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Abstract
Search for ideal compounds with known pathways of anticancer mechanism is still a 
priority research focus for cancer, as it continues to be a major health challenge across the 
globe. Hence, in the present study, anticancer potential of a yellow pigment fraction, OR3, 
isolated from Streptomyces coelicolor JUACT03 was assessed on the breast cancer cell 
line MCF-7. TLC-fractionated OR3 pigment was subjected to HPLC and GC–MS analysis 
for characterization and identification of the bioactive component. MCF-7 cells were 
treated with  IC50 concentration of OR3 and the molecular alterations were analyzed using 
mass spectrometry-based quantitative proteomic analysis. Bioinformatics tools such as 
STRING analysis and Ingenuity Pathway Analysis were performed to analyze proteomics 
data and to identify dysregulated signaling pathways. As per our obtained data, OR3 
treatment decreased cell proliferation and induced apoptotic cell death due to significant 
dysregulation of protein expressions in MCF-7 cells. Altered expression included the 
ribosomal, mRNA processing and vesicle-mediated transport proteins as a result of 
OR3 treatment. Downregulation of MAPK proteins, NFkB, and estradiol signaling was 
identified in OR3-treated MCF-7 cells. Mainly eIF2, mTOR, and eIF4 signaling pathways 
were altered in OR3-treated cells. GC–MS data indicated the presence of novel compounds 
in OR3 fraction. It can be concluded that OR3 exhibits potent anticancer activity on the 
breast cancer cells mainly through altering the expression and affecting the signaling 
proteins which are involved in different cell proliferation/apoptotic pathways thereby 
causing inhibition of cancer cell proliferation, survival and metastasis.
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Introduction

Cancer remains a global health issue even today, despite rapid advancements in its 
detection or treatment modalities. The most common type of cancer among women is 
breast cancer, being the primary cause of cancer deaths and causing the most disability 
adjusted life years (DALYs) lost around the world (1.7 million breast cancer cases 
and 0.53 million deaths) [1, 2]. CONCORD-3 in 2018 reported a 5-year breast-cancer 
survival rates that was more than 90% in the USA, while it was only 66% in India as of 
2014 data [3, 4].

Human cancer cells undergo various cellular and molecular alterations due to specific 
genetic, environmental causes leading to impaired signaling mechanisms and their uncon-
trollable multiplication [5]. Cancer cells develop resistance to many chemotherapeutic 
drugs, and hence pose a great challenge for therapeutic approaches. The search of novel 
drugs that overcome these problems by regulating signaling pathways is a priority goal 
for cancer researchers across the world [6]. In this respect, natural products (NPs) isolated 
from plants and microorganisms have made significant contribution towards cancer drug 
discovery and many compounds from natural sources have entered clinical trials [7, 8].

Streptomyces sp., an Actinomycetes group of microbes, have contributed several NPs/
secondary metabolites having antioxidant, anticancer, antimicrobial, and immunosuppressive 
properties. Some anticancer drugs produced by Streptomyces are bleomycin, dactinomycin, 
mitomycin C, and doxorubicin. Based on such previous discoveries from Streptomyces, this 
genus has emerged as a major target to explore novel anticancer compounds [9, 10].

Though many natural compounds were analyzed for their anticancer potential, their 
mechanism of action were not investigated extensively with respect to their molecular 
targets within a cancer cell. Precise cancer treatment is feasible if we have a thorough 
understanding of the primary targets of the anticancer compound within a cancer cell. 
The intervention of proteomics and artificial intelligence (AI) to analyze the effects of a 
compound on the differentially expressed proteins of signaling pathways within a cancer 
cell would greatly improve our understanding about the cellular targets of anticancer 
drugs [11]. Recently, the use of artificial intelligence as a tool to discover novel anticancer 
compounds from natural resources and to understand their mechanism of action has gained 
greater significance [12].

In the present study, we analyzed the effects of a yellow pigment (OR3) from Streptomyces 
coelicolor JUACT03, previously isolated and maintained in our lab, on MCF-7 breast cancer 
cell line using LC–MS/MS whole proteomic approach. Using this proteomics data, we 
analyzed different aspects like protein–protein interaction, gene ontology studies, pathway 
analysis, signaling proteins, and upstream regulators to understand the possible anticancer 
mechanism of OR3 in MCF-7 cells.

Materials and Methods

Extraction of Pigment from Streptomyces coelicolor Isolate

A  promising isolate of Actiomycete was  identified as Streptomyces coelicolor by 16  s 
rRNA sequencing and maintained in our lab. The sequence was deposited in GenBank 
with the accession number NR_025870.2. A distance matrix tree was constructed using the 
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Jukes-Cantor corrected distance model and the topology of the phylogenetic tree was built 
by using Weighted neighbor-joining method [13]. From this isolate, the orange pigment 
was extracted as previously reported [14].

Cell lines Used

The breast cancer MCF-7 cell line used in the present study was procured from the 
National Centre for Cell Sciences (NCCS), Pune, India. These cells were maintained in 
minimal essential medium (MEM, HiMedia) supplemented with 10% fetal bovine serum 
(FBS, HiMedia) The cells were incubated at 37 °C with 5%  CO2 in a humidified incubator.

Screening for Anticancer Activities

The MCF-7 cell line was cultured in 96-well microtiter plates and incubated for 24 h. The 
sample was added at varying concentrations to the cells in the plates and incubated for 24, 
48, and 72 h. After the incubation period, 10 μl of 5 mg/ml MTT dye was added to the 
wells and the plates were incubated for 3 h at 37 °C in a dark chamber. DMSO (100 μl) 
was added to the wells to dissolve the formazan crystals formed and the absorbance was 
recorded at 540 nm, using an ELISA plate reader (Lisa Plus) [15].  IC50 values were deter-
mined from the dose–response curves. The experiment was conducted in triplicates.

Partial Purification of the Pigment

Pre-coated silica TLC sheets (60 F 254, Merck) were used to fractionate the pigment. The 
plates were activated at 110 °C for 15 min. The pigment extract (5 mg/ml) was dissolved in 
methanol and approximately 20 μl of the sample was loaded onto the TLC plate. Methanol 
and hexane in the ratio 7:3 was used as the solvent system to fractionate the extract. From 
the developed TLC sheet, each band was scraped, extracted with methanol, and centri-
fuged at 10,000 rpm for 10 min [14]. The supernatant was evaporated at room temperature 
(28–30 °C) to collect the purified fractions. The partially purified fractions were screened 
for their cytotoxic activity by performing the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide MTT assay against the cancer cell lines. The fraction with highest 
cytotoxic activity was selected for further studies.

HPLC Purification of OR3 Fraction

The partially purified fraction OR3 was purified by running the sample in a semi-prepara-
tive HPLC (LC-20AD plus Detector, Shimadzu, Japan) connected to a system with LabSo-
lutions software. The pumps (pump A and pump B) were used to pass the pressurized liq-
uid solvent (water:methanol) along with sample. Pump A was always maintained as water 
(default) and pump B was set as Methanol.

Gas Chromatography‑Mass Spectrometry (GC–MS) Analysis

The HPLC-purified yellow pigment (OR3) fraction was analyzed for the presence of dif-
ferent volatile compounds by gas chromatography-mass spectroscopy (GC–MS) at “The 
South India Textile Research Association (SITRA),” Coimbatore, Tamil Nadu, India. GC 
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analysis was performed using a GC MS/MS (Model; Agilent Technologies GC: 8890; MS: 
7000D GC/TQ) equipped with a HP 5MS Ultra inert fused silica capillary column (30 m 
length × outside diameter 250  μm × internal diameter 0.25  μm). Helium was used as the 
carrier gas at a constant flow rate of 1.516 ml/min and the sample injected was 2 μl; injec-
tor temperature was 250 °C; ion source temperature was 280 °C. The oven temperature was 
programmed from 80° C for 2 min, 200 °C for 2 min at the rate of 15 °C/min, 240 °C for 
2 min at the rate of 4 °C/min, and finally raised to 280 °C for 15 min at 15 °C/min; total run 
time was 31.66 min. Transfer line temperature was kept at 250 °C. The relative percentage 
of each extract constituent was expressed as percentage with peak area normalization.

Identification of Components

Identification was based on the molecular structure, molecular mass, and calculated 
fragments. Interpretation on mass spectrum of GC–MS was through the database of the 
National Institute of Standards and Technology (NIST). The name, molecular weight, and 
structure of the components of the test materials were ascertained. The relative percentage 
of each component was calculated by comparing its average peak area to the total area. The 
spectrum of the unknown component was compared with the spectrum of the component 
stored in the NIST library version NIST MS search V.2.3: 2017.

Treatment of MCF‑7 Cells for Proteomics

MCF-7 cells (2.6 ×  106) were seeded into 75  cm2 culture flasks with supplemented culture 
medium. After 24  h, cells were treated with  IC50 concentration of TLC-purified yellow 
pigment and left for 12 h. The negative control group was treated with the same amount 
of PBS with 10% DMSO. Experimental procedures were performed at least in triplicate. 
After 12 h, cells were harvested.

Sample Preparation for LC–MS/MS

Cells were lysed in lysis buffer (2% SDS in 50 mM triethylammonium bicarbonate), and 
were subjected to five cycles of sonication for 30 s and 20% amplitude with an interval of 
5 s each in Branson 450 Digital Sonifier (Marshall Scientific, Hampton, NH, USA). The 
lysates were subjected to centrifugation for 10 min at 14,000 rpm and the clear superna-
tant was collected and aliquoted. One aliquot was used for protein estimation using BCA 
(bicinchoninic acid) assay (Thermo Scientific) and the other aliquot was stored at − 80 °C 
till further analysis [16, 17]. Equal amount of protein from controls C1, C2, and C3 and 
OR3-treated T1, T2, and T3 was precipitated using ice-cold acetone. Among the controls, 
C1 was taken and T1, T2, and T3 were considered separate samples and compared with the 
C1. In-solution digestion and fractionation were performed as described previously [18, 
19]. In brief, 500 μg of protein was subjected to reduction using 100 mM DTT and alkyla-
tion using 10  mM iodoacetamide, followed by digestion using trypsin (Promega, Madi-
son, WI. Cat #: V5111) for 16 h at 37 °C. Digested peptides were purified using Sep-Pak 
 C18 material and vacuum dried in SpeedVac Vacuum Concentrators (Thermo Scientific) 
according to the methodology reported previously [20].
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Fractionation

The tryptic peptides cleaned using Sep-Pak  C18 material were subjected to stage tip-based 
SCX (strong cation-exchange) fractionation to generate 12 fractions, as described previ-
ously. Briefly, stage tip was packed using SCX disks and activated using ACN. Vacuum 
dried peptides were reconstituted in loading buffer (1% trifluoroacetic acid (TFA)) and 
loaded on the disk and washed with 0.2% TFA. After washing, the peptides were fraction-
ated by different gradients of ammonium acetate (50 mM, 75 mM, 125 mM, 200 mM, and 
300 mM) with 20 mM CAN and 0.5% formic acid as described earlier [21]. A total of 12 
fractions were collected, vacuum dried, and stored in − 80 °C until LC–MS/MS analysis.

Mass Spectrometry Data Acquisition

All the 12 fractions were analyzed on an Orbitrap Fusion Tribrid mass spectrometer (Thermo 
Electron, Bremen, Germany) interfaced with Easy-nLC II nanoflow liquid chromatography 
system (Thermo Scientific, Odense, Denmark). A total of 12 fractions were analyzed on mass 
spectrometry. Briefly, peptides from each fraction were reconstituted in solvent A and separated 
on an analytical column (75 μm × 50 cm), LC (liquid chromatography,  C18) at a flow rate of 
280 NL/min using a step gradient of 8–22% solvent B (0.1% formic acid in 90% acetonitrile) 
for first 70 min, followed by 22–35% up to 103 min. The total run time was set to 120 min. 
The mass spectrometer was operated in a data-dependent acquisition (DDA) mode. A survey 
full scan MS (from m/z 350–1600) was acquired in the Orbitrap at a resolution of 120,000 at 
200 m/z. The AGC (automatic gain control) target for MS1 was set as 4 ×  105 and ion filling 
time set for 50 ms. The most intense ions with charge state ≥ 2 was isolated and fragmented 
using HCD (higher collision dissociation) fragmentation with 34% normalized collision energy 
and detected at a mass resolution of 50,000 at 200 m/z. The AGC target for MS/MS was set as 
1 ×  105 and ion filling time set 100 ms dynamic exclusion was set for 30 s [16].

Mass Spectrometry Data Analysis

The mass spectrometry raw data were searched using SEQUEST and MS Amanda search 
engines with Proteome Discoverer 2.1 (Thermo Fisher Scientific). For label-free quantification, 
Minora Feature Detector node in the processing workflow of the Proteome Discoverer and the 
Precursor Ions Quantifier node and the Feature Mapper in the consensus workflow were used. 
The data was searched against the Human RefSeq 89 database. “Minora Feature Detector” 
node performs an efficient MS1-based quantification by detecting, aligning, and matching 
peaks across LC/MS runs, and by mapping them to the corresponding peptide sequences 
identified by MS2. The search parameter used as carbamidomethylation of cysteine residues as 
a fixed modification. Oxidation of methionine was selected as dynamic modifications. Trypsin 
was set as the protease and a maximum of two missed cleavage were allowed. Precursor 
mass tolerance was set to 10 ppm, and a fragment mass tolerance of 0.05 Da was allowed. 
All peptide-spectrum matches (PSM) were identified at a 1% false-discovery rate (FDR) as 
reported earlier [22]. Protein quantification was carried out according to “LFQ” (normalized 
intensity) value. PD provided for each quantified protein the height of the most abundant peak 
at the apex of the chromatographic profile (“intensity”) and the integrated peak area (“area”). 
A normalization step (or no) was applied for the quantitative values based on the total peptide 
intensity of the samples. The quantified value reported for a given protein is actually the sum of 
the quantification values of all peptides belonging to that protein [23].
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Bioinformatics Analysis of the Identified Proteins

Bioinformatics analysis of the identified proteins was carried out as reported previously 
[24, 25]. Briefly, the differentially expressed proteins were subjected to network analysis 
using STRING database (https:// string- db. org). PANTHER database (http:// www. panth 
erdb. org/) was used to perform Gene Ontology analysis for an inventory of the proteins 
making up the individual organelles and associated biological processes. Analysis of 
altered molecular pathways, canonical pathways, and prediction of upstream regulators was 
performed using Ingenuity Pathway Analysis (IPA) (https:// ingen uity. com/ produ cts/ ipa).

Statistical Analysis

All the experiments were carried out in triplicates. Results were calculated as mean ± stand-
ard error. Statistical significance was calculated using one-way analysis of variance 
(ANOVA) using the GraphPad Prism 6.0 software. Sample means were compared using 
Duncan’s multiple range test (DMRT). A significance level of P < 0.05 was employed to 
determine a significant difference between the control and the treated samples.

Results

Identification of the Isolate

The isolate which showed potent anticancer activity on and MCF-7 cancer cell line was 
selected for the study and was identified as Streptomyces coelicolor JUACT03 by molecular 
methods. The sequence was deposited in GenBank with the accession no. NR_116633.1.

Thin‑Layer Chromatography (TLC) and HPLC for Pigment Fractionation

The methanol extracted pigment from Streptomyces coelicolor was fractionated by 
TLC. We used methanol/hexane in the ratio of 7:3 for fractionation and the separated 3 
fractions were named OR1, OR2 (detectable under UV light), and OR3 (Fig. 1a). The Rf 
values were noted as 0.77, 0.86, and 0.90, respectively. All fractions were tested for their 
cytotoxicity on MCF-7 cell line through MTT assay. The third fraction, which was yellow 
in color (named as OR3), exhibited highest cytotoxicity (results not shown) among 
the tested fractions. This OR3 fraction was subjected to HPLC for purification, which 
resulted in one single peak eluting out at RT 5.47 min (Supplementary File. S1Aa). This 
major fraction was collected by preparative HPLC and was further subjected to GC–MS 
analysis.

GC–MS Analysis

GC–MS analysis of the HPLC-purified OR3 fraction resulted in identification of 113 
compounds and chromatogram showed five major peaks at different retention times (RT) 
(Supplementary File. S1Ab) and each compound is exhibiting difference in compound area. 
The mass spectral analysis of the major peak at RT 3.1134 min corresponds to the compound 
1,3,5,7-tetroxane, peak at RT 3.6040 min corresponds to 1-phenyl-1-decanol, peak at RT 
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3.7182 min corresponds to tetramethyl silicate, and the peak at RT 11.7705 min corresponds 
to cyclopentasiloxane, decamethyl- with a match factor of  72.7% (Supplementary File. 
1B). The compound cyclopentasiloxane decamethyl- was reported earlier for antioxidant, 
antimicrobial, and antibacterial activities, though not for anticancer activity [26].

Cytotoxicity Analysis

OR3 fraction was further tested at 0.25, 0.5,1.0, 2.0, 4.0, 8.0, 16.0, and 32.0 μg/ml concen-
trations on MCF-7 cells for the treatment periods of 24, 48, and 72 h. Percentage viability 
of MCF-7 cells treated with OR3 (32  μg/ml) was 28% after a treatment period of 24  h 
which reduced further to 1.5% after 72 h of treatment (Fig. 1b).  IC50 value of OR3 was 
calculated as 12.49 μg/ml for MCF7 cell line from the dose response curve. The cytotoxic 
effect was found to be significant. Treatment of OR3 at the same concentration (32 μg/ml) 
to normal healthy lymphocytes did not cause any significant change in the cell viability 
even after 48 or 72 h (Fig. 1c). Here, the percentage viability was ranging between 81 and 
88%. Furthermore, the HPLC purified fraction was tested at different dilutions (2–8 μl) on 
MCF-7 cells for 24, 48, and 72 h. This fraction had demonstrated antiproliferative effects 
(Fig. 1d), thus confirming OR3’s effectiveness for anticancer application studies.

Fig. 1  a TLC fractionation of orange pigment extract from Streptomyces coelicolor. The arrows indicate 
the pigment fractions. OR3-yellow fraction and OR1-pink fraction. b The effect of OR3 fraction (0.25, 0.5, 
1.0, 2.0, 4.0, 8.0, 16, and 32 μg/ml) on MCF-7 at 24, 48, and 72 h. c The effect of OR3 fraction (0.25, 0.5, 
1.0, 2.0, 4.0, 8.0, 16, and 32 μg/ml) on lymphocytes at 24, 48, and 72 h. d Effect of HPLC eluted fraction 
on MCF-7 cells at 24, 48, and 72 h. The level of significance is indicated as *P < 0.05, **P < 0.005, and 
***P < 0.0001 in comparison to the untreated control
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OR3 Treatment Results in Proteomic Alterations in MCF7 Cells

We observed OR3 pigment as to have profound cytotoxic effects on the breast cancer 
MCF-7 cells. As the anticancer effect of the partially purified OR3 was significantly 
higher than the HPLC-purified fraction, OR3 was chosen for further proteomics 
studies on MCF-7. To understand the molecular mechanisms of antiproliferative 
effects of OR3, we performed mass spectrometry-based proteomic analysis of MCF-7 
cells treated with OR3 along with untreated cells. Proteomic data showed 3009 non-
redundant proteins in two conditions. In OR3-treated MCF-7 control, we observed 
overexpression of 528 proteins (17%), downregulation of 399 proteins (13%), and 
remaining proteins as unaltered (Fig.  2a). This MS proteomics data was deposited 
to the ProteomeXchange Consortium having the dataset identifier PXD032999. We 
considered a fold change cutoff of twofold and P ≤ 0.05 to filter proteins for further 
analysis.

OR3 pigment caused characteristic molecular alterations in MCF-7 cells as per 
mass spectrometry analysis which indicated dysregulation of various proteins in treated 
cells. To further analyze the biological functions affected by altered proteins, we used 
bioinformatics tools, such as network analysis, gene ontology enrichment study, and 
pathway analysis. To predict protein–protein interactions among the dysregulated proteins, 
we performed network analysis using STRING database (https:// string- db. org). As 
shown in the results of network analysis, proteins involved in vesicle-mediated transport, 

Fig. 2  a Identified proteins by LC–MS/MS. b Interaction network analysis: OR3-treated MCF-7 cells 
showed distinct molecular alterations. STRING interaction network depicts the association among the pro-
teins. Circled balls are representing individual protein. Circled proteins are majorly involved in ribosomal, 
mRNA processing, rRNA processing, translation initiation factors, protein transport and processing. c Gene 
Ontology analysis: a pie chart depicting the dysregulated proteins involved in biological processes
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ribosomal, rRNA processing, chaperon, proteasome, translation initiation factors, nuclear 
transport, and mRNA processing were majorly affected by OR3 in MCF-7 cells (Fig. 2b).

The PANTHER and HPRD-based Gene Ontology (GO) studies of the 927 dysregulated 
proteins indicated that majority of these proteins are involved in cellular processes (61%), 
metabolic process (42%), localization (14%), biological regulation (2.2%), response to 
stimulus (10.9%), developmental process (2.6%), and signaling (4.8%). The details of the 
GO analysis are represented in Fig. 2c.

OR3 Treatment Affects EIF2, EIF4, and mTOR Signaling

Ingenuity Pathway Analysis was used to analyze alteration of canonical pathways using a 
combination of over expressed and down regulated proteins as input. Our results revealed 
that, among the various canonical pathways affected in OR3 treated breast cancer cells, 
eIF2 signaling was the most predominant altered pathway (Fig.  3). Further analysis of 
these results indicated that 67 of the differentially expressed proteins are associated with 
the eIF2 pathway. eIF4 and mTOR signaling were also significantly affected in OR3 
treated MCF-7 cells. Downregulated proteins in these pathways mainly belong to MAPK 
(mitogen activated protein kinases), translation initiation factors, and ribosomal proteins 
(Fig. 4 and Table 1).

Possible Upstream Regulator and Signaling Analysis

The results of the current study revealed that estradiol is a possible upstream regulator 
and ESR1, ESR2 and MYC proteins are downstream of estradiol signaling in breast 
cancer. One hundred thirty-six proteins, which are targets of estradiol signaling, are 
downregulated due to OR3 treatment as per our results. Upregulation of ribosomal 
proteins RPL5, RPL11, and RPS14 leads to the downregulation of MYC protein 
(Fig.  5a). Downregulated proteins mainly belong to MAPK proteins. Vesicle-mediated 

Fig. 3  Altered canonical pathways in OR3-treated MCF-7 cells
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Fig. 4  OR3 treatment on MCF-7 cells affects eIF2, mTOR, and eIF4 signaling. Ingenuity pathway analysis 
of proteins significantly dysregulated (P ≤ 0.05) in OR3-treated MCF-7/control MCF-7 cells. The signaling 
network of EIF2, mTOR, and EIF4 pathway based on differential expression of molecules upon OR3 treat-
ment on MCF-7 cells

Table 1  Downregulated proteins in eIF2 pathway

Gene symbol Description Fold change in 
OR3 treated/
control

EIF1AY Eukaryotic translation initiation factor 1A, Y-chromosomal 0.01
EIF3B Eukaryotic translation initiation factor 3 subunit B 0.095
EIF3D Eukaryotic translation initiation factor 3 subunit D 0.01
EIF3F Eukaryotic translation initiation factor 3 subunit F 0.01
EIF3H Eukaryotic translation initiation factor 3 subunit H 0.01
EIF3L Eukaryotic translation initiation factor 3 subunit L 0.127
EIF4G2 Eukaryotic translation initiation factor 4 gamma 2 0.01
MAPK1 Mitogen-activated protein kinase 1 0.01
MAPK3 Mitogen-activated protein kinase 3 0.087
MAPK14 Mitogen-activated protein kinase 14 0.01
RPL14 60S ribosomal protein L14 0.067
RPL31 60S ribosomal protein L31 0.263
RPS24 40S ribosomal protein S24 0.119
RPL36AL 60S ribosomal protein L36a-like 0.01
RPL37A 60S ribosomal protein L37a 0.135
RPS10 40S ribosomal protein S10 0.187
RPS28 40S ribosomal protein S28 0.116
EIF4B Eukaryotic translation initiation factor 4B 0.06
CDC42 Cell division control protein 42 homolog 0.831
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transport proteins, transcription factors required for cell cycle progression, and RAN-
mediated importins and exportin proteins are downregulated in OR3-treated MCF-7 
cells (Fig. 5b and c). Due to downregulation of RAN-mediated importin and exportins, 
estradiol signaling appears to be affected in OR3-treated MCF7 cells, which in turn 
might be affecting breast cancer cell proliferation and metastasis. The treatment of OR3 
significantly downregulated/upregulated the expression of proteins in eIF2, mTOR, and 
eIF4 pathways (Fig. 6).

Fig. 5  a MYC protein downregulation through upregulation of ribosomal proteins and downregulation of 
estrogen receptor proteins. b In our data 136, ESR1, ESR2, and MYC target proteins were downregulated. 
Here showing some proteins belong to signaling proteins, transport proteins, and transcriptional factors. c 
RAN-mediated estrogen receptor shuttling pathway in OR3-treated MCF-7 cells
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Discussion

The motive of this research work was to unravel the mechanism of action of a potent 
anticancer compound of microbial origin on the breast cancer cell line and to find 
out about the major signaling pathways affected. In the present work, Streptomyces 
coelicolor strain JUACT03 was selected as it demonstrated significant cytotoxic effects 
to the cancer cell lines. The yellow pigment (OR3), resulted by TLC fractionation of the 
crude pigment extract, was highly promising in inhibiting the proliferation of MCF-7 
cancer cells in a concentration-dependent manner. The OR3 pigment, with an  IC50 value 
of 12.49 μg/ml, was found to have significant cytotoxic effects against MCF-7 cell line 
as compared to prior study reports on different anticancer pigments [27], besides not to 
have any significant cytotoxic effects on the normal healthy lymphocytes at the same 
treated concentrations, suggesting its specificity towards cancer cells. The HPLC-purified 
fraction was having lesser cytotoxic effects to MCF-7 cells as compared to the partially 
purified OR3, maybe due to the synergistic effects of other unknown/unidentified 
components in this. Hence, we proceeded with OR3 fraction for further studies regarding 
anticancer mechanism.

A full proteome approach and label-free LC–MS/MS were adopted to study the anticancer 
mechanism of OR3 on the breast cancer cells. Through network analysis of dysregulated pro-
teins, it was found that many biological function-related proteins were altered in the OR3-treated 
MCF-7 cells such as ribosomal, protein translation, spliceosomal, RAN pathway, chaperons, and 
vesicle transport proteins.

Cancer has been linked to disruptions in vesicle trafficking regulation which controls 
important signaling proteins both inside and outside of the cell [12]. Some of the 
vesicle-associated proteins were found to be dysregulated in our study, including RAB 
protein family which was earlier reported with respect to cancers of the ovary and the 

Fig. 6  The bar plot of downregulated and upregulated key proteins in MCF-7 cells by OR3. The OR3-
induced changes at the protein level of eIF2, mTOR, and eIF4 pathways are shown here as bar graph in a 
Log2 scale. p value ranges from 0.01 to 0.00001
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breast [28]. RAB25 was downregulated after OR3 treatment in our study indicating it as 
one of the means through which it inhibited the cancer cell proliferation.

Elevated amounts of chaperone proteins are linked to a variety of events such as insen-
sitivity to growth-inhibitory signals, self-sufficiency in growth signals, greater replicative 
potential, and apoptosis avoidance [29]. According to reports, HSF1 gene is downregulated 
in multiple cancer types and is responsible for the production of numerous heat shock pro-
teins [30]. Ubiquitin-conjugating enzyme E2 (UBE2) family members are ubiquitin-related 
enzymes, and a number of studies have indicated their involvement in cancer. According 
to our findings, UBE2V1 and UBE2V2 are downregulated, while they were previously 
reported as upregulated in numerous cancers [31, 32]. USP15 plays a key function in the 
stabilization of the MDM2 protein, which promotes cancer cell survival. Tumor cell apop-
tosis and antitumor T cell responses are boosted when USP15 expression is inhibited [33]. 
In our findings, we observed that USP15 is downregulated. Apoptosis might have resulted 
from the downregulation of USP15 in OR3-treated MCF-7 cells in the present study.

Defects in RPs (ribosomal proteins), rRNA processing, or ribosome assembly factors 
have been linked to cancer in numerous studies. Ribosomal proteins that are dysregulated 
perform a variety of activities, including reprogramming translation for cancer-promoting 
mRNAs, altering proteasome activity, metabolic rewiring, and exhibiting higher levels of 
oxidative DNA damage [34]. In our study, as per network pharmacology, RPL11, RPL5, 
and RPS14 proteins were found upregulated. Upregulation of these ribosomal proteins 
affects c-MYC gene transcription and directs c-MYC mRNA to be degraded by the RNA-
induced silencing complex (RISC) [35–37]. As a result, the expression of c-MYC target 
genes is affected. Alterations in splicing events occur in all types of malignancies that are 
not found in normal tissues, and tumors have up to 30% more alternative splicing events 
than normal tissues. Alternatively, spliced mRNA isoforms in particular have an impact on 
a variety of cancer processes, including tumor development and invasion, cell proliferation, 
apoptosis, angiogenesis, and metabolism. According to previous reports, the genes SF3B1, 
U2AF1, and SRSF2 are linked to cancer progression. Splicing proteins SF3B6, SF3B1, 
and SRSF2 were found to be downregulated and splicing factors SF3B2 and U2AF1 are 
upregulated in our study [38]. These observations are confirming the anticancer activity of 
OR3.

According to canonical pathway analysis, the eIF2 pathway was majorly affected by 
67 dysregulated proteins in our current study. When the GDP-GTP exchange activity of 
the eIF2 -subunit is affected by stress, translation initiation gets inhibited from normally 
capped mRNAs, resulting in halted ribosomes entering stress granules. Translation of par-
ticular mRNAs involved in stress recovery and apoptosis is aided by eIF2 deficiency [39].

The phosphatases and mitogen-activated protein kinase (MAPK) signaling pathways 
are primarily involved in translational regulation via phosphorylation and dephosphoryla-
tion of translational machinery components. Dysregulation of these proteins causes patho-
logical diseases, such as cancer [40]. According to our findings, ERK 1/2 is downregu-
lated, which suggests that PP1c phosphatase protein is also downregulated. PP1c protein 
enhances dephosphorylation of phosphorylated eIF2B complex in the cytoplasm [41]. 
mTOR signaling is projected to be downregulated as a result of ERK 1/2 downregulation 
based on our findings. Downregulation of ERK 1/2 is implicated to result in a decrease 
in DGK ZETA1 protein activity, affecting the conversion of diacylglycerol to phosphoric 
acid [42]. Phosphatidic acid deficiency affects mTOR signaling, which affects protein 
translation [43, 44]. According to our results, p38 MAPK is downregulated, which means 
MKNK1 protein activity is reduced, which leads to non-phosphorylated forms of 4E-BP1 
and eIF4E, that affects translation.
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We looked at downregulated proteins to see whether there were any upstream regu-
lators affecting MCF-7 cell growth after treatment with OR3. Breast cancer cell lines 
with high estrogen receptor (ER) expression exert their effects on target cells via two 
subtypes of estrogen receptors. The small GTPase protein RAN coordinates intracellular 
distribution and equilibrium of estrogen receptors. RCC1, Importin-(KPNA, KPNA2, 
KPNA3), importin-(KPNB1), and exportin (XPO1) family proteins are involved in 
the import and export of numerous steroid hormone receptors between the cytoplasm 
and the nucleus, and their downregulation affects the RAN pathway [45]. According 
to our findings, 136 proteins were downregulated with target proteins for the transcrip-
tion factors ESR1, ESR2, and MYC. The transcription factors ESR1 and ESR2 are pri-
marily engaged in 17-estradiol signaling. ESR1 increases MYC expression in MCF-7 
cells [46]. Extranuclear ligand 17-estradiol with estrogen receptor stimulates mitogen-
activated MAPK/ERK or PI3K/AKT/mTOR complex, which activates protein synthesis 
necessary for cell proliferation, cell cycle progression, survival, angiogenesis, invasion, 
and migration in cancer cells [47]. The expression and activation of proteins of p38 
and MAPK pathways are influenced by estradiol signaling [48, 49]. MAPK and mTOR 
pathways are influenced by the downregulation of estradiol pathway. All these reports 
suggest that OR3 treatment on MCF7 cells might have impacted protein translation 
pathways, eIF2, mTOR, and eIF4 by downregulating the major signaling pathways such 
as p38, MAPK, RAN, and the estrogen receptors, according to the obtained data in our 
current study.

From the current study, it can be concluded that the OR3 pigment from S. coelicolor 
has significant anticancer effects on the breast cancer cells via modifying the expression of 
key signaling proteins involved in tumorigenesis, tumor metastasis, and tumor progression. 
However, further in vivo studies on mice models are warranted to take this study to the 
clinical level and drug developmental studies.
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