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Colorectal cancer (CRC) is a common, and deadly disease. Despite the improved
knowledge on CRC heterogeneity and advances in the medical sciences, there is still
an urgent need to cope with the challenges and side effects of common treatments for the
disease. Natural products (NPs) have always been of interest for the development of new
medicines. Actinobacteria are known to be prolific producers of a wide range of bioactive
NPs, and scientific evidence highlights their important protective role against CRC. This
review is a holistic picture on actinobacter-derived cytotoxic compounds against CRC that
provides a good perspective for drug development and design in near future. This review
also describes the chemical structure of 232 NPs presenting anti-CRC activity with the
being majority of quinones, lactones, alkaloids, peptides, and glycosides. The study
reveals that most of these NPs are derived from marine actinobacteria followed by
terrestrial and endophytic actinobacteria, respectively. They are predominantly
produced by Streptomyces, Micromonospors, Saliniospors and Actinomadura,
respectively, in which Streptomyces, as the predominant contributor generating over
76% of compounds exclusively. Besides it provides a valuable snapshot of the chemical
structure-activity relationship of compounds, highlighting the presence or absence of
some specific atoms and chemical units in the structure of compounds can greatly
influence their biological activities. To the best of our knowledge, this is the first
comprehensive review on natural actinobacterial compounds affecting different types
of CRC. Our study reveals that the high diversity of actinobacterial strains and their NPs
derivatives, described here provides a new perspective and direction for the production of
new anti-CRC drugs and paves the way to innovation for drugs discovery in the future. The
knowledge obtain from this review can help us to understand the pivotal application of
actinobacteria in future drugs development.

Keywords: colorectal cancer, natural products, actinobacteria, secondary metabolites, anti-cancer effects, marine
actinobacteria, endophytic actinobacteria, bioactive compounds
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1 INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer
globally with an annual rate of 10% of new cancer cases.
Following lung cancer which is the deadliest cancer
worldwide, CRC is the second deadliest cancer in the world,
accounting for 9.4% of cancer deaths (Sung et al., 2021). The
global burden, prevalence, and deaths from the disease are
increasing and expects to reach around 60% by 2030 (Arnold
et al, 2017). Environmental factors and genetic factors are
involved in the occurrence of this complication. Heredity is a
major cause of susceptibility to cancers, and in a case of CRC, it is
estimated that 12%-35% of the risk is related to genetic factors.
Based on the origin of genetic mutations, CRC is divided into
three categories including sporadic (70%), inherited (5%) and
familial (25%) (Peters et al., 2015; Marmol et al., 2017). Sporadics
are heterogeneous, and different genes undergo point mutations.
A specific sequence of mutations triggers with the APC gene
following with mutations in the KRAS, TP53, and DCC genes are
observed in approximately 70% of CRC cases (Fearon and
Vogelstein, 1990). The hereditary group includes two
categories namely polyposis and non-polyposis CRC
(HNPCC). Two well-known examples for polyposis and
HNPCC are familial adenomatous polyposis (FAP) and Lynch
syndrome, respectively, in which occurs as a result of mutations
in DNA repair genes (Lynch and de la Chapelle, 2003). Familial
CRC, caused by hereditary mutations, is the type of cancer that
neither its molecular mechanism is precisely known nor cannot
be classified as a specific hereditary cancer (Stoffel and Kastrinos,
2014). The most common method of diagnosing, and
determining the status of CRC in the clinic is the use of
Tumor Node Metastasis (TNM) classification. However, today,
due to the heterogeneity of cancer and in order to achieve
personalized and targeted therapy, molecular classifications of
cancer have been proposed which are indicators of genetic tumor
heterogeneity (Turashvili and Brogi, 2017). Microsatellite
instability (MSI), chromosomal instability (CIN) and
epigenetic instability (CIMP) are the three major causes of
genetic instability resulting CRC (Wang W. et al, 2019).
Recently, based on such changes and other genetic factors and
molecular pathways, another classification called Consensus
Molecular Subtypes (CMSs) has been developed, which divides
CRCs into four categories namely CMS 1-4 (Guinney et al,
2015). Currently, the most common treatments are surgery and
chemotherapy. One of the first chemotherapeutic compounds
used to control CRC was 5-fluorouracil (5-FU). This compound,
along with leucoverin, due to its modulating effect, became the
standard for the management of metastatic CRC (Piawah and
Venook, 2019). Oxaliplatin, capsaicin, and topoisomerase
inhibitors such as irinotecan are other compounds used in this
field (de Gramont et al., 2000). Obvious adverse effects such as
gastrointestinal and hematological toxicity as well as
neurotoxicity when taking irinotecan and oxaliplatin,
respectively, are not unexpected (Bailly, 2019; Guillaumot
et al., 2019). Due to the existence of such side effects as well
as the challenges associated with cancer metastasis, the use of
targeted therapy has been considered. These therapies target the
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exact molecular pathway involved in causing cancer to inhibit the
growth of cancer cells and limit their spread (Baudino, 2015). In
this type of treatment, rather using conventional chemical
therapies that have less noticeable effects and also have off-
targets of healthy cells such as bone marrow and epithelial
proliferating cells, compounds such as bevacizumb and
cytoximb used to target Vascular endothelial growth factor
(VEGF) and EGFR receptors, respectively. However, in such
relatively new therapies, in addition to their side effects, even
if confirmed in clinical trials, a hypothetical compound can be
used and responsive only for a small proportion of patients with
this complication due to the heterogeneity of CRC mutations
(Piawah and Venook, 2019). Using combination therapy,
combining conventional first-line therapies, ie chemotherapy,
with natural compounds or targeted therapies such as
immunotherapy, can be a good way to improve treatment
methods and reduce unwanted adverse effects (Rejhova et al.,
2018).

Natural products (NPs) are bioactive substances found in
plants as well as fungi, bacteria and marine organisms. These
compounds and their derivatives have been increasingly
considered in the design of drugs including antibiotics and
anti-cancer drugs owing to the variety of structural features
and biological activities, as well as low toxicity and side effects.
Natural compounds and their derivatives account for about one-
third of FDA-approved drugs in the last 20 years (Rejhova et al.,
2018; Thomford et al., 2018; Deng et al., 2020). These compounds
are chemically included alkaloids, polyphenols, polysaccharides,
terpenoids, carotenoids, unsaturated fatty acids and nitrogenous
compounds. Natural compounds can affect biological pathways
such as cell proliferation and cycle, cancer cell migration and
invasion, apoptosis, autophagy and angiogenesis used to treat and
alleviate cancer conditions (Rejhova et al., 2018; Huang et al,
2019).

Actinobacteria are prolific producers of a wide range of natural
bioactive compounds due to their environmental diversity and
consequently, their metabolic potential. They are generally gram-
positive bacteria and one of the most diverse groups of
microorganisms in nature that are scattered throughout the
aquatic and terrestrial environments (Bahrami et al., 2022). In
addition to the fact that about two-thirds of the known antibiotics
used in clinical medicine are of actinobacterial origin, natural
compounds of this origin are also used in the production of a
range of anti-cancer, immunosuppressive, anti-parasitic and anti-
viral agents (Barka et al., 2016; Van Bergeijk et al., 2020). By
knowing that most biosynthetic gene clusters in Streptomyces, the
largest genus of actinobacteria, are still silent under normal
culture conditions, further studies on these microorganisms
can be promising to explore more effective biological
compounds in which indicates the unknown high potential of
these bacteria in the production of secondary metabolites (Onaka,
2017). On the other hand, the presence of actinobacteria such as
bifidobacterium in the intestinal microbiome has been shown to
have a protective effect on CRC, which might be due to producing
anticancer metabolites (Toumazi and Constantinou, 2020).

In this article, considering the current situation in the
treatment of CRC and the needs to search and discover new
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Habitat distribution

B Marine actinobacteria

CHART 1 | Distribution of NPs with anti-CRC properties produced by actinobacteria based on Bacterial habitat. The section entitled “Others” includes items such
as Mutant actinobacteria, actinobacteria isolated from animals, salt ponds, sea sponge, and synthetics.

M Terrestrial actinobacteria

B Endophytic actinobacteria Others

effective compounds toward CRC, a comprehensive review of
NPs affecting CRC cell lines isolated from actinobacteria has been
conducted. The paper also describes the structure of over 230
compounds isolated and identified from actinobacteria in the past
decades having anticancer properties based on their ecosystem
and biological activity. To the best of our knowledge, this is the
first comprehensive review on potential anti-CRC actinobacterial
compounds, which can be an excellent guide for designing new
drugs toward this disease, and introduce the unique biological
potential of this extraordinary resource to the scientific
community.

2 THE ECOLOGICAL DIVERSITY OF
ACTINOBACTERIA AND THEIR NPS
AGAINST COLORECTAL CANCER

Actinobacteria, the vast and diverse branch of microorganisms, in
which the genus Streptomyces alone, accounts for about 5% of all
known bacterial species, are present in diverse ecosystems all over
the world. Generally, they are placed in two categories, free and
dependent on the host. The free species are widespread in both
terrestrial and marine environments. The latter coexist in a wide
variety of eukaryotes such as plants, insects, marine organisms,
and even mammalian and human tissues such as skin, lungs and
intestine (Lewin et al., 2016). Their natural bioactive compounds
have various biological activities including antibacterial and anti-
cancer, the well-known antitumor compound, doxorubicin, from
a soil-derived Streptomyces peucetius, or the antitumor and
antibacterial compound marinomycin, from a marine
actinobacter species Marinispora spp. are examples (Arcamone
et al., 1969; Kwon et al., 2006).

The proportion of natural bioactive compounds with anti-
CRC properties derived from actinobacteria collected off different
environments are presented in Chart 1. As the figure indicates the
majority of compounds are produced by marine actinobacteria

accounting for 79.02%. The reason, however, might be owing to
the massive diversity of microorganisms in aquatic habitats which
attracts more attentions of researchers into the marine ecosystem
recently. This high volume of data without doubt highlights the
great importance of marine actinobacteria in the production of
anti-CRC compounds.

2.1 Natural Products From Marine

Actinobacteria With Anti-CRC Activity
The significant diversity of NPs produced by marine

actinobacteria is increasing day by day. Apart from the
commercial aspect of compounds possessing medicinal
properties, marine NPs have also gained special importance in
the fields of biocatalysts and biological or microbial pesticides. It
seems that the discovery rate of new chemical and bioactive
compounds of marine-derived actinobacteria has been higher
than its soil types for many years. These actinobacteria, which are
often unable to grow in vitro, are found in marine habitats such as
sea surface microlayer (SML), which contains 1 mm of sea
surface, also seabed habitats containing marine sediments and
a suitable place for microorganisms to coexist with microphones
and macrofauna, fish surface, beach, coastal waters and even on
the seabed (Bull et al., 2005; Maldonado et al., 2005; Ward and
Bora, 2006). Among the different marine-derived
microorganisms, actinomycetes are the largest producers of
natural compounds, demonstrating their unparalleled
potential. Streptomyces and Micromonosporas have a high
potential for research on antitumor and growth inhibitors
compounds (Khalifa et al., 2019). The following section refer
to compounds isolated from actinobacteria having anti-CRC
properties. The structure of NPs with anti-CRC properties
from marine actinobacteria and their mechanism of actions
and origins are summarized in Supplementary Table S1.
Salinosporamide A (1) (Marizomib, NPI-0052), having a fused
y-lactam f-lactone ring, and also its derivatives, salinosporamides
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D-J, have shown significant antitumor effects with inhibitory
properties on the 20s proteosome (Feling et al., 2003; Jensen et al.,
2007; Udwary et al, 2007). The inhibitory effect of these
compounds was reported to be through the activation of NF-
kB, inhibition of invasion and induction of apoptosis (Ahn et al.,
2007). Salinosporamide A (1) has been isolated from marine
actinobacteria Salinospora tropica CNB-392 (Feling et al., 2003;
Jensen et al., 2007; Udwary et al., 2007). The anticancer effects of
this compound on human colon carcinoma cell lines, namely
HCT-116 (IC5o = 11 ng/ml) and HCC-2998, as well as a wide
range of other tumors such as myeloma, non-hodgkin’s
lymphoma, CLL and pancreatic carcinoma have been studied
(Gulder and Moore, 2010; Sobolevskaia and Kuznetsova, 2010).
This compound exhibits a high, stable and tolerable inhibitory
effect on proteosome 20 on the xenograft model of colon cancer
(Cusack et al,, 2006). A combination therapy of compound (1)
with common chemotherapy agents including 5FU, leucovorin,
and oxaliplatin, was also reported to increase their anticancer
effects significantly (Cusack et al., 2006). In 2003, few bioactive
compounds with antibacterial and antitumor properties, were
isolated from the marine derived actinomadura sp. M048
(Maskey et al.,, 2003). The compounds namely questiomycin A
(2), N-acetylquestiomycin A (3) and chandrananimycin A (4), B
(5) showed antitumor activity against several cell lines, including
human colon carcinoma cell line, HT-29.

Three compounds of 3,6-disubstituted indoles isolated from
the marine derived Streptomyces strain BL-49-58-005 were
studied to evaluate their cytotoxicity effects against cancer cell
lines. Indole number two (aldoxime) (6) showed activity against
various cell lines, including LOVO and LOVO-DOX colon
adenocarcinoma cell lines (Sianchez Loépez et al., 2003).
Arenamides A (7) and B (8) are two compounds with
moderate anti-cancer activity against the HCT-116 cell line,
isolated from the marine derived Salinispora arenicola CNT-
088 (Asolkar et al, 2009). In addition, study on HEK cells,
transfected by NF-kB-Luc/293 exhibited anti-inflammatory
and chemoprevention effects of these compounds by blocking
TNF induction activation and NF-kB inhibition.

In 2007, three macrolide polyketides compounds were isolated
from the marine actinomycetes Salinispora arenicola strain CNR-
005 (Williams et al., 2007). The compound arenicolide A (9)
showed moderate cytotoxic activity against HCT-116 cell line
with an ICs, value of 30 pug/ml. In 2004, a polyketide called
aureoverticillactam (10) was isolated from the marine derived S.
aureo-verticillatus NPS001583 (Mitchell et al., 2004). Study on
the biological properties of this natural compound showed
growth inhibitory properties on HT-29, Jurket Leukemia and
B16F10 cell lines. In 2005, several natural chlorinated
dihydroquinones compounds, in the form of a terpenoid/
polyketide mix, were isolated from the marine derived
actinomycete strain CNQ-525 collected from ocean sediments
near La Jolla, California (Soria-Mercado et al., 2005).
Dihydroquinones 1 (11), 2 (12) and 4 (13), showed cytotoxic
effects against the HCT-116 cell line with the ICs, values of 2.4,
0.97, and 1.84 pg/ml, respectively. Cyanosporasides A (14) and B,
structurally related to sporolides, were isolated from S. pacifica
strain CNS103. The former one had poor toxicity effects against
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FIGURE 1 | Chemical structures of NPs 1-30.

HCT-116 cell line, with an ICs, value of 30 ug/ml (Oh et al,
2006). Polyketides, from the family of manumycin compounds,
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called daryamides, were reported from Streptomyces strain CNQ-
085. Their anti-cancer effects against HCT-116 cell line showed
good results, especially for type A (15) with an ICs, value of
3.15 ug/ml (Asolkar et al., 2006).

Compounds isolated from Streptomyces sp. isolate B8652 and
its derivatives such as trioxacarcins and gutingimycin have been
shown to have antitumor effects against a variety of cancer cell
lines, including HT-29. Four compounds called trioxacarcin A-D
(16-19) were reported to have potent antitumor effects against
various cell lines, including HT-29. On average, trioxacarcins A
(16) had the highest effect among the rest, while gutingimycin
(20) had the lowest toxicity (Maskey et al., 2004a; Maskey et al.,
2004b).

The marine derived Actinomadura sp. BL-42-PO13-046,
collected off the north coast of Spain, produces compound IB-
00208 (21), associated with angucyclines and other aromatic
polyketides. The compound exhibits cytotoxic effects against
human cancer cell lines, HT-29 (colon), SK-MEL-28
(melanoma) and A-549 (lung), as well as P-388 mouse
leukemia (Malet-Cascon et al., 2003; Rodriguez et al., 2003). A
macrolactone compound called IB-96212 (22), was isolated from
the actinobacterium Micromonospora sp. L-25-ES25-008 and its
anti-cancer effects examined against various cell lines, including
HT-29. However, these antitumor effects were reported to be four
times more potent in P-388 mouse leukemia (Caiiedo et al., 2000;
Ferndndez-Chimeno et al., 2000). The antitumor effects of non-
ribosomal peptides, lucentamycins, produced by Nocardiopsis
lucentensis strain CNR-712, were tested against HCT-116
colon cancer cell line (Cho et al, 2007). Types A (23) and B
(24) showed significant anti-cancer effects against the cell line
with ICs, values of 0.20 and 11 pM, respectively.

Marinones, including neomarinone (25), isomarinone (26),
hydroxydebromomarinone (27), and methoxydebromomarinone
(28), are compounds of a polyketide-terpenoid mix nature
produced by actinomycete isolate CNH-099. These compounds
exhibited moderate cytotoxicity against HCT-116 cell line with an
ICsq value of 8 ug/ml (Hardt et al., 2000; Kalaitzis et al., 2003).
Streptomyces strain CNQ-617, collected from marine sediments
in La Jolla, California, was recognized as the producer of natural
marineosins (Boonlarppradab et al., 2008). These compounds
showed potential effects on different cancer cell lines, especially
on HCT-116, with an ICs, value of 0.5 uM for type A (29) and
46 uM for type B (30). The chemical structure of compounds
1-30 are presented in Figure 1.

Marmycins A (31) and B (32), two bioactive natural
compounds isolated from the marine actinobacterium
Streptomyces strain CNH990, have potent anticancer effects on
a variety of cancer cell lines (Martin et al., 2007). In the case of the
HCT-116 cell line, marmycin A showed far more toxicity (18
folds) than the marmycin B. An average 1Cs, value of 0.022 uM
was recorded for marmycin A against 12 human tumor cell lines,
including colon cancer. However, the same studies showed
weaker effects (mean 3.5 uM) for Marmycin B.

Piericidins were isolated from Streptomyces sp. YM14-060 in
2007 (Hayakawa et al., 2007a). Another study in the same year
showed their antitumor effects on mouse glial cells transfected
with the E1A adenovirus (RG-E1A-7) gene and Neuro-2a mouse
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neuroblastoma (Hayakawa et al., 2007b). Piericidins C7 and C8
lead to selective cytotoxicity on RG-E1A-7 cells and non-lethal
growth inhibition on Neuro-2a cells. The cytotoxicity of various
compounds was investigated on etoposide-resistant colon
carcinoma cell line HT-29. The results showed that only
piericidin A (33) among those compounds induces
cytotoxicity in the cancer cell line via suppressing the
accumulation of GRP78 protein (a drug resistance factor)
(Hwang et al., 2008). Streptomyces sp. strain CNQ 593 was
stated to produce non-cyclic and non-ribosomal chlorinated
hexadepsipeptide compounds called piperazimycins (Miller
et al., 2007). All of these compounds, including piperazimycin
A (34), show antitumor activity against colon (HCT-116),
melanoma, prostate, and central nervous system cancer cell
lines. The toxicity property of piperazimycin A against solid
cancer lines was stronger three times those of piperazimycins
B (35) and C (36).

Staurosporines and their derivatives, are isolated from
different  species such as  komodoquinones-producer
Streptomyces sp. KS3 and S. staurosporeus AM-2282.
Staurosporine, produced by Micromonospora sp. L-31-CLCO-
002 and its  natural  analogues  4'-N-methyl-5'-
hydroxystaurosporine (37) and 5’'-hydroxystaurosporine (38),
were examined in terms of antitumor activity against various
cancer cell lines namely lung, melanoma and HT-29 colon
carcinoma. The latter two analog compounds had the highest
activity against the HT-29 cell line (Omura et al, 1977
Hernandez et al., 2000; Itoh et al, 2003). In a 2019 study, a
total of 15 compounds of staurosporine derivatives, including 6
new compounds, was isolated from marine derived Streptomyces
sp. NB-A13 in which 14 of them (39-52) had significant effects
against SW-620 colon cancer cell lines (Zhou et al, 2019).
Staurosporine derivatives No. 7 (44) and No. 14 (51) were
reported to have the strongest cytotoxic function. In 2018, the
structure and biological effects of staurosporine derivatives from
Streptomyces coelicolor M1146 were investigated (Xiao et al,
2018). The compounds were produced by engineering the
genes of the spc cluster, and expressing its heterologous. the
toxicity of these derivatives was tested against various cancer cell
lines. Among those, staurosporine M1 (53) showed activities
against all of these cell lines, including HCT-116 (IC50 =
1.0M) and staurosporine M2 (54), against HCT-116 cell lines
(ICsp = 3.9 uM) and Huh 7.5 (ICsg = 2.7 uM).

In a 2007 study, the streptokordin (55) produced by
Streptomyces sp. KORDI-3238 showed significant antitumor
effects against HCT-15 colon cancer and other cancer cell
lines such as MDA-MB-231, leukemia K-562, lung NCI-H23,
etc. (Jeong et al., 2006). The antitumor activity of thiocoraline
(56), produced by Micromonospora (marina) sp. L-13-ACM2-
092 isolated from soft coral from the coast of Mozambique,
Indian Ocean, has documented against HT-29 cell line. The
compound, by stopping the cell cycle in G1 phase and slowing
the progression of S phase of the cell cycle to G2/M, has
antiproliferative effects on the LOVO and SW620 cell lines of
the human colon with ICs, values of 15 and 500 nM, respectively.
The inhibitory effect of compound is due to the inhibition of
DNA polymerase o as well as its bilateral entry into the DNA
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strand (Romero et al., 1997; Erba et al,, 1999). In 2014, in vivo
studies found that the compound reduced tumorigenesis and
proliferation of carcinoid tumor cells by inducing the activation
of the notch pathway (Wyche et al., 2014). In 2015, the previously
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isolated natural compound thiochondrilline C from
Verrucisispora sp. was synthesized in a special way and the
antiproliferative effects of this compound and its derivatives
were evaluated on the NCI 60 cancer cell panel (Vippila et al.,
2015). Derivative No. 22 of thiochondrilline C (57)
showed potent antiproliferative effects against CRC cell lines.

The eight t-muurolol compounds were isolated from marine
actinobacterium Streptomyces strain M491 (Ding et al., 2009).
Seven of the eight compounds were evaluated for their
cytotoxicity, and MTT assay was performed on 37 human
tumor cell lines, including CRC cell lines such as HCT-116
and HT-29. Except for the compound 15-hydroxy-T-muurolol
(58), with moderate toxicity effects, the rest of them left no
noticeable effects on the t tested cell lines. Macrodiolide tartrolon
D (59), isolated from Streptomyces sp. MDG-04-17-069 has
shown strong cytotoxic effects against human cancer cell lines
including colon (HT-29), lung (A549) and breast (MDA-MB-
231) (Pérez et al., 2009). 4-methoxyacetanilide (60) produced by
marine Streptomyces sp. SCA29, was stated to inhibit a-
glucosidase and a-amylase enzymes, and show antibacterial
activity and cytotoxicity against various cancers, including HT-
29 cell line (Siddharth and Vittal, 2019). The chemical structure
of compounds 31-60 are illustrated in Figure 2.

A compound called levantilide C (61) has been identified from
Micromonospora strain FIM07-0019 collected off the shallow
coastal waters of Chile (Fei et al, 2013). The compound was
reported to have a good antiproliferative activity against human
colon cancer cell line SW620 (ICsy = 16.4 uM).

Cyanogrisides and their related analogues, produced by
Actinoalloteichus cyanogriseus and its mutant species, can
induce cytotoxic effects on cancer cell lines. Cyanogrisides F
(62) and G (63) have shown cytotoxicity against HCT-116 and
leukemia HL-60 cell lines (Fu et al, 2014). In 2014, three
secondary  metabolites amycofuran, amycolactam and
amycocyclopiazonic acid, produced by Amycolatopsis sp., a
marine sponge associated actinomycete, were examined for
cytotoxic effects (Kwon et al., 2014). Amycolactam (64) had a
significant effect on SNU638 gastric cancer and HCT-116 colon
cancer cell line. The other two had little toxic effect.

Compounds called microbacterins A and B, produced by
marine actinomycete Microbacterium sediminis spp. nov. YLB-
01 exhibits significant cytotoxic effects against a panel of cancer
cell lines. Microbacterin B (65) was stated to have cytotoxicity on
all of tested cell lines, including HCT-8 human intestinal
adenocarcinoma cell line (Liu et al., 2015). The isolated
compounds from marine actinomycete Pseudonocardia sp.
HS7 and its synthetic derivatives exerted a proliferative
inhibitory effect on various cell lines (Ye et al, 2016). The
anti-cancer effects of these compounds, called curvularin
macrolides (1-5), (66-70) and their three synthetic acyl
derivatives (5a-5c) (71-73) were measured using SRB Assay.
They had significant effects on two human CRC lines HCT-15
and SW620.

Two polyhydroxyl macrolide lactone compounds, named
PM100117 (74) and PM100118 (75), isolated from the marine
actinobacterium Streptomyces caniferus GUA-06-05-006A, lead
to necrosis and significant antitumor effect on CRC HT-29, lung
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NSCLCA549 and breast MDA-MB-23 cancer cell lines, by
altering the permeability and integrity of cell membranes
(Pérez et al, 2016). A-pyrone derivatives, called violapyrones
B, C, H and I (76-79) isolated from marine actinomycetes
associated with starfish, Streptomyces sp. 112CH148, from a
region in Micronesia, have shown the effects of cytotoxicity
against ten human cancer cell lines including HCT-15 and
HCT-116 the Colon carcinoma cell lines (Shin et al., 2014). In
2012, the N- (2-hydroxyphenyl) -2-phenazinamine (NHP) (80)
compound, produced by the marine actinomycete species BM-17,
belonging to the genus Nocardia dassonvillei, was investigated
(Gao et al, 2012). In addition to antifungal properties, the
compound exhibited cytotoxic properties against HCT-116,
cell line. In 2005, the compounds glyciapyrroles A, B, C from
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the marine derived Streptomyces sp. (NPS008187), collected off
Alaskan marine sediments, were examined towards cancer cell
lines (Macherla et al., 2005). Glaciapyrrole A (81), showed good
cytotoxic effects against colon cancer cell line HT-29.

Elaiomycins D-F (82-84) with azoxy properties, were isolated
from Streptomyces sp. strain HKI0708 (Ding et al.,, 2012). In
addition to antibacterial effects, this compound exerted cytotoxic
effects against 12 cell lines, including HT-29. Marine
Streptomyces sp. strain HB202, isolated from the marine
sponge Halichondria panacea, was examined as a producer of
the mayamycin (85) compound (Schneemann et al., 2010). The
compound has shown a significant toxicity against several
bacteria, including antibiotic-resistant bacteria and eight
cancer cell lines, including HT-29. Figure 3 demonstrates the
chemical structure of compounds 61-85.

Marinopyrroles produced by the marine Actinomycetes CNQ-
418, are classified as halometabolites, which contain halogen
substituents in their chemical composition and have a variety
of biological effects. Several marinopyrroles compounds were
isolated from this species that showed antibacterial properties
against methicillin-resistant species such as Staphylococcus
aureus and selective cytotoxic properties against mammalian
cancer cell lines namely leukemia such as K562 cells.
Marinopyrroles A-F (86-91), were demonstrated toxicity
against HCT-116 cell line with ICso values ranging from 1 to
9ug/ml (Hughes et al, 2008; Doi et al, 2012). Another
compound, Lodopyridone (92), produced by
Saccharomonospora  CNQ-490, as a specific alkaloid, left
relatively little toxic effect against HCT-116 cell line (IC5, =
3.6 uM) (Maloney et al., 2009).

Ammosamide halometabolites isolated from marine
actinobacteria have a variety of toxic effects against the HCT-
116 cell line. Ammosamides A (93) and B (94) were isolated from
Streptomyces CNR-698, which showed a good toxicity with an
ICs value of 320 nM (Hughes et al., 2009a). Ammosamide D (95)
was isolated from another species called Streptomyces variabilis
SNA-020, which had a weaker cytotoxicity with an ICs, value of
3.2-4.9 uM (Pan et al., 2012). These compounds also had selective
toxicity against other cancer cell lines. Cellular and molecular
studies showed specific targeting of a member of the myosin
family, which plays an important role in various mechanisms
including the cell cycle (Hughes et al., 2009b).

Five compounds of nitropyrrolins A-E were isolated from the
saline culture of the marine bacterium S. malaysiensis CNQ-509
(Kwon et al., 2010). They showed relatively poor antibacterial
activity against tested organisms, but they showed acceptable
cytotoxicity on the HCT-116 cell line. These results report ICs,
value of 31 uM for type A (96) and B (97) and ICs, value of
5.7uM for type D (98). In 2013, the cytotoxicity of another
halometabolite, chlorizidine (99), isolated from the marine
Streptomyces strain CNH-287 was investigated against HCT-
116 cell line, and reported to have a significant cytotoxicity
with ICsq values of ranging from 3.2 to 4.9 uM (Alvarez-Mico
et al., 2013). Terpenoid phenazines containing bromine, called
marinocyanins A-F (100-105), have been isolated from marine
actinomycetes MAR4 CNS-284 and CNY-960 (Asolkar et al,
2017). Marinocyanins A and B, in addition to their antifungal
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effects against amphotericin-resistant Candida albicans, along
with marinocyanins C-F have shown cytotoxic effects towards
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HCT-116 with ICs, values of 0.049 and 0.029 pM, respectively.
Two other halo metabolites including dionemycin (106) and 6-
OMe-7',7"-dichorochromopyrrolic acid (107) were reported by
(Song et al., 2020). These two chlorinated bis-indole alkaloids
were isolated from the marine Streptomyces sp. SCSIO 11791.
Both compounds were exhibited significant cytotoxic effects on
HCT-116 cell line with ICs, values of 4.3 and 13.1uM,
respectively, in addition to their antibacterial activities.

Napyradiomycins A - F (108-113) and B2-B4 (114-116),
isolated from Streptomyces strain CNQ-329 and CNH-070, were
stated to have a weak cytotoxic effect against HCT-116 cell line
(ICsp = 4.19-16 uM/ml) (Cheng et al., 2013; Farnaes et al., 2014).
They also showed a mild to moderate inhibitory effect against
methicillin-resistant MRSA S.aureus. They have a halogenated
structure and a combination of terpene and polyctide, with a
napthoquinone ring. Strain Streptomyces CNQ-525 produces
various types of new compound of napyradiomycins called
CNQ525.510B, CNQ525.538, CNQ525.554, and
CNQ525.600 (117-120) as well as other known compounds
including B1, B3, B4, A80915A (121), A80915B (122),
A80915C (123), A80915D (124), CNQ525.512 (125), and
SF2415B3 (126). In the study of the toxicity and inhibitory
effect of these compounds against HCT-116 cell line, a range
of results with ICs, values less than 1 uM to more than 100 pM
was obtained.

Actinobacterium Streptomyces strain ART 5, collected from
the Arctic (eastern Siberia), were identified as a producer of
fijiolide compounds A and B as well as C-1027-chromophore-V
(127), and C-1027-chromophore-III (Moon et al., 2014). Only
two compounds, C-1027-chromophore V and C-1027-
chromophore-III, were found to be effective against Candida
albicans. Also, Chromophore-V was found to have a significant
toxicity and antiproliferative activity against breast cancer MDA -
MB231 and CRC HCT-116 cell lines with ICs, values of 0.9 and
2.7uM, respectively. In 2012, four new anthracyclinone
compounds were isolated from the marine derived
Micromonospora sp. and their cytotoxicity effects on HCT-8
colon adenocarcinoma cell line were investigated (Sousa Tda
et al, 2012). Among them compound number 1 (4,6,11-
trihydroxy-9-propyltetracene-5,12-dione) (128) and compound
number 4 (10B-carbomethoxy-7, 8,9,10-tetrahydro-4,6,7a 9a, 11-
pentahydroxy-9-propyltetracene- 5,12-dione) (129) showed
good cytotoxicity with ICsy values of 12.7 and 6.2 uM,
respectively. In a 2002 study, kosinostatin (130) obtained from
marine actinomycete Micromonospora sp. TP-A0468 showed a
strong antibacterial effect against gram-positive bacteria and
moderate effects against gram-negative bacteria and vyeasts
(Furumai et al, 2002). The cytotoxicity effect of this
compound was tested against 39 cancer cell lines and
exhibited significant impacts on most of test cell lines
including HCT-116, HCT-15, HT-29, KM12, and HCC2998
with ICs, values average <1M. The compound inhibits human
DNA topoisomerases I and Ila suggesting that the inhibitory
effect of this compound occurs through interaction with DNA.
The chemical structure of compounds 86 to 130 are shown in
Figure 4.

Frontiers in Pharmacology | www.frontiersin.org

July 2022 | Volume 13 | Article 929161


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Bahrami et al.

In a 2001 study, lomaiviticins A (131) and B, isolated from
Micromonospora lomaivitiensis, were examined against a wide
range of human cancer lines including several colon cancer cell
lines such as HCT15, CACO2, SW948, COLO205 (He et al., 2001).
Lomaiviticin A was reported to have a strong toxicity effect against
the tested cell lines with an average ICs, values of 0.01-98 ng/ml.
lomaiviticins A and B also showed antibacterial effect against gram-
positive pathogen species such as S. aureus. The compounds were
introduced as potentially DNA-damaging compounds.

The actinomycete Micromonospora aurantiaca 110B,
collected from the mangrove ecosystem in Fujian, China was
reported to produce few compounds. Three isoflavonoid
glycosides including daidzein-4'-(2-deoxy-a-l-fucopyranoside)
(132), daidzein-7-(2-deoxy-a-l-fucopyranoside) (133) and
daidzein-4',7-di-(2-deoxy-a-1-fucopyranoside) (134), showed a
good toxicity on A549 and HepG2 cancer cell lines, in addition to
their appropriate effects on HCT-116 cell line (Wang RJ. et al.,
2019). A new meroterpenoid, called actinoranone (135), was
isolated from a marine bacterium related to Streptomyces, and its
cytotoxicity was examined against HCT-116 colon cancer cell line
and reported to have a significant effect with LDsq: 2.0 pug/ml
(Nam et al, 2013). In 2019, three hydroxylated rhamnolipids,
called dokdolipids A-C (136-138), were found in marine
actinomycete Actinoalloteichus hymeniacidonis 179DD-027,
isolated from marine sediments on Dokdo Island, Republic of
Korea (Choi et al., 2019). Their cytotoxicity was studied against
various cancer cell lines, including HCT-15 and reported to have
a good activity. It was reported that dokdolipid B had stronger
activity than the other two compounds.

In 2019, the antibacterial and anticancer properties of
Enediyne Congeners compounds produced by
Micromonospora yangpuensis DSM 45577 isolated from cup-
shaped sponge were examined. yangpumicins A, F, G
(139-141) was reported to have antibacterial effects against
gram-positive and negative pathogenic bacteria as well as a
significant cytotoxicity against different human cancer cell
lines (Wang Z. et al, 2019). All three compounds showed
toxicity at about nM, against A549 lung cancer and Jurket
lymphoma cell lines. However, in the case of human CRC cell
lines Caco-2 and SKBR-3, the two compounds yangpumicins A
and F were found to be 10 times more toxic than yangpumicins G.

Many NPs and metabolites were identified from marine
actinomycetes Saccharomonospora sp. UR22 and Dietzia sp.
UR66, isolated from the red sea sponge Callyspongia
siphonella. (El-Hawary et al., 2018). Among them, the new
compound saccharomonosporine A (142) and one of the
induced metabolites (143) showed significant antiproliferative
activity against human cancer cell lines HT-29 and HL60 (ICs =
3.6, 3.7 uM respectively). Due to the inhibitory effect of these two
compounds on Pim-1 kinase, it has been suggested that the
inhibitory effect of these compounds on cancer cells is due to
the induction of this function.

The structure and biological effects of 8 cyclizidine alkaloids,
together with a known alkaloid, from a marine actinomycete
called Streptomyces sp. HNA39 were defined. Among them,
compound number 2 (144), showed significant toxicity against
HCT-116 with ICs, values of 8.3 uM and prostate cancer PC3
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with ICs, values of 0.52 uM. In addition, the compound, along
with compounds No. 5, 7 and 8, was stated to inhibit moderately
ROCK?2 protein kinase (Jiang et al., 2018a). Arenimycin (145) is a
compound that has been shown to have a strong inhibitory
effect on cell division with an ICs, value of 1.16 pug/ml against
HCT-116 cell line. Arenimycin is an antibiotic consumed against
rifampin- and methicillin-resistant ~ Staphylococcus — aureus
produced by marine actinomycete Salinispora Arenicola
(Asolkar et al., 2010).

New compounds called strepoxepinmycins A-D along with
the well-known compound medermycin, have been identified
from marine Streptomyces sp. XMA39 (Jiang et al., 2018b). They
have new medermycin naphthoquinone’s chemical structure. It
was reported all compounds possess the antibacterial effect on
E. coli and MRSA species, as well as the antifungal effect on
Candida albicans. Strepoxepinmycins C and D (146-147) were
documented to possess good cytotoxic effects on colon cancer
HCT-116 (ICs values of 4.4 and 2.9 uM, respectively) cell line.
Three new compounds called kendomycins B, C, D (148-150)
were identified from the marine Actinomycete Verrucosispora sp.
SCSIO 07399 (Zhang et al, 2019). In addition to their
antibacterial activity against six species of gram-positive
bacteria, these compounds also showed a suitable cytotoxic
effect against several human cancer cell lines. Kendomycins B,
C and D were suggested to have a good cytotoxicity against RKO,
human colon cancer cell line, with ICso values of 6.1, 3.8 and
36 uM, respectively. Four compounds. cyclo (Pro-Phe) (151),
cyclo (Pro-Ala) (152), cyclo (Pro-Val) (153), and cyclo (Pro-Leu)
(154) with significant effects against HCT-116 cell line have been
isolated from Streptomyces nigra sp. nov., collected from the
rhizosphere soil of the Avicennia marina mangrove in China,
which is closely related to S. coerulescens DSM 40146, S. bellus
DSM 40185, and S. coeruleorubidus DSM 41172 (Chen C. et al,,
2018). These compounds have a cytotoxic effect with an ICs,
values of 32.3, 47.6, 67.2, and 92.6 pg/ml, respectively.

A unique furan-type compound (155) has been isolated
Streptomyces sp. VN1 that was reported to have a good
cytotoxic effect (ICsp = 123.7uM) on various cell lines,
including HCT-116 (Nguyen et al, 2020). This strain is
isolated from the coastal region of Phu Yen Province (central
Viet Nam). Petrocidin A (156) and 2,3-dihydroxybenzamide
(157) were identified from Streptomyces sp. SBT348, isolated
from a Marine Sponge (Cheng et al., 2017). These compounds
exert their cytotoxic effect against HT-29 cell line by inhibiting
the overexpression of microsomal prostaglandin E2 synthase-1
(ICso = 5.3 and 3.8 ug/ml, respectively). In another study
conducted in Turkey (Khan et al, 2019). Two compounds
isolated from Streptomyces cacaoi 14CMO034 have shown
significant cytotoxic effects on the Caco-2 cell line through
induction of apoptosis and inhibition of autophagy. Polyethers
called K41 A (158) and compound (159) had ICs, values of 7.4
and 27.9 uM, respectively.

Two new compounds, neo-actinomycin A (160), neo-
actinomycin B (161), along with actinomycin D (162), and
actinomycin X2 (163), were isolated from Streptomyces sp.
IMB094 (Wang et al., 2017). The cytotoxic effects of these
compounds on HCT-116 cell line were determined with an
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ICsy value of 38.7, 339.1, 0.045 and, 0.0075 nM, respectively.
Ohmyungsamycin A (164), isolated from marine Streptomyces
sp. SNJ042, was also reported to have a cytotoxic effect on the
same CRC cell line with an ICs, value of 7.61 uM (Byun et al,,
2020). The compound has been reported to work through
caspase-mediated apoptosis, reducing the expression of Skp2
as an oncogenic factor, and increase the expression of p21 and
p27, which are CDK inhibitors. The chemical structure of
compounds 131 to 164 are presented in Figure 5.

2.2 Natural Products From Terrestrial
Actinobacteria With Anti-CRC Activity

The soil ecosystem contains an estimated one billion bacterial
cells per gram of soil, which includes tens of thousands of
different taxa. (Wagg et al., 2014). Actinobacteria play a large
role in this diversity. Actinomycetes, with a 90% share, are the
most common actinobacteria isolated from this ecosystem (Suela
Silva et al., 2013). Therefore, the soil ecosystem can be a valuable
reservoir of NPs the structure of some NPs with anti-CRC
properties, isolated from terrestrial actinobacteria and their
name and mechanism of action and origin are summarized in
Table 1.

In 2019, the pradimicin-IRD (165), polycyclic compound
was isolated from the terrestrial actinobacter Amycolatopsis
sp. IRD-009 (Bauermeister et al., 2019). In addition to the
strong antibacterial effect against Streptococcus agalactiae,
Pseudomonas aeruginosa and Staphylococcus aureus, the
compound was reported to possess a significant cytotoxic
effect on HCT-116 cell line with ICs, value of 0.8 uM.
Another study simultaneously was also examined the anti-
cancer properties of the compound against colon cancer,
various human colon cancer cell lines containing common
mutations TP53 and KRAS. All of them, unlike the non-
cancerous fibroblasts, showed significant sensitivity to the
pradimicin-IRD compound. In the study of molecular
cellular processes, induction of severe DNA damage,
apoptosis and «cell cycle arrest were observed. The
regulation of p21 expression, independent of TP53, was
observed in some cell lines such as HCT 116 TP53-/-,
HT-29, SW480 and Caco-2 (Almeida al,, 2019).
Karamomycins A-C isolated from soil actinomycete
Nonomuraea endophytica strain GW58/450, and their
biological effects was studied (Shaaban et al., 2019). Unlike
karamomycin B, karamomycin A (166) showed non-selective
toxicity against 36 human cancer cell lines, including two
colon cancer cell lines HT-29 and HCT-116 with an average
ICso value of 6.8 uM. Karamomycin C (167) with slightly
higher toxicity than karamomycin A (ICsq = 1.3 pM), showed
good results.

Sekgranaticin (168), granaticins A (169), B (170) and methyl
granaticinate (171) were isolated from the soil Streptomyces sp. 166,
collected from the Tibetan highlands of China (Lv et al., 2019). The
cytotoxicity of these compounds against lung, breast, colon
carcinoma HCT-116 cell lines as well as human CRC stem cells
P6C was evaluated by MTT method. All four compounds had a
significant inhibitory effect on all tested cell lines. The strongest
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Natural Products and Colorectal Cancer

o
"
N. o n, SO N
s
S ,.,(L

~
u
i
N

.
YT
a:['( o Y —{:\}—(
A o° 7@
)

I
o.

N

wo \_ g
ibe , 2R
0 Z 0 "
E 4 mJ o o \>/S= >—3:
Y ( A0 Sk o
= DJKKIL YL
o ﬁ = %

acthomycin X2 (163) Ohmyungsamycin. AC189)

FIGURE 5 | Chemical structures of NPs 131-164, and other NPs with
anti-CRC properties from marine actinobacteria.

cytotoxicity effect on the two cell lines HCT-116 and P6C, was
associated with granaticin B with ICs, values of 0.01 and 0.28 pM,
respectively.
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Xiakemycin A (172), produced by soil Streptomyces sp. CC8-
201, in addition to demonstrating a strong antibacterial effect
against gram-positive bacteria, has shown a significant toxicity
against various human cancer cell lines, including HCT-116 with
an ICs, value of 0.59 uM (Jiang et al., 2015).

Polycyclic xanthones called cervinomycins C1-4 (173-176),
isolated from the soil Streptomyces sp. CPCC 204980, showed
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strong cytotoxicity effects against two cancer cell lines namely
pancreatic BxPC-3 and colon HCT-116, with ICs, values in the
range of 0.9-801.0nM (Hu et al, 2020). Cervinomycin C3
showed the strongest effect on the HCT-116 cell line with an
ICsy value of 0.9 nM. These compounds also showed potent
antibacterial properties against gram-positive bacteria.

9-methylstreptimidone 2-a-D-glucopyranoside (177) and
hydroxyiso-9-methylstreptimidone (178), produced by the
terrestrial ~ Streptomyces sp. HS-NF-780, have shown a
moderate cytotoxicity against lung, leukemia and colon cancer
celllines (Zhao et al., 2019). The compounds exhibited toxicity on
the HCT-116 cell line with ICs, values of 34.83 pg/ml and
36.76 pg/ml, respectively.

A new member of the actinomycin family, called actinomycin
76 (179), identified from Streptomyces sp. KIB-H714. Unlike other Z-
type actinomycens, this compound has an additional link between
actinoyl chromophore and p-peptidolactone (Dong et al,, 2019). The
compound exhibited cytotoxicity on different cancer cell lines,
including the human colon cancer line SW480 with an ICs, value
of 1.57 uM. This compound had no antibacterial effects on the two
test microorganisms namely S. aureus and C. albicans.

Three new glycoside compounds, including ulleungoside, 2-
methylaminobenzoyl 6-deoxy-a-I-talopyranoside, and
naphthomycinoside, were isolated from the terrestrial
actinobacter species Streptomyces sp. KCB13F030 (Son et al.,
2017). Ulleungoside (180) showed a significant cytotoxicity
effect against several cancer cell lines including SW480 with
an ICsy value of 9.3uM. The compound also showed an
inhibitory effect on the enzyme indoleamine 2,3-dioxygenase,
involved in tryptophan metabolism.

The new compound, tetracenoquinocin A (181), an anthracycline
metabolite, was produced by the terrestrial Streptomyces sp. NEAU-
L3, and its cytotoxicity was studied against three cancer cell lines of
lung, liver and human colon in which showed a moderate
cytotoxicity with an ICs, value of 20.82 uM on HCT-116 colon
cancer cell line (Lu et al.,, 2017). Three new phenoxazinone-
related alkaloids and two known compounds exfoliazone and
viridobrunnine A, were identified in Streptomyces sp. KIB-
H1318 (Yang et al, 2018). The second compound of
phenoxazinone-related alkaloids (182) showed a weak
toxicity effect against HeLa and SW480 cancer cell lines,
with ICs, values of 36.8 and 37.8 uM, respectively.

The cytotoxicity of a staurosporine analog compound called
10’-(5%—((methoxycarbarbonyl)amino)-2"-methyl)-
phenylaminocarbonylstaurosporine  (183), isolated from
mangrove soil derived actinomycetes Streptomyces sp.
(172614) was studied against HCT-116. It was reported the
compound showed a significant toxicity with an ICs, value of
0.37 uM (Li et al., 2011). The two compounds azalomycin F 2-
ethylpentyl ester (4a) (184) and Azalomycin F 2-ethylpentyl
ester (5a) (185) are produced by Streptomyces sp. 211726,
isolated from mangrove rhizosphere soil (Yuan et al., 2011).
Both compounds showed cytotoxic activity with ICsq values of
5.64 and 2.58 pg-ml~" on the HCT-116 cell line, respectively, in
addition to their antifungal activity toward Candida albicans.
Figure 6 demonstrates the chemical structure of compounds
165 to 185 .
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TABLE 1 | the structure of some NPs with anti-CRC properties from terrestrial actinobacteria and their mechanism of action and origin.

Bacteria

Amycolatopsis sp.
IRD-009

Nonomuraea
Endophytica Strain
GW58/450
Streptomyces

sp. 166

Streptomyces sp.
CC8-201

Streptomyces sp.
CPCC 204980

Streptomyces sp.
HS-NF-780

Streptomyces sp.
KIB-H714

Streptomyces sp.
KCB13F030

Streptomyces sp.
NEAU-L3

Streptomyces sp.
KIB-H1318
Streptomyces sp.
(172614)

Streptomyces sp.
211726

Soil-Derived
Actinomadura
Strain
Micromonospora
sp. Strain No.
R385-2

Streptomyces
Hygroscopicus

Origin of
bacteria

Soil sample

from Brazilian
rainforest

Soil of an oak/
beech mixed
forest

Clayey cold
saline soil

Soil of a
remote karst
cave

Soil sample

Soil sample

Soil sample

Soil sample

Soil sample

Soil sample
Soil sample
Mangrove
rhizosphere
soil of Heritiera

globosa

Rice field soil

Soil sample

Compound name

Pradimicin-IRD (165)

Karamomycins A and
C (166-167)

Sekgranaticin, Granaticins
A, B and Methyl
granaticinate (168-171)

Xiakemycin A (172)

Cervinomycins C1-4
(173-176)

9-Methylstreptimidone 2-
A-D-Glucopyranoside
(177) and Hydroxyiso-9-
methylstreptimidone
(178)

Actinomycin Z6 (179)

Ulleungoside (180)

Tetracenoquinocin
A (181)

A Phenoxazinone-related
Alkaloid (182)
Staurosporine

analog (183)

Azalomycin F (4a) 2-
ethylpentyl ester and
Azalomycin F (5a) 2-
ethylpentyl ester
(184-185)

Nonthmicin and
Ecteinamycin (201-202)

Rakicidin A (219)

Sirolimus
(Rapamycin) (224)

Chemical structure

Naphthacenequinone,
Other hydrocarbones

2-Naphthalen-2-YI-
Thiazole, Azoles

Polyketide-

Naphthoquinone,
Quinones

Naphthoquinone,
Quinones

Polycyclic Xanthone,
Xanthones

Piperidines

Peptides

Glycosides

Aminoglycoside
-Naphthacene,
Glycosides
Alkaloids

Alkaloids

Macrolide, Lactones

Polyether/Polyketide,
Lactones

Lipopeptide, Peptides

Macrocyclic Lactones

Colorectal
Cell line

HCT-116,
TP53 —/-,
HT-29,
SW480 and
Caco-2
HT-29,
HCT-116

HCT-116

and P6C

HCT-116

HCT-116

HCT-116

SW480

Sw480

HCT-116

SwW480

HCT-116

HCT-116

mouse colon
carcinoma cell
line 26-L5
HCT-8 and
DLD-1

HT-29,
SW620, and
HCT-116

Special
property

Severe DNA
damage,
Apoptosis and
cell cycle arrest

Indoleamine
2,3-
dioxygenase
inhibition

Anti-invasive
effect

Angiogenesis
and hypoxia

mTOR inhibition

country of origin

Iracemapolis/S&o
Paulo, brazil

Stadt Allendorf
(Hessen, Germany)

altitude of 4547 m in
Nima County
(N31°52’, E87°1),
Naqu District, Tibet
Autonomous Region,
China

suburb of Chongaing
city, China

Mount Emei of
Sichuan Province,
China

Linyi, Shandong
province, China

Kunming Botany
Garden, Kunming,
China

depth of 5-10 cm
from Ulleung Island,
Korea

peak of Dayao
Mountain of Guangxi
province, China
Yuxi, Yunnan
province, China
Jiulongjiangkou
Mangrove, Fujian,
China

Wenchang, China

Thailand

Andhra Pradesh,
India

Easter Island (also
known as Rapa Nui),
Chile

Natural Products and Colorectal Cancer

references

Almeida et al.
(2019)

Shaaban
et al. (2019)

Lv et al.
(2019)

Jiang et al.
(2015)

Hu et al.
(2020)

Zhao et al.
(2019)

Dong et al.
(2019)

Son et al.
(2017)

Lu et al.
(2017)

Yang et al.
(2018)
Lietal (2011)

Yuan et al.
(2011)

Igarashi et al.
(2017)

McBrien et al.
(1995),
Yamazaki

et al. (2007)
Lietal
(2014),
Mussin et al.
(2017)
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2.3 Natural Products From Endophytic
Actinobacteria With Anti-CRC Activity

Endophytic actinobacteria are group of Gram-positive bacteria
that live in symbiotic relationships inside plant tissues (Delbari
2020; Abedinlou et al, 2022). This unique class of
actinobacteria has shown high potential to produce a wide
range of secondary compounds with diverse biological
properties (Bahrami et al, 2022). The research on this
category of bacteria has led to the discovery of over 200 new
bioactive secondary metabolites having a diverse chemical
structure with the being majority alkaloids, polyketides,
flavonoids and terpenoids (Dinesh et al., 2017; Bernardi et al.,
2019; Delbari et al., 2020). Table 2 summarizes the structure of
some NPs with anti-CRC properties, isolated from terrestrial
actinobacteria and their name and mechanism of action and
origin.

An anthracycline called misamycin (186) is produced by the
endophyte Streptomyces sp. YIM66403, isolated from the root of
Isodon eriocalyx which is a traditional medicinal plant collected in
China (Li et al., 2015). In addition to its antibiotic properties, the
compound has shown a good cytotoxicity on several human
cancer cell lines, including the CRC cell line SW4801 with an ICs,
value of 9.75 uM.

2,3-dihydro-2,2-dimethyl-4 (1H) -quinazolinone (187) is a
natural compound produced by the endophytic bacterium
Streptomyces sp RLe8 isolated from the Brazilian plant
Lychnophora  ericoides that has shown significant
cytotoxicity on the MDA-MB435, HCT-8, SF-295 and HL-
60 cell lines with an ICs, value of 1.10 pg/ml on the HCT-8
colon cancer cell line (Conti et al., 2016). Another compound
called nocardamine (188) produced by another endophytic
species isolated from this plant called Streptomyces

et al.,

cattleya RLe 4 also showed significant cytotoxicity on
these cells.

Two new compounds of glycosylated piericidins and four
known compounds were identified from Streptomyces sp KIB-
H1083, isolated from the traditional medicinal plant
Diaphasiastrum veitchii (Shang et al, 2018). Among them,
glucopiericidinol A (189) had a good cytotoxic effect on
various cell lines such as HL-60, SMMC-7721, A-549, and
MCE-7, although this compound was the weakest one against
the SW480 CRC cell line with an ICs, value of 32.59 pM.

Lupinacidins A, B (190-191) from the endophytic species
Micromonospora lupini Lupac 08 in non-toxic doses, was able to
inhibit the invasive carcinoma cells, murine colon 26-L5, with
ICs values of 0.21 and 0.3 pM, respectively (Igarashi et al., 2007).
The chemical structure of compounds 186 to 191 are illustrated in
Figure 7.

2.4 Natural Products From Miscellaneous
Actinobacteria With Anti-CRC Activity
(From Unconventional Sources or Using

Genome Mining)
A new derivative of the spectinabilin (192) compound, was identified
from Streptomyces sp. 1H-GS5, isolated from ant (Liu et al., 2017). The
cytotoxicity of this compound, along with another derivative of
spectinabilin and the main compound spectinabilin as a positive
control, gave good results against lung, liver and colon (HCT-116)
cancer cell lines. The new spectinabilin derivative, showed a much
stronger effect than the original compound, against the HCT-116 cell
line, with an ICs; value of 12.8 ug/ml .

A total of 16 natural compounds of bafilomycins and
odoriferous sesquiterpenoids were described from Streptomyces
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TABLE 2 | the structure of some NPs with anti-CRC properties from the endophytic actinobacteria and their mechanism of action and origin.

Bacteria Origin of bacteria Compound name Chemical Colorectal Host plant country of origin References
structure Cell line
Streptomyces sp. Healthy stem of the Misamycin (186) Anthraquinone, SW480 Root of Isodon Xishuangbanna, Li et al.
YIME6403 traditional Chinese Quinones eriocalyx Yunnan, China (2015)
medicinal plant
Isodon eriocalyx
Streptomyces sp. Brazilian Medicinal 2,3-dihydro-2,2- Peptides and HCT-8 Lychnophora Brazilian bioma Conti et al.
RLe8 and Plant Lychnophora dimethyl-4 (1H) Quinazolines ericoides Cerrado, brazil (2016)
Streptomyces ericoides Mart —quinazolinone and
cattleya RLe 4 Nocardamine also called
deferrioxamine
(187-188)
Streptomyces sp Traditional Chinese Glucopiericidinol A (189)  Aminoglycoside, SW480 Diaphasiastrum china Shang et al.
KIB-H1083 medicinal plant Glycosides veitchii (2018)
Diaphasiastrum
veitchii
Micromonospora Root nodules of Lupinacidin A and B Anthraquinone, Murine Root nodules of mid-west Spain Igarashi et al.
lupini Lupac 08 Lupinus angustifolius ~ (190-191) Quinones carcinoma Lupinus (2007)
colon 26-L5 angustifolius

albolongus, isolated from the feces of the Asian Elephas maximus
(Ding et al,, 2016). Three compounds, 19-methoxybafilomycin
C1 amide, bafilomycin C1 and bafilomycin C1 amide (193-195),
have significant cytotoxic effects on various cell lines, including
BGC-823 human gastric carcinoma, Caco-2 colonic
adenocarcinoma, H460 lung carcinoma, and SMMC-7721
hepatocellular carcinoma cell lines, with an ICs, range of
0.54-5.02 uM.

Retimycin A (196) was produced and identified from
Salinispora sp. in genome-mining studies (Duncan et al,
2015). This compound showed a significant toxicity (ICsy <
0.076 ug/ml) on the HCT-116 cell line. Retimycin A, is a
member of the quinomycin-like depsipeptide family. It was
identified through the biosynthetic pathway of the rtm gene
cluster using HR-MS/MS data, as compared to normal authentic.

Using genome mining, a peptide called curacozole (197)
was isolated from Streptomyces curacoi mutant strain R25
(Kaweewan et al, 2019). The significant inhibitory effect
was observed on the cell line of human osteosarcoma HOS
(ICsp 10.5nM) and HCT-116 colon carcinoma (ICs5y, =
8.6 nM).

In 2015, salternamides A-D compounds were isolated from
the halophilic actinomycete strain (no. HK10) found in salt ponds
on Shinui Island in the Republic of Korea. The toxicity of these
compounds on 6 human cancer cell lines, including colon, was
investigated. The most significant toxicity was related to
salternamide A (198) compound on HCT-116 colon cancer
and SNU638 gastric cancer cell lines (IC5 = 0.96 uM) (Kim
et al, 2015). The Subsequent studies have shown that this
compound can inhibit hypoxia inducible factor (HIF-la)
accumulation in hypoxic conditions and suppress the
upstream signaling such as PI3K/Akt/mTOR, p42/p44 MAPK,
and STAT3. Stopping the cell cycle at G2/M and induction of
apoptosis by this compound in HCT-116 cells were other results
of this study (Bach et al., 2015).

In 2018, a mutant species Streptomyces sp. SCSIO 1666/17C4
was obtained by inserting cosmid p17C4 into the marine derived

Streptomyces sp. SCSIO 1666 (Gui et al., 2018). Cosmid was the
carrier of the biosynthetic gene l-rhodinose and the gene for
glycosyltransferasel2 anthracycline antibiotics, including three
new derivatives of e-rhodomycinone and nine new derivatives of
B-rhodomycinone, were identified along with three previously
known compounds from this species. Almost all compounds had
a good cytotoxic effect against different cell lines. The strongest
activity against HCT-116 cell line were related to compound
number 4 of e-rhodomycinone derivatives (199) and known
compound l-rhodinose-1-rhodinose-l-rhodinoserhodomycinone
(200), with ICs, values of 0.3 and 0.2 uM, respectively. The
chemical structure of compounds 192 to 200 are illustrated in
Figure 8. The chemical composition of NPs with anti-CRC
properties from miscellaneous actinobacteria and their
mechanism of action and origin are outlined in Table 3.

2.5 Actinobacteria as Human

Gastrointestinal Tract (Gut) Microbiome

In addition to producing effective bioactive secondary
metabolites, actinobacteria have been reported to be one of the
four main phyla of the gut microbiota, revealing another aspect of
their relationship. It is evident that one of the most associated risk
factors for precancerous and cancerous intestine conditions is a
change in the gut microbiome and microbiota dysbiosis. The
variation in the gut microbiome may generate CRC by
destructing host DNA, creating and maintaining a pro-
inflammatory condition, and influencing host immune
responses (Kvarner et al, 2021). Evidence has corroborated
that the alteration in the gut microbiome in the early stages of
CRC may be employed to diagnose and detect individuals at risk
of presenting colorectal adenoma. These changes can also affect
the effectiveness of conventional therapies such as radiotherapy
and chemotherapy (Zhou et al., 2021). Therefore, several studies,
have been conducted to determine specific microbial patterns or
significant changes in the intestinal microbial community of
patients and healthy individuals, using the molecular study
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of faecal microbiota, in order to find a suitable biomarker
for CRC .

Actinobacteria are reported to play a critical role in the
maintenance of gut homeostasis. A study compared healthy

individuals (H) and groups with hyperplastic polyps (HP),
low-risk adenomas (LRA), high-risk adenomas (HRA),
adenocarcinomas (ADK), and the last group included patients
with ADK who received chemotherapy or radiotherapy (ADK-T)
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TABLE 3 | The structure of some NPs with anti-CRC properties from other actinobacteria and their mechanism of actions and origins.

Natural Products and Colorectal Cancer

Bacteria Origin of Compound Chemical structure Colorectal Country of Special references
Bacteria Cell line Origin property
Streptomyces Head of ant A new derivative of the Pyrone, Pyranes HCT-116 Northeast — Liu et al. (2017)
sp. 1h-gs5 (Camponotus spectinabilin (192) Agricultural
japonicas University, Harbin
Mayr) of Heilongjiang
province, China
Streptomyces Fresh fecal 19-methoxybafilomycin C1  Macrolide, Lactones Caco-2 Xishuangbanna — Ding et al. (2016)
albolongus samples amide, bafilomycin C1 and National Nature
excreted by bafilomycin C1 amide Reserve,
healthy adult (193-195) Xishuangbanna,
Elephas Yunnan Province,
maximus P. R. China
Salinispora sp. — Retimycin A (196) Quinomycin-type HCT-116 - — Duncan et al.
depsipeptide, Peptides (2015)
Streptomyces - Curacozole (197) Oxazole thiazole, Azoles HCT-116 - — Kaweewan et al.
curacoi mutant (2019)
strain r25
Halophilic Saltern Salternamide A (198) Polyene, Amides HCT-116 Shinui Island in Inhibition of Bach et al. (2015)
streptomyces the Republic of HIF-1a
strain (no. Korea accumulation,
Hk10) suppression of
upstream
signaling,
Stopping the
cell cycle at G2/
M and induction
of apoptosis
Streptomyces Recombinant Number 4 of e- Anthraquinone, Quinones  HCT-116 - - Gui et al. (2018)
sp. Scsio 1666/ rhodomycinone derivatives
17c4 and -rhodinose-I-
rhodinose-I-
rhodinoserhodomycinone
(199-200)
Streptomyces Fresh fecal Fusicomycin A, Fusicoccane diterpene, HCT-116 Yunnan Wild Anti-adhesion, Zheng et al. (2017)
violascens samples fusicomycin B and Terpenes Animal Park, anti-invasion
excreted by isofusicomycin A (203-205) Kunming, and migration
healthy adult Yunnan Province,  effects
Ailuropoda People’s
melanoleuca Republic of China
(giant panda)
Streptomyces Marine sponge  Rakicidin F and C Cyclic depsipeptide, murine Andaman sea, Anti-invasion Kitani et al. (2017)
sp. Gku 220 sample (206-207) Peptides carcinoma Ranong, Thailand
colon 26-L5
Nanoparticle Pristine Undecylprodigiosin (211) Pyrrole, Azoles HCT-116 mountain Mirocin  Apoptosis Nikodinovic-Runic
conjugated sediment from Serbia et al. (2014)
-Streptomyces  the cave
sp. Js520
Synthesized Sea Earth K252¢ derivative (212) Indolopyrazolocarbazole, =~ HCT-116 coast of Qingdao,  Apoptosis Liu et al. (2007),
—Actinomycete Indoles China Esvan et al. (2016)
72039-2

(Mori et al., 2018). Bacterial flora analysis showed that the most
common phyla in healthy people are Firmicutes, Bacteroidetes,
Actinobacteria and Proteobacteria. However, patients who are
dealing with ADK, Firmicutes and Actinobacteria are significantly
decreased, which can, in addition to the Lachnospiraceae family,
be considered as good specific biomarkers for H, LRA and HP
individuals. Also, in people with preneoplastic/neoplastic lesions,
in general, a decrease in the Firmicutes/Bacteroidetes ratio can be
considered as a marker for intestinal dysbiosis. Comparison
between healthy people, people with inflammatory bowel

disease (IBD) and those suffering from CRC have shown that
the frequencies of the three phyla, Firmicutes, Bacteroidetes, and
Actinobacteria, involved in metabolic pathways, are significantly
different among them (Ma et al., 2021). Phyla Firmicutes and
Actinobacteria were the main differential bacteria in the healthy
group and phyla  Fusobacteria, Proteobacteria, and
Verrucomicrobia were reported as differential bacteria in the
CRC patient group.

In a cohort study between healthy young people (below
30 years old), healthy old group (over 60 years old) and CRC

Frontiers in Pharmacology | www.frontiersin.org

16

July 2022 | Volume 13 | Article 929161


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Bahrami et al.

patients, several bacterial species were reported to be distributed
inequality in these groups (Zhang et al, 2021). Clostridia,
Fusobacteria, Actinobacteria, and Bifidobacterium were
introduced as potential biomarkers in CRC patients of
different ages. Actinobacteria at the phylum and class level
were more abundant in the older group than in the younger
volunteers. Interestingly, the abovementioned frequency was
lower in CRC patients than in both healthy groups.

A similar study compared the microbiome of CRC and
adjacent normal mucosa tissues by which a significant
reduction in the relative abundance of Firmicutes and
Actinobacteria was observed in tumor tissue as compared to
adjacent healthy tissues (Gao et al., 2017). In addition, the
presence of Villanelle, Firmicutes, and Actinobacteria (family
Bifidobacteriales) were reported with the greater frequency in
the group without adenoma as compared to the group of patients
having adenoma, which is a common precursor for CRC,
confirmed the previous results (Hale et al., 2017).

Determining the frequency and specificity of microbiome in
CRC patients and the microorganisms involved in the
development and progression of this disease can be used as a
screening marker to predict and evaluate precancerous evidence
based on the present ratio of the protective bacteria to its harmful
types. As documented in many studies, phyla such as
Actinobacteria and Firmicutes have been implicated as
protective microbiomes against CRC (Hale et al., 2017; Mori
et al., 2018; Zhang et al., 2021).

2.5.1 Perspectives on the Relationship Between Gut

Microbiome and Cancer

Actinobacteria, these amazing microorganisms that produce a
variety of bioactive secondary metabolites, have not withheld
their gift from the human body due to their diversity in various
habitats. The isolates from intestinal microbiomes in addition
to producing the secondary metabolites and their amazing
potency of the anticancer effects, these bacteria were
introduced as cancer killers. In this view, it is possible that
these bacteria, of which actinobacteria constitute a significant
part, are enabled not only to prevent CRC locally, but also to
inhibit spreading cancer in other organs systemically in the
very early stages by producing anti-cancer compounds (Zhou
et al., 2017). It has been suggested the difference between the
function of these bacteria in preventing cancer and the
production of secondary compounds in individuals can be
due to the genetic predisposition of individuals and
environmental factors such as diet and the amount of
antimicrobial use during their lifetime.

A study presented that a significant difference in the
abundance of several taxa between adenoma and non-
adenoma patients, led to the perspective that the accumulation
of sugar, protein and lipids metabolites as well as increased bile
acid production can provide environmental conditions in favor of
the growth of bile acid-resistant microbes, and these microbes, in
turn, provide the conditions for the development of adenomas
and CRC, by generating substances such as inflammatory and
genotoxic metabolites (Hale et al., 2017).

Natural Products and Colorectal Cancer

3 POTENTIAL BIOLOGICAL MECHANISMS
AND FUNCTION OF NPS AGAINST
COLORECTAL CANCER

3.1 Migration and Invasion

Nonthmicin (201) and ecteinamycin (202) compounds produced by
soil-derived Actinomadura strain, in addition to exhibiting strong
antibacterial effects against gram-positive bacteria, have shown anti-
invasive effect against mouse colon carcinoma cell line 26-L5
(Igarashi et al., 2017). These two compounds, with ICs, values of
0.017 and 0.15 uM, respectively, inhibit the invasion of cancer cells
into the extracellular matrix; however, they did not show cytotoxicity.

Six new fusicoccane-type diterpenoids were identified from
Streptomyces violascens, isolated from the feces of the panda
Ailuropoda melanoleuca (Zheng et al., 2017). Fusicomycin A
(203, fusicomycin B (204 and isofusicomycin A (205) showed
good cytotoxicity against 5 human cancer cell lines including
colon carcinoma HCT-116 with ICs, values of 6.7, 5.8 and
8.0 uM, respectively. In the study of the effect of these
compounds on adhesion, invasion and migration of
SMMC7721 hepatocarcinoma cells, fusicomycin B showed a
significant anti-adhesion effect and also reduced the number
of migrating cells and therefore the anti-invasion and
migration effect was recorded in these studies.

Rakicidin F (206), C (207), produced by Streptomyces sp. GKU
220 isolated from sea sponge were examined for biological activity
(Kitani et al, 2017). Rakicidin F, in addition to its growth
inhibitory effect towards B. subtilis and E. coli, showed higher
cytotoxicity than rakicidin C. While treatment of murine
carcinoma colon 26-L5 cells with rakicidin C compound at a
dose of 1.25pg, inhibited the invasion of these cells by 30%
without causing toxicity.

Androsamide (208), isolated from marine actinomycete
Nocardiopsis, strain CNT-189 was reported to exhibit antitumor
activity against colorectal cell lines in a variety of ways. The effect of
this compound on three human cell lines adenocarcinoma (AGS),
HCT-116 and Caco-2 showed cytotoxicity with ICs, values of 18, 21
and 13 pM, respectively (Lee et al,, 2020). Further studies on Caco2
CRC cell line, the androsamide showed the inhibition of migration
and invasion of these cancer cells. These results were confirmed in
further studies on the expression of related factors such as Snail, Slug,
Twist, ZEB1, and ZEB2 and markers such as E-cadherin, N-cadherin,
and vimentin at the mRNA and protein levels. Finally,
strong suppression of Caco2 cells motility by this compound was
reported.

3.2 Apoptosis

It was reported that natural compounds produced by distinct
marine actinomycetes namely sharkquinone, resistomycin,
undecylprodigiosin, butylcyclopentylprodigiosin, elloxizanones
A and B, carboxyexfoliazone and exfoliazone, were able to
initiate cell death via internal apoptosis pathway and
susceptibility of cancerous to tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL). The chemical structure of
these compounds is displayed in Figure 9. Evident has showed
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FIGURE 9 | Chemical structure of sharkquinone, resistomycin, undecylprodigiosin, butylcyclopentylprodigiosin, elloxizanones A and B, carboxyexfoliazone and
exfoliazone.

that these compounds are able to reduce the expression of  protein (IAP) family recognized for their inhibitory effects on
X-linked inhibitor of apoptosis protein (XIAP) and survivin  caspase (Elmallah et al.,, 2020). Thereby they can stimulate the
factors, which are members of the inhibitor-of-apoptosis  apoptosis of human cancer cells. The use of these compounds
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could possibly help to fight the resistant cancer cells to TRAIL and
its derivatives. A study suggested the above-mentioned pure
compounds induce death in breast cancer MDA-MB-231,
Jurkat leukemia and HCT-116 colon carcinoma cell lines, and
their combination uses with TRAIL, synergistically increase its
apoptotic properties. These compounds show hallmarks of
apoptosis including activation of pro-caspase -10, -8, -9 and -3
and consequently the increase in lamins A/C and cleavage of
PARP in cancer cells.

Two  compounds, echinosporin  (209) and 7-
deoxyechinosporin (210), produced by the marine derived S.
albogriseolus A2002, collected in Jiaozhou Bay, China, were
documented to have replication inhibitory effects on different
types of cancer (Cui et al., 2007). Echinosporin with relatively
strong effects and 7-deoxyechinosporin with weaker effects show
cytotoxicity on HCT-15 colon carcinoma cell line. They induce
apoptosis and cell cycle arrest generally in the G2/M phase, which
are promising.

Metacycloprodigiosin and undecylprodigiosin from the
prodigiosin  family, were isolated from the marine
actinomycete  Saccharopolyspora sp. nov which showed
cytotoxicity against five cancer cell lines namely mouse
lymphoma (P388), human leukemia (HL60), human lung
carcinoma (A549 and SPCA4) and liver carcinoma (BEL-7402)
(Liu et al., 2005). The compound undecylprodigiosin (211), was
isolated from the non-marine Streptomyces sp. JS520. It was
conjugated to gold nanoparticles and showed lethal effects
through induction of apoptosis on melanoma A375, lung
carcinoma A549, breast cancer MCF-7 and colon HCT-116
(Nikodinovic-Runic et al., 2014).

The compound k252¢, produced by strain actinomycete
72039-2, was documented to induce apoptosis in the leukemia
cell line K562 (Liu et al,, 2007). In 2016, a derivative of this
compound (indolopyrazolocarbazole) (212 was synthesized by
replacing the lactam ring with the pyrazole component, which
showed moderate lethal effects against leukemia and colon
carcinoma K562 and HCT-116 (Esvan et al., 2016).

Manumycin A (213), a compound with the inhibitory activity
of Ras farnesyl transfrase, from the marine Streptomyces sp. M045
inhibits the growth of Ki-ras-activated mouse fibrosarcoma (Hara
et al., 1993; Sattler et al., 1998). A 2000 study demonstrated the
inhibition of the signaling pathway of manumycin by inducing
apoptosis in the COLO320-DM colon cancer cell line. Finally,
they reported that the inhibition of p21 ras processing and
signaling was associated with the inhibition of proliferation
and induction of apoptosis, and that the presence of the ras
mutant gene was not required to exhibit these effects (Di Paolo
etal., 2000). However, it was later found that the cytotoxic activity
of this compound was independent to the RAS pathway and they
reported ROS induction, especially O2—, in cells treated with this
compound and were identified as effective compounds on
thioredoxin reductase (Tuladhar et al., 2019).

Two tetrocarcin analogues called arisostatins A (214) and B
were isolated from Micromonospora sp. Strain TP-A0316.
Arisostatin A showed a good activity against gram-positive
bacteria as well as cytotoxicity and antitumor activity against
myeloid leukemia cell line U937 and human colon cancer cell line
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FIGURE 10 | Chemical structure of compounds presented in the
Section 2 “Potential biological mechanisms and function of NPs
against CRC.”

HCC2998 (ICs = 0.22M), breast, lung and brain (Furumai et al.,
2000). A 2003 study examined the antitumor effect of this
compound on the head and neck cancer cell line; AMC-HN-4.
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It has been documented that the antitumor effect and the onset of
apoptosis in cells treated with this compound is due to the
activation of Caspase-3 and the formation of ROS species
(Kim et al., 2003). Chemical structure of compounds 201 to
224 are presented in Figure 10.

3.3 Autophagy

A study was performed to evaluate the autophagy and apoptosis
properties of the compound seriniquinone (215), produced by
Serinicoccus  sp., an actinobacter from the family
Ornithinimicrobiaceae on various cell lines, including HCT-15
colon cancer cell line (Trzoss et al., 2014). These studies, generally
performed on melanoma cell line and HCT-116 colon cancer,
suggested that the compound induces autophagocytosis in the
examined cells by targeting dermcidin protein; a protein involved
in autophagy and apoptosis processes.

Aureolic acid compounds, called chromomycins B, A2,
A3 (216-218), from marine actinomycetes Streptomyces sp.
WBF16 were showed significant antitumor effects against
several cancer cell lines, including HCT-116 and HepG2,
SGC7901, A549, and COCI. In 2016, a study found that the
compound chromomycin A2 exerts its antitumor effects on
cancer cells by inducing autophagy through members of the
TP53 family (Lu et al., 2012; Ratovitski, 2016).

3.4 Angiogenesis and Hypoxia
Angiogenesis is the process of forming new blood vessels from
existing ones that occurs in both physiological and pathological
conditions. Various factors are involved in the initiation and
development of this process, perhaps the most important of
which is VEGF (Nathan and Kannan, 2020). One of the
pathological conditions in which angiogenesis is involved is
tumor growth and progression. Under hypoxia and oxidative
stress, cells begin the process of angiogenesis through factors
such as HIF-1a to maintain their survival. The formation of new
blood vessels in hypoxic areas of solid tumor cells, such as colon
cancer, will lead to better nutrition of the cells and help them to grow
and metastasize, and thus tumor progression. It has been shown that
the levels of factors involved in angiogenesis and metastasis like
VEGF and matrix metalloproteinases (MMPs) increase in the tumor
tissue of patients with colon cancer (Auyeung and Ko, 2017).
Many studies are being conducted on the relationship
between angiogenesis and cancer in order to identify new
factors involved in this process. Factors or compounds that
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can inhibit angiogenesis or disrupt the process in any way,
may be good candidates for the treatment, diagnosis and
management of cancer. One of them is TSGA10. It has been
shown that the over expression of the compound is associated
with decreased HIF-la transcriptional activity as well as
disruption of HIF-la axis (Mansouri et al, 2016;
Amoorahim et al., 2020).

Among the various compounds such as NPs produced by
plants and bacteria that affect the process of angiogenesis,
NPs of actinomycetic origin, especially marine species, have
received increasing attention (Nathan and Kannan, 2020). In
a 2008 study, the compound streptopyrrolidine, isolated from
the marine derived Streptomyces sp. KORDI-3973, after
structural and biological examination, has shown an
inhibitory effect on the process of angiogenesis (Shin et al.,
2008). This compound exhibits a significant effect on
HUVEC:s cells in the presence and absence of VEGF in the
study of tube formation assay. The treatment of these cells
with streptopyrrolidine, resulted in significant blockade of
capillary tube formation, equivalent to the effect of known
anti-angiogenesis compound, SU11248. This compound did
not show cytotoxicity against the cells used, at of 100 pg/ml
concentration. Cyclo- (L-Pro-L-Met) compound, isolated
from marine actinomycete Nocardiopsis sp. 03N67 was
stated to inhibit the angiogenesis, invasion and cell
migration of epithelial cells in similar studies using
capillary tube formation and migration/invasion assay, at a
concentration of 10 uM (Shin et al., 2010). The compound
had no cytotoxicity at the reported concentration. Figure 11
illustrates the chemical structure of these compounds.

In 1995, for the first time, the production of rakicidins A
and B, from the soil Micromonospora sp. strain No. R385-2,
was reported. These compounds showed cytotoxicity against
M109 lung cancer cell line (McBrien et al, 1995). In
subsequent studies in 2006, rakicidin A (219) was reported
as a compound with selective toxicity against solid tumors in
hypoxic conditions. Hypoxia is a hallmark of solid tumors
and has been linked to the angiogenesis and related factors
such as HIF-1 and VEGF in tumor progression and spread.
the various cell lines, including HCT-8 and DLD-1, related to
human colon cancer, were examined and this compound
showed 17.5 times more toxicity in hypoxia as compared
to normal conditions. In further studies, no change in HIF-1
transcriptional level was observed and the mechanism of
action of this compound in hypoxic conditions remained
unknown (Yamazaki et al., 2007). In 2018, rakicidins G-I
(220-222) compounds were isolated from the marine derived
Micromonospora chalcea FIM 02-523 (Chen L. et al., 2018).
These compounds along with known compound rakicidin E
(223), were tested against pancreatic PANC-1 and colon
HCT-8 cancer cell lines in both normal oxygen and
hypoxia conditions in which they were 18.2-20.3 times
more toxic in hypoxia conditions.

The distribution of NPs having anti-CRC activities, produced
by actinobacteria based on genus is summarized in Chart 2.
Chart 2 demonstrates that most of compounds are of
Streptomyces genera.
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CHART 2 | Distribution of NPs with anti-CRC properties produced by Actinobacteria based on Genus. The section entitled “Others”; green aera, includes genera
such as Nocardiosis, Verrucosispora, Amycolatopsis, Pseudonocardia, Microbacterium, Saccharomonospora, Ornithinimicrobiac.
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CHART 3 | Chemical classification of NPs with anti-CRC properties produced by Actinobacteria.

4 THE STRUCTURE-ACTIVITY which are undoubtedly one of the largest groups of antitumor
RELATIONSHIP OF NATURAL PRODUCTS compounds, account for 16% of the NPs in our study. Although

the exact relationship between the quinone moiety in these
The NPs presented in this paper include a wide range of chemical =~ compounds and the cytotoxic effect is not fully understood, it
compounds with unique properties. We have tried to put all of them  seems that they often exert their biological effects by targeting
in 20 different chemical categories. As you can see in Chart 3, more ~ DNA (Asche, 2005). The second major category belongs to
than 54% of the compounds placed into only four major categories, ~ lactones, accounting for 15% of these NPs. Lactones are able to
including quinones, lactones, alkaloids, and peptides. Quinones,  affect cell growth, signaling and differentiation. So, they can exhibit
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biological effects such as antimicrobial and anticancer properties due
to the functional groups attached to them (Konaklieva and Plotkin,
2005).

Here are provided some examples of effective NPs on CRC cell
lines with different structural features in order to express the
importance of the smallest changes in the chemical structure of
compounds in their cytotoxic and anticancer performance.

The obvious difference in the biological function of
lucentamycins, suggests the presence of aromatic rings in the
structure of compounds is pivotal for their cytotoxic activity (Cho
et al,, 2007). So that, compounds lucentamycins A and B (23,24)
having aromatic ring (phenyl and indole rings respectively)
showed 75 and 13.6 times more cytotoxicity than
lucentamycins C and D (which lack of this moieties) against
HCT-116, respectively. Figure 12 shows the chemical structure of
these compounds.

Another example is the differences between central
spiroaminal organization and tetrahydropyran conformation in
marineosins A and B (29,30) have been reported as reasons for
the superiority of type A in causing cytotoxicity on the HCT-116
cell line as compared to type B of the compound (Boonlarppradab
et al., 2008).

The presence of sugar bridge and bisindolocarbazole is shown
to impact on the activity of compounds. For instances, Structure-
activity relationship for staurosporine derivatives (39,52), and
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strong cytotoxic activity for staurosporine derivative No. 7 (44)
and No. 14 (51), showed the importance of sugar bridge and
bisindolocarbazole in those whose exhibited stronger cytotoxicity
against cancer cell lines (Zhou et al., 2019).

The presence of halogens into the structures of natural
products or synthetic compounds has often reported to
improve their biological activity and physicochemical
properties. Actinobacteria, in particular, marine streptomyces
species generate a diverse range of halogenated compounds
with a wide spectrum of biological activities. These
compounds possess various chemical structures including
polyketides, alkaloids (nitrogen-containing compounds) and
terpenoids (Wang et al, 2021). It was reported that
halogenated substances from marine actinomycetes have
crucial biological activities such as antibacterial and anticancer
properties. In the case of chlorizidine (99), the presence of the
chlorinated 5H-pyrrolo [2,1-a] isoindol-5-one ring, which had
not previously been reported in natural compounds, was a
possible factor in the effect of cytotoxicity against HCT-116
cell line (Alvarez-Mico et al., 2013).

Another group of natural compounds that have a special
chemical  structure are halogenated compounds or
halometabolites. Halogenation is a common modification of
secondary metabolites and can have a critical role in
establishing the bioactivity of a compound. The presence of
halogen substituents (F, Cl, Br, I) in their structure can usually
add and lead to increase the efficacy and properties of a
compound including stability and bioactivity. Having various
functions, such as the production of toxins and antibodies and
other biochemical properties, are due to the presence of
halometabolites in their hosts (Kasanah and Triyanto, 2019).
The high concentration of chloride and bromine ions in marine
environments, it leads to the discovery of more halogenated
compounds in secondary metabolites of marine origin than its
terrestrial equivalents (Wang et al., 2021).

Compounds such as marinopyrroles A-F (86-91),
ammosamides A (93) and B (94) and marinocyanins A-F
(100-105) are types of halometabolites, produced by
actinobacteria that have been reported to possess significant
cytotoxicity against CRC cell lines (Hughes et al, 2008;
Hughes et al., 2009a; Doi et al., 2012; Pan et al., 2012; Asolkar
et al., 2017).

In a 2012 study, the presence of a conjugated diene unit and a
suitable alkyl chain length were shown to be critical for
demonstrating specific activity in rakicidin A (219) which is
cytotoxic against various cell lines (Oku et al., 2014).

5 CELL LINES USED TO STUDY THE ANTI
COLORECTAL CANCER PROPERTY OF
COMPOUNDS

Our study reveals that a diverse range of cell lines have been
employed to assess the anti CRC properties of compounds
isolated from actinobacteria which are summarized in Chart 4.
While each of them can be classified into one of four categories of
CMS based on their molecular, genetic and other characteristics
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and have their own importance. The most common cell lines,
been used to study anti CRC of actinobacterial compounds are,
HCT-116, followed by the HT-29 with much lower frequency as
compared with the former one. These cell lines possess some of
the main features of different types of CRC. The selection of
proper cancer cell lines can greatly influence the output of a
biological experiment. Useful information can be obtained by
selecting the appropriate cell line to perform baseline studies on
newly identified compounds. For example, HCT-116 cell line
based on its characteristics can be classified as CMS4, which is a
mesenchymal CRC with the ability of tissue invasion and
angiogenesis, whereas the HT-29 cell line is classified as
CMS3, a class that includes epithelial cells with metabolic
disorders (Berg et al., 2017). HCT-116 cell line has an MSI
status and among its important genes, KRAS and PIK3CA are
mutated, while HT-29 has an MSS status and BRAF, PIK3CA and
TP53 genes are mutated in this cell line (Ahmed et al., 2013). The
presence of such molecular differences in cell lines is
representative of clinical differences in various types of CRC
and also results in differences in response to treatment with
different drugs. the utilization of such cell lines in baseline studies
has paved the way for future studies in the clinical phase.

6 FDA-APPROVED DRUGS OF
ACTINOBACTERIA ORIGIN AFFECTING
COLORECTAL CANCER

Mitomycin C is a natural compound isolated from Streptomyces
caespitosus in 1950. This compound has attracted the attention of
scientists by demonstrating selective inhibition of DNA synthesis,
mutagenesis,  recombination  stimulation, = chromosome
breakdown, DNA crosslinking, etc. as an antibiotic-antitumor.
Since then, many studies have been performed to reveal how the
cell cycle stop and induces apoptosis by this compound in cancer

cells (Tomasz, 1995). Among many studies conducted, it is
notable to mention the effect of combination therapy of using
mitomycin C and irinotecan in the treatment of CRC, which
provides very good results with high tolerance (Ducreux et al.,
1998). Mitomycin is currently used as an approved drug in the
treatment of various neoplasms, including neoplasms of the
breast, bladder, gastrointestinal tract such as colon carcinoma,
etc., and even in glaucoma surgery (PubChem, 2004a).

Doxorubicin (DXR), also called adriamycin, is an
Anthracyclines compound produced by Streptomyces peucetius
ATCC 27952, and has reported to have the inhibitory properties
on DNA topoisomerase II. This approved drug has anti-cancer
effects against various cancers, including thyroid, breast, lung and
ovarian cancers, and so on (PubChem, 2004b). Although, in the
case of CRC, sometimes the situation is different due to factors
such as hereditary resistance to anthracyclines. For example, a
study showed that treatment of HT-29 and SW480 cells with
aldose reductase (AR) inhibitors such as fidarestat is increased the
effect of this drug on cancer cells (Sonowal et al., 2017).

Paclitaxel is a chemotherapy drug that is consumed to treat
various solid tumors such as breast, ovary, prostate, lung, etc. In
the case of the HT-29-D4 colon cancer cell line, a 2000 study
reported that the compound induces apoptosis and activates
caspase-8, which is not CD95/CD95-L-dependent (Gongalves
et al, 2000; Trzoss et al., 2014). In 2000, the drug was
derived from the endophytic actinomycete Kitasatospora sp,
isolated from Taxus baccata (Caruso et al., 2000; PubChem,
2004c).

Sirolimus (Rapamycin) (224) is a compound first isolated
from soil Streptomyces hygroscopicus. Due to its inhibitory effect
on the mTOR pathway, this compound and its derivatives can
treat a wide range of diseases such as diabetes, tuberous sclerosis,
neurodegenerative and others. Among the therapeutic effects of
this compound, anti-CRC properties have also been reported (Li
et al., 2014; Mussin et al., 2017).
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Everolimus (Afinitor; Novartis) is a derivative of
abovementioned compound that has received FDA approval
for the treatment of kidney and pancreatic cancers. The use of
Everolimus, in combination with compounds such as
bevacizumab and mFOLFOX-6 as combination therapy to
treat metastatic colorectal cancer, has had significant effects
which is in the clinical trial phase (Atkins et al., 2009; Weldon
Gilcrease et al.,, 2019).

7 DISCUSSION

CRC is a common, deadly and heterogeneous disease that kills
nearly 900,000 people worldwide each year (Sung et al., 2021).
The need for targeted, personalized therapies, as well as those
with fewer side effects, has led researchers to constantly look for
effective drugs for this disease in various sources, of which natural
actinobacterial products have been no exception in recent
decades. To the best of our knowledge this is the first study
on natural compounds having anti CRC properties from
actinobacteria. In reviewing the studies of few past decades on
natural actinobacterial products, affecting CRC, our findings
revealed the structure of 232 NPs with the properties against
CRC cell lines, which are produced by over 119 strains of
actinobacteria, the majority of them having a chemical
structure of quinones, lactones, alkaloids, and peptides (Chart
3). Over 76% of compounds are produced by streptomyces strain
exclusively. Marine actinobacteria are predominant producers of
the anti-colorectal cancer compounds (79.02%), following by
terrestrial and endophytic strains counting for 11.16 and
2.68%, respectively. The rest of compounds (7.14%) have been
produced by strains living in unconventional environments,
synthetic strains (Chart 1). Although more attention has been
paid to marine actinobacteria in this review, this significant
number of compounds, shows the great importance of marine
actinobacteria in the field of bioactive products. Even though, the
relatively small number of compounds presented here was from
the terrestrial ecosystem does not mean to negate the
extraordinary importance of soil actinobacteria.

As expected, most of the NPs reported in this review are
produced by Streptomyces (76.29%), as they constitute the largest
genus of actinobacteria. Micromonospora and Salinispora, both
members of the family Micromonosporaceae, and Actinomadura,
with production of 9.91%, 3.02% and 3.02% of anti-CRC
compounds, respectively, appear to be other important genera
in this field.

The compounds show enormous biological activities, from
autophagy, angiogenesis, invasion, migration, apoptosis, to a
range of cytotoxicity, some in terms of values comparable to
conventional drug compounds to very strong levels of toxicity
(with ICsy values in ng scale). Even though the mechanism of
action of most compounds was not addressed and determined by
abundant of published papers, it is notable that these compounds
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are able to exert their antitumor properties and toxicity through
various pathways. Therefore, the biological process and
mechanism of actions of compounds involved in the anti-
cancer effects is needed to be investigated further. In addition,
further studies in this field can reveal the secret of the protective
effects of actinobacteria associated with gut and colorectal cancer
more clearly. The knowledge of how gut actinobacteria along with
lifestyle and microenvironment factors can interfere with the
development of CRC at early stage is pivotal to design biomarkers
for CRC.

Despite the advances in compound discovery and structure
elucidation, our knowledge on structure activities relationship is
still limited. Therefore, mining of structure activity relationship is
another field, which requires further exploration. In addition, the
molecular docking studies might indicate the role of halogen
bonding in complexes and uncover the secret of structure
activities relationship.

Another point to note is the use of diverse CRC cell lines in
previous studies, while in most of them, the reason for
selecting each cell line was not specified. It is also clear
that the frequency of use of these cell lines is very unequal.
Based on the present evidence, the anti-CRC effect of natural
actinobacterial compounds, less attention has been paid to the
two groups CMS1 and CMS2 and their associated cell lines. In
other words, although most of these researches are
preliminary studies of the cytotoxic and antitumor effects
of natural compounds, it is worth to use cell lines belonging to
two or more different CMSs simultaneously, in order to
consider the heterogeneity of this cancer and to
comprehensively investigate the antitumor effects of a
compound.
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GLOSSARY

5-FU 5-fluorouracil

Akt or PKB Protein kinase B

CIMP CpG island methylator phenotype
CIN Chromosomal instability

CLL Chronic lymphocytic leukemia

CMSs Consensus molecular subtypes

CRC Colorectal cancer

EGFR Epidermal growth factor receptor
EMT Epithelial-to-mesenchymal transition
FDA Food and drug administration
HIF-1a Hypoxia-inducible factor 1-alpha
HR-MS High resolution mass spectrometry
IBD Inflammatory bowel disease

KRAS gene Kirsten rat sarcoma virus gene
MAPK Mitogen-activated protein kinase
MMPs Matrix metalloproteinases

MRSA Methicillin-resistant Staphylococcus aureus

Natural Products and Colorectal Cancer

MSI Microsatellite instability

MTOR Mammalian target of rapamycin

NF-kB nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells
NPs Natural products

PARP Poly (ADP-ribose) polymerase

PI3K Phosphoinositide 3-kinase

RAS Rat sarcoma virus

ROS Reactive oxygen species

SML Sea surface microlayer

SRB assay Sulforhodamine B assay

STATS3 Signal transducer and activator of transcription 3
TNF Tumor necrosis factor

TNM Tumor node metastasis

TRAIL Tumor necrosis factor-related apoptosis-inducing ligand
TSGA10 Testis-specific Gene Antigen 10

VEGF Vascular endothelial growth factor

XIAP X-linked inhibitor of apoptosis

ZEB1 or 2 Zinc finger E-box binding homeobox lor 2
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