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CHAPTER |

INTRODUCTION

Cancers are characterized by abnormal cell proliferation with the potential to
metastasize or promote invasion to other organs of the body (1). Even though new
techniques for early detection of the disease's stages has been developed, cancer
related death rates are still the second-highest rank of mortality around the world (2).
Lung cancer is the highest rate of mortality and life-threatening disease among solid
tumors including colon, prostate or breast cancer (3-5). Lung cancer is typically
characterized into two main types namely small cell lung cancer (SCLC) and non-
small cell lung cancer (NSCLC). SCLC which is a clinically aggressive type of tumor
accounts for 15% of all lung cancer cases. In contrast, NSCLC which is diagnosed as
85% of lung cancers has three main subtypes: adenocarcinoma, squamous cell
carcinoma, and large cell carcinoma (6-8). Chemotherapy is the primary standard of
care in lung cancer treatment. However, concomitant adverse effects and resistance to
current chemotherapeutic drugs has led to the search for new compounds or
chemosensitizing agents that can increase the efficacy of standard chemotherapy.
Several kinds of agents targeting on different pathways have been used for therapeutic
treatment of lung cancer. One of the target is the ER stress pathway or UPR which is a

critical role in survival and death of lung cancer (9).

During tumorigenesis, acute demand of protein biosynthesis requires for various
cellular functions such as tumor migration, proliferation, often driven by oncogenic
stimulation. The tumor microenvironment might also provide limited conditions of

tumor growth and development. For this reason, cancer cells need to adapt to such a
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selectable surrounding with hypoxia, pH variation and insufficient nutrient supply that
can cause cellular stress (10-12). During such a stress state, abnormally folded
proteins are accumulated inside endoplasmic reticulum (ER) lumen which is the main
organelle for protein folding and biosynthesis (13). All these conditions can disrupt
correct protein folding, eventually contributing to the accumulation of misfolded or
unfolded proteins, creating a condition called ER stress (14). However, the cell has
elaborated an evolutionary mechanism to detect these changes and restore
homeostasis by activating signal transducing pathways, termed as Unfolded Protein

Response (UPR) (13).

Three major sensors, located in transmembrane of ER, which are IRE1 a, PERK,
and ATF 6 can monitor the unfolded or misfolded proteins and activate different
interconnected downstream signaling cascades to influence the life-death decision.
During initial stage of ER stress, the UPR system attempts to reestablish normal ER
function by stimulating cellular adaptive process to reduce ER load and help in
recovery. However, in the event of the failure of this adaptive process due to severe
and prolonged stress, UPR triggers a cell death pathway, generally via intrinsic
apoptotic cell death which is mainly mediated by PERK and IREL1 signaling (14). As
a result, under extremely high level of ER stress conditions, UPR transforms the cell
fate from pro-survival to pro-death (14). IRE1 which is the most prominent and
evolutionary arm of UPR arbitrates ying and yang of cellular fate in objectionable
conditions. IRE1 has dual functions which are kinase and endonuclease activity.
Under mild ER stress condition, activated IRE1 splices XBP-1 mRNA into mature

form XBP-1s which mainly has a protective role by initiating a series of genes
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involving in restoration of protein folding, whereas severe and prolonged ER stress
stimulate IRE1 kinase activity, which increase JNK phosphorylation linking to
apoptosis (15). Although ER stress is primarily a pro-survival adaptive response
against various kinds of cellular insults, ER stress-mediated UPR switches from
adaptation to destruction in case of unmitigated ER stress (14). Several studies
described that inducing prolonged and sustained ER stress which can switch from pro-
adaptive to pro-apoptotic mechanism offers a promising therapeutic strategy in the

management of cancer.

First-line therapeutic options for the treatment strategy of all types of lung cancer
comprise surgery and chemotherapy (16). Cisplatin is one of the most used and
effective chemotherapeutic for lung cancer treatment. However, its application is
limited due to deleterious effects and drug resistance throughout the treatment (17,
18). It is generally considered as cytotoxic that targets on damaging DNA of cancer
cells resulting in inhibition of DNA replication, subsequently triggering apoptosis.
Besides, it was currently revealed that cisplatin may trigger ER stress and non-
nucleus-dependent apoptotic signal activation (19-21). Ye Xu and his colleagues were
previously described the modulation of survival and death induction through ER
stress signaling pathway during the course of cisplatin treatment in cancer cells. In
accordance with this knowledge, several researchers are currently attempting at
investigating natural antitumor or chemosensitizing compounds to enhance
chemotherapeutic efficacy or reduce the adverse effects of cisplatin by deciphering
the complex network of ER stress. This strategy may establish a novel approach in the

regimen of lung cancer treatment (22).
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In the background of drug discovery and development, compounds originated
from the natural sources emerge as the promising strategy for cancer treatment in
consideration of the selective cytotoxic activity on tumor cells other than normal cells.
Moreover, they could also behave as potent chemosensitizers in combination with
conventional chemotherapeutic drugs. In addition to the fact that they can enhance
drug efficacy at lower dose levels, thus hampering dosage toxicity and drug
resistance. Extracts form natural products; especially microbial origins have served as
an infinite source of diverse molecules in many drug discovery efforts and let to the
isolation of several important drugs. From variety of microorganisms, Streptomyces
spp. which belongs to the group actinomycetes, are prominent microbial sources for
production of vast number of novel and beneficial bioactive compounds (23). The
exploration of novel Streptomyces species is particularly exciting since Streptomyces
are highly likely to be producers of valuable secondary metabolites with interesting
diverse biological activities. Notably, Streptomyces are prolific source of many
clinically important drugs, including anticancer agents such as doxorubicin and

bleomycin (24-27).

Since UPR provide a dual role in cancer progression, natural compounds
contribute to cell death by inhibiting the adaptive UPR or by inducing sustained and
severe ER stress (28). As a result of this beneficial effect, many researchers have been
trying to explore the interplay between natural compounds and anticancer properties
through ER stress mechanism in vitro and vivo (29-31). There are some examples of
natural anticancer agents via modulation of ER stress. Tunicamycin, a nucleotide

antibiotic produced by Streptomyces lysosuperficus can promote apoptosis of A549
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NSCLCs through CHOP activation-mediated endoplasmic reticulum stress (32).
Another example of tunicamycin which is a well-known ER stress inducer can
enhance the antitumor effect of cisplatin in A549 human non-small cell lung cancer in
vitro experiment by upregulation of GRP78 and JNK proteins (33). Considering this
information, targeting apoptotic arm of UPR pathway by facilitating ER stress above
a certain threshold in cell that already have a high dependency on UPR is a valid
target for the development of new therapeutic approach in treatment of cancer.

Therefore, the main objectives of this study are

1. To isolate the soil actinomycetes and investigate the anticancer activity of crude

extracts in human H460 lung cancer cells.

2. To evaluate the chemosensitizing effect of extracts from Streptomyces sp. on

cisplatin-induced apoptosis in human H460 lung cancer cells.

3. To identify the selected Streptomyces sp. by 16S rRNA gene sequence and whole

genome sequence analysis.

First, we assume that our crude extract ST1-45 might induce UPR transducer
IRE1 a mediated XBP-1 splicing and consequently stimulate JNK activated apoptotic
pathway in combined treatment with cisplatin. Unfortunately, our recent study
revealed that IRE1 o-mediated ER stress pathway did not correlate with the
underlying mechanism of sensitizing effect of ST1-45 on cisplatin-induced apoptosis.
However, surprisingly, we discovered that expression level of phosphorylated JINK
protein was upregulated in the treatment with ST1-45 alone and cotreatment with
cisplatin. Therefore, apoptotic mechanism of chemosensitization effect might be due

to other upstream signaling pathways that contribute to JNK activation.
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CHAPTER 11

LITERATURE REVIEW

1.Lung Cancer

Lung cancer is the life-threatening and top-ranking of cancer-related deaths in
both men and women [44]. Its mortality rate exceeds that of the three most common
types of cancers (colon, breast, and pancreatic). According to the statistical data
estimation from the American Cancer Society, lung cancer is the most often
diagnosed malignancy (2.3 million in total new incidence cases, 1.2 million in male,
1.1 million in female) per 100,000 person-years worldwide in 2019. Furthermore,
lung cancer ranked first and the estimated 1.6 million deaths from lung cancer have
been reported in 2019 (0.7 million deaths in men and 0.6 million deaths in women).
The typical causes of lung cancers include tobacco smoking, exposure to secondhand
smoke, air pollutants (e.g. PM2.5), family history of malignancy and occupational
exposure to carcinogens [45, 46]. Lung cancer was traditionally categorized into two
primary groups which are small versus non-small cell type, based on distinguishing of
the histopathologic features and immunohistochemical markers [47]. The three main
subtypes of NSCLC are adenocarcinoma, squamous-cell carcinoma, and large-cell
carcinoma [48]. Adenocarcinoma which figures out almost 40% of lung cancers is
derived from peripheral lung tissue and is tightly linked with smoking [43]. The
causes of squamous-cell carcinoma are about 30% of lung cancers which typically
happen close to large airways. Approximately 9% of lung cancers are large-cell

carcinoma.
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1.1.Treatment strategies for lung cancer

The strategies for lung cancer treatment are chemotherapy, surgery,
radiotherapy, and immunotherapy. Surgery is the most effective, and cornerstone
therapy for the patient with early-stage lung cancer (34). However, for the advanced
stage of lung cancer, combination chemotherapy is considered the front line strategy
and standard of care for this type of cancer (35). The several kinds of
chemotherapeutic agents are used for the treatment of lung cancer. Among them,
platinum-based agents (e.g. cisplatin and carboplatin) are the most effective and
greatest promising chemotherapeutic agents in the treatment of patients with NSCLC.
These agents induce their killing effects on cancer cells by targeting cellular DNA and
subsequently trigger apoptosis (36). Even though damaged DNA stimulates DNA
repair mechanism in normal cells, platinum-based compounds mainly target cancer
cells which is deficient in DNA repairing efficiency and then contributes to apoptosis
(37, 38). Nonetheless, the occurrence of resistance to cisplatin and severe adverse
effects are big problems and limit the usefulness of this compound in the treatment of

lung cancer.

2.Mechanism of cisplatin-induced apoptosis via ER stress pathway

The major molecular mechanism of cisplatin (platinum cooperating
compound) in anticancer activity is the formation of intra-stranded and inter-stranded
crosslinks by binding of platinum to DNA. This DNA damaging effect arrests the cell
cycle and instigate cell death in rapidly proliferating cells (39). Another researcher
group was postulated that cisplatin could induce pro-apoptotic signaling through

induction of ER stress by increasing cytosolic calcium concentration and calpain-
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dependent stimulation of the ER-specific caspase-12 even in enucleated cells without
relying on the fundamental DNA damaging effect (19, 40). Suppression of ER-
specific caspase-12 with the anti-caspase-12 antibody significantly reduced cisplatin-
induced cell death (41). Moreover, expression of ER stress marker (GRP78/ HSPADS)
is upregulated and overexpressed pro-apoptotic signaling molecules CHOP or PDI
after cisplatin treatment. These facts suggest that endoplasmic reticulum could be a
non-nuclear dependent apoptotic mechanism of cisplatin (42, 43). Ye Xu, et al. has
been reported that cisplatin induces ER stress dependent cell death through the
activation of IRE1-JNK pathway in human cervical cancer Hela cells. In the same
study, they also revealed that ER stress inducing agent (e.g. tunicamycin) augmented

the cytotoxicity of cisplatin to Hela cells (44).

3.Endoplasmic Reticulum Stress (ER stress) or UPR pathway

Although chemotherapy and radiation therapy are the standard options for
lung cancer treatment, the mortality rate is still high due to resistance to these
therapies and severe side effects. Therefore, there is an urgent need for new
chemotherapeutic agents with minimal toxic effects to improve clinical outcomes.
Since UPR activation is a major controlling pathway in lung cancer (9), researchers
have been emphasized on the targeting of UPR pathway for new anticancer strategies.
The ER is the foremost and large part of the compartment in the secretory pathway of
the cell and controls the regulation of calcium level, lipid biosynthesis, folding and
quality control of proteins. Approximately 30% of proteins across ER (45-47) towards
their final destinations inside and outside of the cell. Biosynthesis of these proteins

takes place in the cytosolic portion of the ER and productive protein folding is
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integrated by intricate molecular machines located in the ER including chaperones,
quality control proteins, and foldase. Although these controlling mechanisms provide
protein biosynthesis from their nascent form to ER exportable type, some proteins are
not folded properly and decline the criteria of a quality control system (48). These
abnormal proteins are subjected to ER-associated degradation (ERAD) system which
destroys them in cytoplasm by ubiquitinylation and proteasomal degradation (49).
When ER encounters an important protein folding demand, the capacity of folding
and degradation is delayed or ER capability of handling protein biosynthesis is
overloaded, these conditions lead to an assembly of malfunctional proteins inside the
ER lumen. This situation is called ER stress Response or UPR that attempts at (i)
restricting unfolded proteins assembling in the ER by attenuating protein translation
transiently; (ii) enhancing ER folding capacity (iii) increasing protein clearance from

the ER by promoting its degradation capacity.

If ER stress still persists, UPR tends to trigger apoptosis (10). Activation of
UPR is associated with the various pathological processes, including cancer (50). Due
to the rapid expansion of malignant neoplasm, cancer cells are faced with nutrients
deprivation, insufficient vascularization, and low oxygen supply. Under these
condition, ER stress-related proteins including glucose-regulated protein 78 (GRP78),
activating transcription factor 6 (ATF6), inositol-requiring protein 1(IRE1), protein
kinase RNA-like ER kinase (PERK) are upregulated in cancer cells (51-53). Cancer
cells initiate UPR to balance proteostasis system as an adaptive pathway for survival
in response to a mild state of ER stress. Upon ER stress condition, GRP78 originally

binds to the luminal domain of three ER transducer sensors to detect assembly of
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misfolded proteins and maintain ER homeostasis (54). However, when ER stress is
prolonged to the extent that UPR fails to cope with unfolded proteins, UPR is
subjected to be turned into apoptotic machineries by transducing apoptotic

downstream of UPR (55).
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Figure 1 To die or not to die (56).

3.1.Downstream signaling pathways of UPR

The three main types of mammalian UPR sensors are ATF6 (57), IRE1 o (58)
and PERK (59) Fig.2.(60) , which are leading to decrease abnormally folded proteins,
by attenuating de novo protein synthesis on the cytosolic part of the ER and by
enhancing protein folding and clearance in the ER. The activation of these three
sensors is managed by the ER-resident chaperone molecule called GRP78. Under
normal conditions, GRP78 constitutively binds with the luminal sides of the sensors

through the noncanonical binding, thereby inhibiting their activation (46, 61). In the
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case of the assembly of misfolded proteins, GRP78 dissociates from the sensors
through mechanism depending on its substrate binding domain (62). This trigger IRE1
a oligomerization and autophosphorylation (63) and simultaneous stimulation of the
downstream signaling cascades. Besides, GRP78 dissociation from ATF6 a together
with protein disulfide isomerase (PDI)-mediated disulfide bond modification (64)

augment ATF 6 a export to the Golgi complex (65).

3.1.1.IRE1 Pathway

IRE1 which is the most evolutionarily conserved arm of the UPR,
activate different processes, both physiological and pathological such as those
inducing ERAD (66), lipid synthesis (67) and protein secretion (68). IREL is a type |
protein receptor which contain an N-terminal ER luminal sensing domain and a
cytosolic C-terminus domain enclosing both an endoribonuclease domain and a
Ser/Thr kinase domain. There are two isoforms of IRE1 in human, IRE] o and IRE1
B; the first one is expressed ubiquitously on the ER membranes, while the latter is
found only on the epithelial cells of gastrointestinal tract (15). Upon the condition of
ER stress, IRE1 a release from GRP78, dimerizes and autophosphorylates, converting
into its active state. Activated IREL triggers its endonuclease activity which is
responsible for X-box binding protein 1 (XBP-1) mRNA splicing. Spliced form of
XBP1 (XBP-1s) encodes for a stable transcription factor that targets genes involving
in pro-survival responses (69). Moreover, active IRE1 o also interacts with tumor
necrosis factor receptor-associated factor 2 (TRAF2) which leads to the increment of
apoptosis signal-regulating kinase (ASK1) and JUN N-terminal kinase (JNK) and in

turn, stimulate apoptosis.
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Figure 2 The IRE1a axis (70).
3.1.2.PERK Pathway

PERK bind to GRP78 in its inactive form, however after dissociation
from GRP78 in response to UPR triggering, it is activated by oligomerization and
autophosphorylation (71). Activated form of PERK hinders mRNA translation and
prevents the arrival of new proteins into the ER compartment which are mainly
controlled by phosphorylation-mediated inactivation of the eukaryotic translation
initiation factor 2 (eIF2 a). The elF2 a phosphorylation prevents the recycling of elF2
a in its active GTP-bound state that is required for synthesis of polypeptide chain,
contributing to the attenuation of general protein translation. This process is critical
for reducing the ER protein burden and to resolve ER stress (72). In the meantime,
elF2 a phosphorylation paradoxically regulates ATF4 expression, a member of the
CCAAT/ enhancer binding protein family (C/EBP) family of transcription factors (73)
. ATF4, in turn, controls the genes expression that are contained in the restoration of
normal cellular homeostasis. C/EBP homologous protein (CHOP) and ATF4

upregulate the transcription of growth arrest and DNA-damage-inducible protein 34
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(GADD34), which in turn renders the dephosphorylation of elF2 alpha. If ER stress is

irreversible, ATF4-CHOP activation can trigger the apoptotic pathway (74).
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Figure 3 Activation of unfolded protein response and downstream pro-survival and
pro-death proteins (75).
3.1.3.ATF6 pathway
ER stress leads to ATF6 export from the ER to the Golgi apparatus where
ATF6 alpha proteolytic cleavage by S1P and S2P proteases releasing an active
membrane free form of ATF6f, which then translocate to the nucleus and activate the

transcription of genes involving in protein folding and ERAD (46, 47, 76, 77).
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Figure 4 The ATF6 axis of ER stress pathway (78).

4.Anti-Cancer Strategy; Targeting IRE1a signaling pathway

IRE1 a-XBP-1 signaling pathway has been involved in cancer progression and
XBP-1 overexpression is observed in different types of cancers including breast
cancer and hepatocellular carcinoma. Therefore, inhibition of IRE1 a-XBP-1 could be
a promising target for anticancer therapy (79). For example, deactivation of IRE1 a
increase cytotoxic activity against human myeloma by reducing endonuclease activity
in vitro and in vivo (80). Under severe and prolonged ER stress, IRE1 o activates the
mitogen-activated protein (MAP) kinase (81). The IRE1 a binds to the TRAF2 and
then triggers the stimulation of caspase-12 (82). Caspase-12 translocate from the ER
to the cytosol, where it starts to cleave procaspase-9, in turn, activating the effector
caspase, caspase-3 (83). IREl o/ TRAF2 stimulates ASK1, which consequently

enhances activation and phosphorylation of JNK (71). Phosphorylated JNK activates
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BIM, Bak, Bax and inhibits the Bcl-2 and Bcl-xL (84). This data indicate that the
targeting IRE1-mediated apoptosis could also be a beneficial target for cancer

therapy.

4.1.JNK signal transduction pathway

The stress activated protein kinase (SAPK)/c-Jun amino N-terminal kinase
(JNKS) are the member of a larger group of serine/threonine (Ser/Thr) protein kinases
known as the mitogen-activated protein kinase (MAPK) family (85). The mammalian
JNKs are encoded by three distinct genes (Jnkl, Jnk2, and Jnk3) generated by
alternative splicing, resulting in up to 10 different protein products which are varied in
size (from 46 kDa to 55 kDa) (86). Two upstream MAPKKs which are mitogen-
activated protein kinase 4 (MKK4) and MKK7 mediate the initiation of JNK
activation. MKK7 and MKK4 preferentially phosphorylate JNK at threonine and
tyrosine residues respectively, contributing to full activation of JNK (87, 88). The
JNK signaling pathway involve in controlling of several cellular events such as cell
development, proliferation, inflammation, and apoptosis. JNK can also behave as an
anti-apoptotic or pro-apoptotic molecule depending on the circumstance. Numerous
evidence show that MLM/JNK/c-Jun enhance apoptosis in cancer cells (89, 90). In
addition, JNK can augment apoptosis by regulating p53 upregulated modulator of
apoptosis (PUMA), which is a pro-apoptotic BH2-only protein through direct

interaction with B-cell lymphoma 2 (Bcl-2) family (91-93).

5.Natural products for cancer therapy
Nature remains unlimited resources of novel bioactive molecules which are

called natural products. Natural products are by-products and/or metabolites produced
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by living organisms, such as microorganisms, plants, and animals (94, 95). The
application of natural products from various sources is a boon to the emerging field of
medicine in cancer therapy. Three quarter of antitumor compounds used in medicine
are derived from natural origin and their related derivatives due to their low cost and
availability. A significant number of natural products with antineoplastic activity have
been produced by microorganisms. In particular, actinomycetes offer rich source of a
wide variety of natural products with antitumor properties (96). Actinomycin D which
was isolated from Streptomyces antibioticus is one of the earliest applications of a

microbial product against stage | or stage 11 Wilm's tumor in children.

5.1.Characteristics of actinomycetes

The actinomycetes that are widely distributed in natural ecosystems around the
world represent a ubiquitous group of microbes. As early as 1878, these organisms are
originally recognized as 'Ray Fungi'. They are referred to as filamentous prokaryotes
since they possess morphological forms such as filaments and conidia chains that
occur in eukaryotic fungi and cell wall characteristics of prokaryotes. Earlier, they
have been recognized as exotic group of organisms with affinities to both bacteria and
fungi (97). However, their prokaryotic nature was confirmed by the determination of
their fine structure and chemical composition (98, 99). Actinomycetes species are
facultatively anaerobic, gram-positive bacteria showing a filamentous growth like
fungi. These bacteria have been placed within the phylum Actinobacteria, order
Actinomycetales which currently comprises 10 suborders, over 30 families and more
than 160 genera. The structure of actinomycetes can be characterized by the formation

of normally branching threads or rods and non-septate hyphae. The sporulating
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mycelium may be straight or spiral-shaped in which the spores are cylindrical,
spherical, or oval (100). Based on morphological characteristics, they are similar to
fungi due to adaptation to same habitat otherwise their cell wall compositions
resemble gram-positive bacteria. When the actinomycetes were grown on an agar-
surface, they branch forming a network of hyphae growing both under-surface and on
the surface of the agar. The under-surface hyphae are called substrate hyphae and on-
the-surface hyphae are called aerial hyphae. Most actinomycetes are non-motile. The
cell wall compositions of actinomycetes are greatly different among various groups

and is of considerable taxonomic significance.

5.2.Distribution of actinomycetes

Actinomycetes have been found in all ecological niches such as soil,
composts, water, extreme environments, marshy places. Among them, soil has an
abundance population density. The actinomycetes in soil microflora rely on many
factors which may be affected by soil type, pH, temperature, depth, water content,
organic matter content, season, aeration, and agricultural contents. Most
actinomycetes isolates behave as neutrophiles which are capable of growth at pH
ranging from 5 to 9 with an optimal growth pH around 7. The pH, a major
environmental factor, determines the activity and distribution of soil actinomycetes.
Now, tropical peat swamp forests are recognized as important reservoirs of
biodiversity (101) since it is home to an impressive diversity of species. Peat swamp
forests, unique wetland ecosystems, are periodically flooded by fresh water from
rainfall. Peatlands are identified as habitats where low oxygen conditions and

waterlogged due to the accumulation of organic matter which is called peat. A high-
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water table and wet conditions cause low oxygen diffusion rate into the sediment
resulting in anoxic conditions. The peatlands are also specified as low pH systems as
the accumulation of organic matters and anoxia contribute to the development of
acidic conditions (102, 103). It was previously deduced that there was low bacterial
diversity in such extreme environmental conditions. However, some researchers
revealed that there were high diversity and complexity of genetic information of the
bacteria by using metagenomic studies. Kanokratana, et al. reported that peat swamp
forests in Thailand were an ecological niche of the microorganism constituting the

most abundant microbial group.

5.3.Genetic analysis of actinomycetes

5.3.1.16S rRNA gene sequence analysis

16S rRNA gene sequence is the most used housekeeping genetic marker to
study bacterial taxonomy and phylogeny. The characteristic of the 16S rRNA gene,
also called 16S ribosomal DNA which is encoded by the gene rrs is a
polyribonucleotide of approximately 1500 nucleotides. Since this molecule is found in
almost all bacteria, it is characterized as a powerful universal marker for bacterial
classification. Moreover, its function has not changed over long periods and its
structure is apparently maintained overtime, suggesting that change in random
sequences are more accurate measure of time (evolution). Besides, 16S rRNA
sequences provide sufficient variability to discriminate not only the most distant
organisms but also the nearest levels such as strains, species, and varieties. The 16S
rRNA gene consists of nine hypervariable or less-conversed regions which contribute

the most useful information for taxonomic and phylogenetic studies. On the other
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hand, the conserved regions are beneficial for designing universal primers which
amplified the different hypervariable regions of the 16S rRNA genes in
microorganisms (104). National Centre for Biotechnology Information (NCBI) which
is the largest library of nucleotide database was used as reference libraries to compare
16S rRNA sequences of the bacteria for the determination of the species with
maximum similarity. Sequence similarity > 99% to reference sequence is necessary

for species level identification (105, 106).
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Figure 5 16S rRNA gene structure and possible primers (107)
5.3.2.Whole genome sequence analysis

Strain identification through whole genome sequencing (WGS) offers a
far superior resolution compared to genetic marker-based techniques. The most basic
level of bacterial information likely species and/or subtype can be characterized by
using WGS that allow phylogenetic placement of a given sequence relative to an
existing set of isolates (108). Beyond species characterization and identification,
WGS provide a rich resource that can be exploited to predict secondary metabolites

biosynthetic gene clusters (109).

5.4.Characteristics of Streptomyces
In 1943, Waksaman and Henrici introduced the genus Streptomyces which

represent one of the largest taxonomic species of recognized actinomycetes. Genus
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Streptomyces belongs to the phylum Actinobacteria, family Streptomycetaceae and
order Actinomycetales within the class of Actinobacteria. They are characterized as
aerobic, non-Acid-Fast, gram-positive bacteria (110). They are chemoorganotrophic,
filamentous bacteria with high G+C content 69-78% (111). The diameter of filaments
and spores are tiny usually 1 um or less (112). The spores which are borne in wavy,
straight, or helical chains are formed by the fragmentation of the filaments (113). The
colonies are slow-growing and often have a soil-like odor due to the production of a
volatile metabolite called geosmin (114). Firstly, the colonies are relatively smooth
surfaced but in later they grow a weft of aerial mycelium with the appearance of
powdery, floccose, powdery, or velvety (115). They also produce a various kind of
pigments which are responsible for the coloration of the vegetative and aerial mycelia
(116). Streptomyces sp. are mostly mesophile and grow in temperature of 10-37 °C

and pH 6.5-8.0 (117, 118).

5.5.Life cycle of Streptomyces

The developmental cycle of Streptomyces starts with the germination of spore
existing from its dormant state and subsequently forms germ tubes grown by tip
elongation when a spore settles in a nutrient rich medium. The germ tubes grow out to
extend and branch like a network of filaments which across and grow into the surface
of an agar plate. This network is termed as the substrate mycelium (116).
Differentiation of the mycelium in the center of the colony leads to the formation of
new cell type, called the aerial hyphae. Robinow HC1-Giemsa method of nuclear
staining has been applied to study the life cycle of a Streptomyces sp. and is

demonstrated in the subsequent manner: (i) initial nuclear division phase; (ii) primary



29

mycelium; (iii) secondary mycelium; and (iv) spore formation (119). Apparently, the
differentiation of morphological events in Streptomyces corresponds with the sensing
of essential nutrients depletion. Meanwhile, Streptomyces begins to produce
secondary metabolites when a stressful environment such as nutritional deficiencies
encounter and this process is referred to physiological differentiation (120). Metabolic
development is stimulated, and many beneficial secondary metabolites are produced
to provide the survival of Streptomyces in stressful environments during the shifting

phase from vegetative to aerial growth and sporulation (120-122).
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Figure 6 Schematic representation of the life cycle of Streptomyces

5.6.Streptomyces metabolites

A primary metabolite which is typically found in many cells or organisms
plays a vital role in physiological function of the organism such as normal growth,
reproduction, and development (123). Unlike primary metabolites, secondary
metabolites are not directly involved in the physiological process of the organism

(124). Therefore, secondary metabolites are different from the primary metabolites in
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four manner: i) they are not essential metabolites for organism's growth and
development, ii) their production depend on the growth conditions for instance culture
media type, iii) they are often possible to produce as groups of closely related
molecules, and iv) they are often overproduced (125). Secondary metabolic pathway
reactions are conducted using an individual enzyme or multienzyme complexes to
obtain secondary metabolites. Intermediate or end products of primary metabolic
pathways are obtained from their own systematic metabolic pathways for the
synthesis of secondary metabolites. There are six known biosynthetic pathways: the
peptide pathway, the polyketide synthase (PKS) pathway, the nonribosomal
polypeptide synthase (NRPS) pathway, the hybrid (nonribosomal polyketide)
synthetic pathway, the shikimate pathway, the B-lactam synthetic pathway, and the
carbohydrate pathway. The genes that encode these synthetic pathway enzymes are
generally present in chromosomal DNA mostly arranged in cluster formation (126).
Most of the microorganisms synthesize secondary metabolites and their complex
molecules at the stationary phase and lag phase of their growth. However, especially
actinomycetes and Streptomyces can produce secondary metabolites at exponential,
stationary, and death phase. The most significant characteristic of Streptomyces can
produce secondary metabolites possessing antitumor, antibacterial, antifungal, and
antiviral properties. Secondary metabolites produced by Streptomyces are doxorubicin
as an anticancer agent (127), streptomycin as novel antibiotic drug and rapamycin as

immunomodulatory agent (128).
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Figure 7 Phases of bacterial growth and metabolite production

5.7.Secondary metabolites with anticancer activity from Streptomyces
Actinomycin D which was isolated from S. antibioticus was the first natural
metabolites applied in treatment of Wilms tumors in children. It binds DNA at the
transcription initiation complex and prevent elongation process by RNA polymerase.
But its application limited due to its many adverse effects (129). Other anticancer
compounds obtained in 1960s during the biosynthesis process of S. peuceticus are
daunorubicin, anthracyclines, and doxorubicin. Epirubicin, anthracycline compound
which was approved by the FDA in 1999 is used in treatment of ovarian cancer, breast
cancer, leukemia, and lung cancer. It possesses a better therapeutic profile than
doxorubicin because of less side effects (130). Bleomycin, another antitumor
compound produced by S. verticillus was approved by the FDA for clinical treatment
in 1973. Streptozotocin, metabolite of S. achromogenes, was approved by the FDA in
1973 and shows selective toxicity against pancreatic beta cells (129, 131). Recently,
new analogue of geldanamycin, 11-methoxy-17-formyl-17-demethoxy-18-0O-21-O
dihydrogen L danamycin, isolated from S. hygroscopicus possesses significant
toxicity against human cancer cell lines (e.g. lung carcinoma COR-L23, breast cancer

MCF-7, skin melanoma SK-MEL-2) (132). Resitoflavine, a quinone-related
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antibiotic, isolated from a marine actinomycete, S. chibaensis shows cytotoxicity
against gastric adenocarcinoma HMO2 and hepatic carcinoma HePG2 cell lines (133).
Mansouramycins A-D, isoquinolinequinones isolated from Streptomyces sp. shows
antitumor activity against lung cancer, prostate cancer, melanoma, and breast cancer
(134, 135). Tartrolons which shows cytotoxicity against colon HT29, lung A549 and
breast MDA-MB-231 was isolated from Streptomyces sp.(136, 137). Carboxamycin
produced by Streptomyces sp. shows antitumor activity against hepatocellular
carcinoma (hepG2), gastric adenocarcinoma cell lines (AGS), and breast carcinoma

MCF-7 (138, 139).

5.8.Anticancer compounds from Streptomyces sp. targeting ER stress pathway
Researchers have reported that some bioactive compounds extracted from the
culture broth of Streptomyces sp. show anticancer activity through modulating ER
stress pathway. Ilamcin E produced by Streptomyces atratus and Streptomyces
islandicus attenuates UNBC cell growth and provoke apoptosis through activating the
intrinsic apoptotic pathway via the ER stresssfCHOP/Bcl-2 axis, providing a
prospective therapeutic compound for breast cancer (140). Trierixin which is a new
member of trieneansamycin antibiotic, isolated from Streptomyces sp. inhibit cancer
progression by blocking ER stress-induced XBP-1 activation (141). Tunicamycin
which is commonly used as ER stress inducer extracted from the culture broth of
Streptomyces lysosuperficus trigger cell death via ER stress-mediated CHOP

activation in Human A549 NSCLC (32).
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CHAPTER IlI

MATERIALS AND METHODS

1.Chemicals and Reagents

MTT, dimethylsulfoxide (DMSO), cisplatin, thapsigargin and STF083010
were obtained from Sigma-Aldrich Chemical (St. Louis, USA) and 0.25% trypsin-
EDTA were purchased from Gibco (Gaitherburg,USA). Primary antibody of ER-
stress related proteins (JNK, pJNK) and horseradish peroxidase (HRP)-labeled
secondary antibody were procured from Cell Signaling Technology (Danver, USA).
Phospho IRE1a was obtained from Abcam.
2.Cell Culture

Human H460 NSCLC cell line which was cultured in RPMI medium (Roswell
Park Memorial Institute) and non-cancerous HaCat cell line which was cultured in
Dulbecco’s modified eagle medium (DMEM) were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). All the supplement reagents that
are used in culture medium (10% fetal bovine serum FBS, 2 mM of L-glutamine and
100 units/mL of penicillin/streptomycin solution) were procured from Gibco
(Gaithersburg, MA, USA). Both types of cell lines were maintained in culture plate
with ultra-flat bottom surface to attach the cells with an optimum condition at 37°C in
the incubator, providing 5% CO2 humidified atmosphere. 70-80 % confluence of the
cells in the culture plate were used to proceed experiments.

3.1solation of actinomycetes

The soil samples were collected from peat swamp forest at Yala province,

Thailand. The collected soil samples were subjected to pretreatment with air-dried at
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25 °C for 7 days. The air-dried sample was subjected to dried heat at 100°C for 1 h.
For phenol treatment, the air-dried soil samples were added in 1.5% phenol for 30
min. After that, soil samples were suspended in a basic lauryl sulfate solution. Serial
dilutions of soil suspension were performed by the 10-fold serial dilution method. The
aliquots (100 pL) of suspension of dilution were spread on surface of humic acid-
vitamin agar medium and arginine vitamin agar medium, supplemented with
cycloheximide 50 pg/mL and nalidixic acid 25 pg/mL and incubated for 30 days at 30
°C. The different colonies were picked up and streaked for further purification by
streak plate technique on International Streptomyces Project (ISP) medium 2 and
incubated for 14 days at 30 °C. They were also preserved by lyophilization using 10%

w/v skim milk as a cryoprotectant solution for long-term storage.

4.Fermentation and extraction from soil Streptomyces sp.

A loop of spores of colonies was inoculated into 50 mL test tubes containing
10 mL of 301 seed medium that consist of 24 g/L starch, 1 g/L glucose, 3 g/L
peptone, 3 g/L meat extract, 5 g/L yeast extract and 4 g/L CaCOs (adjusted to pH 7.0
before sterilization). Seed cultures were incubated on a rotary shaker (180 rpm) at 30
°C for 3 days. One percent of seed culture was transferred into 500 mL Erlenmeyer
flask containing 200 mL of ISP2 production medium for 5 flasks. ISP2 production
medium contains 4 g/L of Bacto-yeast extract (Difco), 1 g/L of Bacto-malt extract
(Difco), 4 g/L of Bacto-dextrose (glucose) and pH of the medium was adjusted to 7
before sterilization. After that, the medium was autoclaved by using moist heat
sterilization (121°C for 15 min) before proceeding experiment. Finally, fermentation

was carried out on a rotary shaker (200 rpm) at 27°C for 7 days. One liter of culture
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medium was extracted with the equal volume of ethyl acetate (EtOAc) for two times
per one flask. The EtOAc layers were collected and evaporated to dryness by using a
rotary evaporator. To completely remove residual solvent, crude extracts were placed

in a vacuum desiccator overnight.

5.Extraction of genomic DNA for 16S rRNA gene sequence analysis

One loop of colonies was streaked on ISP2 agar plate and incubated for 3-5
days at room temperature. After incubation, one or two loops of bacterial colonies
was put into the Eppendorf tube and added 300 pL of 100 mM TE buffer. Then 1
small spoonful of aluminum oxide was added into the tube and break the cells using
micro multimixers for 90 sec. 300 pL of phenol: chloroform (1:1) was added into the
tube, mixed for 5 minutes and centrifuged at 14,000 rpm for 15 minutes. The clear
supernatant was transferred into a new tube. Then 1/10 volume of 3mM sodium
acetate and 2 volumes of 95% cold ethanol were added and kept at -20°C for 30 min.
After that, centrifuged at 14,000 rpm for 15 min and the clear solution was removed,
dried the DNA pellet. Firstly, the DNA pellet was washed with 70% ethanol, then
washed again with 95% ethanol and dried the pellet for about 2 h. Finally, DNA pellet
was dissolved in 30 pL of distilled water and measured the DNA content using
nanodrop UV-Vis spectrophotometer (Thermo Scientific).
6.Amplification of 16S rRNA gene

The two primers, 20F (5'-GAGTTTGATCCTGGCTCAG-3') and 1530R (5'-
GTTACCTTGTTACGACTT-3') were used for 16S rRNA gene amplification. The
final volume (50 pL) of PCR mixture was contained 2 pL of each primer (10

pmol/uL), 1 pL of 10 mM dNTP, 5 pL of 10X Taq buffer, 2 pL of 50 mM MgCly,
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0.25 pL of Taqg polymerase, 35.75 uL of distilled water and 5 pL of DNA template.
The PCR conditions are 94°C for 3 min, followed by 29 repeated cycles containing
94°C for 1 min, 50°C for 2 min, 72°C for 2 min, and finally termination for 3 min at
72°C and 16°C forever. For the next step, the obtained PCR products were separated
on 0.8% agarose gel containing 4 pL of red safe dye for 25 min with a voltage of
100V. The PCR band was checked with UV light. Following this step, PCR cleanup
was performed using PCR purification kits (Geneaid). Lastly, the samples were sent
for Macrogen; Seoul, Korea for sequencing of 16S rRNA gene using universal
primers  which are 27F (5-AGAGTTTGATCMTGGCTCAG-3'), 518F
(5'CCAGCAGCCGCGGTAATACG-3'), 800R (5-TACCAGGGTATCTAATCC-3)
and 1492R (5-TACGGYTACCTTGTTACGACTT-3). EzBioCloud database was
applied for the identification of closest phylogenetic neighbors by BLAST search.
Before construction of phylogenetic tree, verification, and the process of multiple-
aligned with the selected sequences in 16S rRNA gene sequence must be performed
manually. MEGA 7.0 software was applied for generation of phylogenetic tree using
the neighbor-joining (NJ) methods. Kimura’s two-parameter method was used in
analysis of evolutionary distances among the stains for NJ tree. Support values of
branches were evaluated using the bootstrap resampling method with 1,000

replications.

7.Whole genome sequencing analysis
Genomic DNA of strain ST1-45 was extracted using PureLink™ Genomic
DNA mini kit (Invitrogen). The genomic DNA was sequenced using the MiSeq

sequencing system (lllumina). The whole-genome sequencing library of 250 bp was
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prepared using QIAGEN FX kit (Qiagen, USA). Briefly, the genomic DNA was
enzymatically fragmented and cleaned with magnetic beads. Next, the fragmented
DNA was bind to the adaptor index. Cluster generation and paired end 2x250
nucleotide read sequencing were performed on Illumina MiSeq sequencer. The
bioinformatics data of the genome was analyzed using PATRIC (142). The
phylogenomic was constructed using TYGS web-based server (143). The calculation
of average nucleotide identity (ANI) between the genome of strains was achieved
with JspeciesWS (144). AntiSMASH software was applied for the determination of

the biosynthetic gene cluster in the genome (145).
8.Cell viability assay

Human non-small cell lung cancer cell line (NCI-H460) (ATCC HTB-177
American Type Culture Collection) was incubated in complete RPMI-1640 medium
with 5% CO; at 37°C. Briefly, 100 uL of cell suspension with a density of 1x10°
cell/well was seeded in 96 well plates and cultured for 24h. After that, culture medium
was replaced with 100 uL. medium containing various concentrations (ranging from
0.625 pg/mL to 160 pg/mL) of crude extracts from Streptomyces sp. for 24 h. After
24 h incubation, the supernatant was removed, washed with PBS and incubated with
100 pL of MTT solution (0.4 mg/mL to 0.5 mg/mL) for 4 h in the dark condition. The
formazan crystals formed in the cells were dissolved with 100 uL of DMSO and
measured at 570 nm using a microplate reader (Anthros, Durham, NC, USA).
Cytotoxicity of each sample was expressed as an ICso value. The ICso value is the
concentration of the test sample that causes 50% inhibition of cell growth averaged

from three replicate experiments.
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9.Nuclear staining assay

Costaining with Hoechst 33342 and propidium iodide (PI) are used to detect
apoptotic and necrotic cell death. H460 cells were seeded at a density of 1x10°
cells/well in 96 well plate for 24 h. Different concentrations of crude extract were
treated on the cultured cells for 24 h. After 24 h treatment, the cells were stained for
30 min with concentration of 10 pM Hoechst and 5 pg/mL PI at 37°C. The
mechanism of cell death was examined under fluorescence microscope (Olympus

IX51 with DP70).

10.1solation of RNA for XBP-1 splicing assay

After reaching nearly 70%-80% cell confluence, these cells were seeded into 6
well plate at a density of 3 x 10° cells/well for 24 h. After 24 h incubation, the culture
medium was removed and treated with 1 mL of medium containing subtoxic dose of
crude extracts from Streptomyces sp. for 24 h. The next step was harvesting the cells
and then lyse the cell by using 300 pL of Trizol reagent. After adding the reagent, the
cell lysate should be passed several times through a pipette to form a homogenous
lysate. To ensure complete dissociation of nucleoprotein complex, the sample could
stand for 5 min at room temperature before adding 60 pL of chloroform solution. The
sample was covered tightly, shake vigorously for 15 sec, and allowed to stand for 2-3
min at the room temperature. The resulting mixture was centrifuged for 15 min at
12,000 x g and 4°C. Following centrifugation, the aqueous phase was transferred to
fresh tube and 150 pL of isopropanol was added to the tube and leave at room
temperature for 10 min. Then the mixture was centrifuged for 10 min at 12,000 x g

and 4°C. The RNA precipitate was formed a pellet on the side and bottom of the tube.
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And then the supernatant was removed and washed RNA pellet by adding 300 pL of
75% ethanol. Following this step, vortex the sample briefly and then centrifuge at
7,500 x g for 5 min at 4°C.The supernatant was removed by aspiration and air-dry
RNA pellet for 5-10 min at room temperature. Finally, RNA pellet was solubilized in
20 uL of nuclease free water and then incubated in a water bath at 55-60°C for 10-15
min. The content of RNA vyield was determined by using nanodrop UV-Vis

spectrophotometer (Thermo Scientific).

11.cDNA synthesis by RT PCR method

Total RNA samples were reverse transcribed with the Invitrogen SuperScript
I11 reverse transcriptase according to manufacturer’s instruction. 200 ng of total RNA
was added to a nuclease free PCR tube containing 1uL of 10 mM dNTP and 1 pL of 5
UM oligo dT. Nuclease free water was added into the tube to make up the final
volume of 10 pL. The mixture was briefly centrifuged, heated to 65°C for 5 min in a
heat block and cool to 4°C for at least 1 min. After that, the RT reaction mixture that
comprise 2 pL 10x RT buffer, 4 uL of 25 mM MgClz, 2 uL 0.1 M DTT, 1 pL of
RNaseOUT (40U/uL) and 1 pL of (200 U/uL) Super Script Il reverse transcriptase
was added to the tube containing mixture of RNA template, OligodT primer and
dNTP mixture. The mixture solution was briefly centrifuged and heated to 50°C for
50 min. At the final step, the reaction was inactivated by heating at 85°C for 5 min.
Hereafter, 1 uL of RNase H was added to each tube and incubated the tubes for 20
min at 37°C. The content of single stranded cDNA yield was determined by using

nanodrop UV-Vis spectrophotometer (Thermo Scientific).
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12.PCR amplification and Pstl digestion

PCR products were synthesized from single stranded cDNA by PCR in a total
volume of 20 pL containing 50 uM of XPB1-forward primer (5-AAACAGAGTAGC
TCAGACTGC-3') and XBP-1 reverse primer (5-TCCTTCTGGGTAGACCTCTGGG
AG-3'), 10 mM of dNTP (NEB), 5 U/uL of NEB Taq Polymerase, 10X Standard Taq
buffer, 5 M Betaine and nuclease free water. XBP-1 double-stranded cDNA was
synthesized under the following thermal cycling conditions: 94°C 2 min, 94°C 30
seconds 34 cycles, 58°C 30 seconds, 72°C 1 min, 72°C 3 min. Then, PCR products
were digested with Pstl digestion reaction containing 1 pg PCR product, 1.5 pL Pstl-
HF, 2 pL NEBuffer 4, water (up to 20 pL) at 37°C for 3 h followed by heat
inactivation at 80°C for 20 min. The digested fragments were run on 2% agarose gels
for approximately 1 h with 130 voltage (V). Following this step, the gel was stained
with 0.5 pg/mL of ethidium bromide for 2 min and destained with deionized water for
the same time. At the final step, the bands were detected with Gel Doc XR+ system
(Bio-Rad). The ImageJ software (Version 1.4.3.67) was used to identify band

intensity.

13.Chemosensitization and selective cytotoxicity assay

MTT was used to reveal the chemosensitization and selective cytotoxic effect
of crude extract isolated from Streptomyces sp. on cisplatin-induced apoptosis in
H460 cells. The cells were seeded into 1x10° cell/well in 96 well plates and incubated
for 24 h in incubator. Then the cells were pretreated with nontoxic dose (1.25 pug/mL)

of crude extract for 1 h followed by the treatment of various concentrations of
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cisplatin (2.5 uM to 40 uM) for 24 h. For selective anticancer activity, the crude
extract ranging from 0.325 pg/mL to 5 pg/mL was treated on both cancerous H460
cells and non-cancerous HaCat cells for 24 h. After that, percentage of cell viability

was measured by microplate reader (Anthros, Durham, NC, USA).

14.Apoptotic analysis by flow cytometry using annexin V-PI

To detect the pattern of programmed cell death (apoptotic or necrotic cell
death), H460 cells were seeded at a density of 1.5x10° cell/mL for 24 h. After treated
with cisplatin alone and combination of cisplatin and crude extract on human H460
lung cancer cells for 24 h, these cells were harvested, washed with PBS and
suspended the cells in 90 pL of annexin V binding buffer. Next, these cells were
stained with 5 pL of each FITC-conjugated Annexin V and Pl and subjected to flow
cytometer according to manufacturer’s instructions (ImmunoTools, Germany). The
cell's populations are divided into four groups: (i) living cells without apoptosis or
necrosis (no red or green fluorescence), (ii) early apoptotic cells (positive green
fluorescence and negative red fluorescence), (iii) late apoptotic cells exhibiting both
green and red fluorescence, and (iv) necrotic cells showing only red fluorescence

(146).

14.Western blot analysis

The cell lysates were collected after treatment with cisplatin and crude extracts
and then total protein was extracted using cell lysis buffer (RIPA buffer from Thermo

scientific, Rockford, USA) and protease inhibitor (cOmplete™ ULTRA Tablets, Mini,
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EASYpack Protease Inhibitor Cocktail) for 30 min to 1 h on ice. The cell lysates were
centrifuged at 10,000 rpm for 4°C for 15 min and collected the supernatant. Protein
concentration of each sample was measured by BCA protein assay Kit
(Thermoscientific). Before loaded on SDS-PAGE gel, the protein content of each
sample was normalized and heated at 95°C for 5 min in the water bath for
denaturation. After this step, equal amount of proteins was loaded on SDS-PAGE and
separated by electrophoresis with the voltage of 80V for 2 h using running buffer.
After finishing this step, the proteins were transferred onto nitrocellulose membrane
(Bio-Rad, Hercules, CA, USA) using semi-dry transfer method. The transferred
membrane was blocked with 5% w/v skim milk in TBST for 1 h at room temperature
followed by incubation of primary antibodies against pIRE1 o, JNK, and pJNK
overnight at 4°C. Then, the membrane was washed with TBST for three times and
further incubated with relevant secondary antibodies for 2 h at room temperature.
Eventually, protein bands from each sample were visualized using chemiluminescent
ECL assay kit (Clarity™ western ECL substrate, Biorad). Image J software was used

for quantitative determination of protein expression levels.

15.Analytical thin layer chromatography Profile

The TLC profile of the crude extract was performed on silica gel 60F2s4 pre
coated aluminium plates (Merck) with the layer thickness 250 pum. The developing
solvent system used was the ratio of chloroform and methanol (9:1). After running
TLC, the plates were visualized under normal white light, UV light at 254 nm and 365

nm. Derivatization reagents such as anisaldehyde, Dragendorff's Reagent, ninhydrin,
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iodine vapour, phosphomolybdic acid, 50% aqueous sulphuric acid, 10% alcoholic

sulphuric acid were exposed to the TLC plate for the detection of compounds.

16.Statistical analysis

All the mean data + standard deviation represent from the three or more
independent experiments. Comparison of significant differences among groups were
examined using analysis of variance (ANOVA), followed by Tukey’s posthoc test.
IBM SPSS statistics 22 program was used for data analysis. P value for statistical

significance is considered at < 0.05.
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CHAPTER IV

RESULTS

1.Isolation and screening of cytotoxic activity of Streptomyces crude extracts

From eight crude extracts isolated from soil actinomycetes in peat swamp
forest of Yala Province, only three of them (ST1-45, ST1-64, and ST1-54) provided
good purity and the remaining crude extracts showed contamination with other strains
based on 16S rRNA gene sequence analysis. Therefore, crude extracts isolated from
pure strain were selected for screening of cytotoxic effect. The extraction yeild of
crude extracts (ST1-45, ST1-64, and ST1-54) are found to be 100 mg, 98.51 mg, and

105.30 mg respectively.

To assess the cytotoxicity of these crude extracts, human H460 cells were
treated with various concentrations of crude extracts (ranging from 0 pg/mL to 160
pg/mL) for 24 h. After the indicated time point, the percentage of cell viability was
evaluated by MTT assay. Among primary screening for cytotoxic activity of these
extracts, significant dose-dependent inhibitory activity of ST1-45 was initiated at a
low dose (2.5 pg/mL) with ICso value of 9.51 pg/mL whereas the remaining two
extracts (ST1-64 and ST1-54) which are I1Cso values of 337.37 pg/mL and 171.52
pg/mL respectively were found to reduce cell viability only at higher concentrations.
Therefore, ST1-45 with a highest cytotoxicity against H460 cells was selected for

further investigations (Fig.8).

Furthermore, to determine whether the growth inhibitory activity of ST1-45

was correlated with apoptosis. After treatment with various concentrations of ST1-45
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for 24 h, the morphological characteristics of apoptosis and necrotic cells have been
examined by staining with blue fluorescence dye Hoechst 33342 together with red
fluorescence dye propidium iodide. Changes in morphological characteristics were
observed under fluorescence microscope. Increasing the number of bright blue
fluorescence cells with chromatin condensation, DNA fragmentation and formation of
blebs on cell surface were found in a dose-dependent manner. However, few numbers
of necrotic cells with red fluorescence were only occurred at high concentrations. This

may suggest that ST1-45 induce growth inhibition of H460 cells through apoptosis

(Fig.9).
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Figure 8 Determination of cytotoxicity of Streptomyces crude extracts. (a) ST1-45 (b)
ST1-64 (c) ST1-54. Values are means of the five independent experiments £ SD.*P

value < 0.05 versus non-treated control group.
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Figure 9 Evaluation of mode of cell death for ST1-45 in H460 cells using Hoechst
and Pl staining assay. After treated the cells with ST1-45 for 24 h, the cells were
stained. (a) Morphology of the cells was photographed with a fluorescence
microscope. (b) The number of apoptotic cells was counted using Image J software.

The percentage of apoptotic cell death was significantly increased in a dose-
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dependent manner following exposure to the extract. Data obained from averaged
values of independent triplicate experiments. *P value < 0.05 versus non-treated
control group.

2.Selective anticancer activity of ST1-45 in human NSCLC H460 cell line and

human keratinocytes cell line (HaCaT)

Although the main purpose of chemotherapy is to kill rapidly proliferating
cancer cells, most of the existing chemotherapeutic drugs destroy both cancerous and
non-cancerous cells which can result in undesired adverse effects. So, to verify
whether ST1-45 possess selective anticancer activity against cancerous cells, human
Keratinocyte cells (HaCaT) were used as a non-cancerous cell model. After treated
both cell lines with various concentrations of ST1-45 (ranging from 0.3 pg/mL to 5
pg/mL) for 24 h, the cytotoxic effect of the extract was measured by MTT assay. The
result indicated that dose-dependent reduction of cell viability was occurred
significantly in H460 cells. In contrast, there was no significant changes in cell
viability of normal cells. These results collectively revealed that ST1-45 was a potent
and selective anticancer compound which contribute to high potential and interesting

compound for further investigations (Fig.10).
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Figure 10 ST1-45 induce cell death selectively in the H460 cell line compared to non-

cancerous HaCaT cells. Data from the average of the five experiments independently

+ SD. * P value < 0.05 versus control group. # P value < 0.05 HaCat cells.
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3.ST1-45 induced the sensitivity of NSCLC H460 cells to cisplatin

To examine the potential of ST1-45 to augment the chemosensitivity of H460
cells to cisplatin, the cells were pretreated for 1 h with optimal non-toxic dose (1.25
pg/mL) of ST1-45 followed by various dose range of cisplatin for 24 h and measured
the cell viability percentage by MTT assay. The results clearly indicated that
pretreatment with ST1-45 could sensitize H460 cells to cisplatin treatment with the
ICs0 at 13.65 pM, whereas exhibit ICso at 37.60 uM when treated with cisplatin only

(Fig.11).
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Figure 11 Sensitizing effect of secondary metabolite from Streptomyces on cisplatin-
induced apoptosis in human NSCLC H460 cell line. Values are means + SD of the
three independent experiments.*P value < 0.05 versus non-treated control group.”P <
0.05 versus the cells treated with cisplatin alone.

4. Synergistic anticancer effect of crude extract ST1-45 and cisplatin

To determine the synergistic interaction between ST1-45 and cisplatin, MTT
assay was performed to evaluate cell viability percentage. Then, the results were
submitted to synergy finder web-based tool and bliss model was used as reference
model to calculate synergy score. If the synergy score is (i) less than -10: the
interaction between two drugs is likely to be antagonistic, (ii) from -10 to 10: the
interaction between two drugs is likely to be antagonistic, (iii) larger than 10: the
interaction between two drugs seems to be synergistic. Based on analyzed results, the
bliss synergy score between ST1 45 and cisplatin is 29.946 which shows strong
synergistic interaction.
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Figure 122 Bliss synergy score of ST1-45 and cisplatin analyzed by synergy finder
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5.Determination of mode of cell death by flow cytometry analysis

To ascertain the mode of cell death induced by combined treatment of ST1-45
and cisplatin, the cells were stained with annexin V-FITC/PI and analyzed by flow
cytometry. The percentages of cells analyzed by flow cytometry following Annexin V
and PI staining could be classified into four categories. The populations of cells
residing in the annexin V+/Pl- and the annexin V+/PI+ quadrants were determined as
early and late apoptotic cells, respectively. The annexin V—/PI - and the Annexin
V—/PI+ quadrants were determined as living cells and necrotic cells, respectively. The
results in this study showed that the percentage of apoptosis cells were significantly
increased in the groups of combined treatment with 1.25 pg/mL of ST1-45 and
various concentrations of cisplatin compared to cisplatin alone (Fig.12). Average
percentage of the cells in the different mode of cell death after treatment with ST1-45,

cisplatin and their combinations are summarized in Table 1.
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MODE OF CELL DEATH
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Figure 13 Apoptosis rate in H460 cells was assessed by flow cytometry using the
annexin V-FITC/PI double staining assay after treatment with 1.25 pg/mL of ST1-45,
various concentrations of cisplatin and their combinations. The X-axis represents the
FITC-labeled annexin V positive cells whereas the Y-axis represents the Pl-labeled
populations. The Q1 quadrant indicates the percentage of necrotic cells (An -, Pl +) ,
the Q2 quadrant shows the percentage of late apoptotic cells (An +, Pl +), the Q3
quadrant indicates the percentage of early apoptotic cells (An +, PI -), and the Q4
quadrant shows normal cells (An -, Pl -). The error bars refer to the standard

deviations obtained from the triplicate sample analysis.
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Table 1 Average percentage of the cells in the different mode of cell death after

treatment with ST1-45, cisplatin and their combinations.

Samples Q1 (%) Q2 (%) Q3 (%) Q4 (%)
Control 0.40+0.15 5.93+1.75 3.78 £0.74 89.90 +£2.43
ST1-45 0.40 £ 0.09 5.33+1.06 4.18 +£0.49 90.03 £1.62
Cis 2.5 pM 0.52+0.31 6.17 +£1.56 3.21+0.44 90.07 £ 1.62
ST1-45 + Cis 2.5 uM 0.73+0.14 8.67 +0.37 8.88 +2.72 81.70 + 2.62*#
Cis 5 pM 0.45+0.22 5.99 +0.88 3.13+0.09 90.43+1.15
ST1-45 + Cis 5 uM 0.49+0.04 9.19 + 1.86*# 10.35 + 0.35*# 79.90 + 2.26*#
Cis 10 uM 0.34+0.13 5.52+211 2.26 £0.87 91.87+£3.10
ST1-45 + Cis 10 uM 0.60 +£0.05 15.86 + 8.68*# 15.30 £ 7.21*# 68.25 + 15.90*#
Cis 20 pM 0.32+0.07 7.13 +3.03 3.73+0.24 88.83 + 3.24*#
ST1-45 + Cis 20 uM 0.74 +0.06 41.95 + 18.08*# 16.90 + 1.84*# 40.40 £ 16,97*#
Cis 40 pM 0.48 +0.09 39.00 + 2.83*# 15.70 + 4.80*# 44.80 £ 7.50*#
ST1-45 + Cis 40 uM 0.54+£0.12 41.60 + 1.56*# 19.20 £ 2.97*# 38.70 = 4.38*#

*P value < 0.05 versus non-treated control group.

#P < 0.05 versus the cells treated with cisplatin alone.
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6.Molecular mechanism of chemosensitization effect did not correlate with IRE1-

mediated ER stress pathway

We established an experimental approach to whether ER stress mediated
apoptosis mechanism might be a possible molecular mechanism of the
chemosensitizing effect of ST1-45 on cisplatin-induced apoptosis in H460 cells.
Based on our proposed mechanism, IREla activated XBP-1 splicing ratio was firstly
determined by RT-PCR analysis. The results demonstrated that the XBP-1 splicing
pattern did not change after treatment with various concentrations of ST1-45 (Fig.13).
In our subsequent western blot analysis, the phosphorylated IRE1 o expression level
remains unchanged in both groups of ST1-45 alone and combination with non-
significant dose of cisplatin ranging from 2.5 uM to 10 uM (Fig.14). Interestingly,
although pIREI a protein level did not alter, upregulation of pJNK expression level
was prominently found in a single treatment with ST1-45 and cotreatment of ST1-45
with cisplatin at 10 uM whereas there was no difference in the total protein level of
JNK. Altogether, the underlying apoptotic mechanism of sensitizing effect perhaps
due to other upstream signaling pathways that lead to JNK activation, independent of

the IRE1 a-mediated ER stress pathway.

Spliced XBP-1

500bp (447 bp)

Unspliced XBP-1
300 bp (290 bp)
Unspliced XBP-1

200 bp
(183 bp)

ST1-45 - 03 0625 125 25 pg/mL
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Figure 14 RT PCR analysis for secondary metabolites of Streptomyces sp. ST1-
45.The cDNA from total RNA from these cells was subjected to PCR and Pstl
restriction digestion (CTGCA|G) to semi-quantitatively evaluate the levels of XBP-1s.

Data were expressed as means + s.d. (n=3).
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Figure 15 Evaluation of ER stress protein level by western blot analysis after
pretreatment with 1.25 pg/mL of ST1-45 on cisplatin treated H460 lung cancer cells

(a) expression level of ER stress marker, pIRE1 a (b) phosphorylated and total INK
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proteins expression level. Values are means = SD of the three independent

experiments. *P value < 0.05 versus non-treated control group.

7.Strain identification by 16S rRNA gene analysis

BLAST analysis based on almost complete 16S rRNA gene of ST1-64 and
ST1-54 exhibited the strain closely correlated with Streptomyces lucensis NBRC
130567 (99.20%), and Streptomyces glomeratus LMG19903" (99.69%) respectively.
However, the 16S rRNA result of ST1-45 did not provide sufficient information to
identify the strain accurately. So, the whole genome sequence analysis of ST1-45 was

conducted for strain identification concisely.

8.Whole Genome Sequencing for ST1-45

The genome sequence of ST1-45 was submitted to TYGS server to identify
strain and construct the phylogenomic tree. Based on the phylogenomic tree analysis,
strain ST1-45 shared the same node with Streptomyces puniciscabiei DSM 419297
and shared the cluster with the other five Streptomyces comprising Streptomyces
fodineus TW1S1T, Streptomyces durhamensis NRRL B-33097, Streptomyces

alanosinicus JCM 47147, and Streptomyces yokosukanensis DSM 402247 (Fig.15).

The comparative genome analysis results demonstrated that strain ST1-45
exhibited ANI and DNA-DNA hybridization values in the range of 85.83% - 92.33%
and 37.4% - 47.5%, respectively. These values were lower than the recommended cut-
off value, 95-96% of ANI, and 70% of dDDH for delineating species (Table 2) (147,
148). Hence, it can be postulated that strain ST1-45 represents the candidate for novel

Streptomyces species based on above genomic evidence. However, to propose the
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description of new species, it is strongly recommended to perform polybasic

taxonomic studies to confirm new specie.

TUU
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TUU

'ST1-45'

Streptomyces puniciscabielDSM 419297
Streptomyces fodineus TW1S1"
Streptomyces durhamensis NRRL B-3309"
Streptomyces alanosinicus JCM 47147
Streptomyces yokosukanensis DSM 402247
Streptomyces monashensisMUSC 17
Streptomyces achromogenes NRRL B-2120"

Streptomyces cinerochromogenes JCM 33857

- Streptomyces corchorusii DSM 403407

Streptomyces echinatusCECT 33137

Figure 16 The phylogenetic tree based on genome sequence of strain ST1-45 and

related Streptomyces type strain available on the TYGS database. The number at the

node are GBDP pseudo-bootstrap support values obtained from 100 replication.



Table 2 ANIb, ANIm values (%) and the digital DNA-DNA hybridization (dDDH)
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values between the draft genomes of strain ST1-45 and related Streptomyces species.

Strain Genome size % G+C Compare to ST1-45

(bp)

content % dDDH  ANIb% ANImM%

ST1-45 8,937,732 71.10 -
S. fodineus TW1S1T 9,698,948 71.09 42.3 88.94 91.42
S. durhamensis NRRL B-3309" 9,311,708 71.69 40.7 87.81 90.56
S. alanosinicus JCM 47147 10,244,856 70.90 35.7 86.95 90.01
S. monashensis MUSC 17 10,254,857 71.50 359 85.83 89.11
S. puniciscabiei DSM 419297 9,146,138 71.40 475 90.15 92.33
S. yokosukanensis DSM 10,159,272 70.90 374 87.37 90.18
402247

9.Distribution of secondary metabolite biosynthetic gene cluster in Streptomyces

sp. ST1-45

AntiSMASH server is a useful software pipeline for the determination of

biosynthetic secondary metabolite gene clusters in the genome of strain ST1-45.

Based on antiSMASH pipeline, strain ST1-45 possesses several secondary metabolite

biosynthetic gene clusters including melanin, siderophore, geosmin, bacteriocin,

ectoine, terpene, NRPS, T1PKS, T2PKS, and T3PKS. Three clusters showed 100%

similarity with the known biosynthetic gene cluster, including geosmin, ectoine, and

albaflavenone (Table 3). Interestingly, some of the gene clusters showed low

similarity percentage with secondary metabolites which have been identified. Thus,
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strain ST1-45 might produce unknown secondary metabolites that have not been
proposed.

Geosmin is a sesquiterpene compound that has an earthy or musty odor
produced by various types of microorganisms such as cyanobacteria and filamentous
bacteria, especially the Streptomyces. The earthy and musty smell of the geosmin is
responsible for commercially freshwater fish such as catfish and Nile-tilapia as well
as the drinking water.

Ectoine which is a naturally produced cyclic tetrahydropyrimidine organic
osmolyte is a compatible solute, and protective substance. This compound is produced
by many species of bacteria and involved in the surviving role of organisms under
osmotic stress. Ectoine is used as an active constituent in sun protection and skincare
products.

Albaflavenone which was firstly isolated from Streptomyces albidoflavus is a
B unsaturated sesquiterpene ketone. The compound has a smell of earthy and
camphor-like odor. Albaflavenone has antibacterial activity against Bacillus subtilis

with a MIC value of 10 pg/ml (149).
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Table 3 The distribution of the biosynthetic gene cluster in Streptomyces sp. ST1-45.

Cluster Type Most similar known cluster (class) Similarity (%)
1 melanin Melanin 60
2 Siderophore desferrioxamin B/desferrioxamine E 83
3 Siderophore  Grincamycin (polyketide: type Il + 5
saccharide:hybrid/tailoring)
4 Geosmin Terpene 100
5 Bacteriocin  Informatipeptin (RiPP: Lanthipeptide) 42
6 NRPS Arginomycin 10
7 HgIE-KS, Cinnamycin (RiPP:Lanthipeptide) 19
T1PKS
8 T3PKS Herboxidiene 8
9 T3PKS Daptomycin (NRP) 9
10 T2PKS Hiroshidine (Polyketide) 27
11 terpene Hopene (terpene) 92
12 T1PKS Heronamides A-F (NRP + polyketide) 54
13 NRPS Pepticinnamin E (NRP + polyketide) 10
14 NRPS, Foxicins A-D (NRP + polyketide) 9
T1PKS
15 Ectoine Ectoine 100
16 Siderophore Ficellomycin (NRP) 3
17 NRPS, Vazabitide A (NRP) 15
bacteriocin
18 Terpene Albaflavenone (terpene) 100
19 T1PKS Hitachimycin (polyketide) 31
20 T1PKS Lydicamycin (NRP + polyketide: 32

modular type 1)
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10.TLC Analysis

TLC profile for ethyl acetate extract of ST1-45 was shown in (Fig.16). The
results obtained showed the purple spot after derivatization with p-anisaldehyde
reagent which indicate the presence of phenol, terpenes, and sugars. Blue spots were
appeared on the TLC plate derivatized with phosphomolybdic acid which represent
the presence of steroids. Tan-brown color spot was appeared on the TLC plate after
exposure with iodine vapor representing the presence of hydrocarbons. Moreover,
after the plate was derivatized with 10% sulfuric acid in methanol and 50% Sulfuric
acid in water and then visualized under long wave UV (366 nm), fluorescence spots
were detected. This testing also indicates the presence of hydrocarbons. However, the
crude extract did not contain alkaloids and amines since red spot did not show in the

TLC plate after spray with Dragendorff reagent and ninhydrin respectively.

Table 4 TLC results of ST1-45

No. Detection Method No: of spot Rrvalue

1. p-anisaldehyde sulfuric acid 2 0.43, 0.57

2. Phosphomolyhbdic acid 2 0.38, 0.49

3. lodine vapor 1 0.29, 0.43, 0.53
4 Sulfuric acid/ methanol/ LWUV 3 0.25, 0.35, 0.47

5. Sulfuric acid/ LWUV 1 0.41
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Figure 17 TLC profile of ST1-45 isolated from novel Streptomyces sp.(a) viewed

with normal white light (b) UV 254 nm (c) UV 365 nm (d) derivatization with
anisaldehyde (e) Dragendorff reagent (f) Ninhydrin (g) lodine vapour (h)
Phosmolybdic acid (i) 10% sulfuric acid in methanol (j) 10% sulfuric acid in
methanol with UV 365 nm (k) 50% Sulfuric acid in water (I) 50% sulfuric acid in

water with UV 365 nm.
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CHAPTER V
DISCUSSION AND CONCLUSION

Lung cancer is the foremost wide-reaching cancer-related mortality in the
world (2). Although several kinds of antitumor compounds have been developed, their
awful adverse effects and drug resistance restrict their benefits in cancer treatment
(149,150). Thus, researchers expressed interest in seeking new biologically active
metabolites or chemosensitizing agents that can increase the efficacy of standard
chemotherapy from natural sources offering fewer toxic effects than current
chemotherapeutic drugs. Streptomyces have attracted great attention since they shelter
different gene clusters that produce different compounds with diverse chemical
backbones (151). Through this study, we found the selective and chemosensitizing
activites of Streptomyces crude extract ST1-45 on cisplatin-induced apoptosis in H460

NSCLC cells.

In our current study, total of eight strains were isolated from the soil of peat
swamp forest, Yala Province, Thailand which provide unique and chemically diverse
bioactive compounds. Only three of them which showed good purity results based on
16S rRNA sequencing analysis were selected for testing of cytotoxic activities. Our
preliminary results demonstrated that ST1-45 possessed potent anticancer activity
with 1Cs value of 9.51 pg/mL whereas the remaining two extracts (ST1-64 and ST1-
54) showed cytotoxic effects only at higher concentrations with 1Cs, values of 337.37
pg/mL and 171.52 pg/mL respectively. Thus, we assumed that ST1-45 has potent
anticancer activity against H460 lung cancer cells (Fig.8). Next, we were wondering

if this extract has the selective cytotoxic effect on cancerous cells without toxic effect
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to non-cancerous cells. To verify this possibility, we performed cell viability assay on
both cell lines and human keratinocyte cells (HaCat) was used as a non-cancerous cell
model in this study. Interestingly, the result exhibited that the percentage of cell
viability was significantly reduced on tumorigenic H460 cell line in a dose dependent
manner whereas there was not occurred toxic effect in non-tumorigenic HaCaT cell
line within the same dose range. According to this result, our findings provide
evidence that ST1-45 crude extract isolated from Streptomyces sp. could be a
potential antitumor compound which exert selective anticancer effect without harmful

effect on normal cells (Fig.10).

In our subsequent analysis, the optimal non-toxic dose (1.25 pug/mL) of crude
extract ST1-45 was selected for the pre-treatment of H460 cells for 1 h followed by
the treatment of various concentrations of cisplatin to evaluate the sensitizing effect of
ST1-45 on cisplatin treatment in lung cancer by MTT assay. The results showed that
combination of ST1-45 and cisplatin (ICso = 13.65 uM) was more sensitized to
NSCLC cells than cisplatin alone (ICsp = 37.60 uM) (Fig.11). Additionally, the cells
were costained with annexin V and Pl whether to investigate the possible induction of
cell death (apoptosis and/or necrosis). The annexin V/PI staining assay allows the
simultaneous determination of early apoptosis events depended on annexin V binding
to exposed PS and late apoptotic/dead events through the uptake of propidium iodide
annexin V, a Ca 2+ dependent phospholipid-binding protein possesses a high affinity
for phosphatidyl serine (PS) which is a membrane-bound component localizing in the
inner surface of the cell membrane. Translocation of PS from the inner leaflet to the

outer surface of the membrane is an indicator of early-stage apoptosis (152). Our
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analysis of annexin V and PI staining by flow cytometry analysis illustrated that the
increased percentage of early and late phase apoptotic cells was found in the group of
combined treatment with ST1-45 and cisplatin in comparison with the group with
cisplatin alone. The investigations in this study strongly confirmed that the sensitizing
effect of ST1-45 on cisplatin treated cells was due to the activation of apoptosis (Fig.

12).

From the results of RT-PCR and western blot analysis (Fig.13,14), the
underlying molecular mechanism of sensitizing effect did not depend on IRE1 a-
mediated ER stress mechanism. In our proposed mechanism, non-toxic concentration
at 1.25 pg/ml could induces IRE1 o mediated XBP-1 splicing which is the marker for
mild ER stress condition but it is insufficient for apoptotic induction at this dose.
When combine with cisplatin, however, the ER stress level will drastically increase,
and this high ER stress can trigger JNK activation which will result in apoptotic
induction. So, we performed RT-PCR analysis to determine the splicing ratio of XBP-
1. Unfortunately, we found that there were no changes of XBP-1 splicing pattern in
cells treated with various concentrations of ST1-45 compared to control. Moreover,
the expression level of one of the ER stress marker protein (pIRE1 o) which is an
upstream regulator of XBP-1 splicing and JNK activation did not alter in combined
treatment with ST1-45 and cisplatin compared to ST1-45 or cisplatin treated alone.
Interestingly, we have discovered that overexpression of pJNK protein was found in
cells treated with ST1-45 and cotreated with cisplatin at 10 uM compared to control.
Although significant cytotoxic effect of ST1-45 was not observed at 1.25 pg/mL,

pJNK protein expression was upregulated in immunoblot analysis. Ventura JJ, et al.



74

reported that transient activation of JNK promotes cell survival, while prolonged JINK
activation trigger cellular apoptosis (153). From the results in our study, JNK
activation induced by ST1-45 alone might be transient and when combined with
genotoxic effect of cisplatin, these combined activities could make the cells prolonged
JNK activation which lead to apoptosis (Fig.14). Taken together, the apoptotic
mechanism of chemosensitizing effect might come from other upstream signaling
pathways for instance MAPK signaling pathway which lead to JNK activation. Based
on literature reviews, Streptomyces sp. metabolite can induce Bax mediated intrinsic
apoptosis and autophagy by inhibition of mTOR pathway in cervical cancer cell lines
(154). Neoantimycin F (NAT-F) isolated from Streptomyces conglobatus induced
apoptosis of non—small cell lung cancer (NSCLC) cells by up-regulating pro-apoptotic
protein Bax and downregulating anti-apoptotic protein Bcl-2, Mcl-1, and Bcl-x.,
which contribute to cytochrome c release from mitochondria and sequential activation
of caspase-9 and -3, as well as the cleavage of poly (ADP-ribose) polymerase.
Meanwhile, extracellular signal-regulated kinase (ERK), p38 MAPK (p38), and JNK
signaling pathway were also involved in anti-cancer activity of NAT-F in NSCLC
cells (155). Therefore, the above-mentioned signaling pathways might be involved in
the antitumor activity of ST1 45 in human H460 lung cancer cells and could be
promising target for further investigations. Obviously, additional studies will be

required to confirm the underlying mechanism of sensitizing effect.

In this study, strain identification of ST1-45 by whole genome sequence
analysis revealed that the strain ST1-45 might represent the potential candidate of new

species. However, polyphasic taxonomic studies should perform to propose the
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description of new species. The potential biosynthetic secondary metabolites gene
clusters were evaluated by using antiSMASH software. The presence of geosmin,
ectoine, terpene, PKS 1 and NRPS genes in strain ST1-45 suggests the possibility that
it can produce bioactive secondary metabolites belonging to these classes of natural
products. Therefore, it is important to investigate the major constituents presented in

ST1-45 which might potentially be developed as a cytotoxic drug.

In conclusion, the observations from this study provided candidate for novel
Streptomyces species isolated from peat swamp forest in Yala Province, Thailand
possessing anticancer and chemosensitizing activities in H460 human non-small cell
lung cancer. This study also sought to address the potential mechanistic aspect
underlying the observed sensitizing response of Streptomyces crude extract on
cisplatin-induced apoptosis via modulation of JNK activation. This opens new
avenues to isolation and structural elucidation of active constituents and subsequent
evaluation of therapeutic effects of pure isolates in management of cancer.
Additionally, this study warrants further experiments to evaluate the exact molecular
mechanism for sensitizing effect of ST1-45 on cisplatin-induced apoptosis in H460

lung cancer cells.
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APPENDICES
APPENDIX A

1.Genomic study of Streptomyces sp. ST1-45

An assembled genome of Streptomyces sp. ST1-45 was submitted to the
comprehensive genome analysis service using PATRIC. Based on the analysis of
PATRIC pipeline, the genome provided good quality. This assembled genome
included 222 contigs with a length of 8,937,732 bp and the average G+C content was
71.08%. This genome has 8,716 protein-coding sequence (CDS), 68 transfer RNA
(tRNA) genes, and 5 ribosomal RNA (rRNA) genes. These ribosomal RNA genes
contained two 23S rRNA genes, two 16S rRNA gene, and one 5S rRNA. The genome
annotation consisted of 3075 hypothetical proteins, 5,641 protein with functional
assignment, 1237 with Gene Ontology (GO) assignments.

The graphical display of circular view of the genome was shown in Fig.17.
The result included, from the outer to inner rings, the contigs, CDS on the forward
strand, CDS on the reverse strand, non-CDS feature, antimicrobial resistance genes,
virulence factor genes, transporters, drug targets, GC content, and GC skew. The
color of the CDS on the forward and reverse strand represents the subsystem that this

gene belongs to (Fig.18).
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Figure 18 The circular view of the genome of Streptomyces strain ST1-45.

Subsystem Counts (Subsystems,

> [ METABOLISM (100,

> ENERGY (29,

> [l PROTEIN PROCESSING (41,

> [l STRESS RESPONSE, DEFENSE, VIRULENCE (34,
> [l CELLULAR PROCESSES (14,

> [l DNA PROCESSING (17,

> [l REGULATION AND CELL SIGNALING (6,
> [l MEMBRANE TRANSPORT (9,

> RNA PROCESSING (10,

> [ CELL ENVELOPE (6,

> [l MISCELLANEOUS (4,

Figure 19 The overview of the genome of the subsystems of the strain ST1-45. The
subsystem provides a set of proteins that together implement a specific biological

process or structural complex.



Table 5 Results of 16S rRNA gene analysis
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No. | Isolates Strain Similarity Accession
Number

1. | ST1-45 | Streptomyces fodineus 98.48 % KT820007
TWi1s1T

2. | ST1-64 | Streptomyces lucensis 99.20 % AB184280
NBRC13056"

3. | ST1-54 | Streptomyces glomeratus 99.53 % AJ781754
LMG19903"

4. | ST1-39 | Streptomyces stelliscabiei 98.80 % FJ007385
NRRLB-2447"

5. | ST1-69 | Ochrobactum intermedium | 99.85 % AB680967
LMG3301"

6. | ST1-63 | Ochrobactum intermedium | 99.80 % AB680967
LMG33017

7. | ST1-29 | Ochrobactum intermedium | 99.62 % AB680967
LMG3301"

8. | ST1-42 | Streptomyces fodineus 99.15 % KT820007

TW1S1™




APPENDIX B

PREPARATION OF REAGENTS

Yeast extract-malt extract agar (ISP medium 2, ISP 2)
Bacto-Yeast Extract (Difco)
Bacato-Malt Extract (Difco)
Bacto-Dextrose (Glucose)
Distilled Water
Adjust to pH- (7 to 7.2), then add

Bacto agar

301 Seed medium
Starch (2.4 %)
Glucose Extract (0.1%)
Peptone Extract (0.3%)
Meat Extract (0.3%)
Yeast Extract (0.5%)
CaCOs (0.4%)
Distilled Water

pH - 7.00

TE buffer

10 mM Tris-HCI (pH 8.0)
1 mM Na2-EDTA (pH 8.0)

Distilled water

49
109
49

1L

169

24 ¢
1g
39
39
39
5¢

1L

10 mL
10 mL

980 mL
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1 M Tris-HCI buffer, pH 8.0
Tris base 121.1 mg
Dissolve Tris base in distilled water. Stir solution and monitor the pH with a
pH probe while adding conc. HCI to adjust the pH 8.0. Make up the solutionto 1 L

with distilled water and autoclave. Store it at room temperature.

1 mM Na2-EDTA (pH 8.0)

EDTA 292.24 ¢
Dissolve EDTA in 700 ml of distilled water. Stir solution and monitor the pH with a
pH probe while adding NaOH pellets to adjust the pH 8.0. Dilute the solutionto 1 |

with distilled water and autoclave. Store it at room temperature.

3 M Sodium acetate

Sodium acetate trihydrate (CH3COONa.3H20) 408.0 ¢
Dissolve CH3COONa.3H20 in 400 ml of distilled water. Stir solution and monitor
the pH with a pH probe while adding glacial acetic acid to adjust the pH 5.2. Make up

the solution to 1 L with distilled water and autoclave.

50X Tris-acetate (TAE) buffer

Tris Base 242.28 ¢
Glacial acetic acid 57.1 mL
0.5M EDTA (pH 8.0) 100 mL

Dissolve Tris Base in 600 ml of distilled water. Stir solution and add glacial acetic
acid and 0.5M EDTA (pH 8.0) solution. Make up the volume to 1000 ml with distilled

water. Autoclave and store at room temperature.
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1X Tris-acetate (TAE) buffer
50X Tris-acetate (TAE) buffer 20 mL

Distilled water 980 mL

0.8% Agarose gel

Agarose 08¢
Distilled water 100 mL

Mix agarose and distilled water and melt the mixture with the microwave.

2% Agarose gel
Agarose 08¢
Distilled water 100 mL

Mix agarose and distilled water and melt the mixture with the microwave.

Lysozyme digestion buffer (20 mg/mL)

Lysozyme 10 mg

TE buffer 500 pL

10 X Running Buffer (pH- 8.3)

250 mM Tris Base 30.3¢g
1.92 M Glycine 144 g
1% SDS 10g

Distilled water 1L
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1 X Running Buffer

10X Running Buffer 100 mL
Distilled water 900 mL
1 X Transfer Buffer

48 mM Tribase 5.815¢
39 mM Glycine 2.925¢g
20% Methanol 200 mL
0.04% SDS 049
Distilled water 1L

10X TBS (pH- 7.6)

Tri-base 24.23 ¢
NaCL 80.06 g
Distilled water 1L

1IX TBST
10X TBS 100 mL
Distilled water 900 mL

Anisaldehyde reagent

Ethanol 90 mL
Conc: H2S04 5mL
p-Anisaldegyde 5mL

Acetic acid 1mL



Dragendorff’s reagent

Solution A

Solution B

Basic bismuth nitrate

Acetic acid

Distilled water

Kl

Distilled water

101

20 ml

80 ml

409

100 ml

Before spraying, 10 mL of each solution A plus solution B and acetic acid (10 ml).

Ninhydrin

Ninhydrin

Absolute alcohol

Phosphomolybdic acid reagent

Absolute ethanol

Phosphomolybdic acid

Sulfuric acid (H2SO4/LWUV)

Concentrated sulfuric acid

Distilled water

Sulfuric acid/Methanol/LWUV

Concentrated sulfuric acid

Methanol

100 mL

100 mi

100 mL

100 mL

10 mL

90 mL



APPENDIX C

TABLES OF EXPERIMENTAL RESULTS
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Table 6 The percentage of cell viability of human H460 lung cancer cell after

treatment with 0-160 pg/mL of Streptomyces crude extract (ST1-45).

ST1-45 (ug/mL) % Cell Viability
- 100.00 £ 0.00
0.625 pug/mL 90.77 £ 5.36
2.5 pg/mL 71.58 £ 9.69*
10 pg/mL 50.69 + 10.05*
40 pg/mL 46.96 + 9.17*
160 pg/mL 34.16 £ 9.17*

Values are average from five independent experiments + SD.

*P < (.05 versus non-treated control.
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Table 7 The percentage of cell viability of human H460 lung cancer cell after

treatment with 0-160 pg/mL of Streptomyces crude extract (ST1-64).

ST1-64 (ug/mL) % Cell Viability
- 100.00 £ 0.00
0.625 pug/mL 95.21 + 0.56
2.5 pg/mL 89.16 + 3.48
10 pg/mL 87.45 + 4.64*
40 pug/mL 81.30 + 6.72*
160 pg/mL 74.00 + 9.29%

Values are average from five independent experiments + SD.

*P < (.05 versus non-treated control.
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Table 8 The percentage of cell viability of human H460 lung cancer cell after

treatment with 0-160 pg/mL of Streptomyces crude extract (ST1-54).

ST1-54 (ug/mL) % Cell Viability
- 100.00 £ 0.00
0.625 pg/mL 95.86 + 3.94
2.5 ug/mL 92.67 + 4.77
10 pg/mL 86.34 + 2.63*
40 pg/mL 74.64 + 4.39*
160 pg/mL 55.23 + 9.40%

Values are average from five independent experiments + SD.

*P < (.05 versus non-treated control.
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Table 9 The percentage of cell viability of human H460 lung cancer cell and non-

cancerous human keratinocyte cell (HaCaT) after treatment with 0-5 pg/mL

of Streptomyces crude extract (ST1-45).

ST1-45 (ug/mL)

% Cell Viability

H460 HaCaT
- 100.00 £ 0.00 100.00 £ 0.00
0.3 pg/mL 98.75+0.37 94.58 + 1.60
0.625 pg/mL 95.23 + 4.06 92.97 £0.20
1.25 pg/mL 91.32+4.31 92.50+0.14
2.5 pug/mL 83.19 + 3.73* 91.60 + 0.34
5 pg/mL 64.97 + 3.64* 90.55 + 0.36

Values are average from five independent experiments + SD.

*P < (.05 versus non-treated control.
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Table 10 The percentage of cell viability of human H460 lung cancer cell after

treatment with 1.25 pg/mL of Streptomyces crude extract (ST1-45) for 1 h

followed by 0-40 uM of cisplatin.

Cisplatin (uM)

% Cell Viability

Cotreatment Cisplatin aone

- 100.00 £ 0.00 100.00 £ 0.00
2.5 uM 56.53 £ 4.64*# 96.67 + 3.35
5 uM 52.57 £ 6.48*# 095.52+3.14
10 uM 46.14 + 4.46%# 03.85+4.87
20 uM 32.51 + 0.48*# 85.33+4.19
40 uM 18.83 + 6.46*# 40.79 £ 4.43*

Values are average from five independent experiments + SD.

*P < (.05 versus non-treated control.

#P < 0.05 versus the cells treated with cisplatin alone.
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Table 11 The relative protein expression level of ER stress markers after pretreated

with ST1-45 for 1 h followed by various concentrations of cisplatin on

human H460 lung cancer cells.

Treatment groups Relative protein level

pIRE] a pINK INK
Control 1.00+0.00 1.00£0.00 1.00+0.00
ST1-45 0.94+0.39 2.62+0.43 0.96+0.13
Cisplatin 2.5 0.93+0.36 1.6+0.22 0.9840.35
ST1-45 + 0.89+0.78 1.30+0.53 0.91+0.23
Cisplatin 2.5
Cisplatin 5 0.90+0.90 1.34+0.23 0.89+0.31
ST1-45 + 0.85+0.86 1.3740.31 0.88+0.46
Cisplatin 5
Cisplatin 10 0.98+0.89 1.25+0.25 0.80+0.44
ST1-45 + 0.80+0.54 3.25+0.44 0.92+0.24
Cisplatin 10

*P < (.05 versus non-treated control.

Values are average from five independent experiments + SD.
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