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Mansonone G (MG), 1,2-naphthoquinone, isolated from the heartwood of Mansonia
gagei Drumm (Chan-Cha-Mod), exhibited several pharmacological effects including anti-bacterial,
anti-estrogenic and anti-adipogenic effects. However, anticancer activity of MG and its derivatives
on colorectal cancer (CRC) has never been investigated. Therefore, the objective of this study
was to investigate the cytotoxic effect of MG and its derivatives and to determine the
mechanism(s) underlying cytotoxicity of the most potent MG derivative on two CRC cell lines,
HCT-116 cells carrying p53 wild-type and HT-29 cells carrying p53 mutant. In the present study,
MG and its derivatives could inhibit viability of HCT-116 and HT-29 cells in a concentration-
dependent manner. Of all MG and its derivatives, GO7 was the most potent cytotoxic agent
toward the cancer cells and less toxic to normal cells, PC5201-010 and CRL-1790. Mechanistic
studies revealed that GO7 could induce apoptosis through ROS generation in both HCT-116 and
HT-29 cells and this effect was abolished by N-acetyl cysteine (NAC). Western blot analysis
revealed that GO7 downregulated the expression of Bcl-2 and Bcl-xl proteins in both cells and
upregulated the expression of Bak protein in HT-29 cells. Moreover, GO7 downregulated AKT
signaling pathway and modulated ERK1/2 signaling pathway by inhibiting ERK1/2 phosphorylation
in HCT-116 cells and activating ERK1/2 phosphorylation in HT-29 cells. Taken together, the
present study demonstrated that GO7 exerted a potent anticancer effect toward human
colorectal cancer cells which was associated with induction of apoptosis, generation of ROS and
modulation of ERK1/2 and AKT signaling pathways, suggesting that GO7 is a promising compound

for further development as an anticancer agent in CRC treatment.
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CHAPTER |
INTRODUCTION

1.1 Background and rationale

Colorectal cancer (CRC) is one of the most common cancer worldwide. In 2018,
the International Agency for Research on Cancer (IARC) revealed that colorectal cancer
was the third most common cancer in the world and there were 1,849,518 new
colorectal cancer cases and 880,792 colorectal cancer deaths (1). In Thailand, the
National Cancer Institute (NCI) reported that CRC is the third most commonly
diagnosed in men and women (2). Treatment options of CRC are surgery, radiotherapy,
chemotherapy and targeted therapy. The drugs commonly used in CRC are 5-
fluorouracil (5-FU), oxaliplatin and irinotecan (3, 4). Although chemotherapy has been
widely used, several side effects have hampered its application. Moreover, acquired
drug resistance also limits the effectiveness of chemotherapy. Therefore, new

compounds with potent anticancer activity are urgently needed.

Reactive oxygen species (ROS) such as superoxide anion (O,), hydrogen
peroxide (H,O,) and hydroxyl radicals (OHs), are involved in cell signaling, cellular
senescence, cell cycle arrest and apoptosis (5-10). Increased ROS level can damage
cellular components such as lipids, proteins and nucleic acids (11-13). Cancer cells
frequently exhibit higher level of ROS compared with normal cells which can assist
cell survival and cell proliferation. However, excessive production of ROS can also
induce oxidative stress-mediated apoptosis in cancer cells (10). It was reported that
many chemotherapeutic agents such as doxorubicin, vinblastine, camptothecin and
cisplatin exhibited anticancer activity through increased ROS, resulting in DNA damage
(14, 15). Thereby, generation of ROS might be an effective strategy for cancer

treatment.



Apoptosis, a programmed cell death, is important for maintaining homeostasis
of multicellular organisms. Dysregulation of apoptosis is considered one of the
hallmarks of cancer and contributes to anticancer drug resistance (16). It is known that
anti-apoptotic proteins are frequently upregulated and pro-apoptotic proteins are
often downregulated in solid tumors (16, 17). In addition, most chemotherapeutic
agents promote cells to undergo apoptosis by modulating expression and function of

pro- and anti-apoptotic proteins (18, 19).

Previous studies reported that mansonone, a 1,2-naphthoquinone, has several
pharmacological effects including anti-bacterial, anti-fungal, anti-estrogenic, anti-
oxidant, anti-adipogenic and anti-cancer effects (20-22). Wang D et al. showed that
mansonone E and F, isolated from Ulmus pumila, displayed anticancer activity against
many types of cancer, including melanoma (A375-S2), cervical cancer (Hela), breast
cancer (MCF-7) and lymphoma (U937). Mansonone E could induce apoptosis in Hela
cells by breaking oligonucleosome, activating caspase-3, decreasing the expression of
anti- apoptotic proteins, Bcl-2 and Bcl-x|, and increasing the expression of a pro-
apoptotic protein, Bax (23). Similarly, mansonone E, isolated from Thespesia populnea,
exhibited anticancer effect in several types of cancer including breast cancer (MCF-7),
cervical cancer (Hela), colorectal cancer (HT-29) and oral cavity cancer (KB) and its ICsy
values were 0.05, 0.55, 0.18 and 0.4 uM, respectively (24). Furthermore, toxicity of
mansonone E, extracted from the root bark of Ulmus davidiana, against various human

leukemia cell lines, including HL60, K562, THP-1 and U937 has been found (25).

Recently, Hairani et al. has reported that mansonone G (MG), a major product
extracted from the heartwood of Mansonia gagei Drumm, had anti-bacterial activity.
Notably, increasing alkyl chain length of ether analogues of MG resulted in higher
antibacterial activity (20). However, anticancer activity of MG and its derivatives on

colorectal cancer cells has never been investigated. Therefore, the present study



aimed to determine the cytotoxicity of MG and its derivatives on two colorectal cancer

cells lines, p53-wild-type HCT-116 cells and p53-mutant HT-29 cells.

1.2 Objectives

To investigate the cytotoxic effects of mansonone G and its derivatives on two

colorectal cancer cell lines, p53-wild-type HCT-116 cells and p53-mutant HT-29 cells.

To determine the mechanism(s) underlying cytotoxicity of the most potent

mansonone G derivative in colorectal cancer cell lines.

1.3 Hypothesis

Mansonone G derivative exerts cytotoxicity through ROS generation and

apoptosis induction in colorectal cancer cells.



CHAPTER Il
LITERATURE REVIEWS

2.1 Colorectal cancer

Colorectal cancer (CRC) develops in the cells lining inside the colon or rectum
(Figure 1). Among many types of cancer, incidence and mortality rate of CRC remain
high. In 2018, the International Agency for Research on Cancer (IARC) revealed that CRC
is the third most common cancer among men and women in the world (Figure 2) and
is the second leading cause of death (Figure 3) (1). In the United States, the American
Cancer Society reported that CRC is the third leading cause of cancer-related death in
2017 (26). An estimated 135,430 new cases were diagnosed with CRC while the
mortality was 50,260 deaths from the disease (27). In Thailand, the National Cancer
Institute (NCI) reported that CRC has been the third most common newly cancer
patient for many years. The incidence rates of CRC in 2016 were 14.83% and 8.77% of
all cases in men and women, respectively and estimated percentages of new cancer
patients with stage |, Il, Il and IV were 3.69%, 15.27%, 34.98% and 38.18%, respectively

of all patients (2).
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Figure 1 Anatomy of the large intestine (28)

Number of new cases in 2018, both sexes, all ages

Lung
2093 876 (11.6%)

Breast
2088 849 (11.6%)

Other cancers

7 753 946 (42.9%) Colorectum
1849518 (10.2%)
Prostate
1276106 (7.1%)
Cervix uteri Stomach

569 847 (3.2%) 1033701 (5.7%)

Oesophagus Liver
572 034 (3.2%) 841 080 (4.7%)

Total: 18 078 957 cases

Figure 2 The number of new cancer patients of colorectal cancer (1)



Number of deaths in 2018, both sexes, all ages

Lung
1761007 (18.4%)

Other cancers

3422 417 (35.8%)
Colorectum
: 880 792 (9.2%)
Prostate Stomach
358 989 (3.8%) 782 685 (8.2%)
Pancreas Liver
432 242 (4.5%) 781 631 (8.2%)
Oesophagus Breast
508 585 (5.3%) 626 679 (6.6%)

Total: 9 555 027 deaths

Figure 3 The number of deaths of colorectal cancer (1)

2.1.1 Risk factors of CRC

Many factors including age, family history, genetic alteration, personal disease
history, diet and lifestyle can increase the risk of CRC. More than 90% of CRC patients
are older than 50 years old, with the average age at diagnosis is 64 years old (29). CRC
cases can be classified into 3 groups including sporadic, familial and inherited. Most of
the CRC is sporadic. Approximately 70-80% of CRC patients have no family history
while approximately 15-20% of cases occur in patient who have family history of CRC.
The common forms of inherited CRC are familial adenomatous polyposis (FAP) and
hereditary nonpolyposis colorectal cancer (HNPCC), accounting for 5-10% of all CRC.
Most patients with familial and inherited CRC develop very large number of adenomas
and subsequent CRC at a young age. Additionally, personal disease history, including
inflammatory bowel disease, ulcerative colitis, Crohn’s disease and history of polyp,
also increases the risk of CRC (29-32). Genetic alterations also increase the risk of CRC.

The accumulation of the mutations in specific genes such as adenomatous polyposis



coli (APQ), Kirsten-RAS (KRAS) and p53 drives the transition from normal epithelium
through adenoma and subsequent CRC (33). APC is the most common mutated gene
in familial, inherited and sporadic CRC. Activation of KRAS, a member of MAPK pathway,
also play a critical role in the progression of CRC. Mutated KRAS has been detected in
40% of sporadic CRC (34). In addition, p53 is the most common mutated gene in human
cancer and its mutation occurs approximately 50% of CRC (35-37). Loss of p53 is
associated with a progression from late adenoma to carcinoma and patients with
mutant p53 are more resistant to chemotherapy than patients with wild-type p53 (38).
It was reported that patients with p53 mutations are likely to have poor prognosis and
less response to 5-FU (39). Moreover, both dietary and lifestyle also affect the
development of CRC. It is shown that dietary such as high consumption of red meat
and unsaturated fat is associated with an increased risk of CRC. Similarly, people with
excessive alcohol consumption and long-term cigarette smoking have an increased risk

of CRC more than people who do not consume the products (40).

Mutation Mutation Loss Mutation
and loss and loss
APC KRAS SMAD2/4 TP53
Normal epithelium Early adenoma/ Intermediate Late adenoma Carcinoma Metastasis
dysplastic crypt adenoma

e
Altered DNA Other genetic alterations

methylation

Figure 4 The colorectal adenoma-carcinoma sequence (28)



2.1.2 Symptoms of CRC

There are various clinical presentations in advanced stages of CRC. The
symptoms include anemia, abdominal pain, weight loss, lower gastrointestinal tract
bleeding, bowel habit change, diarrhea, constipation and bloating. Patients commonly

present with several symptoms rather than one specific symptom (41).

2.1.3 Stages of CRC

According to the American Joint Committee on Cancer (AJCC) staging system,

CRC can be classified into 4 stages, including O, I, II, lll and IV (42).

Stage 0: The cancer cells are still in mucosa of the colon or rectum, which is

called carcinoma in situ.

Stage I: The cancer has grown through the mucosa and has invaded the
muscular layer of the colon or rectum. It, however, has not spread to nearby tissue or

lymph nodes.

Stage IIA: The cancer has grown through the wall of the colon or rectum and

has not spread to nearby tissue or to the nearby lymph nodes.

Stage IIB: The cancer has grown through the layers of the muscle to the lining
of the abdomen, called the visceral peritoneum. It, however, has not spread to nearby

lymph nodes or anywhere else in the body.

Stage IIC: The tumor has spread through the wall of the colon or rectum and
has grown into nearby structures. It, however, has not spread to nearby lymph nodes

or anywhere else in the body.

Stage IlIA: The cancer has grown through the inner lining or into the muscle
layers of the intestine. It has spread to 1-3 lymph nodes or to a nodule of tumor in
tissues around the colon or rectum that do not appear to be lymph nodes. The cancer

has not spread to other parts of the body.



Stage IlIB: The cancer has grown through the bowel wall or into surrounding
organs. It has spread to 1-3 lymph nodes or to a nodule of tumor in tissues around
the colon or rectum that do not appear to be lymph nodes. However, the cancer has

not spread to other parts of the body.

Stage IlIC: The cancer of the colon, regardless of how deep it has grown, has

spread to 4 or more lymph nodes but not spread to distant parts of the body

Stage IVA: The cancer has spread to a single distant part of the body, such as

the liver or lungs.
Stage IVB: The cancer has spread to more than 1 distant part of the body.

Stage IVC: The cancer has spread to the peritoneum. It may also have spread

to other sites or organs.

2.1.4 Treatment of CRC

There are multimodalities in the treatment of CRC, including surgery,
radiotherapy, and chemotherapy. Surgery is the mainstay treatment of CRC. There are
many techniques in cancer excision based on the anatomy of mass (43). Radiation is
used in some cases of CRC. It may be used as the adjuvant therapy which can decrease
the recurrent rate in some stages of CRC (44, 45). Chemotherapy is indicated in some
conditions of patient including stage Il or Il to reduce a risk of recurrence and stage IV
to control the cancer that had spread to several sites of the body (46). Many drugs are
used for CRC including 5-fluorouracil (5-FU), capecitabine, oxaliplatin and irinotecan (3,

a).

5-FU is an antimetabolite which is similar in chemical structure to uracil. The
mechanism of action depends on three active metabolites, including fluorouridine
triphosphate (FUTP), fluoro-deoxyuridine triphosphate (FAUTP) and fluorodeoxyuridine

monophosphate (FAUMP). FUTP and FAUTP get incorporated into RNA and DNA
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strands, disrupting RNA and DNA synthesis, respectively whereas FAUMP inhibits
thymidylate synthase (TS), a key enzyme in pyrimidine synthesis, resulting in DNA
damage. In addition to 5-FU, capecitabine, an oral pro-drug of 5- FU, which is
metabolized in the liver, has also been approved for treating CRC. The most common
side effects of these two chemotherapeutic agents are myelosuppression, mucositis

and diarrhea (47).

Oxaliplatin is the third generation of platinum based alkylating agent. Its primary
mechanism of action is forming DNA adducts to prevent replication process. The main
side effects of oxaliplatin are peripheral neuropathy, fatisue, neutropenia and

hypokalemia (47-50).

Irinotecan is a semisynthetic derivative of the plant alkaloid camptothecin. It is
converted by carboxylesterase in the liver to form an active metabolite, SN-38, which
inhibits DNA topoisomerase |, making cell accumulation in the G2 or S phase. The main

side effect of this drug is diarrhea (48, 51).

Due to several severe side effects associated with chemotherapeutic agents,
targeted therapy has been developed to specifically attack cancer cells such as anti-
vascular endothelial growth factor (anti-VEGF), anti-epidermal growth factor receptor
(anti-EGFR) and multi-targeted tyrosine kinase inhibitors (TKIs). Bevacizumab, an anti-
VEGF or anti-angiogenesis agent, inhibit vascular forming by binding specifically to VEGF.
Anti-EGFR agents such as cetuximab and panitumumab have been approved for
treating CRC patients with wild type KRAS. They are directed against the extracellular
domain of EGFR, preventing ligand binding to the receptors. In addition to monoclonal
antibodies, regorafenib, a multi-targeted tyrosine kinase inhibitor (TKI), has recently
been approved for CRC. The drug binds to adenosine triphosphate (ATP) binding site

of the tyrosine kinase domain of the several receptors such as VEGFR, platelet-derived
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growth factor receptor, and KIT (stem cell factor receptor), resulting in inhibition of cell

growth (4).

2.2 Reactive Oxygen Species

Reactive oxygen species (ROS), such as superoxide anion (O,), hydrogen
peroxide (H,O,) and hydroxyl radicals (OHe), are natural byproducts of aerobic
metabolism. ROS is associated with an oxidative stress, which occurs as a result of an
imbalance between free radical production and elimination. Oxidative stress can cause
disruption of mitochondrial membrane integrity and subsequently release of
cytochrome C, which in turn activates intrinsic apoptotic machinery, leading to the cell
death. ROS play important roles in cell signaling, homeostasis, cell cycle arrest, cellular

senescence, and apoptosis (5-10).

Generally, low concentration of ROS can assist cell proliferation and survival,
however high concentration of ROS is cytotoxic. Excessive production of ROS in cancer
cells can induce apoptosis through oxidative stress. Many chemotherapeutic agents
such as doxorubicin, vinblastine, camptothecin and cisplatin exhibit antitumor activity
partly through increased ROS, leading to DNA damage (14, 15). In addition to currently
marketed anticancer drugs, the effect of natural compounds on ROS generation in
cancer have been extensively investigated. Previous study demonstrated that
curcumin-induced apoptosis via ROS production, resulting in activation of caspase-3,
modulation of pre-mRNA processing factor 4B (Prp4B) and expression of p53 in HCT-15
colon cancer cells (52). Similarly, dehydrozingerone, a structural analogue of curcumin,
induced cell cycle arrest at G2/M phase and apoptosis through the accumulation of
ROS in HT-29 human colon cancer cells (53). Moreover, it was reported that the active
ingredients of grape seed extract such as epigallocatechins, anthocyanins and gallic
acid generated ROS and increased Ca®* level, concomitantly with ERK inactivation,

eventually leading to apoptosis in Caco-2 colon cancer cells (54).
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2.3 Apoptosis

Apoptosis is the programmed cell death which is the normal process of the
cell to conserve homeostasis in higher organism. Cell signaling and caspases are central
mediators of apoptosis events. Characteristics of apoptosis include cell shrinkage,
nuclear fragmentation, chromatin condensation and cell membrane blebbing (55, 56).
Since apoptosis is critically important for cell survival, deregulation of apoptosis is
involved in development and progression of cancer. Cancer cells can modulate and
disturb apoptosis and most chemotherapeutic agents promote cells to undergo
apoptosis (18, 19). Apoptosis can be activated through two major pathways, including
the intrinsic pathway (mitochondrial pathway) and the extrinsic pathway (death

receptor pathway) (55, 56).
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Figure 5 Intrinsic and extrinsic apoptosis pathways (57)

2.3.1 Death-receptor-induced extrinsic apoptotic pathway

The specific ligands activate the death receptors including, tumor necrosis
factor receptor (TNFR), Fas receptor (FasR), death receptor 3 (DR3), TNF-related
apoptosis-inducing ligand receptorsl (TRAILR1 or DR4), TRAILR2 (or DR5) and DR,
forming death-inducing signaling complex (DISC) by incorporating with adaptor protein
and procaspases (procaspase 8 or 10). Procaspase 8 or 10 are then cleaved, becoming
active caspase 8 or 10, which further activates the downstream effector caspases,

including caspase-3, 6, or 7 to induce apoptosis (57, 58).
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2.3.2 Mitochondrial-apoptosome-mediated intrinsic apoptotic pathway

DNA damage stimuli such as free radical, ultraviolet irradiation (UV), and
chemotherapeutic agents can induce internal cellular stresses by activating BH3 only
pro-apoptotic Bcl-2 proteins such as PUMA and NOXA, which are inhibitors of anti-
apoptotic Bcl-2 proteins such as Bcl-2 and Bcl-xl. Normally, anti-apoptotic Bcl-2
proteins inhibit pro-apoptotic Bcl-2 effector proteins such as Bax and Bak which is
normally stabilize mitochondria outer membrane permeabilization (MOMP) (29).
Apoptotic stimuli induce oligomerization of pro-apoptotic Bcl-2 effector proteins,
forming pores, resulting in release of apoptogenic factors, including apoptosis-inducing
factor (AIF), endonuclease G (Endo G), second mitochondria- derived activator of
caspases/ direct IAP binding protein with a low iso-electric point (Smac/DIABLO) and
cytochrome C from intermembrane space. AIF and Endo G induce chromatin
condensation and DNA fragmentation in nucleus whereas Smac/DIABLO inhibits X-
linked inhibitor of apoptosis protein (XIAP). Cytochrome C binds with the apoptosis
protein-activating factor 1 (Apaf-1) and procaspase-9 to form the protein complex
known as “apoptosome”, resulting in autocatalytically cleavage of procaspase-9.
Active caspase-9 then cleaves and activates effector caspases, inducing apoptosis. (30-

32)

The intrinsic apoptotic pathway is regulated by members of the Bcl-2 family
proteins. The Bcl-2 family proteins are divided into three groups depending on Bcl-2

homology (BH) domain organization (Figure 6) (59-61).

(i Anti-apoptotic Bcl-2 proteins, such as Bcl-2 and Bcl-x(, consist of BH1, BH2,
BH3 and BH4 domains. These proteins prevent apoptosis by inhibiting the

function of the pro-apoptotic effector proteins.
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(i) Pro-apoptotic Bcl-2 effector proteins, such as Bak and Bax, consist of BH1,
BH2 and BH3 domain. The function of these proteins is promoting apoptosis
through the mitochondria outer membrane permeabilization (MOMP).

(iif) BH3 only pro-apoptotic Bcl-2 proteins, such as Noxa and Puma, consist of
BH3 domain. The function of these proteins induces apoptosis by inhibiting
anti-apoptotic Bcl-2 proteins or activating pro-apoptotic Bcl-2 effector
proteins.

Anti-apoptotic BCL-2 proteins
(@R (BA3 T (e ((BH2( (TM [ () BCL-2, BCL-W, BCL-XL, Al and MCL-1

Pro-apoptotic BCL-2 proteins

Effectors

s r— 7 — T—\

f» BH3 ‘\BH] \ BH2 ( ( TM | o) BAK, BAX and BOK

BH3-only proteins

e ~—— 7\ BID, BIM, BAD, BIK, BMF,

" BH3 U BNIP3, HRK, NOXA and PUMA

Figure 6 Bcl-2 family proteins (56)

2.4 MAPK Signaling pathway

The mitogen-activated protein kinase (MAPK) signaling pathway regulates wide
range of cellular activities and physiological processes such as cell growth,
differentiation, motility, metabolism, survival and apoptosis as well as embryogenesis
(62). There are three major subfamilies of MAPK pathway, including the extracellular
signal-regulated kinases (ERK), the c-Jun N-terminal kinase (UNK) and the p38 MAPK.
ERK1/2 is the one of most important subfamilies of MAPK signaling pathway. Several
studies demonstrated that activation of ERK1/2 MAPK signaling pathway is involved in
tumorigenesis and progression of CRC (63). The ERK1/2 MAPK signaling is commonly
activated through the mutation of RAS and RAF. In CRC, the mutation of KRAS gene is
approximately 35-45% whereas the mutation of NRAS and BRAF occur approximately

4% and 8%, respectively (64). The mechanism of ERK1/2 cascade is initiated by a
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variety of extracellular signals, including growth factors, which bind to a receptor
tyrosine kinase. Binding of ligand to its specific receptors recruit adaptor proteins such
as Grb2 and guanine nucleotide exchange factor (GEF) such as Son of sevenless (Sos)
to receptor which in turn activates Ras by switching from inactive GDP-bound form to
the active GTP-bound form. Activated Ras phosphorylates Raf protein and
subsequently activated Raf protein phosphorylates MEK1/2 which further activates
ERK1/2 by phosphorylation (63-67). Activated ERK1/2 can promote cell survival and
inhibit apoptosis by downregulating the activity of pro-apoptotic molecules or
upregulating the activity of anti-apoptotic molecules via activation of their transcription
(Figure 7). It is commonly known that DNA damage stimuli such as etoposide,
adriamycin, platinum compounds, ionizing irradiation and UV can induce apoptosis

through activation of ERK1/2 (62).
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Figure 7 ERK1/2 MAPK signaling pathway (68)

2.5 PI3K/AKT signaling pathway

Phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway is involved in cell
growth, proliferation, metabolism, motility, survival and apoptosis (69). Binding of EGF

molecules to their receptors activates PI3K, which in turn phosphorylates
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phosphatidylinositol 4,5-biphosphate (PIP2) to phosphatidylinositol-3,4,5-triphosphate
(PIP3). PIP3 functions as a docking site to recruit phosphoinositide-dependent kinase 1
(PDK1) and AKT to bind to PIP3 via pleckstrin (PH) domains. Then, AKT is activated by
phosphorylation of PDK1 and the mammalian target of rapamycin (mTOR), leading to
dissociation of AKT to the cytosol. Activated AKT regulates a wide range of proteins by
phosphorylation, resulting in cell growth, survival and proliferation (Figure 8). It was

shown that PI3K/AKT signaling pathway is frequently activated in CRC (70).
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Figure 8 PI3K/AKT signaling pathway (71)

2.6 Mansonone G and its derivatives
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HO

Figure 9 Structure of mansonone G (MW 244.29 ¢/mol) (72, 73)

Mansonone is a 1,2-naphthoquinone, isolated from Mansonia gagei Drumm (21,
73) (Figure 9). Mansonia gagei Drumnm is a Thai traditional medicine plant that belongs
to the Sterculiaceae family. It is also known as sandalwood and locally called Chan-
cha-mod, Chan, Chan-hom, Chan-pa-ma and Chan-khao in Thailand (74-76). Mansonia
gagei Drumm is a deciduous plant and the height ranges around 10-20 meters. The
color of its smooth surfaced bark is whitish erey and the heartwood is dark brown. It
has round leaf; white flower and their fruit is spindle shaped (77). Thai sandalwood
regimen is established in the National List of Essential Medicine (NLEM) 2012. The
heartwood of Mansonia gagei Drumm is locally used as an antidepressant, antiemetic,
cardiac stimulant and refreshment agent (20, 74). Previous studies have reported the
chemical constituents from the heartwoods of Mansonia g¢agei Drumm are
mansonones (C, E, F, G, H, I, N, O, P and S) and coumarins (mansorin A, B, C) (21, 73,

75, 78).
Pharmacological effects of mansonones
Antibacterial effect

In 2008, Boonsri et al. found that mansonone E, isolated from the heartwood
of Thespesia populnea, exhibited antibacterial activity against Bacillus subtilis with the
minimum inhibitory concentration (MIC) of 4.69 pg/ml (24). Moreover, it was shown

that mansonone E had high antibacterial activity against both Xanthomonas oryzae
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pv. Oryzae (Xoo) and Xanthomonas oryzae pv. Oryzicola (Xoc). The MIC and minimum

bactericidal concentration (MBC) were 7.8 and >500 pg/ml, respectively (79).
Anti-fungal effect

A previous study demonstrated that mansonone E, extracted from Mansonia
gagei Drumm, displayed the antifungal activity against Phytophthora parasitica with
94% inhibition at 1,000 pg/ml. Mansonone C, mansonone B and mansonone G also
showed potent activities against this fungus with 84, 81, and 61% inhibition,
respectively (79). Tiew et al. found that mansonone C and E had antifungal activity
against Candida albicans with a minimal amount to inhibit fungal growth on a silica
gel TLC plate of 0.15 pg and 2.5 pg, respectively (75). They also exhibited antifungal
activity against Cladosporium cucumerinum with a minimal inhibitory amount of 0.6

ug and 0.6 pg, respectively (75).
Anti-estrogenic effect

El-Halawany et al. reported that mansonone G and its derivative displayed a
potent anti-estrogenic activity by competing with estrogen for binding to estrogen
receptor (ER). Moreover, acetyl mansonone G showed a 10-fold increase in its binding
ability to ER when compared to mansonone G with an ICso of acetyl mansonone G was

630 UM (22).
Anti-oxidant effect

A previous study indicated that mansonone N, isolated from Mansonia gagei
Drumm, had the radical scavenging activity towards the 2,2-diphenyl-1-hydrazyl (75).
Similarly, using a thiobarbituric acid method, Kim et al demonstrated that mansonone
E and F, isolated from the root bark of Ulmus davidiana, exhibited antioxidant
properties. Mansonone E and F inhibited microsomal lipid peroxidation with ICs, values

of 0.03 and 0.04 pg/ml, respectively (80).
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Anti-adipogenic effect

Recently, mansonone G was found to inhibit differentiation of 3T3-L1 adipocyte
cells, with a 40% decrease in lipid accumulation at 10 yM via suppression of
peroxisome proliferator-activated receptor-y-mediated adipogenic gene expression

(72).
Anti-cancer effect

A previous study reported that mansonone E and F, isolated from Ulmus
pumila, exhibited anticancer effect in many types of cancer. The ICs, values of
mansonone E were 2.2, 7.9, 3.1 and 0.9 uM and ICs, values of mansonone F were 13.3,
30.5, 29.4 and 3.0 uM in melanoma (A375-S2), cervical cancer (Hel.a), breast cancer
(MCF-7) and lymphoma (U937), respectively. Mansonone E could induce apoptosis on
Hela cells by breaking oligonucleosome, activating caspase-3, decreasing the
expression of anti-apoptotic proteins, Bcl-2 and Bcl-x|, and increasing the expression
of a pro-apoptotic protein, Bax (23). Similarly, Sompong et al demonstrated that
mansonone E, extracted from Thespesia populnea, displayed anticancer effect in
several types of cancer including breast cancer (MCF-7), cervical cancer (Hela),
colorectal cancer (HT-29) and oral cavity cancer (KB) and its ICs, were 0.05, 0.55, 0.18
and 0.4 pM, respectively (24). Furthermore, cytotoxicity of mansonone E, extracted
from the root bark of Ulmus davidiana, has been found against various human

leukemia cell lines, including HL60, K562, THP-1 and U937 (25).

In 2003, Tiew et al. extracted several mansonones including mansonone C, E,
N, O, P, H, G from the heartwood of Mansonia g¢agei Drummm and found that
mansonone G (MG) is a major compound of the extract. The extraction yield was
approximately 5 g (75). Hairani et al. has reported that mansonones including

mansonone C, E, G and H were isolated from the heartwood of Mansonia gagei Drumm.
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Since MG displayed a good anti-bacterial activity, its ether analogues were then
synthesized. Later, it was found that increasing alkyl chain length of ether analogues
of MG results in higher antibacterial activity than the parent MG (20). Moreover, a recent
study demonstrated that ten ether analogues of MG (G01-G10) (Figure10) suppressed

adipocyte differentiation more potently than the parent compound (72).
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Figure 10 Structures of mansonone G derivatives
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MATERIALS AND METHODS
3.1 Equipment
- Analytical balance (Mettler Toledo, Switzerland)

- Autopipette (Brand, Germany)

- Autoclave (Sanyo, Japan)

- Biohazard laminar flow hood (Labconco, USA)

- Controller pipette (Gilson, USA)

- CO, incubator (Thermo, USA)

- Centrifuge (Hettich, Germany)

- Fluorescence flow cytometer (BD Bioscience, USA)
- Gel electrophoresis (Hoefer, USA)

- Light microscope (Nikon, Japan)

- Microplate reader (Thermo, Finland)

- pH meter (Mettler Toledo, Switzerland)

- TE 22 mini tank transfer unit (Hoefer, USA)

- Temperature control centrifuge (Eppendorf, Germany)
- Vortex mixer (Scientific Industries, USA)

- Water bath (IKA Labortechnik, Germany)

3.2 Materials

- 15 ml conical tube (Corning Inc., USA)
- 6-well plate (Corning Inc., USA)

- 96-well plate (Corning Inc., USA)



- 25 cm? rectangular cell culture flask (Corning Inc., USA)
- Polyvinylidene difluoride (PVDF) membrane (Merck, Germany)

3.3 Reagents

- Ammonium persulfate (Sigma, USA)
- Annexin V, Fluorescein conjugate (FITC) (Life technologies, USA)
- Bromophenol blue (Sigma, USA)
- B-mercaptoethanol (Sigma, USA)
- Bio-Rad Protein assay kit (Bio-Rad, USA)
- Dimethyl sulfoxide (DMSO) analytical grade (Sigma, USA)
- Dimethyl sulfoxide (DMSO) molecular grade (Sigma, USA)
- Dichloro-dihydro-fluorescein diacetate (DCFH-DA) (Sigma, USA)
- Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, USA)
- Fetal bovine serum (Gibco, USA)
- N-acetyl cysteine (NAC) (Sigma, USA)
- Penicillin-streptomycin (Gibco, USA)
- Primary antibodies (Cell Signaling, USA)
- Bak Rabbit monoclonal antibody (25 kDa)
- Bax Rabbit monoclonal antibody (20 kDa)
- Bcl-2 Rabbit monoclonal antibody (26 kDa)
- Belxl Rabbit monoclonal antibody (30 kDa)
- GAPDH Rabbit monoclonal antibody (37 kDa)

- PARP Rabbit monoclonal antibody (116, 89 kDa)

24
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- Phospho-p44/42 MAPK (ERK1/2) Rabbit monoclonal antibody (44, 42
kDa)

- pdd/42 MAPK (ERK1/2) Rabbit monoclonal antibody (44, 42 kDa)
- Phospho-Akt Rabbit monoclonal antibody (60 kDa)
- Akt (pan) Rabbit monoclonal antibody (60 kDa)
- Propidium iodide (Santa Cruz Biotechnology, USA)
- Protease inhibitors (Sigma, USA)
- Protogel (National Diagnostic, USA)
- Pyronin Y (Sigma, USA)
- RIPA lysis buffer (Thermo, USA)
- Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco, USA)
- Secondary antibody (Cell Signaling, USA)
- Anti-IgG, horseradish peroxidase (HRP)-linked antibody
- Sodium dodecyl sulfate polyacrylamide (SDS) (EM science, USA)
- Tetramethylethylenedimine (TEMED) (EM science, USA)
- Tris base (EM science, USA)
- Tween 20 (Sigma, USA)

- 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma,
USA)

- 0.4% trypan blue dye (Sigma, USA)

- 0.25% trypsin-EDTA (Gibco, USA)
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3.4 Methods
3.4.1 Cell culture

The human colon carcinoma cell lines, HCT-116 and HT-29, were obtained
from the American Type Culture Collection (ATCC). HCT-116 cells were maintained in
Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal
bovine serum (FBS), 100 U/ mL penicillin and 100 pg/ mL streptomycin. HT-29 cells
were cultured in Dulbecco’ s modified Eagle’s medium (DMEM) containing 10% FBS,

100 U/ mL penicillin and 100 pg/mL streptomycin. Cells were grown in a humidified

5% CO, incubator at 37°C.

The human normal cell lines including primary dermal fibroblasts, PCS201-010
and normal colon cells, CRL-1790, were obtained from the American Type Culture
Collection (ATCQ). Both cells were maintained in Dulbecco’s modified Eagle’s medium

(DMEM) containing 10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin and 4.5 ¢/L

glucose. Cells were grown in a humidified 5% CO, incubator at 37°C.

3.4.2 Preparation of mansonone G and its derivatives stock solution

Mansonone G (MG) and its derivatives including G01, G02, G03, G04, G05, GO6,
GO7, GO8, GO9 and G10 were kindly provided by Asst. Prof. Warinthorn Chavasiri,
Department of Chemistry, Faculty of Science, Chulalongkorn University. A 50 mM stock
solutions of MG and its ten derivatives were prepared in dimethyl sulfoxide (DMSO). In
the experiments, the stock solution was diluted in culture medium to give appropriate
final concentrations and the final concentration of DMSO was constantly kept at 0.2%.

The 0.2% DMSO was used as a vehicle control.

3.4.3 Determination of cell viability by MTT assay

Viable cells with active metabolism can convert 3-(4, 5-dimethylthiazol-2-yD)-

2,5-diphenyltetrazolium bromide (MTT) into a purple colored formazan product by
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mitochondrial succinate dehydrogenase enzyme. The absorbance of a color solution

can be measured spectrophotometrically at 570 nm.

The cytotoxic effects of MG and its derivatives including G01, G02, G03, G04,
GO05, GO6, GO7, GO8, GO9 and G10 were determined by MTT assay. Briefly, HCT-116 ,
HT-29 , PCS201-010 or CRL-1790 cells were seeded into 96-well plates at a density of
5x10* cells/ml and incubated overnight at 37 °C. HCT-116 and HT-29 cells were then
treated with MG or its derivatives, including GO1, G02, G03, G04, G05, G06, GO7, GO8,
G09 and G10, at the concentrations of 0.1, 1, 10 and 100 uM. PCS201-010 cells were
treated with G03, G04, GO7 and G10 at the concentrations of 1, 10 and 100 pM while
CRL-1790 cells were treated with GO7 at the concentrations of 1.25, 5, 10 and 20 pM,
or 0.2% DMSO in complete medium for 48 h. Next, 15 yL of MTT (0.5 mg/mL) was
added into each well and incubated for 4 h. After removing supernatant, 150 pL of
DMSO was added to solubilize formazan crystals. Finally, the optical density was

measured at 570 nm using a microplate reader (Thermo, Finland).

3.4.4 Analysis of apoptosis using Annexin V-FITC/PI staining

In the early stages of apoptosis, cells translocate phosphatidylserine (PS) from
the inner plasma membrane to the cell surface, which can be detected by annexin V-
fluorescein isothiocyanate (FITC) conjugate. During late apoptosis and necrosis, the
integrity of the plasma membrane is lost, allowing propidium iodide (PI) to pass through
the membrane. Therefore, annexin V-FITC/PI staining can be used to determine
whether cells are alive or undergo apoptosis or necrosis based on differences in plasma

membrane integrity and permeability.

HCT-116 and HT-29 cells were seeded into 6-well plates at a density of 5x10*
cells/ml and incubated overnight. HCT-116 cells were then treated with GO7 at
concentrations of 2.5, 5 and 10 uM for 24 h. HT-29 cells were treated with GO7 at

concentrations of 5, 10 and 20 uM for 24 h. After that, the cells were collected by
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trypsinization and centrifugation at 1,500 rpm for 5 min. The cell pellets were washed
twice with cold PBS. After re-suspending cells with 400 ul of assay buffer, the cells
were stained with 3 pl of Annexin V-FITC (Invitrogen, USA) and 1 ul of PI (Santa Cruz
Biotechnology, USA) for 15 min in the dark. The stained cells were analyzed using flow

cytometer (BD LSR I, Biosciences).

3.4.5 Evaluation of protein expression using western blot analysis

Effects of GO7 on expression of apoptotic-related proteins, including Bak and
Bax (pro-apoptotic proteins), Bcl-2 and Bcl-xl (anti-apoptotic proteins), and PARP and
signaling pathway proteins, including, ERK1/2, phospho-ERK1/2, Akt and phospho-Akt

were evaluated by western blotting. GAPDH was used as an internal control.

HCT-116 cells were treated with GO7 at concentrations of 2.5, 5 and 10 uM
whereas HT-29 cells were treated with GO7 at concentrations of 5, 10 and 20 uM for
24 h. Treated cells were lysed with RIPA buffer (Thermo scientific, USA). Protein
concentration of cell lysate was determined using the Bio-Rad DC Protein assay
reagents (Bio-Rad, USA). Twenty micrograms of protein lysate from cells were separated
on an 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to a PVDF membrane. The membrane was incubated with 3% non-
fat dry milk (NFDM) for 1 h for preventing non-specific binding. The membrane was
then incubated with Bak (dilution 1:1000), Bax (dilution 1:1000), Bcl-2 (dilution 1:1000),
Bcl-xl (dilution 1:1000), PARP (dilution 1:1000), phospho-p44/42 MAPK (ERK1/2) (dilution
1:1000), p44/42 MAPK (ERK1/2) (dilution 1:1000), phospho-Akt (dilution 1:1000), Akt
(pan) (dilution 1:1000) or GAPDH (dilution 1:1000) (Cell Signaling, USA) primary antibody
overnight at 4 °C. The membrane was then incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody (dilution 1:2000) (Cell signaling, USA) for 2 h at

room temperature. Protein bands were detected using chemiluminescence detection
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system (Pierce, USA) and analyzed using Image Studio software (LI-COR, Lincoln, NE,

USA).

3.4.6 Determination of intracellular ROS using DCFH-DA assay
Dichloro-dihydro-fluorescein diacetate (DCFH-DA) is a fluorogenic dye that

measures ROS within the cell. After diffusion into the cell, DCFH-DA is deacetylated by

cellular esterase to a non-fluorescent compound, which is later oxidized by ROS into

2" 7'-dichlorofluorescein (DCF). A highly fluorescent DCF can be quantified by

fluorescence spectroscopy.

HCT-116 and HT-29 cells were seeded into 96-well plates at a density of 5x10*
cells/ml and incubated overnight. Both cells were incubated with 100 pl of 10 uM
DCFH-DA in Hank’s buffered salt solution (HBSS) at 37 °C in the dark for 30 min.
Subsequently, the cells were washed with PBS. HCT-116 cells were then treated with
GO7 at concentrations of 2.5, 5 and 10 uM whereas HT-29 cells were treated with GO7
at concentrations of 5, 10 and 20 uM for 24 h. After that, the cells were washed twice
with PBS and 200 pl of 1% triton-X in 0.3 NaOH was added. The fluorescence intensity
was measured at an excitation wavelength of 485 nm and an emission wavelength of

535 nm using a fluorescence microplate reader (Thermo, Finland).

3.4.7 Statistical analysis

All data are reported as mean + standard error of mean (SEM) from three
independent experiments performed in triplicate. Statistical analysis was performed by
one-way analysis of variance (ANOVA) followed by LSD and student’s t-test was used
to compare significant difference between two groups using SPSS software program.

Difference is considered significant if p value < 0.05.



CHAPTER IV
RESULTS

4.1 Effect of mansonone G and mansonone G derivatives on the viability of
colorectal cancer cells

Initially, the effects of manosone G (MG) and its derivatives on the viability of
two CRC cell lines, p53 wild-type HCT-116 and p53 mutant HT-29, were investigated.
Cells were incubated with MG and its derivatives at the concentrations of 0.1, 1, 10
and 100 puM for 48 h. Cell viability was assessed using the MTT assay. As shown in
Figure 11 and Figure 12, MG and its derivatives significantly inhibited the growth of the
two tested human CRC cell lines in a concentration-dependent manner (P<0.001). The
values of the half maximal inhibitory concentration (ICs,) of MG and its derivatives were
illustrated in Table 1. Notably, tested MG derivatives, including G01, G02, G03, G04,
GO5, GO6, GO7, GO8, GO9 and G10 were more cytotoxic to cancer cells than the parent
compound. Of all MG derivatives, GO4 exhibited the most potent cytotoxicity toward
HCT-116 cells, followed by G10, GO6 and GO7, respectively (Table 1). Similarly, G04,
G07, GO8 and GO3 displayed potent cytotoxicity against HT-29 cells (Table 1). Taken

together, GO4 followed by GO7, GO3 and G10 were very toxic to both CRC cell lines.
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Figure 11 Effects of MG and its derivatives (G01-G04) on the viability of HCT-116 and
HT-29 cells. Both cell lines were treated with MG or its derivatives at 0.1, 1, 10 and
100 pM for 48 h. Cell viability was evaluated using MTT assay. Each value is expressed
as the mean + SEM (n=3). 'P<0.05, P<0.01, " P<0.001 compared with vehicle control
(0.2% DMSO).



G05
~ 150+
< Bl HCT-116
B
5 HT-29
U >
‘5 1001 & T kwx ok
°\e -
2
= 50-
©
s
% *kk n:w
o ol , \ — -
& o N S
&
(9
concentration (uM)
Go7
= 150+
[ Il HCT-116
5 HT-29
(&
%5 1004 -
X X x
2
= 504 annhae
|Q T
2 I
% R n:w
o 0' T T T T -f_
S N N )
& o S
&©
concentration (uM)
G09
=~ 1501
[ Il HCT-116
5 HT-29
o *
5 1001 R,
°
3 50" =
_E ok
>
3 |
© o' T T T
N
<° o s > >
S
()

concentration (uM)

cell viability (% of control) cell viability (% of control)

cell viability (% of control)

32

Go06

Il HCT-116
HT-29

*k

b kK
-

*kk
- J
I ddkk hokk
N ) O
concentration (1M)

Go08

Il HCT-116
HT-29

.
- =
dodk ok
*xx
T
ok hhkk
i ' " 1R
& ™ D K\

concentration (uM)

G10

Il HCT-116
HT-29

150+
1004
50+
0L,
N
0\‘0
<,O
1504
1004
504
0 -,
»
060
00
150
100+
504
0- T
AN
o\‘O
OO

*% * o
Hohek
T
ok
I rrk L
N N Q) O
Q" N \Q

concentration (uM)

Figure 12 Effects of mansonone G derivatives (G05-G10) on the viability of HCT-116

and HT-29 cells.

Both cell lines were treated with MG or its derivatives at 0.1, 1, 10

and 100 uM for 48 h. Cell viability was evaluated using MTT assay. Each value is

expressed as the mean + SEM (n=3). "P<0.05, P<0.01,  P<0.001 compared with

vehicle control (0.2% DMSO).
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Table 1: ICsy values of MG and its derivatives on HCT-116 and HT-29 cells

ICs0 (uM)
Compounds
HCT-116 HT-29
MG 20.74 + 0.51 25.55 + 2.08
GO1 20.86 + 3.10 15.07 + 1.91
G02 10.60 + 0.65 8.43 + 0.81
GO03 6.63 + 0.60 8.09 + 1.13
GO4 277 £0.20 3.24 +0.21
GO05 26.59 + 2.39 26.68 + 2.08
GO6 6.13 + 0.59 13.62 + 1.42
GO7 6.54 + 0.47 566 + 1.13
GO8 10.83 + 1.44 7.53 +1.20
G09 37.85 + 1.42 98.59 + 3.37
G10 5.16 £ 0.53 9.89 + 1.49

4.2 Effects of mansonone G derivatives on the viability of normal cells

Next, toxicity of G03, G04, GO7 and G10 was determined on normal fibroblast
cells, PCS201-010. Cells were treated with the four MG derivatives at 1, 10 and 100 uM
for 48 h. Although G04 and GO7 were highly effective in controlling the growth of CRC
cells, the results showed that GO4 was more toxic to normal fibroblast cells than GO7
(Figure 13). To confirm whether GO7 was not too toxic to normal cells, toxicity of GO7
was also evaluated on normal colon cells, CRL-1790. As shown in Figure 14, GO7
significantly decreased the viability of CRL-1790 cells in a concentration-dependent
manner (P<0.001). The ICsy value was 22.07+1.10 uM. Given that GO7 was more toxic
to CRC cells than normal colon cells, anticancer activity and the underlying

mechanisms of GO7 were further studied.
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Figure 13 Effects of G03, G04, GO7 and G10 on the viability of PC5201-010 cells. Cells
were treated with G03, G04, GO7 and G10 at 1, 10 and 100 uM for 48 h. Cell viability
was evaluated using MTT assay. Each value is expressed as the mean + SEM (n=23).

“P<0.01, ""P<0.001 compared with vehicle control (0.2% DMSO).
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Figure 14 Effects of GO7 on the viability of CRL-1790 cells. Cells were treated with GO7
at 1.25, 2.5, 5, 10, 20 and 100 puM for 48 h. Cell viability was evaluated using MTT assay.
Fach value is expressed as the mean + SEM (n=3). "P<0.01,  P<0.001 compared with

vehicle control (0.2% DMSO).

4.3 Effect of GO7 on the viability of HCT-116 cells

As illustrated in Figure 15, HCT-116 cells significantly inhibited the growth of
p53 wild-type HCT-116 cells in a concentration-dependent manner (P<0.01).
Treatment of HCT-116 cells with GO7 at 1.25, 2.5, 5, 10 and 20 uM for 48 h decreased
the viability of HCT-116 cells to 94.77+1.55, 86.91+0.76, 57.42+2.06, 32.87+3.33 and
8.86+2.32, respectively compared with the vehicle control. The ICs, value of GO7 at 48

h was 6.55+0.16 uM. Thus, GO7 at concentrations of 2.5, 5, 10 uM were chosen for

further investigation.
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Figure 15 Effect of GO7 on the viability of HCT-116 cells. Cells were treated with GO7
at 1.25, 2.5, 5, 10 and 20 uM for 48 h. Cell viability was evaluated using MTT assay.
Fach value is expressed as the mean + SEM (n=3). "P<0.01, ~ P<0.001 compared with

vehicle control (0.2% DMSO).

4.4 Effect of GO7 on apoptotic cell death in HCT-116 cells

Most chemotherapeutic agents promote cells to undergo apoptosis (18, 19). To
determine the apoptosis-inducing effect of GO7, HCT-116 cells were treated with G07,
stained with annexin V and propidium iodide (PI) and analyzed by flow cytometry. As
shown in Figure 16, the percentages of early and late apoptotic cells were significantly
increased after treatment of HCT-116 cells with GO7 at 5 and 10 uM, respectively
(P<0.05). Flow cytometric analysis revealed that early apoptotic cells significantly
increased approximately 7-fold after treatment with 5 uM GO7 compared with the
vehicle control (P<0.05). In addition, GO7 at 10 uM induced HCT-116 cells to undergo

late apoptosis approximately 20-fold higher than the vehicle control. Moreover, GO7
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at this concentration significantly induced necrotic cell death approximately 7 times

higher than the vehicle control.

Poly (ADP-ribose) polymerase (PARP) plays an important role in DNA repair and
apoptosis and PARP is cleaved by upstream caspases during apoptosis (81). Thus, the
protein level of cleaved PARP was determined using western blot. In a good agreement
with flow cytometric results, GO7 at 5 and 10 uM significantly induced PARP cleavage
(Figure 17). Taken together, these results suggest that apoptosis induction is partly

responsible for GO7-induced cell death in HCT-116 cells.

HCT-116
150- Il control
2.5 uM
B 5uM
100+

10 uM

501

% cell population

Figure 16 Effect of GO7 on apoptosis in HCT-116 cells. Cells were treated with GO7 at
2.5, 5 and 10 uM for 24 h. After staining cells with annexin V and PI, the percentages
of apoptotic cells or necrotic cells were evaluated using flow cytometry. Each value is
expressed as the mean + SEM (n=3). "P<0.05, P<0.01,  P<0.001 compared with

vehicle control (0.2% DMSO).
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Figure 17 Effect of GO7 on PARP cleavage in HCT-116 cells. Cells were treated with
GO7 at 2.5, 5 and 10 uM for 24 h. The protein levels were evaluated using western
blot. Representative immunoblots are shown in the right panel. The values are shown
as fold change relative to the vehicle control. Each value is expressed as the mean +

SEM (n=3). P<0.05, " P<0.001 compared with vehicle control (0.2% DMSO).

4.5 Effect of GO7 on the expression of Bcl-2 family proteins in HCT-116 cells

Chemotherapeutic agents mainly induce cells to undergo intrinsic apoptosis
which is regulated by Bcl-2 family proteins (18, 19). Therefore, the expression of pro-
apoptotic proteins, Bak and Bax, and anti-apoptotic proteins, Bcl-2 and Bcl-xl were
analyzed. Cells were treated with 2.5, 5, 10 uM of GO7 for 24 h and the levels of Bcl-
2 family proteins were determined using western blot. As shown in Figure 18A and 18B,
treatment with GO7 did not alter the expression of Bak and Bax proteins. However, it
should be noted that GO7 significantly decreased the levels of Bcl-2 protein in a
concentration-dependent manner. The Bcl-2 protein levels were decreased by
approximately 30%, 40% and 50% compared with the vehicle control after treatment

with GO7 at 2.5, 5 and 10 uM, respectively (Figure 19A, P<0.05). Similarly, the expression
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of Bcl-xl was significantly down-regulated to 75% of the control after treatment with
GO7 at 10 pM (Figure 19B, P<0.05). Taken together, these results suggest that GO7
induces apoptosis by downregulating the expression of anti-apoptotic proteins, Bcl-2

and Bcl-xl, in HCT-116 cells.
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Figure 18 Effect of GO7 on the expression of pro-apoptotic Bcl-2 family proteins in HCT-
116 cells. Cells were treated with GO7 at 2.5, 5 and 10 uM for 24 h. The levels of pro-

apoptotic proteins, including A) Bak and B) Bax were evaluated using western blot. C)
Representative immunoblots for Bak and Bax. The values are shown as fold change

relative to the vehicle control. Each value is expressed as the mean + SEM (n=3).
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Figure 19 Effect of GO7 on the expression of anti-apoptotic Bcl-2 family proteins in HCT-
116 cells. Cells were treated with GO7 at 2.5, 5 and 10 uM for 24 h. The levels of anti-
apoptotic proteins, including A) Bcl-2 and B) Bcl-xl were evaluated using western blot.
C) Representative immunoblots for Bcl-xl and Bcl-2. The values are shown as fold
change relative to the vehicle control. Each value is expressed as the mean + SEM

(n=3). 'P<0.05, "P<0.01 compared with the vehicle control (0.2%DMSO).

4.6 Effect of GO7 on ROS generation in HCT-116 cells

Several studies reported that many anticancer agents exhibited anticancer
activity through ROS production (14, 15). Thus, the effect of GO7 on ROS production in
HCT-116 cells was evaluated. Cells were exposed with 2.5, 5, and 10 uM of GO7 or 200
UM of H,0O, (positive control) for 1 h and ROS levels were measured using the DCFH-

DA assay. As illustrated in Figure 20A, GO7 significantly induced ROS production in HCT-
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116 cells in a concentration-dependent manner (P<0.05). The levels of ROS in HCT-
116 cells treated with GO7 at 2.5, 5, 10 uM and 200 uM of H,0, were increased from
100% to approximately 120%, 140%, 180% and 200% of the vehicle control,
respectively. To determine whether ROS generation is involved in the cytotoxic effect
of GO7, the cells were treated with 5 mM of N-acetylcysteine (NAC), a ROS scavenger,
for 2 h followed by GO7 for 24 h. Cell viability was determined using MTT assay. The
results in Figure 20B indicated that NAC could prevent GO7-induced cell death.
Pretreatment with NAC significantly increased the viability of HCT-116 cells by 1.3, 1.4
and 3.8 folds when compared with the viability of the cells treated with GO7 alone at
2.5, 5 and 10 uM, respectively (P<0.001). Taken together, these results suggest that

cytotoxicity of GO7 is partly mediated via ROS generation.
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Figure 20 Effect of GO7 on ROS generation in HCT-116 cells. A) Cells were treated with
GO7 at 2.5, 5, 10 uM and 200 uM of H,O, for 1 h. The levels of ROS generation were
evaluated using DCFH-DA assay. B) Cells were treated with or without NAC and then
treated with GO7 for 24 h. Cell viability was determined using MTT assay. Each value is
expressed as the mean + SEM (n=3). 'P<0.05,  P<0.001 compared with the vehicle
control (0.2% DMSO).
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4.7 Generation of ROS mediates GO7-induced apoptosis in HCT-116 cells

Excessive ROS can induce oxidative stress which in turn activate intrinsic
apoptotic machinery, leading to apoptotic cell death (11, 82). Thus, to determine
whether ROS generation is necessary for apoptosis-inducing effects of GO7 in HCT-116
cells. Cells were pre-treated with or without 5 mM of NAC for 1 h followed by GO7 at
2.5,5and 10 uM for 24 h. After staining cells with annexin V/PI, flow cytometry analysis
was performed. As shown in Figure 21, NAC prevented apoptosis in HCT-116 cells.
Pretreatment with NAC significantly decreased the percentages of GO7-induced
apoptotic cells at 5 and 10 uM GO7 treatment approximately 2 and 3 folds, respectively
(P<0.05), suggesting that GO7-induced apoptosis is partly associated with ROS

generation.
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Figure 21 Effect of ROS in GO7-induced apoptosis in HCT-116 cells. Cells were treated
with or without 5 mM of NAC for 1 h and then treated with GO7 at 2.5, 5 and 10 uM
for 24 h. After staining cells with annexin V and PI, the percentages of apoptotic cells
or necrotic cells were evaluated using flow cytometry. Each value is expressed as the

mean + SEM (n=3). "P<0.05, ~ P<0.001 compared with the vehicle control (0.2%

DMSO).

4.8 Effect of GO7 on MAPK and PI3K/AKT signaling pathways in HCT-116 cells
MAPK and PI3K/AKT signaling pathways are involved in several cellular

functions including cell growth, differentiation, development and apoptosis. It is well
known that targeting these two pathways has become effective approaches for CRC
treatment (63, 69). Therefore, the effects of GO7 on the expression of MAPK and
PI3K/AKT signaling proteins including, ERK1/2, p-ERK1/2, AKT and p-AKT were examined
by western blotting. As shown in Figure 22A, the expression of phosphorylated ERK1/2
was significantly decreased by approximately 40% after treatment with 10 uM GO7

(P<0.01). Furthermore, GO7 at 10 uM significantly inhibited the phosphorylation of AKT.
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Expression ratio of p-AKT/AKT was decreased to 70% of the vehicle control (Figure 22B,
P<0.05). Taken together, these results suggest that cytotoxicity of GO7 may be
mediated via inhibition of both ERK1/2 and PI3K/AKT signaling pathways in HCT-116

cells.
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Figure 22 Effect of GO7 on the expression of ERK1/2 and PI3K/AKT signaling proteins in
HCT-116 cells. Cells were treated with GO7 at 2.5, 5 and 10 uM for 24 h. The levels of
proteins were evaluated using western blot. The expression ratios of A) phospho-
ERK1/2 and total-ERK1/2 B) phospho-AKT and total-AKT were quantified.
Representative immunoblots are shown in the right panel. The values are shown as
fold change relative to the vehicle control. Each value is expressed as the mean + SEM

(n=3). 'P<0.05 and " P<0.01 compared with the vehicle control (0.2% DMSO).



a7

4.9 Effect of GO7 on viability of HT-29 cells

The tumor suppressor p53 plays a critical role in cell cycle arrest, cell
senescence and apoptosis (83, 84). Mutation of p53 is commonly found in human
colorectal cancer and is also associated with drug resistance (39, 83-85). Thus,
compound that remains effective in p53-mutant cancer cells is urgently needed. In
the present study, cytotoxicity of GO7 was determined in p53 mutant cells, HT-29 cells.
Cells were incubated with various concentrations of GO7. After 48 h, cell viability was
determined by MTT assay. As illustrated in Figure 23, GO7 significantly decreased the
viability of HT-29 cells in a concentration-dependent manner (P<0.01). The percentages
of viable HT-29 cells, which were exposed to GO7 at 1.25, 2.5, 5, 10 and 20 uM for 48
h, decreased to 88.83+2.58, 84.45+1.83, 79.30+£1.88, 42.02+4.68 and 5.29+0.23%, of
the vehicle control, respectively. The ICs, values of GO7 at 48 h was 8.22+0.36 uM.
Thereby, the concentrations of GO7 at 5, 10 and 20 uM were chosen for further

investigation.
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Figure 23 Effect of GO7 on the viability of HT-29 cells. Cells were treated with GO7 at
1.25, 2.5, 5, 10 and 20 pM for 48 h. Cell viability was evaluated using MTT assay. Each
value is expressed as the mean + SEM (n=3). "P<0.01, ~ P<0.001 compared with

vehicle control (0.2% DMSO).

4.10 Effect of GO7 on apoptotic cell death in HT-29 cells

To determine whether cytotoxicity of GO7 was due to apoptosis in HT-29 cells,
cells were treated with GO7 at 5, 10 and 20 uM for 24 h. The treated cells were stained
with annexin V and Pl and analyzed by flow cytometry. As shown in Figure 24, HT-29
cells underwent early and late apoptosis after treatment with GO7 at 20 pM (P<0.05).
The percentages of early and late apoptotic cells were increased approximately 2-fold
and 6-fold of the vehicle control respectively, (P<0.05). Additionally, necrotic cells

were detected after treatment with GO7 at 20 uM.

In a good agreement with flow cytometric results, western blot analysis

demonstrated that treatment with 20 uM of GO7 significantly induced PARP cleavage
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(Figure 25, P<0.01). Taken together, these results suggest that cytotoxicity of GO7 is

partly medicated via apoptosis induction in HT-29 cells.
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Figure 24 Effect of GO7 on apoptosis in HT-29 cells. Cells were treated with GO7 at 5,

10 and 20 uM for 24 h. After staining cells with annexin V and PI, the percentages of

apoptotic cells or necrotic cells were evaluated using flow cytometry. Each value is

expressed as the mean + SEM (n=3). 'P<0.05, ~ P<0.001 compared with vehicle control

(0.2% DMSO).
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Figure 25 Effect of GO7 on PARP cleavage in HT-29 cells. Cells were treated with GO7
at 5, 10 and 20 pM for 24 h. The protein levels were evaluated using western blot.
Representative immunoblots are shown in the right panel. The values are shown as
fold change relative to the vehicle control. Each value is expressed as the mean + SEM

(n=3). 'P<0.05, "P<0.01 compared with vehicle control (0.2% DMSQ).
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4.11 Effect of GO7 on expression of Bcl-2 family proteins in HT-29 cells

In order to determine whether Bcl-2 family members are involved in GO7-
induced apoptosis in p53 mutant HT-29 cells. Cells were incubated with GO7 at 5, 10
and 20 pM for 24 h and the expression of Bcl-2 family proteins was determined by
western blots. As illustrated in Figure 26A, the protein level of Bak, was significantly
increased after treatment with 20 uM of GO7 (P<0.05). Conversely, it did not alter the
expression of Bax protein (Figure 26B). In addition to Bak, GO7 significantly suppressed
the expression of Bcl-2 proteins to 65% and 53% of the vehicle control after treatment
with GO7 at 10 and 20 uM, respectively (Figure 27A, P<0.05). Moreover, 20 uM of GO7
significantly downregulated the expression of Bcl-xl protein by approximately 40% of
the control (Figure 27B, P<0.05). Taken together, the data suggest that GO7 induces
apoptosis through upregulation of Bak and downregulation of Bcl-2 and Bcl-xl in HT-

29 cells.
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Figure 26 Effect of GO7 on the expression of pro-apoptotic Bcl-2 family proteins in HT-
29 cells. Cells were treated with GO7 at 5, 10 and 20 uM for 24 h. The levels of pro-
apoptotic proteins including, A) Bak and B) Bax were evaluated using western blot. C)
Representative immunoblots for Bak and Bax. The values are shown as fold change
relative to the vehicle control. Each value is expressed as the mean + SEM (n=23).

"P<0.05 compared with vehicle control (0.2% DMSO).
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Figure 27 Effect of GO7 on the expression of anti-apoptotic Bcl-2 family proteins in HT-
29 cells. Cells were treated with GO7 at 5, 10 and 20 pM for 24 h. The levels of anti-
apoptotic proteins including, A) Bcl-2 and B) Bcl-xl were evaluated using western blot.
C) Representative immunoblots for Bcl-xl and Bcl-2. The values are shown as fold
change relative to the vehicle control. Each value is expressed as the mean + SEM

(n=3). 'P<0.05, "P<0.01 compared with vehicle control (0.2% DMSO).
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4.12 Effect of GO7 on ROS generation in HT-29 cells

To investigate the effect of GO7 on ROS generation in HT-29 cells, the cells
were incubated with GO7 at 5, 10 and 20 uM or H,0O, at 200 uM for 1 h and ROS levels
were measured using DCFH-DA assay. As shown in Figure 28A, 10 and 20 uM of GO7
and 200 pM of H,O, markedly increased ROS levels to approximately 150%, 240% and
190%, respectively when compared with the vehicle control (P<0.001). MTT assay
results showed that NAC significantly prevented GO7-induced cell death by 1.3, 1.4 and
3.6 folds when compared with treatment with GO7 alone at 5, 10 and 20 pM,
respectively (Figure 28B, P<0.001), suggesting that ROS generation is partly involved in

the cytotoxicity of GO7.
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Figure 28 Effect of GO7 on ROS generation of HT-29 cells. A) Cells were treated with
GO7 at 5, 10 and 20 uM or H,0O, at 200 uM for 1 h. The levels of ROS generation were
evaluated using DCFH-DA assay. B) Cells were treated with or without NAC and then
treated with GO7 for 24 h. Cell viability was determined by using MTT assay. Each
value is expressed as the mean + SEM (n=3). "P<0.01, = P<0.001 compared with the

vehicle control (0.2% DMSQO).
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4.13 Generation of ROS mediates GO7-induced apoptosis in HT-29 cells

To determine whether the apoptosis-inducing effect of GO7 is mediated
through ROS generation in HT-29 cells. Cells were treated with or without 5 mM of
NAC for 1 h followed by GO7 at 5, 10 and 20 uM for 24 h. After staining cells with
annexin V/PI, flow cytometry was evaluated. As illustrated in Figure 29, GO7 at 20 uM
significantly induced apoptosis and pretreatment with 5 mM NAC markedly decreased
the percentages of apoptotic cells by 2.4-fold (P<0.001). These results suggested that

ROS generation is partly involved in GO7-induced apoptosis in HT-29 cells.
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Figure 29 Effect of ROS on GO7-induced apoptosis in HT-29 cells. Cells were treated
with or without 5 mM of NAC for 1 h and then treated with GO7 at 5, 10 and 20 uM for
24 h. After staining cells with annexin V and PI, the percentages of apoptotic cells or
necrotic cells were evaluated using flow cytometry. Each value is expressed as the

mean + SEM (n=3). " "P<0.001 compared with vehicle control (0.2% DMSO).
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4.14 Effect of GO7 on MAPK and PI3K/AKT signaling pathways in HT-29 cells

In order to investigate the mechanism(s) underlying GO7-induced cell death,
the effects of GO7 on MAPK and PI3K/AKT signaling pathways in HT-29 cells were
evaluated. The expression of p-ERK1/2, ERK1/2, p-AKT and AKT proteins was
determined using western blot. The results showed that 20 pM of GO7 markedly
induced the phosphorylation of ERK1/2 (Figure 30A, P<0.001). The p-ERK1/2/total
ERK1/2 ratio was increased approximately 7-fold above the vehicle control. On the
other hand, GO7 significantly inhibited the phosphorylation of AKT in a concentration-
dependent manner (Figure 30B, P<0.05). These findings suggest that GO7-induced cell
death may be mediated via activation of ERK1/2 signaling pathway and inhibition of

PI3K/AKT signaling pathway in HT-29 cells.
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Figure 30 Effect of GO7 on the expression of ERK1/2 and PI3K/AKT signaling proteins in
HT-29 cells. Cells were treated with GO7 at 5, 10 and 20 uM for 24 h. The levels of
protein were evaluated using western blot. The expression ratios of A) phospho-ERK1/2
and total-ERK1/2 B) phospho-AKT and total-AKT were quantified. Representative
immunoblots are shown in the right panel. The values are shown as fold change
relative to the vehicle control. Each value is expressed as the mean + SEM (n=3).

'P<0.05 and  P<0.001 compared with vehicle control (0.2% DMSO).



CHAPTER V
DISCUSSION AND CONCLUSION

CRC is a major cause of cancer-related death worldwide. Nowadays, treatment
options of CRC are surgery, radiotherapy, chemotherapy and targeted therapy (3, 4).
Chemotherapy is one of the most effective and potent strategy to treat cancer.
However, its application for CRC treatment has been limited due to acquired drug
resistance (86, 87) and several serious side effects (47-49). Although targeted drugs do
not affect the body the same way as chemotherapeutic drugs, they still do cause side
effects. And many targeted cancer drugs can be extremely expensive (88). Thus, potent

novel anticancer therapeutic agents with low toxicity are urgently needed.

Mansonone is a naphthoquinone-containing compound, isolated from
Mansonia g¢agei Drumm, a Thai traditional plant which is locally used as an
antidepressant, antiemetic, cardiac stimulant and refreshment agent (20, 74). It was
reported that mansonone E and F exhibited anticancer effect against various cancer
cell lines including melanoma (A375-S2), cervical cancer (Hela), breast cancer (MCF-7),
lymphoma (U937), cervical cancer (Hela), colorectal cancer (HT-29), oral cavity cancer
(KB) and leukemia cell lines (HL60, K562, THP-1 and U937) (23-25). However, the
anticancer effect of mansonone G (MG) against CRC cells has not been reported. In this
study, the anticancer effects of MG and its ten semi-synthetic derivatives were
investigated on two human CRC cell lines, HCT-116 cells carrying p53 wild-type and
HT-29 cells carrying p53 mutant. The results showed that MG and its derivatives
inhibited the growth of the two cell lines in a concentration-dependent manner.
Notably, MG derivatives including G01, G02, G03, G04, GO5, G06, GO7, GO8, GO9 and G10
were more toxic to cancer cells than the parent compound. These findings were
consistent with the finding of Hairani et al., 2016 that ether analogues of MG exerted

higher antibacterial activity than the parent MG (20). It was suggested that increasing
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alkyl chain length of ether analogues of MG made the compounds more hydrophobic,
which may facilitate the access to bacterial cell wall, resulting in higher antibacterial
activity (20). Therefore, it is possible that increasing the number of carbon units in the
alkyl side chain contributes to an increasing cytotoxicity of MG derivatives toward
human CRC cells. Since GO7 exhibited its cytotoxicity more specifically on cancer cells
than normal cells (Figure 13 & 14), its anticancer activity and the underlying
mechanisms were further investigated. Notably, GO7 was more toxic to p53 wild-type
HCT-116 cells (IC50=6.55+0.16 uM) than p53 mutant HT-29 cells (IC5,=8.22+0.36 uM).
Previous studies reported that p53 mutant cells are less susceptible to cytotoxicity of
chemotherapeutic agents than p53 wild-type cells (84, 89). Furthermore, mutations of
p53 in cancer patients are associated with the drug resistance and poor clinical
outcome (38). Thus, it is possible that p53 plays an important role in sensitivity of CRC

cells to the cytotoxic activity of GO7.

Several chemotherapy agents as well as naphthoquinone-containing
compounds induce cancer cells to undergo apoptosis (16, 90-93). A previous study
demonstrated that the apoptosis-inducing effect of mansonone E in human cervical
cancer cells is mediated through upregulation of Bax and downregulation of Bcl-2 and
Bcl-xL (23). In this study, GO7 could induce apoptosis in both HCT-116 and HT-29 cells
(Figures 16 & 24). Western blot analysis revealed that GO7 downregulated the
expression of Bcl-2 and Bcl-xl proteins in HCT-116 cells (Figure 19) whereas
upregulation of Bak and downregulation of Bcl-2 and Bcl-xl were observed in GO7-
treated HT-29 cells (Figures 26 & 27). Taken together, these results suggest that GO7-
induced apoptosis is mediated through modulation of Bcl-2 family proteins in HCT-116
and HT-29 cells. It is commonly known that caspase-mediated apoptotic cell death is
accomplished through the cleavage of several key proteins required for cellular

functions and cell survival. PARP is one of the several substrates of caspases (25-27).
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The present study demonstrated that GO7 induced PARP cleavage in both HCT-116
and HT-29 cells (Figures 17 & 25), suggesting that apoptosis-inducing effect of GO7 may
be associated with the caspase activation and the PARP cleavage. Notably, this study
found that apoptosis-inducing effect of GO7 was more pronounced in HCT-116 cells
than HT-29 cells. The results of this study were in agreement with previous studies
that cells expressing mutant p53 were more resistant to irradiation, doxorubicin and

cisplatin-induced apoptosis than cells expressing wild-type p53 (94, 95).

Compared to the normal cells, cancer cells have higher metabolism and
oxidative stress, suggesting that higher levels of ROS can be generated in cancer cells
than normal cells. Therefore, the accumulation of ROS can be a strategy for selectively
killing cancer cells (11). Previously, naphthoquinone-containing compounds such as
curcumin, plumbagin, shikonin and lawsone were shown to induce apoptosis via ROS
generation in various cancer cell lines (96). Similarly, the present study found that GO7
induced ROS production in CRC cells in a concentration-dependent manner (Figures
20A & 28A) and NAC could prevent GO7-induced cell death in HCT-116 and HT-29 cells
(Figures 20B & 28B). Moreover, pretreatment with 5 mM NAC could abolish GO7-induced
apoptosis in both cell lines (Figures 21 & 29). Taken together, these results suggest that
ROS generation is involved in cytotoxic and apoptosis-inducing effects of GO7 in CRC
cells. It was reported that ROS act as upstream signal that triggers p53 activation,
leading cells to apoptosis induction (97, 98). Conversely, ROS was found to be an
important mediator for apoptosis induction in p53-independent pathway (99-101). It
was reported that doxorubicin induced apoptosis through ROS accumulation in p53-
null human osteosarcoma Saos-2 cells (102). Thus, it is likely that GO7 could induce
CRC cells to undergo apoptosis via accumulation of ROS irrespective of p53 status.
However, the molecular mechanism underlying these observations remains to be

elucidated.
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MAPK and PI3K/AKT signaling pathways are the central signal transduction
mechanisms for controlling cell proliferation, survival, metabolism, motility and
apoptosis (103). Constitutive activation of MAPK and PI3K/AKT signaling pathways have
been reported to play essential roles in CRC progression, metastasis and drug
resistance (104). The proteins associated with these pathways are considered as
molecular targets for anticancer drugs. ERK is a major regulator of cell proliferation in
CRC (63). Previous study reported that activation of MEK-ERK1/2 pathway promoted
tumorigenicity and metastasis in CD133" primary colon cancer cells and the clonogenic
growth of CD133"cells was reduced greatly by inhibiting the ERK1/2 activity (105). In
addition, it was shown that suppression of ERK1/2 MAPK pathway induces cancer cells
to undergo apoptosis through modulation of apoptotic proteins (62). NTDMNQ, 1,4-
napthoquinone, and its derivatives could induce apoptosis via down-regulation of
phosphorylated ERK1/2 and accumulation of ROS (92). A recent study also
demonstrated that quinalizarin exhibits apoptosis-inducing effect by suppressing ERK
phosphorylation in CRC (106). Remarkably, the results in this study revealed that GO7
inhibited ERK1/2 phosphorylation in HCT-116 cells (Figure 22A) but induced ERK1/2
phosphorylation in HT-29 cells (Figure 30A). Accumulating evidence has shown that
activation of ERK1/2 generally promotes cell survival, but under certain condition,
aberrant ERK1/2 activation contribute to enhance apoptosis (62, 107). Gulati AP et al.
revealed that TPA-modulated RAS/ERK signaling pathways differently depending on
the status of p53 in the cells (108). Moreover, it was shown that piperlongumine
induced ERK phosphorylation, leading to cell death in p53 mutant HT-29 cells (109).
Similarly, phenethyl Isothiocyanate (PEITC)-induced apoptosis in p53-deficient PC-3
human prostate cell line was mediated via ERK activation and apoptosis-inducing effect
of PEITC was abolished in the presence of an ERK1/2 inhibitor (110). Taken together, it
is likely that ERK activation may be associated with GO7-induced apoptotic cell death

in p53-mutant HT-29 cells observed in this study.
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In addition to MAPK signaling pathway, PI3K/AKT signaling pathway frequently
activated in CRC, suggesting that using an agent targeting this pathway may be an
effective strategy for CRC therapy. A previous study demonstrated that ramentaceone,
a naphthoquinone derived from Drosera sp., induced apoptosis via inhibition of
PI3K/AKT pathway in breast cancer (90). Similarly, furano-1,2-naphthoquinone (FNQ)
isolated from Avicennia marina inhibited AKT phosphorylation, resulting in cell cycle
arrest at G2/M phase and apoptosis in human oral squamous carcinoma cancer cells
(111). In addition, acetylshikonin could inhibit PI3K/AKT/mTOR signaling pathway,
leading to inhibition of cell proliferation and induction of cell cycle arrest at GO/G1
phase and apoptosis in vitro as well as suppression of cancer cell growth in vivo (93).
These findings are consistent with the results obtained in this study that GO7 effectively
inhibited AKT phosphorylation in HCT-116 and HT-29 cells (Figures 22B & 30B) in a
concentration dependent manner. Thus, it is possible that, in addition to modulation
of ERK signaling pathway, anticancer activity of G7 may be mediated through inhibition

of PI3K/AKT signaling in CRC cells.
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Conclusion

The present study clearly demonstrated that GO7, a mansonone G derivative,
exerted a potent anticancer activity against two CRC cell lines, p53 wild-type HCT-116
and p53 mutant HT-29. GO7 could induce ROS generation, leading to apoptosis in both
HCT-116 and HT-29 cells. Western blot analysis revealed that GO7 downregulated the
expression of Bcl-2 and Bcl-xl proteins in both cells and upregulated the expression of
Bak protein in HT-29 cells. Furthermore, GO7 downregulated AKT signaling pathway and
modulated ERK1/2 signaling pathway by inhibiting ERK1/2 phosphorylation in HCT-116
cells and activating ERK1/2 phosphorylation in HT-29 cells. Taken together, the results
from this study suggest that GO7 can potentially be developed as a novel anticancer
agent. However, the present study only provided the first step of mechanisms
underlying the cytotoxic effect of GO7 in CRC cell lines carrying wild-type and mutant
p53. Further mechanistic studies need to be performed in order to gain more insight

into the anticancer activity of GO7.
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APPENDIX A
PREPARATION OF REAGENTS
1. DMEM stock solution (1 L)

DMEM powder 104 ¢
NaHCO; 3.7¢
ddH,O 900 ml

Adjust pH to 7.4 with 1 N HCl or 1 N NaOH
Add ddH,0 to 1 liter and sterilized by filtering through a 0.2 sterile membrane filter
Store at 4°C

2. RPMI 1640 stock solution (1 L)

RPMI powder 104 ¢
NaHCO; 15¢
Glucose 45¢
Sodium pyruvate 0.11¢
HEPES (1M) 10 mt
ddH,O 900 ml

Adjust pH to 7.2 with 1 N HCl or 1 N NaOH
Add ddH,O to 1 liter and sterilized by filtering through a 0.2 sterile membrane filter
Store at 4°C
3. DMEM high glucose stock solution (1 L)
DMEM powder 104 ¢
NaHCO, 37¢

Glucose 45¢
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ddH,O 900 ml
Adjust pH to 7.4 with 1 N HCl or 1 N NaOH
Add ddH,O to 1 liter and sterilized by filtering through a 0.2 sterile membrane filter
Store at 4°C

4. 1X Phosphate Buffered Saline (PBS) (1 L)

NaCl 8.065 ¢
KCL 02¢
KH,PO4 02¢
Na,HPO, 1.15¢
ddH,O 900 ml

Adjust pH to 7.4 with 1 N HCl or 1 N NaOH
Add ddH,0O to 1 liter and sterilized by autoclaving
Store at room temperature

5. 1X Assay Buffer for Flow Cytometer (100 ml)

HEPES (1M) 1.0 mt
CaCl, (0.1Mm) 2.8 ml
NaCl (5M) 2.5 ml
ddH,O 93.7 ml
Store at 4°C
6. Hank Buffer Salt Solution (HBSS) (1 L)
Hank balance salt powder 98¢

NaHCO5 0.35 ¢



14

ddH,O 850 ml
Adjust pH to 7.24 with 1 N HCl or 1 N NaOH
Add ddH,O to 1 liter and sterilized by filtering through a 0.2 sterile membrane filter
Store at room temperature
7. Separating buffer (500 ml)
Tris base 4543 ¢
ddH,O 350 ml
Adjust pH to 8.8 with 1 N HCl or 1 N NaOH
Add ddH,O to 500 ml
Store at 4°C
8. Stacking buffer (500 mUl)
Tris base 15.14 ¢
ddH,O 350 ml
Adjust pH to 6.8 with 1 N HCl or 1 N NaOH
Add ddH,0O to 500 ml
Store at 4°C

9. Sample diluting buffer (SDB) (225 mU)

Stacking buffer 31.25 ml
10% Sodium dodecyl sulfate (SDS) 50 ml
Pyronin Y (0.5% stock) 5 ml
Bromophenol blue (0.5% stock) 5ml

Glycerol 50 ml
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Add ddH,O to 225 ml
Store at room temperature

10. 10X Leamli buffer (1 L)

Tris base 30.25 ¢
Glycine 144 ¢
Sodium dodecyl sulfate (SDS) 10¢g
ddH,O 700 ml

Add ddH,O to 1 liter
Store at 4°C
11. 1X Leamli buffer (1 L)
10X leamli buffer 100 ml
ddH,O 900 ml
Store at 4°C

12. 10X Tris-Buffered Saline (TBS) (1 L)

Tris base 12.1¢
NaCl 87.5¢
ddH,O 800 ml

Adjust pH to 7.4 with 1 N HCl or 1 N NaOH
Add ddH,0 to 1 liter

Store at 4°C

13. 1X Tris-Buffered Saline (TBS) (1 L)

10X Tris-Buffered Saline (TBS) 100 ml



ddH,O

Store at 4°C

14. 1X Tris-Buffered Saline (TBS)/Tween buffer (1 L)

Tween 20
Tris-Buffered Saline (TBS)
Store at 4°C
15. 10X Transfer buffer (1 L)
Tris base
Glycine
Sodium dodecyl sulfate (SDS)
ddH,O
Add ddH,O to 1 liter
Store at 4°C
16. 1X Transfer buffer (1 L)
10X Transfer buffer
methanol
ddH,O

Store at 4°C

900 ml

0.5 ml

999.5 ml

144 ¢

ls

700 ml

100 ml
200 ml

700 ml
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APPENDIX B
RESULTS
Appendix B-1: Representative cytograms of cell apoptosis analysis of HCT-116 cells

after treatment with GO7 at 2.5, 5 and 10 uM for 24 h.

Appendix B-2: The percentages of apoptotic and necrotic cells of HCT-116 cells after

0.2% DMSO GO7 2.5 uM
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treatment with GO7 at 2.5, 5 and 10 uM for 24 h.

Cell apoptosis (%)
Treatment Alive Early Late Necrosis
apoptosis apoptosis
0.2% DMSO 95.50+1.90 1.11+0.52 2.39+1.17 1.01+0.46
GO7 2.5 uM 92.56+1.22 2.18+0.74 3.72+0.75 1.54+0.30
GO7 5 uM 83.32+3.88 7.39+2.43 7.91+1.61 1.39+0.43
GO7 10 pM 39.06+5.70 4.75+2.57 49.43+7.60 6.77+1.94

Data represent mean+SEM from three independent experiments.
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Appendix B-3: Representative cytograms of cell apoptosis analysis of HCT-116 cells
after treatment with or without 5 mM of NAC for 1 h and then treated with GO7 at 2.5,

5 and 10 uM for 24 h.
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Appendix B-4: The percentages of apoptotic and necrotic cells of HCT-116 cells after
treatment with or without 5 mM of NAC for 1 h and then treated with GO7 at 2.5, 5

and 10 uM for 24 h.

Cell apoptosis (%)
Treatment Early Late
Alive Necrosis
apoptosis apoptosis
0.2% DMSO 94.33+1.00 1.63+0.21 3+0.85 1.04+0.43
NAC 5 mM 94.33+1.64 1.34+0.17 3.09+0.98 1.24+0.66
GO7 2.5 uM 91.43+0.59 3.05+0.43 4.20+0.71 1.32+0.43
GO7 5 uM 81.41+1.99 8.86+1.11 8.50+1.10 1.23+0.48
GO7 10 uM 38.03+5.68 6.19+1.86 a7 97+7.14 7.81+0.98
GO7 2.5 uM +
93.86+1.47 1.44+0.17 2.96+0.63 1.74+0.87
NAC 5 mM
GO7 5 uM +
89.72+0.94 4.53+0.50 4.56+0.85 1.19+0.53
NAC 5 mM
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GO7 10 pM +
NAC 5 mM

79.91+£1.62

9.23+0.39

9.38+1.50

1.47+0.49

Data represent mean+SEM from three independent experiments.

Appendix B-5: Representative cytograms of cell apoptosis analysis of HT-29 cells after

treatment with GO7 at 5, 10 and 20 uM for 24 h.
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Appendix B-6: The percentages of apoptotic and necrotic cells of HT-29 cells after

treatment with GO7 at 5, 10 and 20 uM for 24 h.

Cell apoptosis (%)
Treatment Alive Early Late Necrosis
apoptosis apoptosis
0.2% DMSO 91.91+2.45 3.57+0.98 4.15+£1.70 0.37+0.14
GO7 5 uM 90.66+1.22 4.04+0.46 4.88+1.48 0.42+0.18
GO7 10 pM 87.89+2.78 3.89+0.35 6.53+2.24 1.69+0.51
GO7 20 pM 66.92+2.40 6.28+1.19 24.98+1.28 1.81+0.65

Data represent mean+SEM from three independent experiments.
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Appendix B-7: Representative cytograms of cell apoptosis analysis of HT-29 cells after

treatment with or without 5 mM of NAC for 1 h and then treated with GO7 at 5, 10 and

20 UM for 24 h.
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Appendix B-8: The percentages of apoptotic and necrotic cells of HT-29 cells after
treatment with or without 5 mM of NAC for 1 h and then treated with GO7 at 5, 10 and

20 uM for 24 h.

Cell apoptosis (%)
Treatment Early Late
Alive Necrosis
apoptosis apoptosis
0.2% DMSO 94.24+2.66 2.89+1.21 2.56+1.56 0.32+0.14
NAC 5 mM 93.99+2.56 2.38+0.65 2.99+1.75 0.64+0.24
GO7 5 uM 92.75+1.99 3.55+0.93 3.37+1.51 0.32+0.08
GO7 10 uM 90.93+2.97 3.54+0.64 4.34+2.25 1.19+0.20
GO7 20 uM 70.36+5.15 6.82+0.71 21.69+4.06 1.13+0.55
GO7 5 uM +
92.56+2.34 3.49+0.92 3.28+1.69 0.67+0.14
NAC 5 mM
GO7 10 uM +
92.95+2.15 3.08+1.41 2.50+1.63 1.48+0.74
NAC 5 mM




84

GO7 20 uM +
NAC 5 mM

86.45+£2.38

6.80+0.96

5.86+1.77

0.88+0.64

Data represent mean+SEM from three independent experiments.
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