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CHAPTER |
INTRODUCTION

1.1 Background and rationale

Colorectal cancer (CRC) is a major cause of cancer-related death worldwide.
In 2019, The American Cancer Society reported that CRC was the third most common
cancer in both men and women in the world (1). In Thailand, the National Cancer
Institute (NCI) revealed that CRC has been the third most commonly diagnosed in
men and women. Treatment options for CRC include surgery, radiotherapy,
chemotherapy and targeted therapy (2). The chemotherapeutic agents commonly
used in CRC are 5-fluorouracil (5-FU), oxaliplatin and irinotecan (2). Although
currently marketed chemotherapeutic agents are commonly used, their application is
still limited due to drug resistance and serious side effects such as myelosuppression,
peripheral neuropathy and hypokalemia (3, 4). Therefore, new compounds with high
anti-cancer and lower toxicity are extremely needed for CRC treatment.

Reactive oxygen species (ROS) such as superoxide anion (O, "), hydroxyl
radical (OH"), and hydrogen peroxide (H,O,) play a crucial role in the regulation of
several cellular processes such as cell proliferation and differentiation and cell death
(5). Generally, the cancer cells have higher metabolic rates than normal cells,
resulting in higher ROS levels (6). Excessive accumulation of ROS causes damage to
nucleic acids, proteins, and lipids, leading to cell death (7, 8). Previous studies
reported that many chemotherapeutic agents such as doxorubicin, cisplatin,
carboplatin, and oxaliplatin increased ROS generation, leading to oxidative stress-
induced apoptotic cell death (9, 10). Additionally, natural compound such as
quercetin, capsaicin and p-coumaric acid was found to induce apoptosis through ROS
production (11-13). Thus, ROS may be utilized as a strategy to induce cancer cell
death for cancer therapy.

Accumulating evidence has shown that ROS induces cytotoxicity and
apoptosis by activating or inhibiting ERK signaling pathway. For instance, Li et al also
revealed that quercetin could induce apoptosis via ROS-mediated ERK activation in

HL-60 leukemia cells (14). Moreover, sanguinarine induced apoptotic cell death via



activation of ERK phosphorylation, which was shown to be dependent on ROS
generation in PC3 and DU145 prostate cancer cells (15). Conversely, apoptosis-
inducing effect of zeaxanthin was associated with ROS-mediated inhibition of
MAPK/ERK signaling pathway in human gastric cancer cells (16). Yuan et al revealed
that koumine promotes ROS production which can inhibit the proliferation and
promote apoptosis in Huh-7 and SNU-499 hepatocellular carcinoma cells via
inhibition of ERK (17).

The cyclin-dependent kinase inhibitor p21 (known as p21"e"/PY) is a master
downstream effector in the p53-dependent regulation of cell division and apoptosis

1Waf1/C|p1

(18). However, p2 has shown to be involved in p53-independent apoptosis. It

was demonstrated that genistein induced p21%af/ <!

expression, which correlated
with upregulation of pro-apoptotic protein, Bax, in the p53 mutant MDA-MB-231
breast cancer cells (19). Moreover, apoptosis-inducing effect of cisplatin was
mediated through upregulation of p21"*™"/“PL in the p53-deficient human ovarian
carcinoma cell lines, SKOV3 and OVCAR3 (20). Thus, up-regulation of p21"*™/“P! may
represent a novel therapeutic approach for cancer treatment.

Cepharanthine (CEP) is a biscoclaurine alkaloid isolated from the roots of
Stephania cepharantha Hayata. It is also found in Stephania suberusa L.L forman
and Stephania erecta Craib in Thailand. CEP has been widely used in Japan to treat a
wide variety of acute and chronic diseases. It is also approved for the treatment of
radiation-induced leukopenia, alopecia areata and alopecia pityrodes (21). Although
CEP has been widely used, it serious side effects have never been reported (22). In
addition, CEP has various pharmacological activities including anti-malarial, anti-
oxidant, anti-inflammatory, anti-allergic effect, anti-platelet aggregation, anti-HIV, and
anti-tumor (23, 24). Several studies revealed that CEP exhibited anticancer effect in
many types of cancer including melanoma, leukemia, ovarian, breast, osteosarcoma,
lymphoma, lung carcinoma, myeloma, cholangiocarcinoma, oral squamous
carcinoma, colorectal cancer, and hepatocellular carcinoma (25-37). CEP was shown

to inhibit cell growth in cancer cells through modulation of various signaling pathway,

including NF-KB, Akt, ERK, JNK1/2, p38 MAPK and STAT3 pathways. Several studies



reported that apoptosis-inducing effect of CEP was mediated via ROS generation. For
example, Biswas et al reported that CEP induced apoptotic cell death through
production of ROS, activation of p38 and JNK1/2 signaling pathways and inhibition of
AKT signaling pathway in hepatocellular carcinoma HUH-7 cells (35). Furthermore,
CEP induced apoptosis in leukemia Jurkat and K562 cells through activation of
caspase-3 and -9 and cleavage of PARP. CEP was also shown to induce apoptosis by

activating p38 MAPK pathways in Jurkat cells and activating ERK and p38 MAPK

pathways in K562 cells (26). Seubwai et al demonstrated that CEP inhibited NF-KB
activity and activated caspase-9 and -3, inducing apoptotic cell death in
cholangiocarcinoma both in vitro and in vivo (32). Moreover, CEP was found to inhibit
the growth of osteosarcoma SaOS2 cells by inhibiting STAT3 pathway both in vitro
and in vivo (29).

Recently, Rattanawong et al reported that CEP inhibited proliferation of
colorectal cancer through ROS generation and upregulation of p21Wef/ Pl (3q)
Previous studies have reported that the production of reactive oxygen species (ROS)
and the expression of p21 "™“P! are associated with apoptosis (9, 10, 18). Therefore,
the aim of this study was to investigate the roles of ROS and p21 in the apoptosis-
inducing effect of CEP in two CRC cell lines, p53-wild-type HCT-116 cells and p53-
mutant HT-29 cells.

1.2 Objectives

1. To investigate the roles of ROS and p21"*™/“P in the apoptosis-inducing
effect of CEP in colorectal cancer cells
2. To determine the effect of CEP on ERK signaling pathway in colorectal

cancer cells

1.3 Hypothesis
1. CEP induces apoptosis through ROS generation and p21"a/ P!
upregulation in colorectal cancer cells.

2. CEP modulates ERK signaling pathway in colorectal cancer cells.



1.4 Conceptual framework
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CHAPTER Il
LITERATURE REVIEWS

2.1 Colorectal cancer

Colorectal cancer (CRC) accounts for 10-15% of all cancers and is the third
leading cause of cancer-related death worldwide. In 2019, the American Cancer
Society has revealed the greatest number of deaths are from cancers of the lung,
prostate, and colorectum in men and the lung, breast, and colorectum in women
(Figure 1) (1). In addition, the National Cancer Institute (NCI) reported in 2017 that the
incidence of CRC was the third most commonly diagnosed cancer in both men and
women in Thailand. The number of new cases of CRC was found to be the second in

males and the third in females, accounting for 16.67% and 9.78%, respectively (38).

2.1.1 Type of CRC

Colorectal cancer results from the abnormalities in the division of the normal

intestinal epithelium. CRC is divided into 3 groups (39), including

1. Sporadic CRC: it is the majority of CRC cases that found in approximately
70-85% of all CRC cases. It occurs in people without genetic predisposition or family

history of CRC. Most patients with sporadic CRC are >50 years of age (39).

2. Familial CRC: patients have a family history of colon cancer that occurs
approximately 20-25%  of all CRC cases. The molecular mechanism underlying
familial CRC are poorly understood. It probably occurs from combination of

environmental and genetic alterations (40, 41).

3. Inherited CRC: inherited cancers account for about 5-10% of all CRC cases.
It consists of familial adenomatous polyposis (FAP) and hereditary nonpolyposis
colorectal cancer (HNPCC). These cancers are caused by inherited autosomal

dominant manner (42).



Estimated New Cases

Prostate 174,650 20% Breast 268,600 30%

Lung & bronchus 116,440 13% Lung & bronchus 111,710 13%

Colon & rectum 78,500 9% Colon & rectum 67,100 8%

Urinary bladder 61,700 7% Uterine corpus 61,880 7%
Melanoma of the skin 57,220 7% Melanoma of the skin 39,260 4%
Kidney & renal pehvis 44120 5% Thyroid 37,810 40
Non-Hodgkin lymphoma 41,090 5% Non-Hodgkin lymphoma 33,110 4%
Oral cavity & pharynx 38,140 4% Kidney & renal pelvis 29,700 3%
Leukemia 35,920 4% Pancreas 26,830 3%

Pancreas 29,940 3% Leukemia 25,860 3%

All Sites 870,970 100% All Sites 891,480 100%

Estimated Deaths

Males Females

Lung & bronchus 76,650 24% Lung & bronchus 66,020 23%

Prostate 31620 10% Breast 41,760 15%

Colon & rectum 27,640 9% Colon & rectum 23,380 8%

Pancreas 23,800 7% Pancreas 21,950 8%

Liver & intrahepatic bile duct 21,600 7% Ovary 13,980 5%
Leukemia 13,150 4% Uterine corpus 12,160 4%

Esophagus 13,020 4% Liver & intrahepatic bile duct 10,180 4%

Urinary bladder 12,870 4% Leukemia 9,690 3%

Non-Hodgkin lymphoma 11,510 4% Non-Hodgkin lymphoma 8,460 3%
Brain & other nervous system 9910 3% Brain & other nervous system 7,850 3%

All Sites 321,670 100% All Sites 285,210 100%

Figure 1 Estimated new cancer cases and deaths by sex, 2019 (1).

2.1.2 Risk factors

Currently, there are several possible risk factors for developing of CRC
including age, family history of cancer, genetic alteration such as adenomatous
polyposis coli (APC), TP53, and Kirsten Rat Sarcoma (KRAS), personal history of
inflammatory bowel diseases, smoking, heavy alcohol consumption, lack of exercise,

foods (such as red meat, high fat and low fiber) (43, 44).

2.1.3 Stages of CRC
According to the American Joint Committee on Cancer (AJCC), the stages of
CRC are classified into 4 stages including, stage 0, |, II, lll and IV. (45)
Stage 0: Abnormal cells have grown in the innermost layer (mucosa) of the
colon or rectum, which is called carcinoma in situ.
Stage I: Cancer has grown into the intestinal wall, through the mucosa (the
inner lining), and into the submucosa and may have entered the muscle.

Stage Il: Cancer has not yet spread to nearby lymph nodes or to distant sites.

It is further divided into three categories:



Stage IIA: Cancer has spread through the muscle layer of the colon wall to

the serosa (outermost layer) of the colon wall.

Stage 1IB: Cancer has spread through the serosa of the colon wall to the

tissue that lines the organs in the abdomen (visceral peritoneum).

Stage IIC: Cancer has grown through all the layers of the intestine and has

grown into nearby organs or tissues.

Stage Ill: Cancer has spread to nearby lymph nodes but not to other parts of

the body. It is further divided into three categories:

Stage llIA: Cancer has grown into the intestine wall, through the mucosa into
the submucosa and may have entered the muscle. It has spread to one to three
nearby lymph nodes.

Stage IlIB: Cancer has spread through the muscle layer to the serosa layer of
the colon wall or has spread through the serosa to the tissue that lines the organs in
the visceral peritoneum. It has spread to one to three nearby lymp nodes.

Stage IlIC: Cancer has grown into or through the outermost layer of the colon
or rectum and may have spread to four or more lymph nodes near the primary site.
Cancer has also spread to nearby organs.

Stage IV: The cancer has spread through the blood and lymph nodes to
other parts of the body. It is divided into stages IVA, IVB, and IVC.

Stage IVA: Cancer has spread to one area or organ such as the liver, lung, and
ovary.

Stage IVB: Cancer has spread to more than one distant part of body.

Stage IVC: Cancer has spread to the abdomen and may have spread to other

areas or organs.

2.1.4 Treatment of CRC

Colorectal cancer treatments are based largely on the stage of cancer. There
are several treatment options for CRC, including surgery, radiotherapy,

chemotherapy, and targeted therapy (2).



Surgery is the technique for removing cancer based on the anatomy of mass.

It is commonly used for treating patients at an early stage or minimally invasive (46).

Radiation is the technique using powerful energy sources such as X-rays and
protons to kill cancer cells and might be used to shrink large cancer before an
operation so that it can be removed more easily (47).

Chemotherapy is used to synergist the effectiveness of the treatment and
prevent a recurrence. Usually, two or more drugs are used to get the best results.
Chemotherapeutic drugs used to treat colon cancer include 5-fluorouracil (5-FU),
oxaliplatin (L-OHP) and irinotecan (IR) (48-50).

5-Fluorouracil (5-FU), an antimetabolite (pyrimidine analog), is converted
into an active metabolite, fluorodeoxyuridine monophosphate ( FAUMP), which
inhibits the activity of thymidylate synthase (TS) that required in thymine nucleotide
production process, resulting in DNA synthesis inhibition. In addition, 5 -FU s
converted into two active metabolites, fluorodeoxyuridine triphosphate (FAUTP) and
fluorouridine triphosphate (FUTP), which are inserted into the DNA and RNA, causing
DNA and RNA damage (49).

Oxaliplatin (L-OHP) is a platinum derivative with a broad spectrum of
anticancer activity. It forms DNA adducts by binding to the N7 site of the guanine

residues, which interfere with DNA replication and transcription process (48).

Irinotecan ( IR) is a prodrug that must be converted by enzymes
carboxylesterase in the liver to SN-38, an active metabolite. SN-38 inhibits
topoisomerase |, inducing lethal DNA strand breaks.

Since chemotherapy is most effective at killing rapidly dividing cells.
Therefore, chemothereutic agents affects not only cancer cells but also fast-growing
normal cells such as blood cells, hair follicles, stomach lining cells, resulting in many
side effects such as low blood counts, hair loss, mouth sores, nausea, and diarrhea

(48).



Targeted therapy is a treatment that uses drugs to specifically target cancer
cells without affecting normal cells. Most targeted therapies are either small-
molecule drugs or monoclonal antibodies. An example of a targeted drug used in
the treatment of colon cancer is bevacizumab. The drug binds to the vascular
endothelial growth factor (VEGF), making it impossible to bind the vascular
endothelial growth receptor (VEGFR) on the surface of endothelial cells, which leads
to inhibition of angiogenesis (51). Although, many targeted drugs have been
approved, they are available only for certain types of cancer. The drugs are effective

only in patients carrying target genes and many targeted drugs are very expensive.

2.2 Reactive oxygen species (ROS)

Reactive oxygen species (ROS) are small molecules that are short-lived and
highly reactive with other molecules. ROS such as superoxide anion (O,7), and the
hydroxyl radical (OH") and non-radical molecules such as hydrogen peroxide (H,O,)
are often found in the metabolism process (52). ROS plays a crucial role in the
regulation of several cellular processes such as cell proliferation, differentiation and
death. Therefore, the balance of ROS is very critical. The ROS levels are controlled
by antioxidant mechanisms such as glutathione redox system, superoxide dismutase,
and catalase enzyme (5). Excessive accumulation of ROS or oxidative stress can
cause nucleic acids, proteins, lipids damage and might depolarizes the mitochondrial
membrane, eventually resulting in cell death (53). Thus, overproduction of ROS may
be used as a strategy to induce cancer cell death for cancer therapy (8).

Previous studies revealed that many currently available chemotherapeutic
drugs such as doxorubicin, cisplatin, carboplatin, and oxaliplatin alter cellular ROS
balance in cancer, leading to oxidative stress-triggered apoptotic cell death (9, 10). In
addition, various natural compounds have shown to induce cancer cell apoptosis via
ROS generation (8). For example, a previous study reported that quercetin inhibited
thioredoxin reductase (TrxR), causing an increase in ROS level and subsequent
apoptosis in A549 lung cancer cells (11). Similarly, apoptosis-inducing effect of
capsaicin was demonstrated to be associated with an increase in ROS generation, a

disruption of the mitochondrial transmembrane potential, and activation of caspase
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3 in Colo320DM and LoVo colon cells (12). Furthermore, it was found that p-
coumaric acid ( p-CoA) triggered apoptosis by increasing ROS generation and
mitochondrial depolarization, resulting in p53-mediated upregulation of Bax and
downregulation of Bcl-2 in HCT-15 colon cancer cells (13). It has been reported that
ROS could control the cellular functions such as cell proliferation, differentiation,
apoptosis  through ~ modulation  of  mitogen-activated  protein  kinase
(MAPK)/ extracellular-signal-regulated kinase (ERK) (8, 54, 55). Accumulating evidence
has shown that ROS induces cytotoxicity and apoptosis by activating or inhibiting ERK
signaling pathway. For instance, Seok et al demonstrated that piperlongumine
prevented cell proliferation by ROS-mediated activation of MAPK/ERK pathway in
A549 human lung cancer cells (56). Moreover, sanguinarine induced apoptotic cell
death via activation of ERK1/2 phosphorylation, which was shown to be dependent
on ROS generationin PC3 and DU145 prostate cancer cells (15). Li et al also revealed
that quercetin could induce apoptosis via ROS-mediated ERK activation in HL-60
leukemia cells (14). Conversely, Yuan et al revealed that koumine promotes ROS
production which can inhibit the proliferation and promote apoptosis in Huh-7 and
SNU-499 hepatocellular carcinoma cells via inhibition of ERK (17). Isoliquiritigenin was
also shown to increase the levels of ROS and subsequently decrease the expression
of ERK phosphorylation, leading to apoptosis induction and cell cycle arrest in
human hepatocellular carcinoma cells (57). Moreover, apoptosis-inducing effect of
zeaxanthin was mediated via ROS-mediated inhibition of MAPK/ ERK signaling

pathway in human gastric cancer cells (16).

2.3 Apoptosis

Apoptosis, or programmed cell death (PCD), is a homeostatic mechanism to
maintain cell populations during development and aging in multiple organisms (58). It
is characterized by a series of distinct morphological and biochemical alterations in
the cells such as DNA fragmentation, chromatin condensation, cell shrinkage, and
plasma membrane blebbing (Figure 2) (59). At the molecular level, apoptosis is

mainly regulated by the activation of the aspartate-specific cysteine protease
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(caspase) cascade. There are two main pathways of apoptosis, including the extrinsic

(death receptor) and intrinsic (mitochondrial) pathways (Figure 3) (60).
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Figure 2 Morphological features of apoptotic cells (59).

Apoptotic bodies form

2.3.1 Extrinsic pathway

The extrinsic apoptotic pathway is mediated by the activation of death
receptors which are located on the cell surface that transmit apoptotic signals after
binding with specific death ligands such as Fas ligand, tumor necrosis factor-0 (TNF-
Q) and TNF-related apoptosis-inducing ligand (TRAIL also called Apo2L) (61). Binding
of the death ligand to its death receptor creates a binding site for recruiting adaptor
proteins such as TNFR-associated death domain (TRADD) and Fas-associated death
domain (FADD), forming the death-inducing signaling complex (DISC).

Recruitment and accumulation of procaspase-8 or -10 at the DISC results in
spontaneous activation of caspase-8 or -10 via autoproteolytic cleavage, and
initiation of the apoptosis signal by cleaving other downstream or executioner

caspases such as caspase-3, -6 or -7 (62).
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2.3.2 Intrinsic pathway
The intrinsic apoptotic pathway is activated by vasious stimuli such as ultraviolet,
irradiation, growth factor withdrawal, oxidative stress, and chemotherapeutic drugs.
This non receptor-mediated pathway is regulated by Bcl-2 family proteins, which are

classified into three sub-families based on the number of BH domains (63).

. Anti-apoptotic Bcl-2 proteins such as Bcl-2 and Bcl-x_ consist of BH1, BH2,
BH3, and BH4 domains.

Il.  Pro-apoptotic Bcl-2 effector proteins such as Bak and Bax consist of BH1,
BH2, and BH3 domains.

.~ BH3 only pro-apoptotic Bcl-2 proteins such as BAD, Bid, Bim, PUMA and
NOXA consist of BH3 domains.

1. Anti-apoptotic proteins, BH1-4 -BCL-2, BCL-xL, MCL-1, A1, BCL-w

| |BHa | BHY [BH1|
2. Pro-apoptotic proteins, BH1-3 -BAX, BAK, BOK
BHy  [BH1]

3. Pro-apoptotic proteins, BH3-only -BIK, BID, BIM, BAD,
PUMA, NOXA, HRK etc

[BH3 -] BIK

Figure 3 Bcl-2 family proteins (64).

BAX

Normally, anti-apoptotic Bcl-2 proteins form a complex with BH1-3 pro-
apoptotic proteins to stabilize mitochondria outer membrane permeabilization
(MOMP). When the cells obtained apoptotic stimuli, these can activate one or more
of BH3 only pro-apoptotic Bcl-2 proteins to directly bind or neutralize anti-apoptotic

Bcl-2 proteins, resulting in an opening of the mitochondrial permeability transition
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(MPT) pore and release of apoptogenic factors such as cytochrome c from the
mitochondrial intermembrane space (IMS) into the cytosol (63). Binding of
cytochrome ¢ to apoptotic protease activating factor 1 ( Apaf-1) promote its
oligomerization and binding to pro-caspase 9 to form a complex, termed the
apoptosome, which results in autocatalytically cleavage of procaspase-9. Activated
caspase-9 can further stimulates the execute caspases, such as caspase-3, eventually
leading to apoptosis (65, 66).
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Figure 4 Extrinsic and intrinsic apoptotic signaling pathways (66).

2.4 p21Wafi/Cipt

p21"af/ P s tightly involved in balancing of cells. Generally, p21%ef/ ct
inhibits cell proliferation directly by binding to cyclin-dependent kinases (CDKs),
proliferating cell nuclear antigen ( PCNA) or several transcription factors and
transcriptional coactivators such as c-myc, STAT3, and p300/ CBP. Notably, under
certain conditions, p21"&/“P! plays a significant role in promoting apoptosis (18, 67).
Li et al demonstrated that genistein induced p21"*" “P! expression, which was
correlated with upregulation of pro-apoptotic protein, Bax, in the p53 mutant MDA-

1Waf1/Cip1

MB-231 breast cancer cells (19). Moreover, upregulation of p2 in response to
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cisplatin treatment led to an increase in apoptosis in the p53-deficient human
ovarian carcinoma cell lines, SKOV3 and OVCAR3 (20). Wu et al also reported that an

1Waf1/C|p1

increase in p2 expression could lead to DNA fragmentation, a morphological

feature of apoptosis in p53 mutant human ovarian cancer cells (68). In addition,

1Waf/CPL \was shown to promote ceramide-induced apoptosis cell death through

p2
downregulation of Bcl-2 and upregulation of Bax in p53-deficient Hep3B cells (69).
Similarly, it was reported that high level of of p21"™ P! expression significantly
increased the sensitivity of p53 mutant carcinoid (NCI-H727) cells to TNF-related

apoptosis-inducing ligand (TRAIL)-induced apoptosis (70).

2.5 MAPK/ERK signaling pathway

Mitogen-activated protein kinases (MAPKs) are involved in the regulation of
cell proliferation, differentiation, migration, and apoptosis (71).The MAP kinases can
be grouped into three main families, including extracellular-signal-regulated kinases
(ERKs), Jun amino-terminal kinases (JNKs), and stress-activated protein kinases
(SAPKs/p38) (72). Previous studies reported that CRC usually has the mutations of
KRAS and BRAF genes, which are approximately 45% and 10%), respectively, leading
to hyperactivation of MEK/ERK signaling (73, 74). The activation of the ERK pathway is
initiated by binding of ligands such as growth factors, cytokines, hormones to specific
growth-factor receptor tyrosine kinases, resulting in receptor dimerization, and
autophosphorylation of selected tyrosine residues on the receptor. Recruitment of
the adaptor proteins growth-factor-receptor-bound protein 2 (GRB2) to specific
phosphorylated residues on the receptors subsequently induce recruitment and
activation of the son of sevenless (SOS). Then, SOS activates RAS by switching from
diphosphate (GDP)-bound RAS (inactive) to guanosine triphosphate (GTP)-bound RAS
(active), which causes the recruitment and activation of RAF. After that, activated RAF
phosphorylates and actives MEK, which further phosphorylates and activates
MAPK/ extracellular signal-regulated kinase (ERK). Finally, active ERK translocates to
the nucleus and then activates transcription factors that involve cellular processes

(72, 75, 76).



15

Growth factor

—Receptor

55&5%§%§5§§§§§
REARLIREER LY

BRBR Y

10 ®

MAPKKK

MAPKK

Nature Reviews | Molecular Cell Biology

Figure 5 MAPK/ERK signaling pathway (73).

2.6 Cepharanthine

Cepharanthine (CEP) is a biscoclaurine alkaloid extracted from the roots of
Stephania cepharantha Hayata (Figure 6). Additionally, it can be found in Stephania
suberusa L.L forman and Stephania erecta Craib in Thailand. CEP has been used in
Japan for more than 40 years to treat several acute and chronic diseases such as
venomous snakebites, malaria and septic shock. Notably, CEP is approved by
Japanese Ministry of Health for the treatment of radiation-induced leukopenia,
alopecia areata and alopecia pityrodes (21). In addition, CEP has various
pharmacological activities including anti-malarial, anti-oxidant, anti-inflammatory,
anti-allergic effect, anti-platelet aggregation, anti-HIV, and anti-tumor (52, 53 ).
Although CEP has been widely used, serious side effects have never been reported.

Its side effects include anorexia, rash, diarrhea and headache. (22).
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OCHs

Figure 6 Chemical structure of cepharanthine (CEP) (21).

2.6.1 Anti-inflammatory effect

CEP has shown to possess anti-inflammatory activity by suppression of pro-
inflammatory cytokines (77, 78). It was reported that CEP could inhibit the production
of TNF-QL in human monocyte and LPS-stimulated acute pulmonary vascular injury in
rats (77). Moreover, in a mouse model of lipopolysaccharide (LPS)-induced mastitis,
treatment with CEP decreased the level of pro-inflammatory cytokines, including
TNF-QL, ||_—1B and IL-6, attenuated the infiltration of neutrophils, suppressed
myeloperoxidase activity and inhibited NF-KB activation (78). Several mechanistic
studies indicated that anti-inflammatory effect of CEP was mediated through
modulation of various signaling pathways (79, 80). Previously, CEP was found to
inhibit the activation of NF-KB, degradation of IKB-Ql, and phosphorylation of ERK,
JNK and p38, preventing the release of proinflammatory cytokines such as TNF-QL, IL-
6, and IL—1B in LPS-stimulated RAW264.7 cells (79). Aota et al reported that CEP
inhibited IFN-Y-induced CXCL10 (CXC chemokine) production by inhibiting the

JAK2/STAT1 signaling pathway in human salivary gland ductal cells (80).

2.6.2 Anti-oxidant effect

Previous studies demonstrated that CEP serves as an effective free radical
scavenger. CEP was shown to inhibit lipid peroxidation by 94.6% whereas three

standard antioxidants, butylated hydroxyanisole, Q-tocopherol and trolox inhibited
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lipid peroxidation by 83.3%, 72.4% and 81.3%, respectively (81). Furthermore, CEP
was able to reduce the level of intracellular free radicals and protecting DNA damage
in lymphoblastoid TK6 cells (82). Similarly, Tsuyoshi et al reported that CEP could
inhibit the active oxygen generation by suppressing PKC and NADPH oxidase

activation in guinea-pig neutrophils (83).

2.6.3 Anti-maralia effect
It was demonstrated that intra-peritoneal injection and oral administration of
CEP at a dose of 10 mg/ ke decreased malarial parasitemia by 47% and 50% |,

respectively in a mouse model (84).

2.6.4 Anti-virus effect
CEP was found to inhibit HIV-1 replication through suppression of NF-KB

activation in chronically infected monocytic (U1) cell lines (85).

2.6.5 Anti-cancer effect

Several studies revealed that CEP exhibited anticancer effect in many types
of cancer including melanoma, leukemia, ovarian, breast, osteosarcoma, lymphoma,
lung carcinoma, myeloma, cholangiocarcinoma, oral squamous carcinoma, colorectal
cancer, and hepatocellular carcinoma (25-36, 86). Harada et al reported that CEP
inhibited angiogenesis and the growth of oral squamous carcinoma by decreasing
vascular endothelial growth factor (VEGF) and interleukin-8 (IL-8) via inhibition of NF-
KB activity in both in vitro and in vivo (33). Moreover, CEP induced apoptotic cell
death through ROS production, which led to cytochrome c release, resulting in
activation of caspases-3 and cleavage of PARP. Additionally, CEP was shown to
induce apoptosis via activation of p38 and JNK1/ 2, and downregulation of AKT
signaling pathway in hepatocellular carcinoma (HUH-7) cells (35). CEP induced ROS
generation, which could disrupt mitochondria membrane potential and alter bcl-2
family proteins, inducing apoptotic cell death in non-small lung cancer (A549 and

H1299) cells (31). Additionally, Seubwai et al have demonstrated that apoptosis-

indicing effect of CEP was mediated through inhibition of NF-KB activity and
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activation of caspase-9 and -3 in cholangiocarcinoma both in vitro and in vivo (32).

Similarly, CEP-inhibited the growth of lymphoma (PEL) cells and induced apoptosis

via suppression of NF-KB activity (30). Furthermore, CEP could induce apoptosis in
leukemia (Jurkat and K562) cells through activation of ERK and p38 MAPK pathways
(26). Kikukawa et al found that CEP blocked cell cycle progression via upregulation
p15M“% and p21"e” <Pl and downregulation of cyclin D1 in myeloma cells (36).
Moreover, CEP-induced apoptosis was associated with production of ROS,
upregulation of Bax and activation of caspase-3 in myeloma cells (36). Moreover, in
human adenosquamous cell carcinoma (TYS) cells, CEP was shown to induce
apoptosis by activating caspase 3 and inducing cell cycle arrest at the G1 phase via
the expression of p21"e™/P! (86). Additionally, Zhu et al. found that CEP-triggered
apoptosis was mediated via production of ROS, leading to activation of INK|
downregulation of Bcl-2 and upregulation of Bax in choroidal melanoma (MEL15-1)
(25). Chen et al also revealed that CEP inhibited the growth of osteosarcoma (Sa0S2)
cells by inhibiting STAT3 pathway, resulting in downregulation of STAT3
transcriptional targets such as Bcl-x,, cyclin D1, and c-Myc. Moreover, CEP was shown
to decrease tumor volume and inhibit the expression of STAT3 in vivo study (29). In
addition, it was reported that CEP induced sensitization of human cervical
adenocarcinoma (Hela) cells to radiation through inhibition of STAT3 signaling
pathway and COX-2 expression both in vitro and in vivo (87). CEP was also shown to
induce apoptosis by increasing Bax/ Bcl-2 ratio and activating caspase cascade in
breast (MCF-7 and MDA-MB-231) cancer cells (88). Furthermore, Payon et al. found
that CEP induced apoptosis through downregulation of Bcl-2 and Bcl-x, and
upregulation of Bak expression (27). Notably, CEP could inhibit proliferation of
colorectal cancer (HT-29 and COLO-205) cells by inducing cell cycle arrest through

1af/9P1 and downregulation of cyclin A (34). Recently, CEP has

upregulation of p2
shown to synergize the apoptosis-inducing effect of 5-fluorouracil ( 5-FU) via
upregulation of Bak and cleavage of PARP in p53-mutant colorectal cancer cells both

in vitro and in vivo (89).



CHAPTER Il

MATERIALS AND METHODS
3.1 Equipment
- Analytical balance 0.001 ¢ (Mettler Toledo, Switzerland)

- Analytical balance 0.00001 ¢ (Sartorius, Germany)

- Autoclave (Sanyo, Japan)

- Autopipette (Brand, Germany)

- Biohazard laminar flow hood (Labconco, USA)

- Flow cytometer (BD Bioscience, Heidelberg, Germany).

- Centrifuge (Hettich, Germany)

- CO, incubator (Thermo, USA)

- Controller pipette (Gilson, USA)

- Electrophoresis system (Bio-Rad, USA)

- Improm-II reverse transcription system (Promaga, USA)

- Light microscope (Nikon, Japan)

- Microplate reader (Thermo, Finland)

- NanoDrop One UV-Vis Spectrophotometer (Thermo, USA)
- pH meter (Mettler Toledo, Switzerland)

- StepOnePlus™ Real-Time PCR (Thermo Fisher Scientific, USA)
- Temperature control centrifuge (Eppendrof, Germany)

- Vortex mixer (Scientific Industries, USA)

- Water Bath (M-LAB, Thailand)

19
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3.2 Materials

- 6 well plate (Corning Inc., USA)

- 96 well plate (Corning Inc., USA)

- 15 mL conical tube (Corning Inc., USA)

- 25 cm?rectangular cell culture flask (Corning Inc., USA)

- Polyvinylidene difluoride (PVDF) membrane (Merck, Germany)

3.3 Reagents
- 0.4% trypan blue dye (Sigma, USA)

- 40% acrylamide/Bis Solution (Bio-Rad, USA)

-1-( 4-chloro-3-( trifluoromethyl) -phenyl) -3-( ( 1r,4r) -4-( 5-( trifluoromethyl) pyridin-2-
yloxy)cyclohexyl) urea (UC2288) (Abcam, UK)

- 2,7-dichloro-dihydro-fluorescein diacetate (Sigma, USA)

- Ammonium persulfate (Sigma, USA)

- Annexin V, fluorescein conjugate (FITC) (ImmunoTools, Germany)
- Bromophenol blue (Sigma, USA)

- R-mercaptoethanol (Sigma, USA)

- Cepharanthine (Abcam, UK)

- Dimethyl sulfoxide (DMSO) [analytical grade] (Merck, Thailand)

- Dimethyl sulfoxide (DMSO) [molecular grade] (Sigma, USA)

- Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, USA)

- Fetal bovine serum (Gibco, USA)

- Glycerol (Sigma, USA)
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- Glycine (Sigma, USA)

- Hank’s buffered salt solution (HBSS) (Sigma, USA)

- N,N,N,N-tetramethyl ethylenediamine (TEMED) (Sigma, USA)
- N-acetylcysteine (NAC) (Sigma, USA)

- [SP-4-2-(1R-trans)]-(1,2-Cyclohexanediamine-N,N")[ethanedioata(2--)-O,0’] platinum
(Oxaliplatin) (Sigma, USA)

- Penicillin-streptomycin (Gibco, USA)
- Pyronin Y (Sigma, USA)
- Primary antibodies (Cell Signaling Technology, USA)
- Bak rabbit monoclonal antibody (25 kDa)
- Bax rabbit monoclonal antibody (20 kDa)
- Bel-xt rabbit monoclonal antibody (30 kDa)
- GAPDH rabbit monoclonal antibody (37 kDa)
- PARP rabbit monoclonal antibody (116, 89 kDa)
- Phospho-p44/42 MAPK (Erk1/2) rabbit monoclonal antibody (44, 42 kDa)
- p44/42 MAPK (Erk1/2) rabbit monoclonal antibody (44, 42 kDa)
- p21 rabbit monoclonal antibody (21 kDa)
- Propidium iodide (ImmunoTools, Germany)
- Protease inhibitors (Sigma, USA)
- Protein assay kit (Bio-Rad, USA)

- RIPA lysis buffer (Thermo scientific, USA)
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- Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco, USA)
- Secondary antibody (Cell Signaling, USA)
- Anti-lgG, horseradish peroxidase (HRP)-linked antibody
- Sodium dodecyl sulfate (SDS) (EM science, USA)
- SYBR-Green gPCR supermix universal (Life Technologies, USA)
- Thiazolyl blue tetrazolium bromide (MTT) (Sigma, USA)
- Tris base (Vivantis, USA)
- TRIzol Reagent (Invitrogen, USA)
- Trypsin/EDTA (Gibco, USA)
- Tween 20 (Sigma, USA)
- Western horseradish peroxidase substrate (Merck, Germany)

3.4 Methods
3.4.1 Preparation of oxaliplatin and cepharanthine stock solutions
Stock solutions of oxaliplatin (L-OHP; Sigma, USA) and cepharanthine (CEP;
Abcam, UK) were prepared in dimethyl sulfoxide (DMSO) at 50 mM and stored at 4°C
until use. In the experiments, the stock solution was diluted in culture medium to

give appropriate final concentrations. The 0.2% DMSO was used as a vehicle control.

3.4.2 Cell culture
Human colorectal cancer cell lines (HT-29 and HCT116) and human colon
cells (CRL-1790) were obtained from American Type Culture Collection (ATCC, USA).
HT-29 cells were cultured in Dulbecco’s modified Eagle’ s medium (DMEM,;
Gibco, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin
and 100 pg/mL streptomycin. HCT116 cells were cultured in Roswell Park Memorial

Institute (RPMI-1640; Gibco, USA) medium supplemented with 10% FBS, 100 U/mL
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penicillin and 100 pg/mL streptomycin. The DMEM with high glucose (4,500 mg/L)

supplemented with 10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin was

used for culturing CRL-1790 cells. All cells were maintained at 37°C in a humidified

5% CO, atmosphere.

3.4.3 Determination of cytotoxicity using MTT assay
Cell viability was determined using methyl thiazolyl tetrazolium (MTT)

colorimetric assay. Briefly, cells were seeded into 96-well plates at a density of 5x10°

cells/mL and incubated overnight at 37°C. Cells were then treated with CEP at the
concentrations of 0.625, 1.25, 2.5, 5, 10 and 20 uM or L-OHP (positive control) at the
concentrations of 0.1, 1, 10 and 100 pM for 48 h. Next, MTT solution (5 mg/mL) was
added into each well and incubated for 3-4 h. After incubation, the MTT solution was
replaced with DMSO to dissolve the purple formazan crystal. The absorbance of
formazan solution was measured at 570 nm using a microplate reader (Thermo,
Finland). Cell viability was calculated from the absorbance value and presented as
percentage related to control. The half-maximal inhibitory concentration (ICs,) were
calculated using GraphPad Prism 7 software.
3.4.4 Detection of apoptosis using Annexin-V/PI staining assay

HCT-116 and HT-29 cells were seeded at a density of 5x10* cells/mL in 6-well
plates. After overnight incubation, HCT116 cells were treated with 5, 10 and 20 pM of
CEP or 5 uM of L-OHP, whereas HT-29 cells were treated with 1.25, 2.5 and 5 uM of
CEP or 10 uM of L-OHP. After 24 h incubation, cells were collected, washed with
phosphate buffer saline (PBS), and resuspended in 400 pL of 1x binding buffer.
Subsequently, cells were stained with 3 L of annexin V-FITC and 3 pL of propidium
iodide (PI; ImmunoTools, Germany) in the dark at room temperature for 15 min.
Apoptotic and necrotic cells were analyzed using flow cytometer (BD LSR I,
Biosciences).

3.4.5 Detection of cellular ROS using DCFH-DA assay

2,7-Dichlorouorescein diacetate ( DCFH-DA) is a fluorogenic dye used for
detection of ROS within the cell. HCT-116 and HT-29 cells were seeded in 6-well
plates at a density of 5x10% cells/ mL and incubated at 37°C overnight. Then, the
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cells were wash with PBS and incubated with 1 mL of 10 yM DCFH-DA (Sigma, USA)
in Hank’s buffered salt solution (Sigma, USA) in the dark at room temperature for 30
min. After incubation, HCT-116 cells were treated with 5, 10 and 20 uM of CEP, 5 uM
of L-OHP, 500 uM of H,0, (positive control) or 0.2% DMSO for 1 h. HT-29 cells were
treated with 1.25, 2.5 and 5 pM of CEP, 10 pM of L-OHP, 500 uM of H,O, or 0.2%
DMSO for 1 h. Then cells were collected by trypsinization and centrifuged at 1,500
rom for 5 min. After that, the cells were washed and resuspended with 300 L of
cold PBS. The levels of ROS were measured by detecting DCF fluorescence intensity
using flow cytometer (BD Bioscience, Heidelberg, Germany). The fluorescence

intensity in each group was presented as percentage related to control.

3.4.6 Determination of cytotoxicity through ROS production using MTT
assay

HCT-116 and HT-29 cells were seeded into 96-well plates at a density of

5x10% cells/mL and incubated overnight at 37°C. After pretreatment with 3 mM NAC
for 2 h, HCT116 cells were treated with 5, 10 and 20 uM of CEP or 5 uM of L-OHP,
whereas HT-29 cells were treated with 1.25, 2.5 and 5 pM of CEP or 10 uM of L-OHP.
After 24 h incubation, cytotoxicity was evaluated using MTT assay as previously
described.
3.4.7 Determination of apoptosis through ROS production using Annexin-
V/PI staining assay
HCT-116 and HT-29 cells were seeded into 6-well plates at a density of 5x10*
cells/mL and incubated overnight at 37 °C. Cells were pretreated with 3mM NAC for
2 h. Then, HCT116 cells were treated with 5, 10 and 20 uM of CEP or 5 uM of L-OHP,
whereas HT-29 cells were treated with 1.25, 2.5 and 5 uM of CEP and 10 uM of L-
OHP. After 24 h incubation, apoptotic and necrotic cells were analyzed using
annexin-V/PI staining assay as previously described.
3.4.8 Determination of protein expression using western blot analysis
HCT-116 and HT-29 cells were seeded into 6-well plates at a density of 5x10*
cells/mL. After overnight incubation, HCT116 cells were treated with 5, 10 and 20 uM
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of CEP or 5 uM of L-OHP, whereas HT-29 cells were treated with 1.25, 2.5 and 5 uM
of CEP or 10 uM of L-OHP. After incubation for 24 h, cells were washed with PBS and
incubated with RIPA buffer for 1 h (Thermo scientific, USA). The cellular lysates were
centrifuged at 14,000 rpm for 20 min at 4 °C. After that, the supernatants were
collected and total protein content was determined using the Bio-Rad DC protein
assay reagents (Bio-Rad, USA). Equal amounts of the protein samples (20 pg) were
loaded onto 8 % gels and electrophoresis was performed. The separated proteins
were transferred to polyvinylidene difluoride (PVDF) membranes. The membranes
were blocked with 5 % non-fat dry milk in 1X Tris-buffered saline (TBS) at room
temperature for 1 h. Subsequently, membranes were washed with TBS containing
0.1% Tween 20 (TBST) and incubated with primary antibody, including Bak, Bax, Bcl-
x_, PARP, phospho-p4d/42 MAPK (ERK1/2), pdd/42 MAPK (ERK1/2), p21 /Pt o
GAPDH (Cell Signaling, USA) (dilution 1:1000) at 4°C overnight. After incubation, the
membranes were washed three times with TBST for 5 min each time. The
membranes were further incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody ( dilution 1: 2000) ( Cell signaling, USA) for 1 h at room
temperature.  Finally, the signal form specific proteins were detected using a
chemiluminescence substrate (Merck, Germany) and quantified using Image Studio
software (LICOR, USA).
3.4.9 Determination of the of p21"af/CP1 mRNA level using quantitative
real-time RT-PCR

HCT-116 and HT-29 cells were seeded into 6-well plates at a density of 5x10*
cells/mL. After overnight incubation, HCT116 cells were treated with 5, 10 and 20 uM
of CEP or 5 uM of L-OHP, whereas HT-29 cells were treated with 1.25, 2.5 and 5 uM
of CEP or 10 uM of L-OHP. After 24 h incubation. Total cellular RNA was extracted
from cells with Trizol reagent (Invitrogen, USA). Then the amount of RNA was
measured at 260 nm using NanoDrop Spectrophotometer. After that, the RNA was

converted into ¢cDNA using Improm-II™

reverse transcription system (Promega, USA).
The cDNA product of target gene was amplified using SYBR Green (Life Technologies,
USA) with the specific primers (p21 primers: 5’-TGA GCC GCG ACT GTG ATG-3’

(forward), 5’-GTC TCG GTG ACA AAG TCG AAG TT-3’ (reverse)) and GAPDH was used as
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an internal control. (GAPDH primers: 5 7 -AAG GTC GGAGTCAAC GGATTT GGT-3 ’
(forward), 5”-ATG GCA TGG ACT GTG GTC ATG AGT-3" (reverse)). Amplification was
conducted under the following conditions: 50°C for 2 min, 95°C for 2 min, and 40
cycles of 95°C for 30s, 60°C for 30s, and 72°C for 30s using StepOnePlus™ Real-Time
PCR (Thermo Fisher Scientific, USA). Calculating the fold change in mRNA level using
the 24" method.
3.4.10 Statistical analysis
All data were presented as mean + standard error of mean (SEM) from three

independent experiments performed in triplicate. One-way analysis of variance
(ANOVA) followed by Fisher’s Least Significant Difference (LSD) post-hoc test was
performed to determine the significance of differences between groups using SPSS

programs (IBM Corporation, USA). Statistical significance was considered at p < 0.05.
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CHAPTER IV

RESULTS
4.1 Effect of cepharanthine (CEP) and oxaliplatin (L-OHP) on the viability of
human colorectal cancer cells and normal colon cells.

The cytotoxic effects CEP and L-OHP were initially evaluated on two human
colorectal cancer cell lines, HCT116 carrying wild-type p53 and HT-29 carrying
mutant p53, and normal colon CRL-1790 cells. The cells were incubated with CEP at
the concentrations of 0.625, 1.25, 2.5 5, 10 and 20 pM or L-OHP at the
concentrations of 0.1, 1, 10 and 100 uM for 48 h. The cell viability was evaluated
using MTT assays. As shown in Figures 7A-B, CEP and L-OHP significantly decreased
the viability of HCT116 and HT-29 cells in a concentration-dependent manner
(p<0.05). Similar to cancer cells, CEP and L-OHP at the concentrations of 0.625, 1.25,
2.5, 5,10 and 20 pM significantly decreased the viability of normal colon CRL-1790
cells in a concentration dependent manner (Figures 8A-B, p<0.001). The values of
half maximal inhibitory concentration (ICsy) of CEP and L-OHP were shown in Table 1.
The results demonstrated that, when compared to L-OHP, CEP was more effective in
controlling the growth of p53 mutant HT-29 cells. The ICsy values of CEP and L-OHP
were 2.46+0.22 pM and 10.96+0.42 uM in p53 mutant HT-29 cells whereas they were
9.64+0.35 uM and 4.36+0.69 pM, respectively, in p53 wild-type HCT116 cells.

We further evaluated selectivity index (SI) values of CEP and L-OHP, which
calculated from ICs, for normal cells/ ICs, for cancer cells for both CRC cell lines
(Table 1). Remarkably, the SI values of CEP were approximately 4.22 and 1.08 while
the SI values of L-OHP were approximately 0.27 and 0.68 in HT-29 and HCT116,

respectively, suggesting that CEP was relatively safe to normal cells.
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Figure 7 Effects of CEP and L-OHP on the viability of HCT116 and HT-29 cells.

The cells were treated with CEP at 0.625, 1.25, 2.5, 5, 10 and 20 uM or L-OHP at 0.1,
1, 10 and 100 pM for 48 h. Cell viability was evaluated using MTT assays. 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 8 Effects of CEP and L-OHP on the viability of normal CRL-1790 cells. The
cells were treated with CEP or L-OHP at 0.625, 1.25, 2.5, 5, 10 and 20 uM for 48 h.
Cell viability was evaluated using MTT assays. 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).

Table 1 ICs, at 48 h. and selectivity index values of CEP and L-OHP on HCT116, HT-
29 and CRL-1790 cells.

Drugs ICso values (uM) Selective index (SI)
HT-29 HCT116 CRL-1790 HT-29 HCT116

CEP 2.46+0.22 9.64+0.35 10.39+0.22 4.22 1.08

L-OHP 10.96+0.42 4.36+0.69 2.96+0.09 0.27 0.68
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4.2 Effect of CEP on apoptosis induction in CRC cells

Previous studies have reported that CEP induced apoptosis in several cancer
cells such as leukemia, lung, liver and breast cancer (26, 31, 35, 88). To determine
whether apoptosis is involved in CEP-induced cytotoxicity in CRC cells, the cells were
incubated with CEP or L-OHP for 24 h and apoptotic cells were determined using
flow cytometry analysis after annexin V-FITC/PI staining. As shown in Figure 9A, CEP
significantly triggered HT-29 cells to undergo apoptosis, which were approximately
27% higher than the vehicle control (p<0.01). In contrast to CEP, L-OHP did not
induce apoptosis cell death in HT-29 cells. To further confirm the apoptosis-inducing
effect of CEP in HT-29 cells, the expression of cleaved poly (ADP-ribose) polymerase
(PARP), a marker of apoptosis, was determined using western blotting. As illustrated
in Figure 9B, CEP at 5 uM significantly induced the cleavage of PARP. The expression
level of cleaved PARP was approximately 5-fold above the vehicle control (p<0.01).

Similar to p53 mutant HT-29 cells, CEP at 20 yM significantly triggered p53
wild-type HCT116 cells to undergo apoptosis (Figure 10A, p<0.01) while L-OHP has no
apoptosis-inducing effect in HCT-116 cells. Moreover, CEP and L-OHP significantly
induced the cleavage of PARP in HCT116 cells. The expression levels of cleaved
PARP were approximately 12 and 10 times higher than the vehicle control, after
treatment with 20 uM of CEP and 5 pM of L-OHP, respectively (Figure 10B, p<0.05).
Taken together, these results suggest that cytotoxic effect of CEP is partly mediated
via apoptosis induction in both HT-29 and HCT116 cells.
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Figure 9 Effect of CEP on apoptosis in HT-29 cells. The cells were treated with CEP
at 1.25, 2.5 and 5 uM or L-OHP at 10 pM for 24 h. (A) The apoptotic cells were
analyzed by annexin V-FITC/PI staining followed by flow cytometry analysis. (B) The
protein expression levels of cleaved PARP were determined by western blotting.
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 10 Effect of CEP on apoptosis in HCT116 cells. The cells were treated with

CEP at 5, 10 and 20 pM or L-OHP at 5 uM for 24 h. (A) The apoptotic cells were

analyzed by annexin V-FITC/PI staining followed by flow cytometry analysis. (B) The

protein expression levels of cleaved PARP were determined by western blotting.

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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4.3 Effect of CEP on the expression of Bcl-2 family proteins in CRC cells

The Bcl-2 family proteins are the key players in the intrinsic apoptotic
pathway (90). Therefore, the expression levels of Bcl-2 family proteins, including pro-
apoptotic proteins, Bax and Bak, and anti-apoptotic protein, Bcl-x , were determined
using western blotting.

As shown in Figure 11A, CEP significantly upregulated the expression of Bak
protein by approximately 2.6-fold above control (p<0.05) but it did not alter the
expression of Bax protein (Figure 11B). Moreover, 2.5 and 5 uM of CEP significantly
downregulated the expression of Bcl-x, protein by approximately 20% and 40% of
control, respectively (Figure 11C, p<0.05). In contrast to CEP, L-OHP at 10 uM did not
alter the expression of Bcl-2 family proteins in HT-29 cells. These results suggest that
CEP induced apoptosis through upregulation of Bak and downregulation of Bcl-x_ in
HT-29 cells.

In @ manner similar to HT-29 cells, CEP at 20 uM significantly upregulated the
expression of Bak protein by approximately 1.4 -fold above control (Figure 12A,
p<0.05) without affecting the expression of Bax protein in HCT116 cells (Figure 12B).
Furthermore, CEP at 10 and 20 uM significantly downregulated the expression of Bcl-
X, by approximately 30% and 50% of control, respectively (Figure 12C, p<0.05).
Similarly, L-OHP at 5 pM significantly upregulated the expression levels of Bak and
Bax proteins by approximately 1.3 and 4.2-fold above control (Figure 12A-B, p<0.05).
These results suggest that apoptosis-inducing effect of CEP is mediated via

upregulation of Bak and downregulation of Bcl-x_ in HCT116 cells.
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Figure 11 Effects of CEP on the expression of Bcl-2 family proteins in HT-29 cells.

Cells were treated with CEP at 1.25, 2.5 and 5 uM or L-OHP at 10 uM for 24 h. The

levels of pro-apoptotic proteins, including, (A) Bak and (B) Bax were determined by

western blot analysis. The levels of an anti-apoptotic protein, (C) Bcl-x, were

determined by western blot analysis. The values are shown as fold change relative
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to the vehicle control. 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 12 Effects of CEP on the expression of Bcl-2 family proteins in HCT116 cells.
Cells were treated with CEP at 5, 10 and 20 uM or L-OHP at 5 uM for 24 h. The levels

of pro-apoptotic proteins including, (A) Bak and (B) Bax were determined by western
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blot analysis. The levels of an anti-apoptotic protein, (C) Bcl-x,, were determined by
western blot analysis. 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,

***p<0.001 compared with vehicle control (0.2% DMSO).

4.4 Effect of CEP on ROS generation in CRC cells

Previous studies reported that CEP induced reactive oxygen species (ROS)
generation in several cancer cells (25, 31). Thus, the effect of CEP on ROS generation
in CRC cells was evaluated.

HT-29 cells were treated with CEP at 1.25, 2.5 and 5 uM, L-OHP at 10 uM or
H,O, at 500 pM for 1 h and the levels of ROS were determined by measuring the
DCF fluorescence intensity. As shown in Figure 13A, CEP at 5 uM and H,0, at 500 uM
significantly increased ROS levels approximately 2.8- and 3.4-fold above control,
respectively, (p<0.05) whereas L-OHP has no effect on ROS generation in HT-29 cells.

In HCT116 cells, CEP at 10 and 20 pM and H,0, at 500 pM significantly
increased the ROS levels approximately 6, 30 and 3.6 times higher than control,
respectively (Figure 13B, p<0.05). Conversely, L-OHP at 5 uM did not significantly alter
the ROS levels in HCT116 cells.

It is commonly known that overproduction of ROS can lead to oxidative
stress, causing cell death (91). Therefore, the present study determined whether ROS
generation is involved in the cytotoxicity of CEP. HT-29 cells were treated with 3 mM
of N-acetylcysteine (NAC), a ROS scavenger, for 2 h and then incubated with 1.25, 2.5
and 5 uM of CEP or 10 pM of L-OHP for 24 h. Cell viability was determined using MTT
assay. The results indicated that pretreatment with NAC significantly increased the
viability of HT-29 cells by 1.54, 1.57 and 2.02 fold when compared with the viability
of the cells treated with CEP at 1.25, 2.5 and 5 uM alone, respectively. Similarly,
pretreatment with NAC significantly prevented L-OHP-induced cytotoxicity in HT-29
cells (Figure 13C, p<0.001). In a manner similar to HT-29 cells, NAC significantly
increased the viability of HCT116 cells by 1.15, 1.30 and 1.32, when compared with
the viability of the cells treated with CEP alone at 5, 10 and 20 uM, respectively.
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Also, pretreatment with NAC prevented L-OHP-induced cytotoxicity in HCT116 cells
(Figure 13D, p<0.001). Together, these results suggest that cytotoxicity of CEP is partly
mediated through ROS production in both HT-29 and HCT116 cells.
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Figure 13 Effect of CEP on ROS generation in CRC cells. Cells were treated with CEP
at 1.25, 2.5 and 5 pM or L-OHP at 10 uM for 1 h and the levels of ROS were then
determined in (A) HT-29 and (B) HCT116 cells by measuring the DCF fluorescence
intensity using a flow cytometer. H,O, (500 uM) was used as a positive control. The
viability of (C) HT-29 and (D) HCT116 cells treated with NAC, prior to CEP treatment,

were determined using MTT assay. Each value is expressed as the mean + SEM (n=3).
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*p<0.05, **p<0.01, and ***p<0.001 vs. control. #p<0.05, ##p<0.01 and ###p<0.001

vs. group treated without NAC.

4.5 Role of ROS in apoptosis-inducing effect of CEP in CRC cells

High levels of reactive oxygen species (ROS) have been closely linked to
activation of cell death processes such as apoptosis (5). Thus, we determined
whether ROS is responsible for apoptosis-inducing effect of CEP in CRC cells. HT-29
cells were pretreated with NAC for 2 h, prior to treatment with CEP at 1.25, 2.5 and 5
UM or L-OHP at 10 uM for 24 h. Then, the cells were stained with annexin V-FITC/PI
and analyzed by flow cytometry. As shown in Figure 14A, NAC significantly prevented
CEP or L-OHP-induced apoptosis in HT-29 cells. The percentages of apoptotic cells
were significantly decreased when the cells were pretreated with NAC by 1.42 and
1.5 folds, compared with the cells treated with 5 pM of CEP and 10 yM of L-OHP
alone, respectively (p<0.05). To further confirm whether apoptosis-inducing effect of
CEP is mediated through ROS, the present study determined the effect of
pretreatment with NAC on CEP-induced PARP cleavage. The results showed that NAC
significantly prevent the effect of CEP or L-OHP on PARP cleavage. The expression
levels of cleaved PARP were decreased by 1.8 and 3.4 folds, respectively (Figure 14B,
p<0.01), highlighting that ROS is partly responsible for apoptosis-inducing effect of
CEP in HT-29 cells.



protein level (relative to control)

)

401
301

20+

39

(A)
HT-29 # W treated without NAC

25- [ treated with NAC
w -
22 #
o
(n Hok
2 154 I—‘
8
g 10
X 57

0- T T T

control 10 1.25 25 5
L-OHP CEP

concentration (uLM)

c-PARP/PARP
##

*I Ml Drugs control CEP 5uM L-OHP 10 uM
3 NAC+Drugs
NAC 3mM) . + _ + ) +

PARP

Ch— c——

c-PARP =
|l| GAPDH |m——-
_-'l-ﬂ‘—- ilr-|

0_

control CEP5 ox 10
concentration (uM)

Figure 14 Roles of ROS in CEP-induced apoptosis in HT-29 cells. The cells were

treated with 3 mM of NAC for 2 h, followed by CEP at 1.25, 2.5 and 5 uM or L-OHP at

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

apoptotic cells were evaluated using flow cytometry. (B) The expression levels of
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p<0.001 vs. group without NAC.
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Similar to HT-29 cells, NAC significantly prevented CEP-induced apoptosis in
HCT116 cells (Figure 15A). The percentages of apoptotic cells were significantly
decreased when the cells were pretreated with NAC by 1.31 folds, compared with
cells treated with 20 uM of CEP alone (p<0.05). Conversely, pretreatment with NAC
had no significant effect on L-OHP-induced apoptosis. It however should be noted
that NAC significantly prevented the effect of CEP or L-OHP on PARP cleavage. The
expression levels of cleaved PARP were decreased by 1.59 and 5.93 folds,
respectively (Figure 15B, p<0.01). These results suggest that CEP-induced apoptosis is
partly mediated through ROS generation in HCT116 cells.
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4.6 Effect of CEP on ERK signaling pathway in CRC cells

The MAPK/ERK signaling pathway is involved in regulation of various cellular
biological functions such as cell proliferation, cell differentiation, cell cycle
progression and cell apoptosis (92). Thus, the effects of CEP on the phosphorylation
of ERK in CRC cells were determined using western blot analysis. As shown in Figure
16, treatment of HT-29 cells with CEP at 5 uM or L-OHP at 10 pM significantly
inhibited the phosphorylation of ERK by approximately 44% and 45% , when
compared with control (Figure 16A, p<0.05). Conversely, treatment of HCT116 cells
with CEP at 20 uM or L-OHP at 5 pM dramatically induced the phosphorylation of
ERK by approximately 2- and 1.7-fold above the control (Figure 16B, p<0.05). These
results suggest cytotoxicity of CEP is likely mediated through modulation of the ERK
signaling pathway in CRC cells.
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4.7 Role of ROS in CEP-induced alteration of MAPK/ERK signaling pathway in CRC
cells

Several studies have reported that ROS is involved in the effect of alkaloid
compounds on the ERK signaling pathway (15, 17, 55). Since we found that CEP
induced ROS generation and changes in ERK phosphorylation in both CRC cells, we
determined whether ROS is associated with effect of CEP on MAPK/ ERK signaling
pathway. As shown in Figure 17A, CEP at 5 uM and L-OHP at 10 pM significantly
inhibited the phosphorylation of ERK. Remarkably, pretreatment with NAC
significantly prevented CEP and L-OHP-mediated inhibition of ERK phosphorylation by
1.63 and 2.4 folds, respectively in HT-29 cells.

It should be noted that, in HCT116 cells, CEP at 20 uM and L-OHP at 5 uM
significantly activated phosphorylation of ERK and pretreatment with NAC significantly
prevented CEP-induced phosphorylation of ERK by approximately 3 fold. However,
NAC did not significantly alter L-OHP-mediated ERK activation in HCT116 cells (Figure
17B).

These results suggest that ROS is partly associated with CEP-mediated
alteration of MAPK/ERK signaling pathway in CRC cells.
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4.8 Effect of CEP on the expression levels of p21"3™/“P! MRNA and protein in
CRC cells

1Waf1/C|p1

p2 has a potential role in modulating apoptosis (93). Several previous

studies reported that CEP increased mRNA and protein levels of p21"a/cet

in several
cancer cells such as adenosquamous cell carcinoma, ovarian, and colorectal cancer
cells (27, 34, 37). Thus, the effect of CEP on p21"2™/“P1 mRNA level was evaluated in
CRC cells using RT-PCR. Notably, CEP at 5 uM significantly increased p21"*™/“P mRNA
levels approximately 30 times higher than control but L-OHP did not affect
p21Wa/GPL RNA levels in HT-29 cells (Figure 18A). To further confirm the real-time

RT-PCR analysis results, the levels of p21"e/ <t

in CRC cells were measured by
western blotting. As shown in Figure 18B, CEP at 2.5 and 5 pM significantly
upregulated the expression levels of p21"e"/P! protein by approximately 10 and 20
fold higher than control, respectively (p<0.05).

In contrast to HT-29 cells, CEP had no effect on p21"*™“PL mRNA level

whereas L-OHP significantly increased p21"e/<p!

MRNA level approximately 40 times
above control in HCT116 cells (Figure 19A). Similarly, CEP did not affect the
expression of p21"e/“P! protein while L-OHP at 5 puM dramatically upregulated the
expression of p21"#™"“Plprotein by approximately 6 fold above control (Figure 19B,
p<0.01). These results indicated that CEP significantly upregulated the expression of

p21"e/APL MRNA and protein in p53 mutant HT-29 cells.
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4.9 The effect of UC2288 on p21Ve/“P! expression in HT-29 cells

1Waf1/Cip1

Previous studies have reported that p2 promote apoptosis cell death

1Waf1/C|p1

in cells lacking p53 (19, 20). As CEP significantly upregulated p2 expression in

p53 mutant HT-29 cells, we determine whether p21"e/ cPl

upregulation is
responsible for the induction of apoptosis. Initially, HT-29 cells were pretreated with
10 and 50 nM of UC2288, a p21 V&L inhibitor, for 2 h prior to treatment with CEP
for 24 h. As shown in Figure 20, UC2288 at 50 nM significantly decreased the
expression of p21"PL by approximately 61% of control (p<0.05). Thus, UC2288 at

a concentration of 50 nM was used for next experiments.
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4.10 Role of p21 "Waf/@P! in CEP-induced ERK inhibition in HT-29 cells

A previous study has reported the links between p21"e™/“P! and p-ERK (94).
This study therefore determined whether p21 "&/P! is involved in the effect of CEP
on the phosphorylation of ERK in HT-29 cells. As illustrated in Figure 21,
pretreatment with 50 nM UC2288 significantly prevented CEP-mediated inhibition of
ERK phosphorylation in HT-29 cells (p<0.05) while UC2288 did not alter the inhibitory
effect of L-OHP on ERK phosphorylation, suggesting that p21 "&™/“P! partly plays a
role in CEP-mediated inhibition of ERK phosphorylation in HT-29 cells.
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Figure 21 Role of p21"2"/“P! in CEP-mediated inhibition of ERK phosphorylation in
HT-29 cells. Cells were treated with 50 nM of UC2288 for 2 h and then treated with

CEP at 5 uM or L-OHP 10 pM for 24 h. The levels of protein were evaluated using
western blot. The ratio of phospho-ERK/ERK (p-ERK/ERK) were quantified. Each value
is expressed as the mean + SEM (n=3). *p<0.05, **p<0.01, and ***p<0.001 vs. control.

#p<0.05, ##p<0.01 and ###p<0.001 vs. group without UC2288.
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4.11 Role of p21 "Waf/@P! on CEP-induced PARP cleavage in HT-29 cells

To determine whether p21"ef/cipt

is involved in CEP-induced apoptosis, HT-29
cells were pretreated with 50 nM of UC2288 for 2 h prior to treatment with CEP for
24 h. The expression levels of cleaved PARP proteins were determined using western
blot analysis. The result showed that CEP at 5 uM or L-OHP at 10 uM significantly
induced PARP cleavage by approximately 13 and 6 fold above the control,
respectively (p<0.001). Notably, UC2288 significantly prevented CEP-induced PARP
cleavage (Figure 22, p<0.001). In contrast to CEP, UC2288 has no effect on L-OHP-
induced PARP cleavage. The expression levels of cleaved PARP between cells
treated with L-OHP and UC288 were not different from that of cells trated with L-

1Waf1/C|p1

OHP alone. This result suggests the p2 expression is likely involved in

apoptosis-inducing effect of CEP.
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Figure 22 Role of p21"*™ P! in CEP-induced PARP cleavage in HT-29 cells. Cells
were treated with 50 nM of UC2288 for 2 h and then treated with CEP at 5 uM or L-
OHP at 10 uM for 24 h. The protein levels were evaluated using western blot. The
values are shown as fold change relative to the vehicle control. Each value is
expressed as the mean + SEM (n=3). **p<0.01, and ***p<0.001 vs. control. #p<0.05
vs. group without UC2288.
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CHAPTER V
DISCUSSION AND CONCLUSION
Colorectal cancer is the third most common type of cancer and the leading
cause of cancer-related mortality worldwide for both men and women (1). Although,
chemotherapy has been one of the most effective and potent strategy to treat
cancer but its use is still limited due to serious side effects and drug resistance (48-
50). Thus, new compounds possess high anti-cancer efficacy and low toxicity are very

needed for CRC treatment.

Cepharanthine (CEP) is a biscoclaurine alkaloid found in Stephania suberusa
L.L forman and Stephania erecta Craib in Thailand. CEP has been widely used in
Japan to treat a wide variety of acute and chronic diseases.It is also approved for the
treatment of radiation-induced leukopenia, alopecia areata and alopecia pityrodes
(21). Moreover, CEP exhibited anticancer effect against various cancer cell lines
including melanoma, leukemia, ovarian, breast, osteosarcoma, lymphoma, lung
carcinoma, myeloma, cholangiocarcinoma, oral squamous carcinoma, colorectal
cancer, and hepatocellular carcinoma (23-35). Previously, we found the potent
anticancer activity of CEP against p53 mutant colorectal cancer cells, which may be
associated with upregulation of p21"™ Pl and production of ROS. In the present
study, we investigated the roles of ROS and p21"e™"/ P! in the apoptosis-inducing
effect of CEP in two CRC cell lines, p53-wild-type HCT-116 cells and p53-mutant HT-
29 cells. The MTT results demonstrated that CEP significantly inhibited the growth of
both HT-29 and HCT116 cells in a concentration-dependent manner with the 1Csq of
2.46+0.22 pM and 9.64+0.35 uM in HT-29 and HCT-116 cells, respectively, indicating
that CEP was more toxic to p53 mutant HT-29 cells than p53 wild-type HCT116 cells.
This finding was consistent with the finding of Rattanawong et al that CEP was more
effective in controlling the growth of the p53 mutant HT-29 cells than p53 wild-type

COLO-205 cells (34). And the results of this study were in agreement with previous
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studies that CRC cells expressing mutant p53 were more resistant to L-OHP than cells

expressing wild-type p53 (95).

Several studies reported that anticancer activity of many natural compounds
such as curcumin, piperine, sanguinarine and naringin were mediated through
apoptosis induction (96-99). In the present study, the apoptosis-inducing effect of L-
OHP, a commonly used chemotherapeutic agent, was only detected in HCT-116
cells. Studies in several cancer cell types such as hepatocellular carcinoma, gastric as
well as colon cancer cells have demonstrated that L-OHP triggered apoptosis
through alteration of Bcl-2 family proteins (28-30). Similar to preveious studies, this
study found that L-OHP treatment could induce upregulation of Bak and Bax in
HCT116 cells (Figure 1 2 A & B). Taken together, it is likely that L-OHP-induced
apoptosis was mediate via modulation of Bcl-2 family proteins in p53 wild-type
HCT116 cells. In agreement with our study, Therachiyil et al. reported that L-OHP
induced apoptosis by increasing Bax/Bcl-2 ratio in HCT116 cells while it did not alter
the Bax/Bcl-2 ratio in on p53 mutant HT-29 cells (100). It is known that p53 regulates
apoptosis by regulating the transcription of proapoptotic members of the Bcl-2 family
including Bax, Puma, Noxa, and Bid (32). Additionally, p53 can translocates from the
nucleus to the mitochondria, after receiving apoptotic stimuli, to directly interact
with Bcl-2 family proteins (101, 102). Since mutations in p53 have been shown to be
associated with drug resistance in human cancer (33-35), it is likely that p53 may be
responsible for the difference in L-OHP sensitivity between HCT-116 and HT-29 cells.
It however should be noted that, in this study, CEP could induce apoptosis in both
HT-29 and HCT116 cells. We also found that CEP upregulated the expression of Bak
and downregulated the expression of Bcl-x, in both HT-29 and HCT116 cells,
suggesting that apoptosis-inducing effect of CEP is mediated via modulation of the
Bcl-2 protein expression in both p53 wild-type and p53 mutant cancer cells (Figure
11 & 12). Similarly, a previous study revealed that CEP induced p53 wild-type A549
and p53 mutant H1299 NSCLC cells to undergo apoptosis by downregulating Bcl-2
expression and upregulating Bax expression (14). Zhu et al also reported that CEP

induced apoptosis via a decreased in Bcl-2 and an increase in Bax in p53 wild-type
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MEL15-1 melanoma cells (8) whereas apoptosis-inducing effect of CEP was shown to
be associated with downregulation of Bcl-2 and Bcl-x, and upregulation of Bak in
mutant p53 OVCAR-3 cells (10).

A potent cyclin-dependent kinase inhibitor 1A, p21"a/cP!

, represents a major
target of p53 activity (103). The present study demonstrated that CEP upregulated
the expression of p21"*™ <Pl in p53 mutant HT-29 cells but it did not alter the
expression of p21"e/ Pl expression in p53 wild-type in HCT116 cells. These results
were consistent with our previous study showing that CEP dramatically increased

1V\/af1/C|p1

p2 expression levels in HT-29 cells (17). In contrast to CEP, this study found

that L-OHP treatment induced upregulation of p21%ef/ @l

only in p53 wild type
HCT116 cells (Figure 18 & 19). Our findings were in agreement with the findings of
Hata et al that L-OHP caused a significant increase in p21""/“P! expression only in
p53 wild type HCT116 but did not alter the expression of p21"a™ <Pt in K53 mutant
HT-29 CRC cells (61). These results suggest that L-OHP and CEP upregulated p21 in
p53-dependent and in p53-independent manner, respectively. Accumulating

1Waf1/ Cip1l

evidence has reported that p2 play a significant role in apoptosis of cells

lacking p53 (19, 70). Li et al demonstrated that genistein induced p21%ef/ P!
expression, which correlated with upregulation of pro-apoptotic protein in p53
mutant MDA-MB-231 breast cancer cells (19). Moreover, pioglitazone promoted TNF-
related apoptosis-inducing ligand (TRAIL)-induced apoptosis by upregulating the

1Waf1/C|p1

expression of p2 in p53 mutant carcinoid (NCI-H727) cells (70). In agreement

with these observations, the present study found that UC2288, a p21"*™ P! inhibitor,
abolished CEP-induced PARP cleavage in HT-29 cells (Figure 22), suggesting that
apoptosis-inducing effect of CEP was associated with upregulation of p21"@™% P! i
p53-mutant HT-29 cells.

A high level of ROS causes oxidative stress, resulting in DNA damage and
subsequent apoptosis (9). Therefore, increased ROS production may be a novel
strategy for cancer therapy (104). Several chemotherapeutic drugs such as
doxorubicin, cisplatin and oxaliplatin as well as natural compounds such as

quercetin, capsaicin, curcumin and koumine induced ROS generation, leading to
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apoptosis in a large variety of cancer cells such as lung, colon cancer and
hepatocellular carcinoma cells (11, 12, 17, 105). Moreover, many previous studies
revealed that cytotoxic and apoptotic inducing effects of CEP were associated with
ROS generation in many cancer cells such as lung, hepatocellular, myeloma (31, 35,
36). Similarly, the present study found that ROS generation was associated with CEP-
induced cytotoxicity and apoptosis induction in both HT-29 and HCT-116 cells. It
however should be noted that CEP treatment induced ROS production in HCT116
cells higher than HT-29 cells. It is known that nuclear factor erythroid 2-related factor
2 (Nrf2) is a transcription factor that regulate the expression of antioxidant proteins
such as NAD(P)H quinone oxidoreductase 1 (NQO1), slutathione S-transferase 1 (GST-
1) and cystine/ glutamate transporter (x-CT) (106). Since p53 can suppress Nrf2
activation (107), cells with p53 mutant have shown to have higher Nrf2 activity than
cells with p53 wild-type (108). Thus, it is possible that upregulation of antioxidants,
caused by Nrf2 actvation in p53 mutant cells may counteract with CEP-mediated

production of ROS, leading to a lower level of ROS in HT-29 cells.

The MAPK/ ERK signaling pathways play important roles in promoting cell
survival, differentiation, proliferation, migration, and apoptosis (71). It was reported
that oxaliplatin inhibited the growth of CRC cells by targeting effector proteins in
MAPK/ ERK signaling, including ERK (109, 110). Additionally, several studies
demonstrated that several natural compounds such as kynurenic acid,
piperlongumine, and baicalein inhibited the growth of CRC cells through modulation
ERK signaling pathway (111-114). Peng et al showed that norcantharidin (NCTD)
inhibited cell proliferation and induced apoptosis via inhibition of ERK
phosphorylation in HT-29 cells (114). Also, kynurenic acid (KYNA) was found to inhibit
proliferation of HT-29 cells by inhibiting ERK phosphorylation (112). Similar to these
findings, the results of this study revealed that CEP and L-OHP inhibited ERK1/ 2
phosphorylation in HT-29 cells (Figure 16A). Conversely, we found that CEP and L-
OHP activated ERK1/2 phosphorylation in HCT116 cells (Figure 16B). A recent study
reported that baicalein induced apoptosis of HCT-116 cells via the activation ERK
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(111). Moreover, apotosis-inducing effect of [10]-gingerol was shown to be mediated
through activation of ERK (115). Accumulating evidence indicated that ROS could
regulate ERK signaling pathway. Previously, Kim et al showed that downregulation of
phospho-ERK by silibinin is dependent on ROS generation in MCF7 and MDA-MB-231
breast cancer cells (116) while Rahman et al. demonstrated that sanguinarine
(SNG) induced ROS-dependent ERK1/ 2 phosphorylation, leading to apoptosis in
prostate cancer cells (15). Additionally, Yuan et al reported that koumine exerted
anti-tumor effects on hepatocellular carcinoma (HCC) cells through ROS-dependent
ERK inhibition (117). Remarkably, the present findings showed that ROS was
responsible for CEP-mediated inhibition and activation of ERK1/2 phosphorylation in
HT-29 and in HCT116 cells, respectively (Figure 17A-B). Previously, Choi et al showed
that oxidative stress could activate ERK-induced cell death through degradation of
mitogen-activated protein kinase (MAPK) phosphatase 1 (MKP-1) (118). In contrast,
Kim et al demonstrated that MKP-1-mediated dephosphorylation of ERK1/ 2
expression, leading to apoptosis in SH-SY5Y neuroblastoma cells (119). Notably, a
recent study have reported that ROS was as inducers and as inhibitors,
dependending on the concentrations, in the regulation of MKP-1 expression (54).
Thus, it is possible that the levels of ROS, caused by CEP treatment, might be
responsible for the opposite effect of CEP on ERK phophorylation in HCT-116 and
HT-29 cells. The effect of CEP on MKP-1 expression in both cell lines require further

1Waf1/C|p1

investigation. In addition to ROS, p2 has shown to be involved in ERK signaling

pathway. For example, Drosten et al demonstrated that inactivation of p21"“a/ P!
resulted in activation of ERK signaling pathways, leading to sustained cell proliferation
in mourse embryonic fibroblast (64). Of note, the present study found that UC2288
could abolish CEP-mediated inhibition of ERK phosphorylation in p53 mutant HT-29
cells (Figure 21), indicating that upregulation of p21waﬂ/CiIDl plays a role in CEP-
mediated ERK inhibition in p53 mutant HT-29 cells. Previously, we demonstrated that
ROS induced p21 upregulation in p53 mutant HT-29 cells (34). In the present study,
we showed that both NAC and UC2288 could attenuate CEP-mediated inhibition of
ERK phosphorylation. Thus, it is possible that, in p53 mutant HT-29 cells, CEP-

induced ROS production, leading to ERK inhibition, dependently of p21. In contrast to
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HT-29 cells, ROS was responsible for CEP-mediated activation of ERK in HCT-116
cells, which was independent on p21. It is commonly known that p53 is activated in
response to elevated ROS in response to elevated ROS (56). A previous study
demonstrated that apoptosis-inducing effect of quercetin was shown to be mediated
activation of ERK in p53 wild type A549 lung carcinoma cells (120). Moreover, Singh
et al reported that p53 regulated ERK activation in carboplatin induced apoptosis in
p53 wild type cervical carcinoma (121). Taken together, it is possible that CEP-
dependent p53-mediated production of ROS, cause ERK activation, in HCT116 cells.
Further research is needed to understand the roles of p53 in CEP-induced

modulation of ERK in HT-29 and HCT-116 cells.

Conclusion

The present study clearly demonstrated that CEP significantly inhibited the
growth of two human colorectal cancer cell llines, p53 wild type HCT116 and p53-
mutant HT-29 cells. CEP could induce apoptosis through generation of ROS,
downregulation of Bcl-x,, upresulation of Bak and induction of PARP cleavage in both
HT-29 and HCT116 cells. Moreover, ROS was partly responsible for CEP-mediated
inhibition of ERK phosphorylation in HT-29 cells and CEP-mediated activation of ERK
phosphorylation in HCT116 cells. Remarkably, in p53 mutant HT-29 cells, CEP
induced apoptosis and inhibited ERK phosphorylation were associated with

1Waf1/Cip1

upregulation of p2 . Taken together, the results from this study suggest that

1V\/af1/C|p1

apoptosis inducing effect of CEP was dependent on p2 upregulation and ROS

production in CRC cells.
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APPENDIX A

PREPARATION OF REAGENTS
1. Incomplete DMEM stock solution (1 L)

DMEM powder 104 ¢
NaHCO; 3.7¢
ddH,0O 900 mL

Mix all of components until dissolve homogeneous mixture, the next step is
to adjust pH to 7.2 using 1 N HCl or 1 N NaOH. Then adjust final volume to 1 L by
ddH,0. Finally, Incomplete DMEM was sterilized by filtering through a 0.2 sterile

membrane filter and store at 4°C.

2. Incomplete RPMI 1640 stock solution (1 L)

RPMI powder 104 ¢
NaHCO, 15¢
Glucose 45¢
Sodium pyruvate 0.11¢
HEPES (1M) 10 mL
ddH,0O 900 mL

Mix all of components until dissolve homogeneous mixture, the next step is
to adjust pH to 7.2 using 1 N HCl or 1 N NaOH. Then adjust final volume to 1 L by
ddH,0. Finally, Incomplete RPMI was sterilized by filtering through a 0.2 sterile

membrane filter and store at 4°C.
3. Incomplete DMEM high glucose stock solution (1 L)

DMEM powder 104 ¢
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NaHCOs, 3.7¢
Glucose 45¢
ddH,0O 900 mL

Mix all of components until dissolve homogeneous mixture, the next step is
to adjust pH to 7.2 using 1 N HCl or 1 N NaOH. Then adjust final volume to 1 L by
ddH,0. Finally, Incomplete DMEM high glucose was sterilized by filtering through a

0.2 sterile membrane filter and store at 4°C.

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

NaCl 8.065 g
KCl 0.2¢
KH,PO, 02¢
Na,HPO, 1.15¢
ddH,0 900 mL

The mixture was adjusted pH to 7.4 with 1 N HCl or 1 N NaOH. Next, add

ddH,0O to 1 L and sterilized by autoclaving. Then store at room temperature.

5. Hank’s buffered salt solution (HBSS) (1 L)

Hank balance salt powder 98¢
NaHCO, 0.35¢
ddH,O 850 mL

The mixture was adjusted pH to 7.24 with 1 N HCl or 1 N NaOH. Next, add
ddH,0O to 1 L and sterilized by filtering through a 0.2 sterile membrane filter. Then

store at room temperature.
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6. Separating buffer (500 mL)
Tris base 4543 g
ddH,0O 350 mL

The mixture was adjusted pH to 8.8 with 1 N HCl or 1 N NaOH. Next, add
ddH,0 to 500 mL and store at 4°C.

7. Stacking buffer (500 mL)
Tris base 15.14 ¢
ddH,0 350 mL

The mixture was adjusted pH to 6.8 with 1 N HCl or 1 N NaOH. Next, add
ddH,O to 500 mL and store at 4°C.

8. Sample diluting buffer (SDB) (225 mL)

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

Mix all of components until dissolve homogeneous mixture. Then, Add

ddH,0O to 225 mL and store at room temperature.

9. 10X Laemli (Running) buffer (1L)
Tris base 30.25 ¢
Glycine 144 ¢

Sodium dodecyl sulfate (SDS) 10 ¢



ddH,0 700 mL

Mix all of components until dissolve homogeneous mixture. Then, Add

ddH,0 to mL and store at 4°C.
10. 1X Laemli (Running) buffer (1L)
10X Running buffer 100 mL
ddH,0 900 mL
Store at 4°C

11. 10X Transfer buffer (1L)

Tris base 30 ¢
Glycine 144 ¢
ddH,0O 1L

Store at 4°C

12. 1X Transfer buffer (1L)

10X Transfer buffer 100 mL
Methanol 200 mL
ddH,O 700 mL

Store at 4°C

13. 10X Tris-Buffered Saline (TBS) (1L)
Tris base 12.1¢
NaCl 87.5¢

ddH,0 800 mL



The mixture was adjusted pH to 7.4 with 1 N HCl or 1 N NaOH. Next, add
ddH,O to 1 L and store at 4°C.

14. 1X Tris-Buffered Saline (TBS) (1L)
10X Tris-Buffered Saline (TBS) 100 mL
ddH,0O 900 mL
Store at 4°C
15. 1X Tris-Buffered Saline (TBS)/Tween buffer (1L)
Tween 20 0.5 mL
1X Tris-Buffered Saline (TBS) 999.5 mL

Store at 4°C
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Appendix B-1: Representative cytograms of cell apoptosis analysis of HCT116 cells

(p53 wild type) after treatment with 5, 10 and 20 uM of CEP and 5 uM of L-OHP for

104

103

24 h.
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Appendix B-2: The percentages of apoptotic and necrotic cells of HCT-116 cells
after treatment with 5, 10 and 20 uM of CEP and 5 uM of L-OHP for 24 h
Cell population (%)
Treatment Alive Apoptosis Necrosis
RPMI 95.48+1.81 4.43+1.84 0.08+0.04
0.2%DMSO 94.31+1.15 5.60+1.20 0.09+0.05
L-OHP 5 uM 90.15+2.77 9.79+2.78 0.07+0.02
CEP 5 uM 93.40+0.48 6.43+0.52 0.17+0.09
CEP 10 pM 89.51+0.42 10.23+£0.56 0.26+0.14
CEP 20 M 77.09+3.65 22.14+3.67 0.77+0.45

Data represent mean+SEM from three independent experiments.



Appendix B-3: Representative cytograms of cell apoptosis analysis of HT-29 cells
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(p53 mutant) after treatment with 1.25, 2.5 and 5 uM of CEP and 10 pM of L-OHP for

24 h.
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Appendix B-4: The percentages of apoptotic and necrotic cells of HT-29 cells after

treatment with 1.25, 2.5 and 5 uM of CEP and 10 uM of OX for 24 h.

Cell population (%)

Treatment Alive Apoptosis Necrosis
DMEM 92.08+2.33 7.79+2.34 0.13+0.02
0.29%DMSO 92.53+1.80 7.35+£1.82 0.13+0.02
OX 10 uM 90.60+1.49 9.21+£1.55 0.2+0.08
CEP 1.25 uM 83.50+2.90 15.13+2.99 1.38+0.22
CEP 2.5 uM 82.09+1.61 16.06+2.00 1.86+0.42
CEP 5 uM 67.29+3.04 26.94+3.97 577+1.29

Data represent mean+SEM from three independent experiments.
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Appendix B-5: Representative cytograms of cell apoptosis analysis of HCT116 cells
after treatment with or without 3 mM of NAC for 2 h and then treated with 5, 10 and
20 pM of CEP and 5 pM of L-OHP for 24 h.

Appendix B-6: The percentage of apoptotic cells of HCT116 cells after treatment
with or without 3 mM of NAC for 2 h and then treated with 5, 10 and 20 uM of CEP
and 5 puM of L-OHP for 24 h

Cell apoptosis (%)
Treatment 3 mM NAC
n _

0.2%DMSO 2.60+0.17 2.61+0.23
L-OHP 5 uM 3.73+0.58 4.32+0.15
CEP 5 uM 6.10+0.70 7.77+0.29
CEP 10 uM 9.61+0.36 11.42+0.22
CEP 20 uM 19.28+2.24 25.29+2.29

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 3 mM of NAC for 2 h and then treated with 1.25, 2.5
and 5 uM of CEP and 10 pM of L-OHP for 24 h.
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Appendix B-8: The percentage of apoptotic cells of HT-29 cells after treatment with
or without 3 mM of NAC for 2 h and then treated with 1.25, 2.5 and 5 uM of CEP and
10 pM of L-OHP for 24 h.

Cell apoptosis (%)
Treatment 3 mM NAC
+ .

0.2%DMSO 6.73+1.53 7.21%1.59
L-OHP 10 uM 8.08+2.42 12.18+1.09
CEP 1.25 uM 8.91+1.41 8.42+1.50
CEP 2.5 uM 9.41+0.89 10.13+£1.06

CEP 5 pM 14.64+0.11 20.78+0.68

Data represent mean+SEM from three independent experiments.



Appendix B-9: Representative cytograms of ROS production in HCT116 after

treatment with 5, 10 and 20 uM of CEP and 5 uM of L-OHP for 1 h.
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Appendix B-10: The percentage of ROS production in HCT116 after treatment with 5,

10 and 20 uM of CEP and 5 pM of L-OHP for 1 h.

DCF-DA intensity

ROS production (% of control)

Treatment
0.2%DMSO 2.28+0.06 100+0.00
H,O0, 500 pM 8.09+0.04 355.80+8.71
L-OHP 5 uM 2.91+0.09 128.08+6.15
CEP 5 uM 4.77+0.39 209.89+17.96
CEP 10 uM 14.01+£0.06 616.25+13.82
CEP 20 uM 78.39+1.58 3448.67+126.73

Data represent mean+SEM from three independent experiments.
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Appendix B-11: Representative cytograms of ROS production in HT-29 after

treatment with 1.25, 2.5 and 5 uM of CEP and 10 uM of L-OHP for 1 h.

Appendix B-12: The percentage of ROS production HT-29 after treatment with 1.25,

2.5 and 5 pM of CEP and 10 uM of L-OHP for 1 h.
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Treatment DCF-DA intensity ROS production (% of control)
0.2%DMSO 5.30+0.52 100+0.00

H,0, 500 pM 21.31+0.92 406.80+23.65

L-OHP 10 uM 6.32+0.67 120.11+10.80

CEP 1.25 uM 7.59+0.70 147.59+23.17

CEP 2.5 upM 9.74+1.29 184.04+15.59
CEP 5 pM 14.84+0.65 283.42+17.45

Data represent mean+SEM from three independent experiments.
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