
W

Ju—
T

Normalized cell index
Normalized cell index
=

0.54

[0 AT [ Lol [ [ [ [ [ [ Lo _
0 10 20 30 40 50 60 70 80 90 O'50 10 20 30 40 50 60 70 80 90

Time (h) Time (h)

Figure 1. Real time cell analysis of ethyl acetate extract isolated from Barrientosiimonas humi in breast cancer cells (A) MCF-7 and (B) MDA-MB-231.
Control wells with untreated cells, DMSO, and doxorubicin were included. Normalized cell viability index is shown for each sample following 72 h incubation.

Arrow shows time-point of drug administration. DMSO: dimethyl sulfoxide.
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Figure 2. Real time cell analysis of partitioned extracts of ethyl acetate extract isolated from Barrientosiimonas humi against MCF-7 cells. (A) DCM extract;
(B) Aqueous extract. Cells were treated with indicated concentrations of extracts. Control wells with untreated cells, DMSO, and doxorubicin were included.
Normalized cell viability index is shown for each sample following 72 h incubation. Arrow shows time-point of drug administration. DCM: dichloromethane.
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Figure 3. Population and morphological changes of control and treated (A) MCF-7 and (B) MDA-MB-231 cells for 72 h. The cells were evaluated under an
inverted light microscope (magnification x100). There was a decrease in cell population in DCM-F2 treated MCF-7 and MDA-MB-231 cells. Morphological

changes such as cellular shrinkage, cell rounding, and suspension of dead cells were also observed in treated cells (arrows).
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Figure 4. Close-up view of control and treated (A) MCF-7 and (B) MDA-MB-231 cells for 72 h. The cells were evaluated under an inverted light microscope

(magnification x400). Morphological changes such as cellular shrinkage, membrane blebbing and cell rounding were also observed in treated cells (arrows).
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was elevated from 1.13% (control) to 30.14%, 25.73%, and 28.01%
after treatment. The percentage of late apoptotic cells in DCM-F2
treated cells was also increased from 2.90% (control) to 5.85%,
14.66%, and 26.47% (Figure 5B). Data showed concentration-
dependent increments of late apoptotic cells. The percentage of
DCM-F2 treated cells was decreased in the early apoptosis phase
and increased in the late apoptosis phase. Quantitative analysis
also revealed a significant increment in Annexin-V positive cells in
DCM-F2 treated breast cancer cells (Figure 5D). Taken together,
we found DCM-F2 mediated apoptosis in both breast cancer cells,

particularly in the early apoptosis stage.

3.7. Cell cycle arrest in DCM—F?2 treated MCF-7 and MDA-
MB-231 cells

The majority of untreated control MCF-7 cells halted at the G,/
G, phase (58% at the Gy/G, phase, 19.6% at the S phase, and 21.8%
at the G,/M phase) (Figure 6A). MCF-7 cells treated with DCM-F2
caused significant inhibition of cell cycle progression by elevating G,/

93

G, population. In fact, the G/G, population was increased from 58% in
the control to 68.1% in cells treated for 72 h with 50 pg/mL DCM-F2
(Figure 6A). Quantitative analysis of treated cells also showed a
similar increase in the G,/G, population. MCF-7 cells treated with
DCM-F2 (50 pg/mL) significantly elevated the G,/G, cell population
with a concomitant reduction in S and G,/M cell population compared
with untreated control (P < 0.05) (Figure 6C). However, a significant
increment in the G,/M cell population was noted in cells treated
with 100 pg/mL DCM-F2, and a parallel decrease in the G/G, cell
population.

Figure 6B indicates a marked increase in G/G, population following
treatment in MDA-MB-231 cells at 72 h. Target cells treated with
DCM-F2 (50 pg/mL and 100 pg/mL) revealed higher G/G, population
(64.5% & 71.6%) compared with the untreated control (55.9%).
Quantitative analysis also showed concentration-dependent increments
of Gy/G, population in DCM-F2 treated MDA-MB-231 cells. Cells
treated with DCM-F2 significantly increased the G,/G, cell population
with a parallel reduction in the S and G,/M population compared with
the untreated control (P < 0.05) (Figure 6D).
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Figure 5. Apoptotic cell population in DCM-F2 treated MCF-7 and MDA-MB-231 cells. Dot-plots represent the results of flow cytometry analysis using Muse
Annexin V & Dead cell kit (Millipore). The lower left quadrant of the fluorocytogram shows the percentage of viable cells; the lower right quadrant shows
the percentage of early apoptotic cells; and the upper right quadrant shows the percentage of late apoptotic/necrotic cells. (A) DCM-F2 induced apoptosis in
MCEF-7. (B) DCM-F2 induced apoptosis in MDA-MB-231. (C) Quantitative analysis of cell population in MCF-7. (D) Quantitative analysis of cell population
in MDA-MB-231. The data are represented as mean + SD of three independent experiments. The superscript * indicates statistically significant difference

compared with the control (P < 0.05).
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3.8. Determination of caspase activity in DCM—-F2 treated
breast cancer cells

The dot-spot data in Figure 7 demonstrates the activation of caspase
activity in DCM-F2 treated breast cancer cells at 72 h. No significant
difference was observed in inactivation of caspase-3/7 activity between
untreated control and DCM-F2 treated MCF-7 cells (Figure 7A),
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activated via a caspase-independent pathway. However, in MDA-
MB-231 cells, DCM-F2 significantly elevated the caspase activity in a
concentration-dependent manner (Figure 7B). Treatment with DCM-F2
(50 and 100 pg/mL) induced increment of caspase-positive MDA-
MB-231 cells from 7.23% (untreated control) to 38.93% and 48.13%,
respectively (Figure 7C). These results demonstrate that DCM-F2
triggered apoptotic cell death in MDA-MB-231 cells via a caspase-

indicating that apoptotic cell death in the DCM-F2 treated group was dependent pathway.
A
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Figure 6. Cell cycle profiles of MCF-7 and MDA-MB-231 cells treated with DCM-F2 for 72 h. (A and B) Representative figures of cell cycle distribution
showing accumulation of DCM-F2 treated MCF-7 and MDA-MB-231 cells in the G,/G, phase. (C and D) Quantitative analysis of cell cycle distribution in
MCF-7 and MDA-MB-231. The data are represented as mean + SD of three independent experiments. The superscript * indicates statistically significant

difference compared with the control (P < 0.05).
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Table 1. Cytotoxicity of compounds isolated from Barrientosiimonas humi
towards MCF-7, MDA-MB-231 cancer cells and H9¢2 normal cells by
MTT assay at 72 h.

Compound 1C,, value (ug/mL) SI
MCE-7 MDA-MB-231 HO9c2

1 192.22 +4.57 > 200 422.80+3.78 220

2 128.19 +2.08" 160.30 +£3.67 454.73+2.55 355

3 > 200 > 200 - -

4 175.56 +2.65 > 200 415.13+4.37 236

5 > 200 > 200 - -

The results are shown as ICs, value (ug/mL). Mean (percentage of cell
viability) £ SD was calculated from triplicate data (n=3) over three
independent experiments. The superscript * indicates significant difference
compared with untreated control (P < 0.05). SI: selectivity index.

3.9. Determination of cytotoxicity of the isolated compounds

The isolated compounds were elucidated using different
chromatographic techniques producing five compounds including
cyclo (-Proline-Valine) (1), cyclo (-Pro-Tyr) (2), cyclo (-Proline-
Phenylalanine) (3), cyclo (-Proline-Leucine) (4), and L-tyrosine (5),
respectively, as described in our previous study[14]. Cytotoxicity of
the isolated compounds was evaluated on breast cancer cells. As listed
in Table 1, compound 2 induced the strongest in vitro cytotoxic effect
against MCF-7 and MDA-MB-231 cells with ICs, values of (128.19
2.08) pug/mL and (160.30 + 3.67) ug/mL, respectively, compared with
other isolated compounds. Data showed that compound 2 exhibited
significant cytotoxic activity (P < 0.05) towards MCF-7 cells in a time-
and concentration-dependent manner. Furthermore, compound 2
showed no toxicity towards H9c2 normal cells, with a SI value of
3.55 (Table 1). Other compounds were generally less toxic towards
normal cells than carcinoma cells, and the obtained SI values were
above 2 in the majority of the cases. Compounds 1 and 4 exhibited
weak cytotoxic towards MCF-7 cells, whereas compounds 3 and 5
were not cytotoxic and selective against both target cell lines with

IC,, values > 200 pg/mL.

4. Discussion

In the present study, EA-BH was cytotoxic towards both MCF-
7 (ER+) and MDA-MB-231 (ER—) breast cancer cells, as shown
in MTT and RTCA assay. Our data also demonstrate that EA-BH
possessed a weak cytotoxic effect in several human cancer cell lines
derived from diverse types of malignancies (e.g. SCC-9, HepG2,
and A549). Therefore, EA-BH was chosen for further isolation and
purification. Four purified fractions were successfully isolated using
chromatographic separation procedures, and subjected to bioassay
screening. One of the active fractions derived from DCM extract,
designated as DCM-F2, exerted a significant cytotoxic effect than
the other fractions. For this reason, we continue our studies with this
DCM-F2 fraction by elucidating the specific mechanism underlying

the cytotoxicity on breast cancer cells.

Since MTT is an endpoint analysis assay, the cell growth pattern
and cell viability after the treatment of EA-BH for 3 d were further
observed using iCELLigence RTCA, an assay that enables real-
time monitoring of cellular responses at multiple time points. In
accordance with the results of MTT assay, RTCA profiles showed
that EA-BH inhibited proliferation of breast cancer in time- and
concentration-dependent manners. However, real-time assay
showed better cytotoxicity effects compared with MTT assay, as
reflected by reduction of ICs, values. This is because RTCA is an
impedance-based microelectronic biosensor system, which can
exceed the limits of endpoint analysis screening platforms by real-
time monitoring of cell responses[21]. Previous studies have shown
that colorimetric assays have lower sensitivity compared with real-
time RTCA systems[21.22]. Another study demonstrated that a
combination of real-time and endpoint colorimetric analysis gives a
more comprehensive and precise drug cytotoxicity assessment than a
single assay[23].

Doxorubicin, a standard FDA-approved chemotherapy drug, was
included as a standard control in this study. The use of doxorubicin
as a positive control in RTCA assay has been previously reported.
Similar RTCA profiles were obtained, in which doxorubicin-treated
cancer cell lines resulted in cell growth inhibition as revealed by a
significant reduction of normalized cell index|24]. Hormone-dependent
(ER+) MCEF-7 cell line was more sensitive and favorable to the given
treatment compared to hormone-independent (ER—) MDA-MB-231
cells. In fact, MDA-MB-231 is aggressive triple-negative breast
cancer, which is often manifested by its limited treatment options and
poor prognosis. Some studies revealed that MCF-7 cells responded
even more favorably to the compounds, in which drug-treated MCF-
7 cells showed lower cell viability and ICs, values compared to
triple-negative breast cancer cells[25.26]. In agreement with these
observations, MDA-MB-231 cell line was relatively more resistant
towards the treatment, presumably due to its highly invasive and
metastatic properties.

Morphologically, apoptotic cells are characterized by membrane
blebbing, cell rounding, cell shrinkage, chromatin condensation,
nucleus fragmentation, and the formation of apoptotic bodies[26].
DCM-F2 treated breast cancer cells showed morphological
hallmarks of apoptosis. Similar morphological alterations have
been described in MCF-7 and MDA-MB-231 cells upon treatment
with commercially available chemotherapeutic agents that induce
apoptosis pathways, such as doxorubicin[27] and taxol[28]. Many well-
known chemotherapeutic drugs exhibited their anticancer effects
by inducing apoptotic cell death[29]. Based on the flow cytometry
analysis, DCM-F2 triggered apoptotic cell death in both MCF-7 and
MDA-MB-231 cells, particularly in the early apoptosis stage.

One of the common mechanisms of action for the cytotoxic effects
of anticancer compounds is based on the induction of cell cycle
arrest at a specific checkpoint24]. Thus, a quantitative analysis of
cell cycle checkpoints is needed for the identification of cell death

mechanisms and cell cycle progression. Data showed that DCM-F2
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induced Gy/G;, cell cycle arrest in both MCF-7 and MDA-MB-231
cells. However, a significant rise in the G,/M cell population was
noted in cells treated with a much higher concentration of DCM-F2
(100 pg/mL), followed by a parallel reduction in the G,/G, cell
population. In fact, the concentration of an anticancer drug may
influence the effects of the cell cycle[30]. Further studies are required
to evaluate the details on mechanism of cell cycle arrest in DCM-F2
treated breast cancer cells.

Cancer is a genetic disease that arises because of the dynamic
changes of nucleic acid in the cell cycle. Therefore, cell cycle
checkpoints have emerged as a favorable therapeutic target in
treatment of cancer. A vast majority of chemotherapeutic drugs
induce cell cycle arrest in G/G, or G,/M checkpoint, and rarely
in the S phase[24]. In accordance with the results obtained, several
findings confirmed that chemotherapeutic agents derived from
actinobacteria induced cell cycle arrest in G/G, or G,/M phase
in breast cancer cells. For instance, a study of cell cycle analysis
documented that mitomycin C, an anticancer drug produced by
Streptomyces caespitosus, caused cell cycle arrest in MCF-7 cells
maximally at the G/G, phase[31]. Also, an active fraction derived
from a novel actinomycete, Streptomyces sp. H7372 activated cell
cycle arrest in G/G, phase in MCF-7 cells[32].

Activation of cysteine proteases, or caspases, plays a major
role in controlling apoptotic cell death. Many studies confirmed
that dysregulation of caspase activity was crucial to circumvent
cancer cell death[33]. Apoptosis is a complex activity, which can
be categorized into caspase-dependent or independent pathways.
Caspase-dependent mechanism is classified into death receptor-
mediated or mitochondrial-mediated. Both pathways can activate
initiator caspases (caspase-8 & caspase-9), which then trigger
executioner caspases (caspase-3 & caspase-7), and subsequently
commit cells to undergo apoptotic cell death by degrading
proteins[33]. The activity of caspase-3/7 in DCM-F2 treated MDA-
MB-231 cells showed caspase-dependent apoptosis, whereas MCF-
7 showed caspase-independent apoptosis. Incubation with DCM-F2
significantly increased the activity of caspase-3/7 in MDA-MB-231
cells.

Activation of caspase pathway may be vital but not exclusive in
regulating apoptotic cell death[34]. MCF-7 cells lack caspase-3
protein, whereas MDA-MB-231 has functional caspase-3[35].
However, other hallmarks of apoptosis such as cell shrinkage and
membrane blebbing can also take place in caspase-independent
cell death as observed in treated cells[36]. Since MCF- 7 cells lack
caspase-3 protein, it is possible that DCM-F2 induced caspase-
independent apoptosis could be mediated by triggering non-caspase
proteases like cathepsins, calpains, apoptosis-inducing factor, and
granzyme A, as shown previously by other studies[34.36.37]. Although
several caspase-independent forms of apoptosis pathways are
known to exist, further research needs to be carried out to confirm

the involvement of these non-caspase proteases in DCM-F2 treated

MCEF-7 cells.

The exploration of rare actinobacteria from less explored Polar
Regions is a promising approach to enhance the discovery and
development of novel bioactive compounds to meet the current
needs. Structural elucidation and purification of the active fractions
resulted in the isolation of four prolines containing cyclic dipeptides
cyclo (-Pro-Val), (-)-cyclo (-Pro-Tyr), cyclo (-Pro-Phe), (+)-cyclo
(-Pro-Leu), and L-tyrosine. Cyclic dipeptides, also known as
diketopiperazine (DKP), are compounds with a peptide bond
made by the condensation of two amino acids. Various bioactive
compounds based on naturally occurring DKP derivatives are
potential anticancer agents (e.g. Plinabulin NPI-2358)(38], and
antibiotics (e.g. bicyclomycin)[39]. DKP derivatives have also been
established as new potential anticancer leads associated with the
quinone-based anticancer drugs (e.g. mitoxantrone and doxorubicin)
for the treatment of multidrug-resistant tumor cells[40].

Proline was found to be prevalent as a constituent amino acid
among bioactive DKPs, in which proline-containing DKPs exhibited
an extensive spectrum of promising biological activities[41]. A
previous study proposed that proline was undoubtedly critical for
the selective cytotoxic effect of DKP[42]. The bioactivity analysis
of DKP from the world patents revealed that about 30% patents of
bioactive DKPs are linked to cytotoxicity or anti-tumor{43]. Based
on the promising anticancer effect possessed by DKP, it is proposed
that the cytotoxicity of EA-BH against breast cancer (MCF-7 and
MDA-MB-231) was probably due to these DKP compounds or
synergistic interactions occurring within the crude extract. Out of
five compounds, cyclo (Pro-Tyr) displayed a better cytotoxic effect
against breast cancer cells. Cyclo (Pro-Tyr) was shown to possess
cytotoxic activity at a concentration range of (128.19 + 2.08) ug/
mL against MCF-7 cancer cells with much higher selectivity index
values (SI >2). SI shows the differential effect of a pure compound.
Higher SI values mean higher selectivity and lower SI values (SI <
2) indicate toxicity of the pure compound[17].

Anti-cancer effect of cyclo (Pro-Tyr) was previously reported
against both MCF-7 and MDA-MB-231 cells. The results in this
study showed potency against similar cancer cell lines. A previous
study reported that two novel types of proline-containing DKPs,
cyclo (-Pro-Tyr) and cyclo (-Pro-Phe), derived by actinobacteria
Pseudonocardia endophytica VUK-10 showed antimicrobial and
anticancer activities against MCF-7 and MDA-MB-231 cells, human
ovarian cystadenocarcinoma (OAW-42) and human cervical cancer
(HeLa). Although both compounds exhibited potent cytotoxicity
against all tested cell lines, cyclo (-Pro-Tyr) displayed a greater potency
against MDA-MB-231 cells (ICs, < 10 uM)[44]. Another previous study
showed that cyclo (-Pro-Tyr) had greater concentration-dependent
growth inhibitory activity against MCF-7 cells, compared to HT-
29 and HeLa cells[41]. Based on the anticancer properties showed
by cyclo (-Pro-Tyr), we postulated that the cytotoxic effects of B.
humi extract on MCF-7 and MDA-MB-231 cells are possibly due to
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the presence of cyclo (Pro-Tyr) or synergistic interactions between
several compounds. It is suggested that synergistic effects of various
compounds in the extract may influence their effectiveness or
cytotoxicity on cancer cell lines. In the present study, in vivo study
and the synergistic cytotoxic activity of the combination of purified
DKP were not able to carry out due to the difficulty of obtaining a
sufficient amount of pure compounds, as B. humi is psychrotolerants
actinobacteria with a slower growth rate.

In summary, this report showed that EA-BH was cytotoxic against
both MCF-7 and MDA-MB-231 cells in a time- and concentration-
dependent manner. Through bioassay-guided fractionation, DCM-F2
was identified as the most promising fraction responsible for the
cytotoxic activity of EA-BH. Our data demonstrate that DCM-F2
induced cytotoxic activity against MCF-7 and MDA-MB-231 cells
by activating apoptotic cell death and cell cycle arrest, which in
turn activates caspase-dependent or independent mechanisms. A
compound isolated from DCM-F2, identified as cyclo (Pro-Tyr), was

the most cytotoxic and selective against MCF-7 cells.
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