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ABSTRACT

Objective: To investigate the mechanism of anticancer activity of
a pigment OR3 from Sireptomyces coelicolor in in vitro and in vivo
metastatic breast cancer models and to characterize the pigment.
Methods: The anticancer mechanism was analyzed in MDA-
MB-231 cells using MTT, lactate dehydrogenase, caspase, DNA
fragmentation, clonogenic, flow cytometry, Western blot, and
scratch assays. The effects of OR3 on xenograft mouse models were
evaluated by tumor volume measurement, hematological analysis,
and histopathological observation. The characterization of OR3 was
also performed using gas chromatograohy-mass spectrometry and
nuclear magnetic resonance spectroscopy.

Results: OR3 exhibited potent cytotoxicity against MDA-MB-231
cells, with no observed effects on HEK-293 cells. Caspase-9
activation was detected in OR3-treated MDA-MB-231 cells. Flow
cytometry showed a dose-dependent induction of apoptosis and
cell cycle arrest at the sub-G, and S phases. Furthermore, OR3
completely inhibited MDA-MB-231 cell migration and demonstrated
anti-proliferative effects by downregulating the protein expression
of KPNA2, XPO1, RABS5B, and p38 MAPK. In in vivo studies,
OR3 was non-toxic to mice, inhibited tumor xenograft growth, and
maintained normal hematological parameters and tissue architecture.
Nuclear magnetic resonance spectroscopy demonstrated the presence
of a prodigiosin-like compound, while gas chromatography-mass
spectrometry analysis identified additional compounds in OR3.
Conclusions: Our findings validate OR3 pigment as a promising
compound for the treatment of metastatic breast cancer, warranting
further studies.
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1. Introduction

Breast cancer accounts for 24.5% of all cancer cases globally, with
its incidence in India slightly lower at 13.5%][1]. Changes in cellular
and molecular mechanisms contribute to the uncontrolled division
of cancer cells, while cancer metastasis poses significant challenges
to eradication[2]. The management of breast cancer involves
various therapeutic approaches, including chemotherapy, radiation
therapy, surgical interventions, and preventive measures|3.4].
However, many current anticancer treatments indiscriminately
damage both cancerous and healthy cells[5]. In this context, natural

products derived from diverse sources, such as medicinal herbs
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and microorganisms, have proven effective. Over 60% of current
anticancer and antitumor drugs originate from these natural
reservoirs[6,7]. Among these, actinomycete bacteria are invaluable
sources of biologically active natural products, with applications
as antibiotics, as well as antiparasitic, anticancer, insecticidal,
antiviral, antifungal, immunosuppressant, and hypersensitivity-
modulating agents[8.9]. The genus Streptomyces, the largest genus
of the Actinobacteria, is well-known for producing nearly 70%
of commercial antibiotics. In cancer treatment, Streptomycetes
have already been proven as the main resources producing anti-
cancer drugs like doxorubicin, mitomycin C, dactinomycin and
bleomycin[10]. Streptomyces coelicolor (S. coelicolor) is amongst the
best studied representatives of the genus Streptomyces. S. coelicolor
produces the red pigment prodigiosin with profound anticancer
activities[9]. The current study aimed to explore the effect of a yellow
pigment (OR3), from a new isolate of S. coelicolor JUACTO3[11] on

metastatic breast cancer.

2. Materials and methods

2.1. Pigment extraction and its partial purification

An Actinomycete strain with remarkable anticancer potential was
distinguished through 16S rRNA sequencing and confirmed to be S.
coelicolor{11]. Its genetic sequence was submitted to GenBank under
the accession number MH817838. The pigment OR3 from this strain
was extracted using the established method and partially purified
using Thin Layer Chromatography (TLC) sheets (60 F 254, Merck)

as documented[12].

2.2. Cell lines

The cell lines, HEK-293 and MDA-MB-231 were obtained from
the National Centre for Cell Sciences, Pune, in India. They were
maintained in high glucose Dulbecco’s Modified Eagle Medium
(HiMedia), enriched with 10% fetal bovine serum (HiMedia), and
incubated at 37°C and 5% CO, in a CO, incubator (Thermofisher,
USA).

2.3. In vitro anticancer activity analysis

2.3.1. Cytotoxicity screening

The anticancer activity was checked using 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay. MDA-MB-231
and HEK-293 cells were cultured in 96-well microtiter plates for
24 h and added with various concentrations of OR3 pigment (0.5,
1.0, 2.0, 4.0, 8.0, 16.0, and 32.0 pg/mL) and doxorubicin (8 and 16
pg/mL), followed by incubation for 24, 48, and 72 h. After that, the

assay was performed as per the method described earlier{13].

2.3.2. Activity of lactate dehydrogenase (LDH)

The cytotoxicity of the pigment (OR3) was assessed at its 1Cs,
concentration (8 pg/mL) by analyzing the LDH enzyme activity. The
LDH assay was performed following the Cytoscan™ LDH Assay Kit
(G-Biosciences; cat. # 786-210) manual instructions, as per previous

methods[12].

2.3.3. Caspase=9 activity assay

The effect of OR3 pigment on caspase 9 activity was assessed
using the CasPASE Apoptosis Assay Kit (from Elabscience; cat. #
E-CK-A313). HEK-293 and MDA-MB-231 cells were treated with
the OR3 pigment and doxorubicin (8 pg/mL) for 24 h. Afterwards,
as per the instructions provided in the manual, the caspase assay was

performed[12].

2.3.4. Annexin V/AbFluor 488 apoptosis detection

Apoptosis detection was performed using the Annexin V-AbFluor ™
488 Apoptosis Detection Kit (KTA0002, Abbkine, Inc.) following
the manufacturer’s protocol. MDA-MB-231 cells (2 x 10° cells/mL),
cultured for 24 h in tissue culture flasks, were treated with OR3 (4
and 8 pg/mL) for 24 h. Afterwards, they were rinsed with ice-cold
phosphate buffered saline (PBS) and stained with 5 uL of AbFluor
488 Annexin V and incubated for 15 min in the dark, followed by the
addition of 2 pL of propidium iodide (PI) and 400 puL of 1x binding
buffer. Samples were analyzed immediately with a Cytomics FC500
flow cytometer, using FlowJo X software, and cells were classified

into live, early apoptotic, and late apoptotic/necrotic populations.

2.3.5. Cell cycle analysis

The MDA-MB-231 were cultured for 24 h. Subsequently, OR3 (8
pg/mL) was added to the cells and incubated for 24 h. Following
this, the treated and untreated cells were harvested and processed
by PI staining for cell cycle analysis using a flow cytometer (BD
FACSVerse). The DNA content was analyzed using the software,
FCS version 6.2[14].

2.4. Western blot analysts

Changes in the proteins that regulate cancer cell proliferation
and invasion of MDA-MB-231 cells after treatment with OR3
were analyzed by Western blot. Cells were initially seeded at a
density of 2 x 10° cells/well in T-75 roux flasks and treated with the
IC;, concentration (8 pg/mL) of OR3. Total protein was isolated
from the cells after 24 h, using ice-cold RIPA cell lysis buffer
(ElabScience), and was subjected to Western Blot studies as per the
standard methodology|15]. The antibodies used included p38 MAPK
polyclonal antibody (Cat. No: E-AB-32461; 1:1000 dilution),
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RABS5B polyclonal antibody (Cat. No: E-AB-40198; 1:500 dilution),
XPOL1 polyclonal antibody (Cat. No: E-AB-17839; 1:1000 dilution),
KPNA2 polyclonal antibody (Cat. no. E-AB-1906; 1:1000 dilution),
and B-actin polyclonal antibody [Cat. No: E-AB-40517; 1:2000
dilution (Elabscience)]. Densitometry of the bands was carried out

using the Image J software.

2.5. Clonogenic analysis

Approximately 200 MDA-MB-231 cells were seeded per well in a
six-well plate. After 24 h, they were treated with OR3 (4 and 8 pg/
mL) for another 24 h, using PBS as a negative control. Afterwards,
the assay was carried out as per standard methodology[15].
Clonogenicity was measured as the number of colonies formed
by treated cells relative to those formed by untreated cancer cells,

expressed as a percentage.

2.6. Metastasis evaluation by scratch assay

MDA-MB-231 cells (2 x 10° cells/mL) were seeded in 6-well
plates. After 24 h, they were washed with PBS[16]. Using a sterile
200 pL tip, a scratch was made in the midline of the wells and OR3
was applied at concentrations of 0.5 and 1 pg/mL, and at 0, 24,
48, 72, and 96 h, the dimensions of the scratch and the percentage
inhibition of wound closure (cell migration) were assessed using

Image J software.

2.7. Characterization of OR3

2.7.1. Gas chromatography—mass spectrometry (GC—MS)
analysis

The yellow pigment (OR3), partially purified by TLC, was
analyzed by GC-MS at the South India Textile Research Association,
Coimbatore, Tamil Nadu, in India, as per the methodology
provided|11]. Further, the compound identification was carried
out using the database of the National Institute of Standards and

Technology.

2.7.2. NMR spectroscopy for compound characterization

OR3 was further purified by HPLC and then analyzed at the NMR
spectroscopy facility of Indian Institute of Science, Bengaluru, to
identify the compounds as described earlier({17]. A total of 5 mg of the
HPLC-purified OR3 fraction was used for NMR spectroscopy (‘H
NMR and “"C NMR).

2.7.3. Test for prodigiosin
Test for prodigiosin in the TLC-purified pigment fractions, OR1
(pink) and OR3 (yellow) was carried out as follows: The TLC-

purified pigments were divided into three portions. One part

was acidified with 0.1 mol/L HCI (pH 2.0), the second part was
alkalinized with 0.1 mol/L NaOH (pH 10.0), and the third part was
neutral (pH 7.0). The color development was visually observed.
These pigments were analyzed for maximum UV-VIS absorbance at
pH values of 2.0, 7.0, and 10.0 between 200 and 700 nm, in a UV-
visual spectrophotometer (Shimadzu, Japan) using methanol as the
blank(18].

2.8. In vivo studies

2.8.1. Animals
Female Balb/c mice aged 8-12 weeks (19.4-21.5 g) were used.

Mice were housed under standard laboratory conditions of 22 °C and
46%-69% relative humidity, with free access to water and standard
food, and maintained on a photoperiod of 12 h day and 12 h night.
Acute class method as per OECD 423 Guidelines was followed to
assess the toxicity of OR3 in mice. The nude mice for the efficacy
study were obtained from Charles River, USA, and maintained under
standard conditions [Temperature: (22 =+ 3) °C; humidity: 50%-60%]
in individually ventilated cages, accommodating 5 mice in each
cage. Ad libitum access to water and food was provided to the mice.
Every experiment was performed in a BSL-2 biosafety cabinet, and

all pre-sterilized chemicals and reagents were used.

2.8.2. Ethical statement
In vivo study on mice was carried out according to the guidelines

of the Committee for the Purpose of Control and Supervision of
Experiments on Animals. For these in vivo studies, ethical clearance
was obtained from the Institutional Animal Ethics Committee
(IAEC) committee of Skanda Life Sciences under IAEC number
TAEC-SLS-2022-073.

For toxicity assessment, the mice were grouped into four, each
comprising five animals. OR3 was orally administered to G2, G3,
and G4 groups on Day 1 of the study at concentrations of 50, 300,
and 1000 mg/kg body weight, respectively. The G1 group served as
the negative control, with animals orally fed the vehicle. Individual
checks were conducted for all groups daily over 14 d. The next day,
all animals were humanely euthanized, and a comprehensive gross
necropsy was performed. The organs were dissected and preserved
in 10% neutral buffered formalin for subsequent histopathological

analysis.

2.8.3. Tumor induction in mice

MDA-MB-231 cells were purchased from the ATCC facility in the
USA, subcultured, and maintained in RPMI media along with 10%
fetal bovine serum. Penicillin (100 IU/mL) and streptomycin (100
pg/mL) were used to prevent contamination.

MDA-MB-231 cells (5 x 107 cells/mL) as a suspension in serum-
free media along with matrigel in a 1:1 combination, was injected

(0.2 mL) subcutaneously into mice above the right flank region.
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Mice were observed daily for tumor growth and once the tumor
size reached the desired volume of 100-150 mm’ (2 weeks), their
volumes were noted down and they were randomly sorted into 4

groups, comprising of 5 mice each.

2.8.4. Experimental groups

Experimental groups include group I , the control group of tumor
mice, to which normal saline was given orally; group I, the positive
control group which received 5 mg/kg cisplatin; groups [l and [V
received oral doses of OR3 at 10 mg/kg and 30 mg/kg, respectively,
for 21 d.

2.8.5. Hematological parameters
Experimental animals were sacrificed using xylazine and ketamine

(4.5 and 45.0 mg/kg b.wt, respectively). About 0.6 to 0.7 mL of
blood was collected and was used for complete blood count (CBC)

analysis by a hematology analyzer (Erba transgesia; H360).

2.8.6. Tumor volume and percentage of tumor growth
inhibition (%TGI)

The tumor volume was calculated by measuring the width and
length of the tumor using a vernier caliper. The percentage tumor
growth inhibition was calculated with the formula: %TGI = 1-
(MTYV of treated mice/MTV of control mice) x100, in which MTV

is the mean tumor volume.
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2.8.7. Histopathological study

A histopathological study was performed on tissues including the
liver, lungs, spleen, heart, and kidney as well as tumor using routine
methods[19]. Tissue sections (5 um) stained with hematoxylin and
eosin were observed under a binocular microscope (Labomed Model
Lx300) and photographed.

2.9. Statistical analysis

The data were expressed as mean + SE and all tests were conducted
in triplicates, and their significance was analyzed statistically using
Graph Pad Prism software. One-way ANOVA was performed and a

P-value < 0.05 was considered statistically significant.

3. Results

3.1. Cytotoxic effect of OR3

In MTT assay, the viability of MDA-MB-231 cells after 24 h
of treatment with 16 pg/mL of OR3 and doxorubicin was 38%
and 32%, respectively, which further reduced to 31% and 21%,
respectively after 72 h (Figure 1A). The ICy, value of OR3 was
calculated as 8 pg/mL. OR3 demonstrated potent anticancer activity
against MDA-MB-231 cells in a dose- and time-dependent manner,
which was comparable to doxorubicin, while showing lower
cytotoxicity on HEK-293 cells (Figure 1B).
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Figure 1. MTT, lactate dehydrogenase, and caspase assay results after treatment with OR3 pigment from Streptomyces coelicolor in MDA-MB-231 cells. The
effect of OR3 pigment on (A) MDA-MB-231 cells and (B) HEK-293 cells at 24, 48, and 72 h using MTT assays. (C) Lactate dehydrogenase activity in MDA-
MB-231 cells treated with OR3 pigment (8 ug/mL). (D) Caspase 9 activity. The data are expressed as mean + SE and analyzed by one-way ANOVA analysis.
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'P<0.05and ""P <0.001 compared with the control. Dox: doxorubicin; C: control.
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According to LDH results, the cytotoxicity was 38% for MDA-
MB-231 cells after treatment with 8 pg/mL of OR3 (Figure 1C). In
contrast, doxorubicin (8 pg/mL) showed 18% cytotoxicity to MDA-
MB-231 cells. In comparison with the standard drug, OR3 exhibited

greater cytotoxicity to the breast cancer cells.
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3.2. Caspase 9 activities in OR3—treated cells

The caspase-9 activity in MDA-MB-231 after treatment with 8 pg/
mL of OR3 was upregulated by 12-folds. Treatment with the same
concentration of doxorubicin resulted in a 5-fold upregulation of
caspase 9 in MDA-MB-231 cells. In comparison to the standard drug
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Figure 2. Effect of OR3 pigment from Streptomyces coelicolor on apoptosis of MDA-MB-231 cells. (A) Cell cycle analysis after OR3 treatment (8 pg/mL) in
MDA-MB-231 cells. (B) Annexin V/AbFluor 488 propidium iodide apoptosis study of OR3 (4 and 8 pg/mL)-treated MDA-MB-231 cells.
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Figure 3. Effect of OR3 pigment on clonogenicity and migration of MDA-MB-231 cells by colony formation assay and scratch assay. (A) Images from the

scratch assay showing inhibition of wound closure in OR3-treated MDA-MB-231 cells (magnification: x40; scale bar: 120 um). (B) Bar diagram showing the

wound closure as a relative (%) value in comparison to the control. (C) Bar diagram showing clonogenicity (%) of MDA-MB-231 cells. The data are shown as

mean + SE of triplicate experiments and analyzed by one-way ANOVA analysis. P < 0.05 and
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P <0.001 compared with the control group.
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doxorubicin, OR3 exhibited a higher apoptosis-inducing property in the
breast cancer cell line, while showing no significant effect on HEK-293
cells (Figure 1D).

3.3. OR3 induces cell cycle arrest

We observed that OR3 inhibited the proliferation of MDA-MB-231
cells by inducing sub-G, phase arrest, with 7.60% of cells in sub-G,
compared to 1.27% in control cells. S phase arrest was also evident,
with 23% of cells compared to 14% in control cells, typically leading
to the death of cancer cells (Figure 2A).

3.4. OR3 induces breast cancer cell apoptosis

Quantification of apoptotic cells in MDA-MB-231 cells treated
with OR3 was performed by annexin V-AbFluor 488/PI staining,
utilizing a flow cytometer. The results are depicted in Figure 2B.
Treatment with OR3 at concentrations of 4 and 8 pg/mL led to an
increase in the percentage of apoptotic cells in MDA-MB-231 cells,
with values of 48.0% and 32.4%, respectively, while the necrotic

cells comprised 0.69% and 1.23%, respectively.

3.5. OR3 inhibits clonogenicity of MDA-MB-231 cells

At the end of 3 weeks, no colonies were observed in MDA-MB-231
cells treated with OR3, while the untreated control cells formed a
large number of visible colonies. The colony inhibition rate by OR3

was 100% when compared to control cells (Figure 3C).

3.6. OR3 prevents the migration of breast cancer cells

As observed in Figure 3A & 3B, both 0.5 and 1 pg/mL of OR3
significantly inhibited the migration of MDA-MB-231 cells. The
inhibition rate of OR3 ranged from 75% to 90%. The wound closure
was only 18% by 0.5 pg/mL of OR3 at 72 h, while there was no
wound closure by 1.0 pg/mL of OR3 at 72 h. Moreover, there was
only 6% wound closure by 1.0 pg/mL of OR3 at 96 h, as opposed to
the 100% closure in the control cells. The results indicate that OR3
has highly effective inhibitory effects on the metastasis of MDA-
MB-231 cells.

3.7. OR3 downregulates the expressions of invasion and
proliferation—related proteins in MDA-MB-231 cells

OR3 treatment notably downregulated the expression of proteins
involved in the RAN pathway, such as KPNA2 and XPO1 (Figure
4). Besides, the expression of RABSB, a protein essential for vesicle-
mediated transport, was decreased by OR3 treatment. The p38 MAPK,
which is majorly involved in cancer cell invasion and metastasis, was
also downregulated in OR3-treated MDA-MB-231 cells.

A B Control
12 =OR3
OR3 Control
KPNA2 | 1.0
XPO1 e § 0.8
el O
p38 = 06
* Q
RABSB 1 W Z g4
— ~

KPNA2 XPOI1 p38  RABSB

Figure 4. (A) Western blot analysis. B-actin was used as an internal control.
(B) Bar diagram representing protein fold changes in Western blot. P <

0.001 compared with the control.

3.8. Characterization of OR3

3.8.1. GC-MS analysts

GC-MS analysis identified some compounds in OR3 (Figure
5). According to the chromatogram, five major peaks at different
retention times (RT) were observed. The mass spectral analysis
of the major peak at RT 3.16 min corresponds to the compound
24-difluorobenzene, peak at RT 3.51 min to butane, 1-chloro, peak
at RT 10.76 min to quinoline 3 bromo, peak at RT 24.21 min to
pentadecanoic acid methyl ester, as well as peaks at RT 25.21 min

and RT 25.63 to hexadecanoic acid methyl ester.

3.8.2. NMR spectroscopy of purified OR3

Proton and carbon NMR analyses revealed that the major
compound in the fraction is prodigiosin[17]. The 'H NMR spectrum
displayed characteristic peaks at 8.520 ppm, indicating aromatic
protons, and at 4.5 ppm and 2.5 ppm, corresponding to aliphatic
protons typical of methylene (CH,) groups. Additionally, a peak at
3.351 ppm suggested the presence of functional group protons, such
as methoxy (-OCH,;) or methyl (-CH,) groups. Methyl protons were
also observed at lower ppm values (0.889 ppm, 0.870 ppm, 0.850
ppm, 0.834 ppm), further supporting the identification of prodigiosin
(Supplementary Figure 1).

The “C NMR spectrum confirmed the presence of prodigiosin,
with a peak at 72.517 ppm indicating a carbon atom in a unique
chemical environment, likely associated with specific functional
groups or structural motifs with electron-withdrawing or deshielding
effects. Another peak at 63.050 ppm indicated a different chemical
environment for another carbon atom. Peaks in the range of 40.122
ppm to 38.870 ppm suggested the presence of carbon atoms in
aliphatic chains or substituents, such as methylene (CH,) groups,
with their multiplicity and intensity, providing insights into the
branching or symmetry of the carbon chain. A peak at 25.565 ppm
indicated the presence of a carbon atom in an aliphatic moiety,
likely a methyl (-CH;) group, with a relatively low chemical shift,
indicating a shielding effect due to nearby electron-donating groups

(Supplementary Figure 1).
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3.8.3. Test for prodigiosin

When the OR3 (yellow) and OR1(pink) fractions separated in TLC
were checked for the presence of prodigiosin, OR1 exhibited distinct
color changes at pH values of 2.0, 7.0, and 10.0, appearing pink,
red, and yellow, respectively, characteristic of prodigiosin, while
OR3 showed very light colorations corresponding to prodigiosin
(Supplementary Figure 1). The maximum absorption spectra
(A-max) of the pink OR1 showed notable peaks: at pH 2.0, the peak
is at 528 nm (characteristic of prodigiosin), while at pH 7.0 and
10.0, it shifted to 469 nm along with an additional peak at 358 nm,
indicating a novel compound. The OR3 pigment consistently showed
maximum absorbance at 358 nm across all pH values, suggesting the

presence of a novel compound or prodigiosin analog.
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3.9. In vivo studies

3.9.1. OR3 toxicity to mice
The acute toxicity study showed that there were no visible changes

in the behavior of mice during the 14 days of study.

3.9.2. Anti—tumor effect of OR3

Figure 6 depicts the tumor inhibition and tumor volume after treatment
for 21 d. At the end of the experiment, the tumor volume was 1592.47
mm’ in the control group, but 10 and 30 mg/kg of OR3 markedly
decreased tumor volume to 704.87 mm’ and 499.01 mm’, respectively
(P<0.05). In addition, OR3 at 30 mg/kg showed a promising tumor
inhibition potential with 69% inhibition (Figure 6B).
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Figure 5. GC-MS chromatogram of TLC purified OR3 pigment showing five major peaks: 2,4-difluorobenzene (RT: 3.16 min), butane, 1-chloro (RT: 3.51
min), quinoline 3 bromo (RT: 10.76 min), pentadecanoic acid, methyl ester (RT: 24.21 min), and hexadecanoic acid-methyl ester (RT: 25.21 min and 25.63

min).
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Figure 6. (A) Tumor volume (mm’) and (B) tumor growth inhibition (%) in tumor-bearing mice after OR3 treatment. The data are shown as mean = SE, n=3,
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and analyzed by one-way ANOVA. "P < 0.05 and

P <0.001 compared with the control. PC: positive control (cisplatin 5 mg/kg).
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3.9.3. Effect of OR3 on blood cells

Treatment of tumor-bearing mice with OR3 resulted in a significant
increase in the hemoglobin level compared to the tumor control
mice (Supplementary Table). The white blood cell count was found
at normal levels in the OR3 treatment groups. The red blood cell
count of the OR3 treated groups increased significantly compared
to the control mice. All other parameters such as the platelet count,
neutrophils, lymphocytes were normal in the OR3 treatment groups.

These results indicate that OR3 is relatively safe for in vivo use.

3.9.4. Histopathological resulls
Histopathological evaluation of the heart, kidney, liver, spleen,

lungs, and tumor tissues of mice treated with OR3 (10 and 30 mg/
kg) revealed normal structures without noticeable alterations in their
cellular and histological characteristics. The heart tissue sections
revealed unaltered cellular structures of cardiac muscle cells and
intact connective tissue architecture across all treatment groups,
indicative of preserved cardiac function. The liver section of all 4
groups of tumor mice exhibited a normal structure with lobes and
normal hepatocytes (Supplementary Figure 2). Kidney sections
showed normal architecture with mild congestion (blue arrow) in
vehicle control mice and OR3-treated mice. Moderate mononuclear
cell infiltration (black arrow), congestion (blue arrow), and focal
necrosis (orange arrow) were observed in a few parts of the kidney
in cisplatin-treated mice. In the lungs of all 4 groups, normal
bronchiole, blood vessel, alveolar duct, and alveoli were observed.
Histopathology of tumor tissue section showed more densely
arranged tumor cells in control mice, complete necrosis of tumor
cells in cisplatin-treated mice, few tumor cells with mild necrosis
of tumor in 10 mg/kg OR3 treated mice, few cells with moderate

necrosis of tumor in 30 mg/kg OR3 treated mice.

4. Discussion

To address metastatic breast cancer with a potent anticancer natural
compound, we assessed the antitumor potential of the pigment
OR3, derived from S. coelicolor JUACTO03, against MDA-MB-231
(metastatic breast cancer) cell line and in in vivo mouse models
of metastatic breast cancer. Cytotoxic effects and the activation
of apoptotic mechanisms are pivotal cellular events that enhance
the efficacy of potential anticancer drugs, preventing cancer
metastasis[20]. In this study, we employed MTT and LDH assays
to analyze cytotoxicity, while caspase, cell cycle analysis, DNA
fragmentation, and Annexin V/AbFluor 488 staining techniques
were used to determine apoptosis.

According to the MTT results, OR3 exhibited potent cytotoxicity
towards MDA-MB-231 cells. Interestingly, the IC,, value of OR3 (8
pg/mL) was quite close to that of the anticancer drug doxorubicin
(7.28 pg/mL) against MDA-MB-231 cells. The cytotoxic activity
of OR3 aligns with reports of similar compounds from Streptomyces

species|21]. Several antitumor compounds have been documented

from Streptomyces species, such as chromomycin SA from
Streptomyces sp. KML-2, with remarkable antitumor activity on
MCEF-7 cells, having an IC,,of 12.6 pg/mL, and streptokordin from
Streptomyces sp. KORDI-3238 exhibited anti-tumor activity towards
MDA-MB-231 cells with an IC,0f 7.5 pg/mL[22,23].

OR3 caused direct cytotoxic effects on cancer cell lines, as
indicated by LDH activity analysis. In OR3-treated MDA-MB-231
cells, a significant LDH release (38%) was observed compared to the
standard drug doxorubicin. These results highlight that OR3 exhibits
specific cytotoxicity towards cancer cells, unlike doxorubicin.

Under normal conditions, cell cycle events including G,, S, G,/
M, and M phases are tightly regulated by several checkpoints to
maintain a balance between cell division and cell death. During
carcinogenesis, these checkpoints are disrupted, leading to
uncontrolled cell divisions[24]. Flow cytometric analysis revealed that
OR3 induced cell cycle arrest, as indicated by a higher percentage of
cells in the sub-G, and S phases, supporting the conclusion that OR3
activates the apoptotic machinery in MDA-MB-231 cells.

Annexin-V/PI staining followed by flow cytometric analysis is
a valuable method for distinguishing and quantifying apoptotic
cells from necrotic cells[25]. In the present study, Annexin-V/PI
staining confirmed the presence of early and late apoptotic cells
resulting from OR3 treatment in MDA-MB-231 cells. At an IC,;
concentration, OR3 induced a higher percentage of early and late
apoptotic cells, while at an I1C, concentration, it led to an increased
proportion of necrotic cells. These findings validate that OR3
induces cancer cell death via multiple mechanisms.

Caspase activation prompts apoptosis, with cytochrome c release
from the mitochondria activating caspase-9, the initiator caspase.
Activated caspase-9 subsequently triggers effector caspase-3,
which is responsible for DNA fragmentation and morphological
changes|26]. In our study, OR3 predominantly induced apoptosis via
the mitochondrial pathway, as evidenced by a significant increase in
caspase-9 activity in MDA-MB-231 cells. Importantly, OR3 did not
trigger caspase-9 activation in normal HEK-293 cells, confirming
the cancer-specific action of OR3.

DNA fragmentation is a hallmark of apoptosis, offering valuable
insights into the mechanisms of anticancer compounds[27]. Our
analysis of DNA from OR3-treated MDA-MB-231 cells revealed
that OR3 induced apoptosis to a lesser extent and necrosis to a
greater extent. Interestingly, doxorubicin treatment produced similar
results to OR3.

We also conducted a colony formation assay with OR3-treated
MDA-MB-231 cells, and the results demonstrated that OR3
completely inhibited colony formation in treated cells. These
findings highlight the strong anti-proliferative effects of OR3 on
metastatic breast cancer.

Cancer spreads via cell migration and tissue invasion, allowing
tumor cells to enter the bloodstream and facilitate metastasis.
Metastatic cancer is a major cause of relapse, making it particularly
challenging to cure[28]. Previous investigations have reported that

specific angucycline glycosides and moromycin B, isolated from
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Streptomyces species, induce apoptosis and inhibit the invasive
potential of metastatic breast cancer cells[29,30]. To evaluate the anti-
migratory potential of OR3 on MDA-MB-231 cells, we performed a
scratch assay. The results confirmed that OR3 significantly inhibits
both the invasion potential and migration capacity of breast cancer
cells. This was further supported by Western blot analysis, which
revealed significant downregulation of key proteins involved in
tumor cell proliferation, invasion, and metastasis, including p38
MAPK, KPNA2, XPO1, and RAB5B, compared to untreated cancer
cells.

In addition to in vitro studies, in vivo studies in mice with tumors
were carried out. Based on the results of the acute toxicity study,
optimal doses of OR3 (10 and 30 mg/kg) were selected for testing
against tumors in mice. Hematological studies revealed that OR3
administration improved certain hematological parameters like
the hemoglobin and red blood cell counts, in tumor-bearing mice
compared to the vehicle control group. Previous studies have linked
cancer progression in mice to significant hematological changes,
including reduced hemoglobin and red blood cell counts, as well as
increased white blood cell counts. Traditional cancer chemotherapy
often leads to complications such as myeloid destruction and
anemia[31]. Our results indicate that OR3 treatment reversed tumor-
induced hematological alterations by elevating hemoglobin levels
and total red blood cell counts while maintaining total white blood
cell counts. These findings suggest that OR3 does not cause the
common side effects associated with chemotherapy. Moreover, OR3
demonstrated comparable efficacy to cisplatin in reducing solid
tumor volume. Tumor inhibition by 30 mg/kg of OR3 reached 69%,
closely matching the 74.9% inhibition observed with 5 mg/kg of
cisplatin.

Chemotherapy often induces tissue damage or organ necrosis,
which can be evaluated through histopathological examination of
tissue sections. Histopathological assessment of the liver, spleen,
lungs, kidney, and heart sections from tumor-bearing mice treated
with OR3 revealed normal structures and architectures. In contrast,
analysis of tumor tissues confirmed that OR3 induced cell death by
inducing apoptosis and necrosis.

These findings indicate that the OR3 pigment is not only effective
in tumor inhibition but also safe and non-toxic to normal, healthy
tissues and organs, which highlights its potential as an anti-cancer
agent, particularly for treating metastatic breast cancer.

Though our study reports significant findings, some limitations
need to be mentioned. First, our investigation focused solely on
a metastatic breast cancer cell line and a xenograft metastatic
breast cancer mouse model; other cancer types were not explored.
Secondly, the characterization and identification of the bioactive
compound in the OR3 pigment were only partially accomplished.
While our in vivo studies provide evidence for the antitumor efficacy
of OR3, the in vivo mechanism of tumor inhibition was not evaluated.
Despite these shortcomings, our study represents a significant step
forward, highlighting the potential utility of this natural pigment for

further research aimed at developing an anti-metastatic drug. Future

studies will address these gaps to fully characterize OR3 and explore
its therapeutic potential.

In conclusion, OR3 from S. coelicolor demonstrated promising
cytotoxic and anti-metastatic efficacy on MDA-MB-231 cells and in
xenograft mouse models of metastatic breast cancer. The presence
of a novel compound, similar to prodigiosin, was confirmed in
OR3. These findings highlight the potential of OR3 for further
characterization and drug development targeting metastatic breast

cancer.
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Supplementary Table. Effects of OR3 on the blood parameters of MDA-MB-231 tumor-

bearing mice.

Cisplatin OR3 ORS3 pigment

Parameters Tumor control pigment (10 | (30 mg/kg)

mg/kg)

Hb (g%) 9.63+0.44 950+0.74 | 11.05+0.5* | 10.89 £1.17*

WBC (cells/cumm) | 2 270.8 +97.33 199247+ |2183.47+ 2291.68 +93.90
53.32%* 358.85

Neutrophils (%) 451+1.10 387+ 5.63+1.93 458 +0.61
2.51*

Lymphocytes (%) | 57.31+2.05 53.86 + 56.15+2.91 | 55.27+0.67
3.26

Eosinophils (%) 1.83+0.28 528+0.84 |3.52+0.86 334+0.67

Monocytes (%) 5.49 £ 0.81 7.39+0.2 5.1+0.53 722 +0.44

Platelet count 7.58 £0.64 6.68£1.07 | 6.24+0.46 8.08 +£0.44

(Lakhs/cumm)

RBC count 5.71+£0.36 561+0.34 | 6.30+0.20*% | 6.22+0.66*

(mill/cumm)

PCV (%) 27.74+1.49 2781+ 31.86+1.45 | 32.21+3.68
1.92

MCYV (fl) 35.34+0.56 34.85 + 30.8+4.47 36.43 £0.53
0.45

MCH (pg) 11.83+0.26 11.44 + 11.79+£0.34 | 11.97 £0.00

0.34
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MCHC (%) 23.66 £0.28 23.58 £ 23.94+£0.00 |23.76+0.53
0.35

The values are given as mean + SE (n = 5) and analyzed by one-way ANOVA analysis. *P <
0.05 compared with the control group. MCV: mean corpuscular volume, Hb: hemoglobin,
MCHC: mean corpuscular hemoglobin concentration, MCH: mean corpuscular hemoglobin,
PVC: packed cell volume, WBC: white blood cells, RBC: red blood cells.
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Supplementary Figure 1. (A) 'H NMR spectrum; (B) '3C NMR spectrum of the HPLC
purified OR3 pigment. Chemical shifts with corresponding functional groups, represented as
being similar to those found in prodigiosin or its analogs in the OR3 fraction; (C) TLC
fractionation of pigment extracted from Streptomyces coelicolor; (D) Different coloration of
the OR3 pigment at pH 2, pH 7, and pH 10, along with the maximum absorption spectra (A-
max) of OR3 pigment at these pH levels. (E) Different coloration of the OR1 pigment at pH 2,
pH 7, and pH 10, along with the maximum absorption spectra of OR1 pigment at these pH
levels.
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Supplementary Figure 2. Photomicrographs of the different tissue sections stained with
hematoxylin and eosin in mice (magnification: x 40; scale bar: 18 um). Heart, kidney, liver,
lungs, spleen, and tumor, belonging to I) group 1-vehicle control II) group 2-
cisplatin(5Smg/kg) III) group 3-OR3 fraction(10mg/kg) and IV) group 4-OR3 fraction
(30mg/kg) treated. In the histopathology of the kidney, moderate mononuclear cell
infiltration (black arrow), congestion (blue arrow) and focal necrosis (orange arrow) are
found in few parts in group 2, while very less congestion (blue arrow) is observed in group 1
and 4. In the histopathology of tumor, more densely arranged tumor cells in group 1,
complete necrosis of tumor cells in group 2, few tumor cells with mild necrosis of tumor in
group 3, and few cells with moderate necrosis of tumor in group 4 are observed (scale bar: 18

pum).
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