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ABSTRACT 

The incidence of colon cancer in Hong Kong and worldwide is on a 

rising trend, while its metastatic development is the leading cause of cancer-

related deaths. Understanding the molecular mechanisms of how tumors 

progress and metastasize to secondary sites, at both biological and genetic 

levels, could enable us to identify potential molecular targets in drug 

development. In the present study, we explored how manipulation of signaling 

pathways by targeting calpains and S100A4 could facilitate the development 

of anti-tumor and anti-metastatic drugs. 

With respect to the targeting on calpains, it was discovered that 

total Astragalus saponins (AST) and cryptotanshinone (CPT) are effective 

anti-cancer agents that elicit the endoplasmic reticulum (ER) stress response. 

They act by upregulating the expression of glucose-regulated protein (GRP) 

78, leading to the initiation of apoptosis when the ER recovery process begins 

to fail. In particular, CPT caused rapid and sustained increase in cytosolic 

calcium in colon cancer cells that was accompanied by early GRP78 

overexpression. The increase in cytosolic calcium was blocked by pre-

treatment of BAPTA-AM through depletion of the ER calcium store. In 

consistent with these, we also confirmed that CPT significantly increased 

calpain activity, which could be blocked by calcium chelator or calpain 

inhibitors. Furthermore, a dynamic interaction between GRP78 and calpain 

under ER stress was unveiled during AST or CPT exposure. The degree of 
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association was increased following prolonged ER stress, and suppressed 

either as the ER recovery process failed or with the presence of calpain 

inhibitors. Besides, inhibition of calpain activity suppressed NF-κB activation 

(a consequence of ER stress) and substantially enhanced the effects of CPT to 

promote apoptosis. More importantly, it was confirmed that the effects of 

calpain inhibitors to sensitize colon cancer cells to ER stress-associated 

apoptosis are p53-dependent. The anti-tumorigenetic effects of CPT were 

further demonstrated in vivo in xenografted nude mice by trageting calpains 

and in combination with calpain inhibitors.  

The study investigating drug targeting on S100A4 in both in vitro and 

in vivo models had shown that the pharmacological store-operated calcium 

channel blocker would suppress S100A4-mediated migration by weakening 

extracellular S100A4-mediated calcium responses. The effects on S100A4-

induced metastasis formation were confirmed in vivo with reduced splenic 

tumor volume and decreased number of liver metastases. These results have 

provided new insights to correlate between S100A4 and calcium signaling, 

making an important step forward in characterizing the dependence of 

calcium homeostasis in the process of metastasis, providing a novel strategy 

for S100A4-mediated metastasis. 

In summary, this thesis has explored the anti-cancer mechanisms of 

novel medicinal compounds via targeting calpains or S100A4 in the treatment 

of colon cancer, which could facilitate future establishment of effective 
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medicinal compounds in the treatment of metastatic colon cancers with known 

molecular targets. 
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A. OVERVIEW OF COLON CANCER 

 

1. Colon cancer epidemiology  

 

According to the World Health Organization, colon cancer is the third 

most common cancer worldwide and the second most frequently occurring 

cancer concerning men and women in developed countries [Garcia et al., 

2007]. In 2009, the Hong Kong Cancer Registry reported that colorectal 

cancer was the second leading cause of cancer death Hong Kong. Mostly due 

to difference lifestyles and diets, there is a wide geographical variation in 

incidence of colon cancer across the globe.  

Intensive health programs comprising novel screening methods for early 

diagnosis of colon cancer has led to a declining trend of colon cancer cases 

and deaths in developed countries. The decline further correlated with the 

access to specialists and the availability of modern drug therapy. Nonetheless, 

colon cancer still represents 13% of all diagnosed neoplasms [Garcia et al., 

2007; Ferlay et al., 2010]. The overall five-year survival rate for colon cancer 

lies between 53 and 63%. However, survival is highly-dependent on the tumor 

stage at the time of diagnosis. For instance, the five-year survival rate for 

patients with a local tumor in its early stages is 90%. However, less than 40% 

of early stage tumors are detected. Diagnosis of colon cancer at a more 

progressed stage with regional lymph node metastases decreases the five-year 
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survival rate to about 65%. Drastically, only 10% of colon cancer patients will 

survive five years after initial diagnosis when their tumor has spread to distant 

organs [Stein and Schlag 2007]. 

1.1 Etiology 

There are three major classes of colon cancer, namely ‘sporadic’, 

‘familial’ and ‘hereditary’, each having a different population distribution. 

Among them, sporadic colorectal cancer takes up the highest proportion [Cruz 

and Clarens 2004]. The major causes of colon cancer are inherited genetic 

factors as well as environmental factors. The genetic factors include inherited 

genetic mutations (e.g. Lynch syndrome, the hereditary non-polyposis 

colorectal cancer or HNPCC) and familial adenomatous polyposis (FAP), 

personal or family history of colorectal cancer and/or polyps, as well as 

previous chronic inflammatory bowel disease. 

With regards to the environmental factors, old age, lack of physical 

activities, obesity, low dietary fiber intake, high content of red meat in diet, 

smoking and alcohol abuse have all been shown to increase the incidence of 

colon cancer. On the other hand, some researches have shown that regular 

physical activity [Kirkegaarl et al., 2010], sufficient consumption of dietary 

fiber, vegetables and fruit intake play an important role in reducing the 

incidence of colon cancer [Phillips and Snowdon 1985]. 
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1.2 Staging  

When colon cancer is diagnosed, accurate preoperative staging is 

important for optimal therapeutic planning. The Tumor Node Metastasis 

(TNM) classification is the worldwide accepted system for staging of colon 

cancer [Fleming et al., 1997]. Accurate detection of regional lymph nodes and 

distant metastases is most important in pre-operative staging of patients with 

colon cancer. There are 5 stages of colon cancer: 

Stage 0 (Carcinoma in Situ): Abnormal cells are found in the mucosa 

(innermost layer) of the colon wall.  

Stage I (corresponds to Dukes A or B1): Cancer has spread to the 

submucosa. 

Stage II (corresponds to Dukes B2): Cancer has spread through the 

muscle layer of colon wall and may spread to nearby organs or not. 

Stage III (corresponds to Dukes C): The lymph nodes are affected by 

spreading cancer. 

Stage IV (corresponds to Dukes D): The colon cancer has spread 

through the blood and lymph nodes to other parts of the body, such as the lung, 

liver, abdominal wall or ovary [Cappell 2005]. 
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1.3 Symptoms and Diagnosis 

During the early stage of colon cancer, no symptoms can be observed, 

therefore screening is very important. When the cancer has already progressed, 

its common symptom is a change in bowel habits, such as abdominal pain, 

rectal bleeding, frequent gas pains or cramps or feeling full or bloated 

[Cappell 2005].  

The different symptoms being observed depend on the location, size and 

presence of metastases of the cancer. For example, partial or complete 

intestinal obstruction are more likely to be caused by cancers of the left colon 

than those of the right, due to narrower lumen, while gross rectal bleeding is 

sometimes caused by distal cancers yet seldom by proximal cancers because 

the blood mixes with stool and becomes chemically degraded during colonic 

transit. 

One of the most common methods for colon cancer screening is fecal 

occult blood testing (FOBT). FBOT mainly tests the presence of fecal blood 

by using colorimetric assay, and has been the traditional mainstay of screening 

for colon cancer and colonic polyps for average-risk patients. Apart from 

FOBT, alternative diagnostic methods are barium enema, flexible 

sigmoidoscopy, colonoscopy, measurement of carcinoembryonic antigen 

(CEA) and computer tomography (CT). CEA is used for identifying the 

presence of metastases, while CT is used to determine the degrees of 

metastases of colon cancer effectively [Otchy et al., 2004]. 
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1.4 Treatment 

Colon cancer is highly treatable and often curable, especially when 

discovered at an early stage. The mortality rate of colon cancer within the past 

5 years has shown an exponential increase from 10% in stage I to 90% in 

stage IV. The type of treatment deemed most suitable depends on the stage 

and location of the colon cancer. Especially in early stages, surgery is the 

primary choice of treatment, and it provides cures to approximately 50% of 

patients, albeit recurrence following surgery is a major problem. Adjuvant 

therapy such as chemotherapy, biologically targeted therapies, radiation and 

immunotherapy may therefore be needed to reduce recurrence, relieve 

symptoms and prolong survival. 

For colon cancer that has already been spread to nearby lymph nodes, 

chemotherapy using fluorouracil (5-FU) is usually recommended for lowering 

the chance of recurrence of colon cancer after surgery [Otchy 2004]. 5-FU is 

the first-line-drug for the chemotherapy of colon cancer, which can be used in 

both initial phase and advanced stage of colon cancer. For stages with distant 

metastases like Stage IV, the goal of surgery is usually to relieve or prevent 

blockage of the colon and other local complication. While surgery is not 

recommended for all patients, adjuvant therapies may be given alone or in 

combination. Bevacizumab (Avastin), cetuximab (Erbitux) and 

panitumumab (Vectibix) are the targeted monoclonal antibody therapies 

approved by the US Food and Drug Administration (FDA) [Wang and Kelly 

2010]. Other cytotoxic agents for treating metastasis colon cancer include 
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capecitabine, oxaliplatin, irinotecan, tegafur with uracil, and mitomycin 

[Cooper et al., 2010]. 

 

2.  Pathogenesis 

 

Adenomas could be developed from polyps in the colorectal area. About 

5% of all polyps show malignant change and adenomas polyps are considered 

as the precursor lesions of colon cancer [Ponz and Roncucci 2000]. The 

development of colon cancer involves inherited germline defects (mainly FAP 

and HNPCC) or mutations arisen in somatic cells (sporadiac CRC). As shown 

in Figure 1, progression comprises the mutational activation of oncogenes, 

inactivation of tumor suppressor genes and microsatellite instability. There are 

two types of mutator phenotypes that increase the target for additional 

mutations, namely chromosomal instability (CIN) and microsatellite 

instability (MIN/ MSI). CIN is defined by chromosal translocation, 

amplification or deletion of chromosomal segments, or other types of allelic 

losses, accompanied by the loss of heterozygosity (LOH) for adjacent 

polymorphic markers of DNA, which leads to the loss of function of tumor 

suppressor genes adenomatous polyposis coli (APC) and p53. MIN consists of 

an increased rate of point mutations affecting one or few base pairs of DNA. 

This results in abnormal sequences known as microsatellite. The underlying 

mechanism is the mutation of the mismatch repair (MMR) genes. During 

DNA replication, these MMR genes are responsible for repairing the DNA 
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base-pair mismatches. APC gene is a tumor suppressor gene that normally 

modulates beta-catenin protein. This is achieved through its original function 

of binding to cellular transcriptional factors and beta-catenin. Around 75% of 

sporadic colorectal cancer mutations in APC gene are detected and are 

observed in the earliest adenoma.  

The MMR system comprises at least five subunits which are controlled 

by different genes. MSH2, MLH and MSH6 mutations in MMR genes are the 

primary cause of HNPCC. It was reported that MMR mutations possibly 

cause the initiation of HNPCC [Houlston 2001]. Specific mutations of K-ras, 

which are first responsible for the progression of adenoma after the APC 

mutations, were found in more than half of colon cancers. K-ras belongs to 

human Ras oncogenes and is involved in transmitting signals, with increasing 

frequency in larger and more advanced lesion. 

The third step of tumor progression is characterized by the loss of the 

function of tumor suppressor gene in the region of “the deleted in colon 

cancer” (DCC) and “the deleted in pancreatic (DPC4)” genes, with DCC 

mutations playing a role in colorectal tumor progression, invasion, and 

metastasis [Houlston 2001]. Mutations in the p53 gene, which frequently 

occur at late adenoma stage of colon cancer, show significant prognostic value. 

The loss of functional p53 protein due to mutations caused DNA instability, 

impaired G1 phase cell cycle arrest and thus reduces apoptosis. 

Mature colon cancer acquires the malignant behavior of the invasion of 
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the basement membrane. Loss of E-cadherin protein will lead to the disruption 

of the normal cell junction, an increase in tissue degradation with aid of tissue 

and urokinase plasminogen activators (tPA and uPA) as well as matrix 

metalloprotinases/ collagenases (MMP family), and the enhancement of the 

colon cancer’s invasive power. There are several variations of gene loci such 

as NM23 and CD44 genes, which have a possible role in the metastasis 

[Houlston 2001]. 

 

 

 

Fig.1 Molecular pathogenesis of sporadic colon cancer [adapted from Houlston et al., 

2001] 

 

 

 

9 
 



2.1 Apoptosis and cancer 

Apoptosis, the cell's intrinsic program to death, is characterized by 

condensation of its nuclear and cytoplasmic materials, the shrinkage of cell, 

and the formation of membrane-bound cellular fragments. It is an active 

molecular process often requiring active transcription and translation of 

proteins for initiation [Zipfel et al., 2000], unlike necrosis or oncogenesis, 

which are accidental and do not normally involve an active role of the cell. 

Apoptosis plays a central role in physiological growth control and regulation 

of tissue homeostasis. Tipping the balance between cell death and 

proliferation in favor of cell survival may result in tumor formation [Fulda 

and Debatin 2004].  

There are two main apoptotic pathways being identified to date, 

including the extrinsic (or death receptor) pathway and the intrinsic (or 

mitochondrial) pathway. The extrinsic pathway involves transmembrane 

receptor-mediated interactions. The process starts with the binding of 

extracellular stimulants to these death receptors, and results in formation of 

the death-inducing signaling complex (DISC), consisting of adaptor molecule 

Fas-associated death domain (FADD) and caspase-8. The initiator caspase-8 

directly cleaves and activates the effector caspases leading to apoptosis, or 

indirectly activates the downstream through the cleavage of BH3-only protein 

Bid. The intrinsic pathway involves mitochondrial-initiated events, in which 

the pro-apoptotic proteins such as cytochrome c, Smac/DIABLO are released 

from intermembrane space of mitochondria into cytosol and activate the 
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caspase-dependent pathway [Cory and Adams 2002], and intracellular signals 

that act directly on targets without receptor mediation are produced. During 

that, Caspase-dependent apoptotic pathway frequently features in many cell 

deaths, but not all, such as the caspase-independent pathways indicated in 

Hengartner 2000. It is noted that apoptosis can occur with or without caspases. 

The caspase-independent apoptotic pathway might occur with AIF and endoG, 

however, in the later cases the results often bear little morphological 

resemblance to its classical definition. 

2.2 Endoplasmic Reticulum (ER) stress and cancer  

ER has got an important function in many different processes. For 

example these include lipid synthesis, the maintenance of intracellular Ca2+ 

homeostasis, and the synthesis and initial post-translational modification as 

well as the proper folding of half of the cellular proteins, which for the most 

part are secretory and transmembrane [Lodish et al., 2000].  

Since most proteins depend on their precise tertiary structures so that 

they can perform the functions for which they are intended, their misfolding 

seriously affects the function of the cell. However, the protein folding process 

is easily subject to errors and normally is handled by degrading or refolding 

the miscreant. Therefore, if the cell’s ability to degrade or refold abnormal 

polypeptides is eclipsed, the denatured or partially unfolded molecules 

accumulate. This problem is aggravated in cases where chaperones cannot 

handle the excess amount of misfolded or unfolded proteins due to 
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environmental disruptions, despite the fact that in large part they are 

controlled by molecular chaperones protecting open surface areas, like BiP 

(GRP78).      

Endoplasmic reticulum (ER) stress has been involved with many 

diseases, including cancer, with many studies focused on the activation of the 

ER stress response in certain types of cancers [Wu et al., 2014; Wang et al., 

2014; Niederreiter et al., 2013; Yoshida et al., 2007; Hebert et al., 2007] to 

enhance their survival and tumor growth, in particular cancers that were not 

inherited but were caused by genome damage. In this process, the cells 

capitalize on the ER stress response, which can be adaptive and beneficial at 

the cellular molecular level. However, at the level of the entire organism, it 

can be extremely harmful, as the high proliferative rates and inadequate 

vascularization of solid tumors bring about a highly unfavorable 

microenvironment. Especially under the condition of low pH, low oxygen 

tension, and low nutrient supply, the accumulation of misfolded proteins and 

ER stress could lead to cell death [Saito et al., 2009; Ma et al., 2004]. Cancer 

cells have got the ability to survive under these extreme conditions though, 

via modulation of the UPR response, regardless of the ER stress presence. 

[Kosakowska-Cholody et al., 2014; Andruska et al., 2014; Wang et al., 2014; 

Pyrko et al., 2007]. 

2.3 Unfolded Protein Response (UPR) 

ER stress and the accumulation of misfolded proteins can be the result of 
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many different aspects. ER dysfunction requires the activation of the pathway 

in charge of communicating changes for modulation of the cell behavior to 

allow adaptation and survival. Figure 2 shows that UPR stimulation can be 

linked with a wide variety of processes. These include glucose or oxygen 

deprivation, protein glycosylation suppression as well as transformation of the 

lumen from an oxidizing to a reducing environment. Moreover it includes  

enhanced NO and free radical formation [Liu et al., 2001], disruption of ER-

associated protein degradation, and last but not least the disruption of ER 

calcium homeostasis caused by ER calcium depletion, which is toxic to cells. 

In addition, the majority of other activities in the cell are mediated by Ca2+, an 

intracellular messenger. Ca2+ signals must be changeable however still be 

specifically regulated so that the functions are being property co-ordinated. 

Based on recent evidence it seems likely that the ER calcium stores comprise 

compartments which are individually controlled yet spatially distinct. For this 

reason, the mitochondria have got an backup function which is to take in and 

accumulate surplus Ca2+ from the cytosol avoiding overload, when Ca2+ 

stored in the ER is reduced. Even though surplus Ca2+ in the mitochondria 

typically goes back to the ER, the process can result in causing toxicity, 

thereby initiating the mitochondrial-mediated apoptosis. 

To facilitate the rapid reduction of the requirement for ER protein 

processing, as well as to enhance the swift eradication of misfolded proteins, 

the master regulator of UPR, GRP78, is discharged from ER transmembrane 

signal transducers such as PKR-like ER kinase (PERK), inositolrequiring 
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enzyme 1 (IRE1) and activating the transcription factor 6 (ATF6), resulting in 

the signaling pathways activation [Lee 2005]. PERK promotes 

autophosphorylation and activation after GRP78 release [Rutkowski and 

Kaufman 2004], as eukaryotic translation initiation factor 2α (eIF2α) is 

phosphorylated at Serine 51 by PERK weakening the degree of translation 

initiation and preventing additional protein synthesis. Nonetheless, 

phosphorylated eIF2α have got the ability to increase the translation of some 

mRNAs. These incorporate inhibitory upstream open reading frames (uORFs) 

in the 5’ untranslated region. The activated ATF6, as active transcription 

factors, migrates into the nucleus and upregulates proteins that augment ER 

folding capacity such as ER chaperones, GRP78 and GRP94 as well as 

folding enzymes like PDI, following translocation from ER to Golgi and 

cleavage. Activated IRE1 splices a 26-base intron from the mRNA encoding 

the X-box binding protein 1 (XBP-1) with its endoribonuclease activity 

[Yoshida et al., 2001]. XBP-1 is a transcriptional factor targeting genes such 

as DnaJ, p58, ERdj4, EDEM and PDI, all of which play a role in protein 

folding and endoplasmic reticulum-associated degradation (ERAD). To reduce 

protein accumulation in the ER caused by adaptive response, the UPR 

advances through transient attenuation of translational and transcriptional 

induction of ER chaperones, folding enzymes as well as proteins related to 

ERAD.  
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Fig. 2. Endoplasmic Reticulum (ER) -stress-regulated signal transduction. 

[adapted from Horsol et al., 2010] 

 

 

 

2.4 Glucose-regulated proteins (GRPs) 

The glucose-regulated proteins (GRPs), especially two major GRPs, 

GRP78 and GRP94, which serve multiple functions in maintaining cellular 

homeostasis, traditionally refer to a set of ER chaperones originally 

discovered as proteins inducible by glucose starvation [Lee 2001]. It has been 

shown that GRPs promote tumor proliferation, metastasis, drug resistance, 

and they have major applications in immunotherapy as well as the prognosis 

and treatment of cancer [Fu and Lee, 2006]. 

GRP78：According to recent discoveries, GRP78 can be upregulated 
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during tumor growth through mechanisms other than ER stress as mentioned 

above, which helps cancer cell survival and proliferation and angiogenesis in 

the microenvironment [Li and Lee 2006]. Apart from locating at the ER, 

GRP78 can also exist outside ER, for instance as a surface protein-receptor in 

cell signaling to promote cancer proliferation [Fu and Lee 2006]. Nuclear 

GRP78 can cross-link to DNA and suppress DNA damage-induced apoptosis. 

Mitochondrial GRP78 can regulate mitochondrial energy balance during ER 

stress, while secreted GRP78 outside the cell can activate pro-survival kinase 

signaling [Ni et al., 2011]. GRP78 regulates multiple ER signaling pathways 

that affect the balance between survival and apoptosis. Thus the efficiency of 

anticancer drugs will be changed through ER modulation. Downregulation of 

the GRP78 of colorectal cancer cells, for example, shows more sensitivity to 

paclitaxel-induced apoptosis [Mhaidat et al., 2011], as GRP78 represents a 

prime target for solid tumor cancer therapy based on its anti-apoptotic 

function. 

GRP94: Like GRP78, GRP94 is also a molecular chaperone that 

collaborates with GRP78 to protect cells against death. On the one hand, over-

expression of GRP94 associates with cellular transformation, tumorigenicity 

and decreased sensitivity to X-rays. On the other hand, suppression of GRP94 

sensitizes cells to etoposide treatment, which suggests that downregulation of 

intracellularly GRP94 offers a new strategy in cancer therapy [Kubota et al., 

2005]. Surprisingly, GRP94 is currently being tested in immunotherapy in 

various clinical trials [Binder and Srivastava 2005]. For example, tumor-
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secreted GRP94 has been shown to elicit antitumor immune responses when 

use as antitumor vaccines [Luo and Lee 2012], which provides a new way to 

develop the GRPs’ benefits to cancer patients. 

2.5 Calpains 

The calpain family has at least six members, which can be divided into 

two groups based upon their tissue distribution: ubiquitous and tissue-specific. 

The best known calpains are two ubiquitously expressed isozymes, μ-calpain 

(calpain-I) and m-calpain (calpain-II), both of which can be inhibited by 

calpastatin [Goll et al., 2003]. μ-Calpain is often activated constitutively, 

whereas m-calpain is generally activated in response to cellular signals. 

Although the exact mechanism of how calpains regulate cells is still not clear, 

there is much evidence showing that calpains participate in a lot of different 

cellular processes, including remodeling cytoskeletal, membrane attachments, 

different signaling pathways and apoptosis [Goll et al., 2003]. Calpains were 

first suggested to be involved in apoptosis in 1993, but the exact role is 

complicated. On one hand, calpains have the ability to cleave the caspases 

themselves and to cleave several proteins that regulate progression of 

apoptosis, such as caspase-7, -8 and -9, acting as negative regulators of 

apoptosis by inactivating upstream caspases. On the other hand, m-calpain has 

been reported to cleave procaspase-12 to activate caspase and to cleave the 

Bcl-xl so as to change an antiapoptotic molecule into a proapoptotic molecule, 

behaving as positive regulators of apoptosis [Chua et al., 2000; Nakagawa and 

Yuan 2000]. It is also known that calpainstatin degradation causes calpain-
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induced downregulation of caspase activity and the subsequent indirect 

upregulation of calpain activity. There is accumulating evidence indicating 

that calpain regulates both caspase-dependent and caspase-independent 

pathways in apoptosis induced by various stimuli in different cell system 

[Suzuki et al., 2004]. 

 

 

B. THE DEVELOPMENT OF METASTATIC COLON 

CANCER 

 

The development of colon cancer and its metastases is a progressive 

process which is mediated by a sequence of mutations. The following sections 

will outline the histology of the colon crypt, tumor initiation and the 

progression towards metastasis formation as well as the molecular processes 

underlying colon cancer. 

 

1. The colonic crypt 

 

The colon represents the final part of the gastrointestinal tract, together 

with the rectum and the anus. It consists of the endoderm-derived layer of 

colon epithelium as well as two mesoderm-derived layers which contain 

smooth muscle cells that are required for peristalsis and stroma cells 

functioning as connecting tissue [de Santa Barbara et al., 2003]. The epithelial 
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layer has got the characteristic crypts of Lieberkühn (Fig 3). These are divided 

into firstly the proliferative compartment, which is located at the lower part of 

the crypt, and secondly a compartment which is located at the luminal side of 

the crypt. The proliferative compartment comprises multipotent stem cells 

promote transit amplifying cells, with the latter separating at two times the 

speed of the stem cells, while moving to the crypt apex in consistent bands. 

The four main types of epithelial cells identified during migration are 

absorptive enterocyte, secretory Goblet, enteroendocrine and Paneth cells [de 

Lau et al., 2007]. Enterocytes and Goblet cells play the most important role 

among cell types in colonic crypts, with Goblet cells generating mucus which 

has the function of shielding the colon epithelium from stress as well as 

chemical damage, while electrolytes from the chime plus water are reabsorb 

by absorptive enterocytes. Hormones such as substance P, somatostatin and 

secretin as well as serotonin are produced by enteroendocrine cells, as paneth 

cells often reside at the crypt ending. Here, anti-microbial peptides including 

cryptins, defectins and lysozyme as well as phospholipase A2 are produced by 

the crypt [Humphries and Wright 2008]. Differentiated cells transfer in the 

direction of the top of the crypt, at which place apoptosis occurs, or 

alternatively they may be mechanically shedded, with the place of lost cells 

being taken over by new cells derived from stem-cells sourced from the lower 

part of the crypt.  
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Fig. 3 Histology of the colon crypt This figure shows one crypt of Lieberkühn that is 

divided into the compartments of proliferation and differentiation. Multipotent stem cells 

promote transit amplifying cells which move in consistent bands in the direction of the 

crypt’s luminal side. These progenitor cells are distinguished into the different categories 

of enteroendocrine cells, Paneth cells, absorptive enterocytes as well as Goblet cells. At 

the top of the colon crypt, the cells enter apoptosis or alternatively are shedded, while their 

position is replaced by new cells derived from stem-cells rising from the bottom of the 

crypt [Radtke and Clevers 2005]. 
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2.  Steps of the adenoma-carcinoma 

 

In the majority of cases, colon cancer is caused by precancerous lesions 

in the epithelium resulting from chronic inflammation as well as genetic 

mutation build-up, and is categorized into two models. Firstly the top-down 

model, and secondly the bottom-up model, whereby the former shows that 

transformed precursor cells transfer towards the top of the crypt and locate at 

the surface before giving rise to tumor formation, followed by tumor growth 

with lateral and inferior migration of transformed clones to neighboring  

crypts where they take the place of normal epithelium [Shih et al., 2006]. On 

the other hand the latter model happens to be the most commonly used model 

for examining colon cancer development [Humphries and Wright 2008], in 

which the mutated stem cell differentiates, followed by colonization of a 

single crypt through monocryptal microadenoma formation, which is in line 

with the finding of macroscopic count of adenomas being congruent with the 

amount of microscopically counted aberrant crypts in FAP patients [Wright et 

al., 2002].  

One of the phenomena that can often be observed at the early stages of 

adenomas in FAP and sporadic APC mutated colon cancer cases, is the 

formation of aberrant crypt foci [Smith et al., 1994; Wasan et al., 1998]. The 

insufficiency of nutrient supply via diffusion results in angiogenic factors’ 

secretion enabling substantial vascularization in the early stages of carcinoma 

[Raica et al., 2009], thereby allowing for the supply of nutrient to the tumor. 
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As a result, the early produced carcinoma migrates into the neighboring crypts 

before expanding into the late carcinoma of mesenchymal layers [Markowitz 

et al., 2009]. 

3. Formation of metastasis 

 

The epithelial-mesenchymal transition (EMT) of colon cancer cells is a 

major part of metastasis development started by the tumor stroma cells. The 

tumor incorporates regional mesenchymal stroma cells during tumor 

outgrowth, while mesenchymal bone-marrow stem cells, through the blood 

circulation, migrate to and invade the tumor tissue, followed by differentiation 

into myofibroblasts as well as endothelial cells. The conversion of epithelial 

cells to mesenchymal cells is enabled by EMT, which is a highly conserved 

cellular program.  

Epithelial cells form a monolayer through close intercellular connections 

and migrate laterally following the epithelial cell-band. However, they do not 

have the ability to invade the tissue of the basal layer. On the other hand, 

mesenchymal cells seldom establish connections with adjacent cells, but they 

are mobile with the ability to invade surrounding tissues.  

In the early steps of the formation of metastasis (Figure 4), the 

transformed epithelial cell can obtain a mesenchymal phenotype through EMT. 

In this process, the loss of celladhesion occurs, followed by the extracellular 

matrix destruction as well as adjacent tissue invasion and migration into the 

direction of blood or lymph vessels [Yang and Weinberg 2008]. After entering 
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the circulation, most of the tumor cells do not have the ability of metastasis 

formation because of various obstacles [Zeidman et al., 1950], such as the loss 

of growth activating signals from the stroma after the tumor cell left the tumor 

tissue, as well as the possibility of mechanical damage during circulation. 

Moreover, the remaining alive cells after circulation are either caught in the 

narrow capillaries or the lymph nodes. In order to adhere to the vessel 

endothelium and extravasate into the foreign tissue, the cells must express 

adhesion molecules as the invaded cell is vulnerably to foreign signaling 

factors and various extracellular matrix proteins in the distant organ tissue. It 

attaches to extracellular matrix proteins to form micrometastases [Fidler 

2003], which in turn perform reverse mesenchymal-epithelial transition, 

leading to the establishment of primary as well as further secondary 

metastases [Weinberg 2008].  

However, a different model has been described more recently, which 

suggets that tumor dissemination may materialize at an early stage, in line 

with development of the tumor [Riethdorf and Pantel 2009], and that 

metastatic seeds can survive in a passive state, which makes resistant to most 

chemotherapeutics attacking the active proliferating cell [Vincan et al., 2008]. 

However the cause of dormant disseminated tumor cells re-activation has not 

been explored, although it was demonstrated that overexpression of integrins 

in the extracellular matrix causes prior dormant cancer cells to proliferate 

[Barkan et al., 2008]. Additionally they may enter the circulation another time 

and extravasate into distant organ tissue while promoting primary as well as 
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secondary metastases [Pantel and Brakenhoff 2004; Pantel et al., 2008]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4  Development of colon cancer development and formation of metastasis Colon 

cancer is started by colon stem cell mutation through crypt colonization and 

microadenoma formation, while additional aggregation of some mutations and 

incorporation of regional stroma cells results in the transition to a large adenoma which 

moves upwards into the colon lumen. At the initial stage of carcinoma, neovascularization 

provides the supply of nutrients in the tumor mass, followed by further infiltration into the 

basal layers as well as the adjacent crypts, while expression of epithelial-mesenchymal 

transition transcription factors (EMT-TFs) allows adjacent tissue invasion. Thereafter 

intravasation into the lymph and blood circulation occurs, together with foreign tissue 

extravasation as well as formation of metastasis in lymph nodes and distant organs. 

Sequential mutations regulate colon cancer metastasis development. [Jones et al., 2008; 

Pantel et al., 2004]. 
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4. S100A4 

 

Expression of S100A4, an ubiquitous 11-kDa Ca2+-binding protein that is 

one of the 24 members of the S100 protein family [Marenholz et al., 2006], 

possesses a tissue-specific pattern and controls a variety of intracellular and 

extracellular processes [Klingelhofer et al., 2009]. S100A4 has no enzymatic 

activity and exerts its functions mainly through interaction with its targeting 

proteins. Like other S100 proteins, intracellular S100A4 regulates 

mechanisms associated with Ca2+ transport and cell homeostasis such as 

protein phosphorylation, transcriptional activity, and cytoskeletal 

rearrangement [Donato 2001]. Interaction of S100A4 with its intracellular 

cytoskeleton-associated targets, including non-muscle myosin [Kriajevska et 

al., 1994], tropomyosin [Takenaga et al., 1994] and liprin-β [Kriajevska et al., 

2002], facilitates the remodeling of acto-myosin filaments and focal adhesions 

and enhance cell motility and invasion. The interaction with liprin-β and E-

cadherin also modulates cytoskeletal dynamics, cell adhesion and detachment 

[Keirsebilck et al., 1998; Kimura et al., 2000, Kriajevska et al., 2002]. 

However, S100A4 exerts its cytokine-like effect when secreted into 

extracellular space. Several lines of evidence show that S100A4 as an active 

extracellular factor influences gene expression by modulation of MAP kinases 

(ERK, p38, JNK) and activation of transcription factors NF-κB, which leads 

to S100A4-driven stimulation of MMPs’ proteolytic activity, angiogenesis and 

cell survival [Hofmann et al., 1999; Klingelhofer et al., 2007; Novitskaya et 
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al., 2000; Schneider et al., 2007, Yammani et al., 2006]. S100A4 regulates 

remodeling of extracellular matrix through upregulation of MMPs while 

downregulation of S100A4 in osteosarcoma cells leads to reduced expression 

of MMP2 and membrane-type 1 MMP [Bjornland et al., 1999]. The invasive 

ability of human prostate cancer cells is also stimulated by S100A4, at least 

partly through S100A4 mediating transcriptional activation of MMP 9 

[Saleem et al., 2006]. Moreover, S100A4 correlates with EMT, the biologic 

process of polarized epithelial cells changing to mesenchymal cells, 

enhancing capacity of migration, invasiveness and resistance to apoptosis 

[Schneider et al., 2008].  

4.1 Protein structure of S100A4 

The family of S100 Ca2+-binding proteins is characterized by a high level 

of sequence and structure homology. As shown in Figure 5, non-covalent 

binding of the first and the last helix of each subunit stabilises the structure of 

S100A4, which is a symmetrical homodimer like most of the S100 proteins, 

with each subunit of S100A4 comprising two EF hands bound together by a 

conserved hinge region [Gingras et al., 2008]. In addition to the C-terminus 

canonical EF hand, which is characterized by a helix-loop-helix motif of 12 

amino acid long loop region constituting a binding pocket for one Ca2+ ion, 

S100 proteins are distinctive as well for their N-terminal pseudo EF hand, 

with the loop of the N-terminal EF hand comprising 14 amino acids.  

This elongation by two amino acids results in a decreased affinity to Ca2+, 
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with the apo state known as the inactive closed conformation, and the Ca2+-

bound state known as the active open conformation. In accordance with this, 

Ca2+-binding takes place sequentially starting at the C-terminal EF-hand, 

followed by the N-terminal EF-hand [Dutta et al., 2002]. Upon Ca2+ binding, 

a structural shift results in the opening of two main hydrophobic binding sites 

formed by the hinge region [Pathuri et al., 2008], the residues of which, like 

the residues of the long C-terminal tail of S100A4, do not share sequence 

homology within the S100 protein family [Vallely et al., 2002]. Those regions 

confer specificity towards protein targets required for interactions of S100A4 

promoting the formation of metastasis. Accordingly, the Ca2+-depending 

conformational change is necessary for S100A4 to interact with its protein 

targets and generate a biological effect.  
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Fig. 5 Protein structure of S100A4 The monomer - primer structure of S100A4 comprises 

two EF-hands connected by a hinge region, with each EF-hand consisting of a Ca2+ ion 

binding helix-loop-helix-motif. Following Ca2+- binding, the S100A4 protein undergoes a 

structural shift as the hinge region opens up which is required for interaction with S100A4 

binding partners. S100A4 regulates a large number of cellular processes required for 

metastasis formation through its interaction with a list of various target proteins [Garrett et 

al., 2006]. 
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5. Ca2+ signaling 

 

Ca2+ participates in cell signaling as a second messenger that relies on 

surrounding environmental changes, thus transmitting extracellular signals to 

the cytoplasm to regulate nearly every aspect of cellular function including 

gene transcription, secretion and contraction [Clapham 2007]. Changes in  

Ca2+ level trigger events critical for tumorigenesis, such as migration/invasion, 

Ca2+ proliferation and apoptosis [Berridge et al., 2003; Roderick et al., 2008]. 

At resting state, intracellular Ca2+ concentration is maintained at ~100 nM, 

while  is resident at μM and mM ranges in organelles and extracellular 

environment, respectively. Ca2+ gradients between organelles and cytoplasm 

or extracellular space are maintained by Ca2+ dynamic clearance. The 

generated Ca2+ signals vary in space, time and amplitude. Cells generate Ca2+ 

signals by using extracellular and intracellular Ca2+, with extracellular Ca2+ 

entering cells across the plasma membrane (PM) and intracellular Ca2+ being 

released from either internal endoplasmic reticulum (ER) stores or the 

sarcoplasmic reticulum (SR). For instance, at activated state, such as 

membrane depolarization or growth factor targeting, elevated intercellular 

Ca2+ could be generated by Ca2+ release from organelles or Ca2+ influx from 

extracellular space. Moreover, cells utilize different Ca2+ pumps and channels 

to export Ca2+ into organelles or out of cells in order to maintain the spatial 

distribution of Ca2+ gradient [Clapham 2007]. This tightly regulated Ca2+ 

signaling network orchestrated by spatially distributed Ca2+ pumps and 

channels at plasma membrane or organelles is summarized in Fig 6. 
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Fig. 6 The calcium signaling pathways. In response to extracellular stimuli, the 

elevated cytosolic Ca2+ is generated by Ca2+ release from organellar Ca2+ stores via TPCs, 

RyRs, IP3Rs, or by Ca2+ influx through different channels, e.g. VGCCs, TRPCs, Orais at 

plasma membrane. Rapidly, the increased cytosolic Ca2+ could be transported out of cells 

by plasma membrane spanned PMCAs and NCXs, or into organelles via Ca2+ pumps, 

including SERCAs, SPCAs, and MCU.  
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6. Store-operated Ca2+ entry (SOCE) 

 

In non-excitable cells, the main Ca2+ entry is referred to as CCE (SOCE). 

In this process, empty ER calcium stores cause Ca2+ entry through the plasma 

membrane. Accordingly, SOCE stimulates the biphasic intracellular Ca2+ 

increase with ER Ca2+ release and Ca2+ entry from extracellular space [Parekh 

et al., 2005]. Physiologically, as shown in Fig. 7, ER Ca2+ store depletion is 

prompted by increased IP3 or other agonists of Ca2+ release channels. 

Moreover, in the phosphoinositide signaling pathway, the activation of G-

protein-coupled receptors which are placed at the plasma membrane (PM) 

leads to phospholipase C (PLC) activation. Catalyzation of the hydrolysis of 

membrane bound phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) 

by PLC, leads to the second messengers IP3 and diacylglycerol (DAG) 

diffusing via the cytosol and activating IP3Rs located on the ER/SR 

membrane as well as protein kinase C (PKC). The opening of these channels 

enables Ca2+ to decrease its concentration as it moves from the ER Ca2+ store 

into the cytosol as well as to deplete ER Ca2+ stores through IP3Rs and CICR 

[Bootman et al., 2001].  

Furthermore, depletion of ER Ca2+ stores activates store operated Ca2+-

entry (SOCE), which involves two families of proteins (STIMs and ORAIs) 

that are responsible for SOCE. STIMs (STIM1 and STIM2) are distributed in 

the endoplasmic reticulum occupied with Ca2+, working as ER calcium 

sensors, while Orais (Orai1, Orai2, and Orai3), dispersed throughout the 
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plasma membrane, function as pore-forming channel proteins. 

 The store-operated Ca2+ influx process is as follows: upon stimulation of 

cell surface receptors, depletion of ER Ca2+ results in a drop of the Ca2+ 

content of the store through release of Ca2+ from luminal EF hand domains of 

ER localized STIM proteins. This in turn triggers STIM protein 

oligomerization and translocation to ER plasma membrane junctions, where 

they bind and activate Orai1, the pore subunit of the Ca2+ release-activated 

Ca2+ channel (CRAC). Interaction between ORAI1 with STIM1 leads to 

channel opening, which results in the refilling of ER stores [Cahalan et al., 

2007; Lewis 2007]. Store-operated Ca2+ influx is fundamental for maintaining 

ER Ca2+ content at a specific level. It operates in a number of different 

physiological processes [Parekh et al., 2005], while dysfunction of store-

operated Ca2+ signaling causes inhibition of physiological and 

pathophysiological activities including tumor cell migration and tumor 

metastasis [Yang et al., 2009]. 
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Fig. 7 Depletion of ER calcium stores activates Store-operated Ca2+ entry 

(SOCE). Binding of an agonist to a G-protein-coupled receptor activates 

phospholipase C (PLC) which hydrolyses PIP2 to generate the second messenger IP3. 

IP3 diffuses through the cell cytosol and binds to IP3 receptors (IP3Rs) located in the 

ER membrane. Opening of IP3Rs results in ER store depletion. Depletion of ER Ca2+ 

stores is signaled by STIM1 to SOCs located in the PM. SERCA is a Ca2+ ATPase 

that pumps Ca2+ from the cytosol into the ER to replenish depleted stores [Feng et al., 

2010]. 
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C. OVERVIEW OF MEDICINAL COMPOUNTS AND 

EXTRACTS 

 

 

1.  Overview of Radix Astragalus 

                                                                                                                                                       

Radix Astragalus has a long history of medicinal use in Chinese herbal 

medicine. Astragalus is commonly used as an immunomodulating agent to 

stimulate the immune system of patients. Astragalus can also function as a 

cardiotonic agent and is prescribed by Chinese medicine practitioners to treat 

cardiovascular diseases such as myocardial infarction, angina and congestive 

heart failure [Miller et al., 1998]. Moreover, it has been reported that 

Astragalus possesses hepatoprotective [Zhang et al., 1992; Li et al., 1998], 

antiviral [Yuan et al., 1990], antioxidative [Li et al., 2006] and potential anti-

carcinogenic [Cui et al., 2003; Kurashige et al., 1999] properties.  

 

1.1 Chemical constituents of Radix Astragalus 

Four main types of constituents can be found in Radix Astragali by using 

TLC and HPLC analyses. The first type, known as triterpene saponins 

(chemical structure shown in Figure 8), includes astragalosides I-VIII, 

isoastragaloside I, II and IV (isomers of their respective astragalosides), 

acetyl-astragaloside I and soyasaponin I. The second type, known as 
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flavonoides, includes isoflavones, isoflavans and pterocarpans, while the third 

type, known as polysaccharides, includes astragalans I-III, astraglucans 1-3, 

astraeterosaccharides 1,2, and AMemP. The fourth type is known as biogenic 

amines, including etaine, choline and γ –amino-butyric acid (GABA) [Wanger 

et al., 1997]. The first three types are the major pharmacologically active 

components of Radix Astragalus. Volatile oils such as phytosterols and trace 

elements like zinc, silver, chromium, tin, vanadium and cobalt are also present 

in the root of Astragalus [McKenna et al., 2002]. Astragaloside IV(AS-IV) is 

normally used as a marker for quality control of Radix Astragalus. 
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Fig. 8. Chemical structure of triterpene saponins. A. The general chemical structure of 

triterpene saponins with aglycone of cycloastragenol (9,19-cyclo lanostane type). B. The 

chemical structures of triterpene saponins with aglycone of Soyasapogenoi B (Δ12 

Oleanene type). C. Table showing substituents R in different triterpene saponins with 

aglycone of Soyasapogenoi B. 

 

1.2 Astragalus Saponins: Astragalosides  

Saponins are important constituents that can be isolated from Radix 

Astragli, which refer to a group of compounds composed of triterpenoids and 

steroidal glycosides. Their basic chemical structure consists of a lipophilic 

triterpenoid or steroidal skeleton with hydrophilic sugar moieties being 

attached at different carbon positions (Rao et al., 2000). Saponins have been 

shown to have anti-carcinogenic, anti-proliferative, anti-inflammatory, and 

immunomodulating properties [Haridas et al., 2001; Ellington et al., 2005; 

Shishodia et al., 2006]. The immunomodulating and anti-inflammatory effects 

of Astragalus saponins were proven by the finding of an increase in T- and B-

lymphocytes proliferation and antibody production in vivo [Wang et al., 2002]. 
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Moreover, astragalosides were found to lower the pain score in Kunming mice 

strain with formalin-induced inflammation in their hind paws [Yang et al., 

2001]. 

Astragalosides, particularly AS IV, have demonstrated cardioprotective 

effects, which improved myocardial ischemia both in vitro and in vivo as 

illustrated by Zhang et al. (2006). In a clinical study, it was shown that left 

ventricular modeling and ejection function in patients with congestive heart 

failure were improved after treatment with AS IV (Luo et al., 1995). When AS 

IV was intravenously injected daily for two weeks to 19 patients with 

congestive heart failure, the symptoms of chest pain and dyspnea were 

alleviated in 15 out of 19 patients, whereas cardiac imaging revealed 

improvement in left ventricular modeling with left ventricular end-systolic 

and end-diastolic volumes diminished. In another clinical study of congestive 

heart diseases, patients treated with AS IV exhibited better improvement in 

the levels of left ventricular ejection fraction (LVEF), fractional shortening of 

left ventricular short axis (FS), the ratio of maximum blood flow between 

advanced and early atrial systole (E/A), stroke volume (SV), cardiac output 

(CO) as well as cardiac index (CI), than those treated with sublingual 

injection of nitroglycerin (Zhou et al., 2001). These findings have suggested 

the clinical efficacy of astragalosides in congestive heart disease treatment. 

Moreover, astragalosides have been shown to significantly inhibit the 

progression of liver fibrosis in mice induced by carbon tetrachloride (CCl4) 

(Gui et al., 2006).  
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2. Overview of Danshen 

 

Radix Salviae Miltiorrhizae is a traditional herbal medicine, named 

‘Danshen’ in Chinese. Danshen can be obtained from the dried rhizome of 

Salvia miltiorrhiza Bge. With regards to active ingredients, other than Salvia 

miltiorrhiza Bge, S. bowleyana Dunn and S. przewalskii Maxim also contain 

cryptotanshinone. In addition, the nature and flavor of Danshen are ‘bitter’ 

and ‘cold’, and its channels are ‘heart’ and ‘liver’ according to TCM principle 

[Qian 2007; Zhou et al., 2008]. Danshen has long been used as traditional 

Chinese medicine to relieve symptoms of cardiovascular dysfunctions like 

angina and hypertension [Zhou et al., 2005]. The earliest medicinal use of 

Danshen can be traced back to more than 2000 years ago. The use of Danshen 

in clinical condition for the treatment of ischemic stroke was largely 

documented in the 1970s in China [Wu et al., 2007]. The current commercial 

products derived from Danshen include Fu fang Danshen, Danshen dripping 

pills etc. [Zhou et al., 2005]. Early clinical studies in China showed that 

Danshen is effective in relieving angina pectoris by oral administration 

[Cheng 2006]. Other clinical studies have demonstrated that Danshen is 

effective for patients with stroke, angina and hypertension [Adams 2006]. 

Clinical trials in China have indicated that Danshen products are safe with 

minor side effects such as headache, thirst and mild gastrointestinal distress 

[Zhou et al., 2005]. Based on the clinical efficacy of Danshen, 

pharmacological studies have been carried both in vitro and in vivo to 

elucidate its mechanisms of actions. 
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2.1 Chemical constituents of Danshen 

Compounds derived from Danshen are classified into two major 

categories, namely hydrophilic and lipophilic compounds. Hydrophilic 

compounds of Danshen include phenolic acids, danshensu, magnesium 

lithospermate B, salvianolic acids, protocatechuic acid and protocatechuic 

aldehyde. The lipophilic compounds of Danshen include mainly tanshinones 

such as tanshinone I, IIA, IIB and cryptotanshinone [Zhou et al., 2005]. 

Tanshinones are lipophilic compounds found in Danshen, while its chemical 

structure is identified as diterpene quinone. Since 1930s, more than 40 

tanshinones and their compounds have been isolated [Dong et al., 2011]. The 

chemical structures of the tanshinone compounds are illustrated in Figure 8. 

These compounds have various pharmacological activities including 

cardioprotective actions against ischemia reperfusion (I/R) injury [Han et al., 

2007; Han et al., 2008]. 

 

 

 

 

 

 

 

39 
 



 

 

 

 

 

Tanshinone IIA 
 Tanshinone I 

 

 

 

 

 Tanshinone IIB Cryptotanshinone 

 

Fig. 9 Chemical structure of key tanshinones 
 

2.2 Cryptotanshinone 

Modern studies have demonstrated that cryptotanshinone from Danshen 

extracts possesses potent pharmacological activity against cardiovascular and 

cerebrovascular diseases [Zhou et al., 2005]. Increasing evidence has 

implicated that cryptotanshinone may have a wide range of therapeutic 

functions against Alzheimer’s disease, bacterial infection, inflammation, 

oxidative damage, diabetes, obesity, fibrosis, and cancer [Zhao et al., 2010]. 

Therefore, cryptotanshinone has received increasing attention.  

40 
 



D. AIMS AND OBJECTIVES OF THE STUDY  

 

The incidence of colon cancer in Hong Kong and worldwide is on a 

rising trend, while its metastatic development is the leading cause of cancer-

related deaths. Understanding the molecular mechanisms of how tumors 

progress and metastasize to secondary sites, at both biological and genetic 

levels, could enable me to identify potential molecular targets in drug 

development. Therefore, in the present study, my aim is to explore how 

manipulation of signaling pathways by targeting calpains and S100A4 could 

facilitate the development of anti-tumor and anti-metastatic drugs using herbal 

medicinal compounds. Morever I evaluate their potential to be established as a 

novel adjuvant in contemporary colon cancer therapy, which is deprived of the 

common side effects of existing chemotherapeutic drugs.  
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CHAPTER 2  

MATERIAL AND METHODS 
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1. Materials 

Dulbecco’s modified essential medium, RPMI-1640 medium, fetal 

bovine serum (FBS), penicillin and streptomycin were supplied by Gibco 

(Carlsbad, CA). The enhanced chemiluminescence (ECL) detection kit was 

purchased from Amersham Biosciences (Piscataway, NJ). SKF96365 and 2-

APB were purchased from Cayman Chemical and Fura-2 AM was procured 

from Invitrogen/Molecular Probes. Lipofectamin 2000 was supplied by 

Invitrogen (Carlsbad, CA) while Sulfo-NHS-SS-biotin and Neutravidin beads 

were supplied by Thermo fisher Scientific Inc. EGTA, BAPTA-AM, 

thapsigargin, ionomycin, DMSO, 3-[4,5-dimethylthiazol-2-yl) 2,5-

diphenyltetrazolium bromide (MTT) and other chemicals were obtained from 

Sigma-Aldrich (St. Louis, MO) unless specified. The following antibodies 

were used:  anti-GRP78, GRP94, calpain I, calpain II, XBP-1, CHOP, 

Survivin, Bcl-2, Bcl-xL, PUMA, Bax and PCNA (Santa Cruz Biotechnology, 

Santa Cruz, CA); anti-caspase 3 (Upstate Biotechnology, Charlottesville, VA); 

anti-poly(ADP-ribose) polymerase (PARP) (BD Pharmingen, San Jose, CA); 

and anti-β-actin (Sigma-Aldrich, St. Louis, MO),  anti- NF-B, IB (Cell 

signaling Technology). 

 

2. Cell lines and cell culture 

All human cancer cell lines were purchased from American Type Culture 

Collection (ATCC, Manassa, VA). HCT 116, HT-29, HepG2, SW480, SW620 

and MCF-7 cells were grown in Dulbecco Minimum Essential medium (D-
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MEM), whereas LoVo cells were grown in RPMI-1640 medium. All cancer 

cells were grown in 75-cm2 flasks and incubated at 37°C under 5% CO2 

atmosphere in the respective culture medium supplemented with 10% fetal 

bovine serum plus 1% penicillin and streptomycin. All chemicals used for cell 

culture were purchased from Gibco (Carlsbad, CA). 

 

3. Preparation of AST 

Radix Astragalus membranaceus (Fisch) Bunge var. mongolicus was 

obtained from the province of Shanxi, China through the MMCHY Chinese 

Medicine Specialty Clinic and Good Clinical Practice Centre of our institution. 

Microscopic and chromatographic analyses as well as DNA fingerprinting 

were carried out to determine the authenticity and to assess the quality of raw 

herb in the Quality Assurance Laboratory of the School of Chinese Medicine, 

Hong Kong Baptist University. To ensure consistency between batches, 

voucher specimens will be kept at the herbarium centre (BOC Chinese 

Medicines Centre) for future reference. AST was extracted according to the 

method as described previously. In brief, 500 g of crude herb was refluxed in 

methanol for 1 h. n-Butanol was then added to the re-constituted residue for 

phase separation to obtain the total Astragalus saponins [Ma et al., 2002]. 

Butanol was removed in the rotary evaporator. The resulting residue was 

reconstituted with distilled water and lyophilized into dry powder.  
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4. Cell viability 

Viability of different human cancer cells was measured by using the 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction 

method, which involved the reduction of yellow MTT into purple insoluble 

formazan product by the mitochondrial reductase enzymes of viable cells. 

Cells (3.0 x 103 cells/well) were plated in 96-well plates. Following various 

drug treatments, the cells were incubated with 2.5% MTT solution (5 mg/ml) 

for another 3 h at 37°C. DMSO was then used to dissolve the formazan 

product for spectrophotometric analysis at 540 nm. 

 

5. Western blot analysis 

Cells were seeded at a density of 3.5 x 105 in 60-mm dishes. After 

drug treatment at various time points, the cells were harvested by scrapping 

in cold phosphate buffered saline (PBS) containing 137 mM NaCl, 2.68 mM 

KCl and 1.47 mM KHPO4. The cells were then centrifuged at 1000 x g for 5 

min at 4oC. After two times washing with cold PBS, the cell pellets were 

finally collected and stored at -80oC. To lyse the cells, they were incubated 

for 30 min with an appropriate amount of RIPA buffer (pH 7.4) containing 

50 mM Tris, 150mM NaCl, 0.5% deoxycholate, 0.1% SDS, 2 mM EDTA, 

0.1% Triton X-100, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride and 

10 g/ml aprotinin. 

After the insoluble materials were removed by centrifugation at 14,000 

x g for 10 min at 4C, the proteins were quantified using Coomassie plus 
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Protein Assay Reagent kit (Pierce, Rockford, IL). Total cellular proteins (20-

40 g) in the cell lysate were separated by 8-15% SDS polyacrylamide gel 

electrophoresis. The proteins on the gel were transferred onto a nitrocellulose 

membrane. The membrane was then probed with the respective primary 

antibodies at 1:1000 dilution followed by incubation with the corresponding 

secondary antibodies conjugated with horseradish peroxidase. Protein bands 

were visualized by adding enhanced chemiluminescence (ECL) reagents (GE 

Healthcare) to the membrane and exposing it to Kodak X-Omat Blue XB-1 

films. Results were analyzed by using the Quantity One version 4.4.1 Basic 

software (BioRad, Hercules, CA).  

   

6. Nuclear protein extraction 

Nuclear protein was extracted for the assessment of nuclear NF-κB 

expression. After drug treatment, cells were harvested and lysed. The 

supernatant containing cytoplasmic proteins was first collected. Nuclear 

pellets were then re-suspended and incubated on ice for 20 min. Nuclei were 

pelleted by centrifugation, with the supernatant containing the nuclear 

proteins being collected and stored at -20°C for subsequent experiments. 

 

7. Immunofluorescence staining 

Cells were grown on glass coverslips inside 35-mm dishes. After 

treatment with CPT (2 μM) or TG (100 nM) or, cells were fixed in 4% 

paraformaldehyde for 10 min and permeabilized with 75% ice-cold methanol 
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at -20°C for 5 min. For detection of NF-κB nuclear translocation (by labeling 

its p65 subunit), rabbit polyclonal antibody against p65 (1:100) was added. 

For visualization of the apoptotic bodies, the nuclei of cells treated with CPT 

and/or the calpain inhibitor PD150606 (25 μM) were stained with the DNA 

binding dye 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) for 10 

min and examined under fluorescence microscopy for morphological changes 

(Leica DMI3000B, Leica Microsystems, Wetzlar, Germany) with a 40x 

magnification. For determination the intracellular locations and co-

localization of GRP78 and calpain II, their respective primary antibodies 

(1:100) were added. After overnight incubation at 4C, the slides were stained 

with corresponding FITC-conjugated secondary antibodies for 2 h in room 

temperature. The DAPI-stained nuclei were examined under fluorescence 

microscopy with a 400x magnification.  

8. Immunoprecipitation 

Cells were harvested and washed with cold PBS and centrifuged to 

collect the cells pellet with 1000 x g for 5 min at 4oC. After washing with cold 

PBS twice, ice-cold immunoprecipitation buffer (IP buffer) [50 mM Tris-Cl, 

pH 7.5, 150 mM NaCl, 1 mM EDTA (dehydrate), 1mM EGTA, 0.1 % NP-40] 

was added to the cells pellet in the presence of protease inhibitors (1mM 

phenylmethylsulfonyl fluoride (PMSF) and 10 μg/ml aprotinin) for lysing the 

cells at 4oC for 5 min. The supernatant was collected after centrifugation at 

14,000 x g at 4oC.  After clearing by protein G sepharose resin, the protein 

concentration of the cell lysate was determined by using Bradford assay, and 
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the same concentration of the samples was prepared by using the IP buffer as 

the diluent. Corresponding antibody (1 μg) was added into each prepared 

sample, before the samples were rocked overnight at 4oC. The protein G 

sepharose was pre-washed 2 times with IP buffer and restored to 50 % slurry 

with IP buffer. The immunocomplex was captured by adding 30 　 l protein G 

sepharose beads slurry. After inverted incubation at 4oC for 1 h, the sepharose 

resin was collected by pulse centrifugation at 4oC (10 s at 14,000 x g), and 

washed 2 times with ice-cold PBS. Proteins were then eluted in 5x sample 

loading buffer by boiling for 5 min to dissociate the immunocomplexes from 

the sepharose resin, and were stored at -20oC for further experiment. 

9. Annexin V-FITC/PI staining 

Annexin V-FITC/propidium iodide (PI) staining method was used to 

quantitatively determine the percentage of apoptotic cells. Cells were treated 

with CPT (2 μM), calpain inhibitor (25 μM) alone or the combination of both 

for 12 h and re-suspended in the binding buffer, followed by incubation with 

Annexin V-FITC and PI for 15 min at room temperature. Analysis was made 

by flow cytometry (FACS Canto, BD Biosciences, Franklin Lakes, NJ). 

Results are displayed as biparametric histograms of Annexin V-FITC and PI 

florescence, allowing discrimination between viable cells, apoptotic cells with 

an intact membrane and cells undergoing secondary necrosis. 
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10.   siRNA transfection 

Cells were transfected with GRP78 siRNA duplexes, provided as 

pools of 3 specific 19-25 nt siRNAs targeting GRP78, which were obtained 

from Santa Cruz Biotechnology. The scramble siRNA (Scr) was a non-

targeting 20-25 nt siRNA designed as a negative control. In brief, cells were 

cultured at 60% confluency and transfected with GRP78 siRNA and Scr for 

24 h using Lipofectamine (Invitrogen, CA, USA) according to the 

manufacturer’s instructions. Following gene silencing, Western 

immunoblotting was conducted in cells treated with cryptotanshinone (2 μM), 

calpain inhibitor (25 μM) alone or the combination of both. 

 
 

11.  Colony formation assays 

After gene silencing of GRP78, cells were seeded in six-well plates at 

the density of 200 cells per well and treated in the absence or presence of 

cryptotanshinone (2 μM), calpain inhibitor (25 μM) alone or the combination 

of both for 14 days. Medium was changed every 4 days to maintain the 

viabilities of cells and the propagation to form visible colonies. The colonies 

were fixed with methanol-acetic acid (3:1) and stained with 1% crystal violet 

for 2h at RT. The number of colonies in each well was counted. 

 

12.  Wound-healing cell migration assays 

Cells were seeded into 12-well plates (5 x 105 cell/well) so as to form 

a confluent monolayer. Wounds were made by scraping the monolayer with a 
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sterile pipette tip. The medium containing human recombinant S100A4 

(Invitrogen Corp.) was added to induce cell migration. Twenty-four hours 

later, the selected fields were photographed again, and cell migration was 

quantified by evaluating the cell-covered area (%) using an image processing 

software (Quantitative Wound Healing Image Analysis, Ibidi, Martinsried, 

Germany) 

 

13.  Tumor xenografts in nude mice 

Cell suspension was obtained by trypsinization of confluent HCT 116 

cells. Balb/c-nu/nu mice were randomly assigned into control and various 

treatment groups. Mice were anesthetized with i.p. injection of 75 mg/kg 

ketamine and 10 mg/kg xylazine. Mice were randomly assigned into control 

and different treatment groups (n = 6-8): cryptotanshinone (10 mg/kg or 20 

mg/kg) [Hyo-Jeong et al., 2012], i.p. once daily (on Day 10-23); 

cryptotanshinone (10 mg/kg) plus calpain inhibitor PD150606 (1.5 mg/kg) 

[Mathieu et al., 2007] combination group, i.p. once daily (on Day 10-23); 5-

FU (30 mg/kg) [Mandy et al., 2007], i.p. once daily (on Day 10-23). Cells 

suspension (2 x 106 in 100 µl medium) was injected subcutaneously near the 

right flank of each animal. Tumors became palpable 10 days after 

implantation. Tumor volume was measured using a digital caliper every 3 

days and calculated as (length x width2)/2. The percentage of change in tumor 

volume with respect to the measured volume on day 10 (100%) was 

determined through the 24 days of the experiment. Body weight of all animals 
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was recorded throughout the entire experimental period as an assessment of 

drug toxicity. Any mortality during the course of the study was also noted. 

The mass of the tumor in each group of animals was assessed at the end of the 

experiment. 

 

14.  Immunohistochemical analysis 

Excised tumor samples were fixed for paraffin embedment and 

sectioning (5 μm). Tumor sections were blocked with 2% BSA and incubated 

overnight with selected primary antibodies at 4°C. The positively stained cells 

were visualized by incubating the sections with 3,3’-diaminobenzidine using 

Mayer’s hematoxylin as counterstain. Negative control was prepared with 

similar procedures but without adding the primary antibodies. 

 

15.  In Vivo tumor growth and distant metastasis formation 

after intrasplenic transplantation 

Cell suspension was obtained by trypsinization of confluent LoVo 

cells. Six-week-old female Balb/c-nu/nu mice were randomly assigned into 

control and various treatment groups. Mice were anesthetized with i.p. 

injection of 75 mg/kg ketamine and 10 mg/kg xylazine. Mice were randomly 

assigned into control and different treatment groups (n = 6-8): 10% DMSO in 

saline (vehicle was used to solubilize SKF96365 and 2-APB), i.p. once daily 

(on Day 8-32); SKF96365 or 2-APB (20 mg/kg), i.p. once daily (on Day 8-32). 

The mice were incised about 10 mm on the left subcostal area, the spleen was 

51 
 



confirmed under the peritoneum, the peritoneum was opened for about 8 mm 

and the spleen was exposed over the peritoneum. The cell suspension of 5 x 

106/100 μl of LoVo colon cells was injected into the spleen by using a 27-G 

needle, and then the spleen was returned to the abdominal cavity, the 

peritoneum was sutured with one stitch and the wound was closed with a clip. 

Seven days after transplantation, mice were treated with daily doses of solvent 

or 20 mg/kg 2-APB for 24 days. After 32 days, the mice were killed after 

tumor inoculation for the measurement of liver weight and the number of 

metastatic foci on the liver surfaces. The liver and spleen weights were 

recorded for evaluation of tumor metastasis. Spleens (site of tumor injection) 

and livers (metastasis target organ) were shock-frozen in liquid nitrogen.  

 

16.  Statistical analysis 

Results were expressed as mean  standard error of means (SEM). 

Statistical significance was determined by either one- or two-way analysis of 

variance (ANOVA) followed by Tukey post-hoc test (SPSS version 10.0, 

Chicago, IL). A statistical difference of p < 0.05 was deemed to be 

significant. 
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A. Astragalus Saponins modulate colon cancer development 

by regulating calpain-mediated glucose-regulated protein 

expression 

 

Our previous studies showed that total Astragalus saponins (AST) 

extracted from Radix Astragali possess anti-tumor and anti-apoptotic 

properties in human colon cancer cells and tumor xenograft [Tin et al., 2007; 

Auyeung et al., 2010]. However, the precise mechanism of AST action has 

not been fully explored yet. GRPs, especially GRP78 and GRP94, serve 

multiple functions in maintaining cellular homeostasis. GRP level is widely 

used as a sentinel marker of ER stress under pathological conditions, and its 

upregulation is believed to increase the capacity to buffer against stressful 

insults initiating from the ER or a key adaptive response for cancer cell 

survival. They are induced in the cancer microenvironment with anti-

apoptotic function, which can promote tumor survival, proliferation, 

metastasis and drug resistance. On the other hand, calpains are involved in a 

lot of different cellular processes, including remodeling cytoskeletal, 

membrane attachments and apoptosis. In this study, I investigated the effect of 

AST on the regulation of GRPs and calpains in colon cancer cells and 

attempted to elucidate whether there is a link between calpain activation and 

ER stress.   
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1. AST induced ER stress-mediated apoptosis 

 

In order to explore the involvement of ER stress and UPR activation in 

AST-induced apoptosis, the drug effects on GRP78 and GRP94 (the 

protective arm of the UPR), CHOP (also known as the growth arrest- and 

DNA damage-inducible gene GADD153) as well as splicing of XBP-1 (the 

pro-apoptotic component of ER stress) were examined. Figure 10A illustrates 

that AST elicited an ER stress response, as shown by the enhanced expression 

of both GRP78 and GRP94 at the early time points. Maximum GRP 

expression was attained at 24 h and began to decline gradually. This 

observation suggested that prolonged ER stress caused failure in the ER 

recovery process, which led to the initiation of apoptotic cell death. Upon 

continuous AST treatment, the expression of CHOP and spliced XBP-1 kept 

increasing even after the peak of GRP expression were reached (Figure 10B). 

These results exemplify that at early stage of AST treatment, the response of 

colon cancer cells to ER stress was initially cytoprotective. Nonetheless, upon 

prolonged drug treatment when cells were challenged by overwhelming 

amount of ER stress, apoptosis would be induced, along with concomitant 

down-regulation of GRP. 
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Fig. 10 Effects of AST on UPR activation (A) and ER stress-induced apoptosis (B) on 

HCT 116 colon cancer cells. HCT 116 colon cancer cells were treated with AST (80 

μg/ml) for different time intervals (4-96 h). Specific antibodies against GRP78, GRP94, 

XBP-1s and CHOP were used in Western immunoblotting to detect the expression of 

different proteins. Data shown are representative immunoblots with similar findings, 

normalized by -actin. Blots were scanned and optical densities were determined using the 

Quantity One software. Each histogram represents mean ± SEM of four independent 

experiments. * p < 0.05 compared with the protein level at zero time. 
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2. Involvement of calpains in AST-induced ER stress-

mediated apoptosis 

 

I further investigated the signaling pathway of ER stress-mediated 

apoptosis by studying the effect of AST on the activation of calpains, the 

indicator of Ca2+ homeostasis disruption. Calpain activity (Figure 11A) as 

well as calpain I and II protein expression (Figure 11B) were elevated 

following AST treatment. The induced expression of calpain proteins was 

gradually declined at later stage of drug treatment after 24 h. These findings 

were consistent with a report stating that lack of calpain activity could 

sensitize cells to programmed cell death [Demarchi et al., 2005].  

In order to examine the role of calpains in AST-induced apoptosis, 

regulation of GRP was assessed in the presence of calpain inhibitors. The 

induction of GRP78 and GRP94 by AST was significantly suppressed by the 

calpain inhibitor ALLN, suggesting the enhancement of ER stress-associated 

apoptosis (Figure 12A). This was confirmed by the observation of increased 

PARP cleavage and caspase-3 activation (Figure 12B). Similar results were 

obtained by using another calpain inhibitor ALLM (unpublished observations 

in the laboratory). These findings provide evidence that inhibition of calpain 

could sensitize colon cancer cells to ER stress-induced apoptosis through 

down-regulation of GRP. 
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Fig. 11 AST modulates calpain activity (A) and calpain protein expression on HCT 

116 colon cancer cells (B). HCT 116 colon cancer cells were treated with AST (80 μg/ml) 

for different time intervals (4-96 h). Calpain activity was measured by employing the 

calpain activity assay using fluorescent calpain substrate Ac-LLY-AFC. Calpain I and II 

protein levels in AST-treated cells were assessed by Western immunoblotting using 

specific antibodies. Data shown are representative immunoblots with similar findings, 

normalized by β-actin. Blots were scanned and optical densities were determined using the 

Quantity One software. Each histogram represents mean ± SEM of four independent 

experiments. * p < 0.05 compared with the protein level at zero time. 
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Fig. 12 Calpain inhibitor attenuates GRP induction (A) and promotes AST-induced 

apoptosis (B). HCT 116 colon cancer cells were either incubated with culture medium 

only (control) or pre-treated with the calpain inhibitor ALLN for 30 min. AST (80 μg/ml) 

was then added to cells and incubated for 24 h in all groups except the ALLN alone group. 

Specific antibodies against GRP78, GRP94, cleaved caspase-3 and PARP were used in 

Western immunoblotting to detect the expression of different proteins. Data shown are 

representative immunoblots with similar findings, normalized by β-actin. Blots were 

scanned and optical densities were determined using the Quantity One software. Each 

histogram represents mean ± SEM of four independent experiments. * p < 0.05 compared 

with the control without drug treatment; # p < 0.05 compared with cells treated with 

ALLN alone. 
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3. Co-localization and dynamic interaction between calpain II 

and GRP78 

 

To clarify the regulatory role of calpain on GRP during ER stress-

induced apoptosis, immunofluorescence staining was performed. Under my 

experimental condition, a significant association was observed between 

calpain II and GRP78 after 24 h of drug treatment (Figure 13A). There was 

only a minimal amount of calpain II signal being detected in the cytoplasm 

and nucleus in untreated control cells, whereas a marked increase of 

expression could be observed in the cell membrane of drug-treated cells. 

Likewise, the expression of GRP78 was relatively weak in untreated control 

cells when compared with the induction of cell membrane expression after 

drug treatment. The signal enhancement in the cell membrane showed that 

AST-induced ER stress could facilitate GRP78 localization on the cell 

surface. The interaction between GRP78 and calpain II was shown by the 

increased co-localization after drug treatment, especially on the cell 

membrane. In order to confirm the results from immunofluorescence staining, 

immunoprecipitation was performed, followed by Western immunoblotting. 

Figure 13B illustrates that endogenous GRP78 was co-immunoprecipitated 

with calpain II. The interaction between endogenous GRP78 and calpain II 

should be specific because this complex was not observed when using 

control IgG as the precipitating antibody. In particular, the amount of GRP78 

that was co-precipitated with calpain II increased after 24 h of drug treatment, 

due to increased cellular contents of the calpains.  
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Fig. 13 Effects of AST on the localization of (A) and interaction between calpain II and 

GRP78 (B) were determined. HCT 116 cells were treated with AST (80 μg/ml) for 24 h. 

Co-localization of calpain II and GRP78 were detected in control [C] and AST-treated cells. 

Specific immunofluorescence antibodies against calpain II and GRP78 were used, while 

DAPI acted as nuclear stain. Green and red fluorescence indicates the presence of calpain 

and GRP78, respectively in the cells and blue color represents the DAPI-stained nucleus. 

Interaction between calpain II and GRP78 was further detected by immunoprecipitation [IP]. 

HCT 116 cells were treated with AST (80 μg/ml) for 24 or 48 h. Immunoprecipitated 

proteins were collected and subject to Western immunoblotting [IB]. Data shown are 

representative immunoblots with similar findings. IgG was used as precipitating antibody in 

the negative control. 
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4. Suppression of GRP78 by small interfering RNA enhances 

sensitivity of HCT 116 colon cancer cells 

 

To further validate the role of GRP78 in ER stress-induced apoptosis, 

the gene expression of GRP78 was silenced. As shown in Figure 14A, a 

significant knockdown of GRP78 (by more than 70%) was successfully 

performed after 24 h of siRNA transfection, compared with scramble (scr) 

treatment showing no alteration of protein expressions. A significant knock-

down of GRP78 by siRNA silencing did not alter apoptosis, as shown by the 

unchanged level of cleaved caspase-3 and PARP cleavage (Figure 14A). 

Nonetheless, GRP78 expression had been increased by more than 6 fold 

following AST treatment in GRP78-silenced cells, with concurrent increase 

in apoptosis as indicated by increased PARP cleavage and caspase-3 

activation. These results suggested that GRP78 knock-down by gene 

silencing would result in a substantial increase in the sensitivity of colon 

cancer cells to apoptosis. To confirm this presumption, the effect of GRP78 

gene silencing on colony formation was further assessed (Figure 14B). Cell 

colony formation according to both number and size was significantly 

reduced in AST-treated GRP78-silenced cells when compared to either 

control GRP78-silenced cells or AST-treated cells without gene silencing. 
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Fig. 14 Effects of GRP78 silencing on AST-induced apoptosis (A) and colony formation 

(B). After 24 h of transfection with GRP78 siRNA or scrambled control siRNA [Scr], the 

protein levels of GRP78, cleaved caspase 3 and PARP were determined in HCT 116 cells 

with or without AST treatment (80 μg/ml for 24 h) by Western immunoblotting. Data shown 

are representative immunoblots from four independent experiments with similar findings, 

normalized by -actin. Blots were scanned and optical densities were determined using the 

Quantity One software. Alternatively, native or GRP78 gene-silenced HCT 116 cells were 

cultured in six-well plates at the density of 200 cells/well at 37 °C in 5% CO2 atmosphere 

for 3 weeks with or without AST treatment (80 μg/ml) in the last 14 days to determine 

colony formation. 
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5. Effects of AST on GRP, calpains and tumor growth in HCT 

116 xenografted nude mice 

 

To confirm that AST could modulate tumor development by 

regulating calpain-mediated GRP level, the expression of GRP and calpains 

was assessed in HCT 116-xenografted nude mice. I observed that AST 

treatment markedly reduced the expression of GRP78, GRP94 and calpain II 

in colonic tumor tissues, with less significant downregulation of calpain I 

(Figure 15A and 15B). Besides, a significant inhibition of tumor growth was 

shown from day 18 to day 24 of the experimental period (Figure 15C), which 

together verifies my in vitro study data. 
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Fig. 15 AST modulates the protein expression of GRP (A) and calpains (B) in tumor 

tissues, and inhibits tumor growth in HCT 116-xenografted nude mice (C). HCT 116 

tumor cells (2×106) were injected subcutaneously to Balb/c-nu/nu mice near the right flank 

on day 0. Drug treatment (AST: 100 mg/kg [Mandy et al., 2007]) commenced from day 10 

when tumors became palpable, and the tumor growth in xenografted animals were 

monitored every other day. Animals in each treatment group (n=6-8) were sacrificed on day 

24 of the experiment, when the tumor tissues were excised to assess the protein expression 

of GRP78, GRP94, calpain I and calpain II by using Western immunoblotting. Percentage 

change in tumor volume in each treatment group from day 10 to day 24 was measured and 

compared with respect to the volume on day 10 (100%). Representative immunoblots were 

obtained from independent experiments with similar findings, normalized by -actin. Blots 

were scanned and optical densities were determined using the Quantity One software. The 

histogram represents mean ± SEM of four independent experiments. * p < 0.05 and ** p < 

0.01 compared with untreated control mice. 
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B. Regulation of calpain-mediated glucose-regulated 

protein modulates colon cancer development 

 

Results from precious section have indicated that calpain, especially 

calpain II, plays a key role in the modulation of GRP78, as well as in the 

regulation of ER stress-induced apoptosis by AST in HCT 116 cells. Besides, 

the combination treatment of AST and calpain inhibitor has the potential to be 

established as a potential anti-tumor agent in colon cancer. Our laboratory is 

also interested in studying some single medicinal compounds. Among all 

tested compounds, I found that tanshinones, the bioactive components of 

Radix Salviae Miltiorrhizae (Danshen) which have been shown to possess 

strong anticancer potential against colon cancer. This part of study aimed to 

investigate the anti-carcinogenic property of tanshinones, in particular 

cryptotanshinone in these events by targeting calpains. 

 

1. Tanshinones induce UPR activation in human colon cancer 

cells 

 

I firstly examined the ability of tanshinones to induce ER stress 

response in HCT 116 colon cancer cells. Since GRP78 is known as a master 

regulator of the ER stress response [Lee 2001], I evaluated the modulation of 

GRP78 expression by cryptotanshinone through immunoblot analysis.  As 

shown in Figure 16, all four tanshinones from Radix Salvia Miltiorrhiza 
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induced UPR activation, as illustrated by the enhanced expression of GRP78. 

Among the tanshinones tested under my experimental condition, 

cryptotanshinone showed the best ability to induce UPR activation, hence 

cryptotanshinone was selected for further studies. 
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Figure 16 Tanshinones induce UPR activation in HCT 116 colon cancer cells. Effects 

of tanshinones on UPR activation. HCT 116 colon cancer cells were treated with 

tanshinones (2 μM) for 12 h. Specific antibodies against GRP78 were used in Western 

immunoblotting to detect the expression of different proteins. Data shown are 

representative immunoblots with similar findings, normalized by -actin. 
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2. Effects of cryptotanshinone on UPR activation and ER 

stress 

 

Treatment of cryptotanshinone in HCT 116 cells for 24, 48, or 72 h 

caused a concentration-dependent growth-inhibitory effect (Fig. 17A). Cell 

viability decreased by more than 80% after treating the cells with the highest 

concentration of cryptotanshinone (4 μM) for 48 or 72 h. In addition, the 

estimated 50% and 75% inhibitory concentrations (IC50 and IC75) of 

cryptotanshinone following 72 h of cryptotanshinone treatment was found to 

be around 1 μM and 2 μM, respectively. To explore the involvement of UPR 

activation and ER stress in cryptotanshinone-induced apoptosis, the drug 

effects on GRP78 (the protective arm of the UPR), CHOP (known as the 

growth arrest- and DNA damage-inducible gene GADD153) as well as 

splicing of XBP-1 (the pro-apoptotic component of ER stress) were also 

examined. Cryptotanshinone elicited an ER stress response, as shown by 

upregulation of GRP78 at the early time points from 1 to 12 h in a time-

dependent manner (Fig. 17B top). Maximum GRP78 expression was attained 

at 12 h and began to decline gradually. To further characterize ER stress, 

regulators of ER stress such as CHOP and spliced XBP-1 were analyzed. The 

expression of CHOP and spliced XBP-1 kept increasing upon prolonged 

cryptotanshinone treatment. These observations revealed that the response of 

cells to ER stress was initially cytoprotective at the early time, while upon 

prolonged drug treatment when cells were challenged by an overwhelming 

amount of ER stress, apoptosis would be induced, along with down-regulation 
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of GRP78. In addition, cryptotanshinone also induced UPR activation and ER 

stress in a concentration-dependent manner (Fig. 17B bottom). I further 

evaluated the induction of UPR and ER stress-mediated apoptosis effects of 

cryptotanshinone at the concentration of 1 μM and 2 μM in a panel of human 

cancer cells from different origins, including the colon, lung and breast. 

Results showed that cryptotanshinone displayed a significant decrease in cell 

viability effect in HCT 116, LoVo, HepG2 and MCF-7 cells, but HT-29 cells 

were relatively resistant to cryptotanshinone when compared with other cell 

types (Fig. 17C top). GRP78 and spliced XBP-1 were upregulated in the 

multiple cancer cell lines upon cryptotanshinone treatment, including the 

relatively resistant HT-29 cells (Fig.17 bottom).  
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Figure 17 Effects of cryptotanshinone on UPR activation and ER stress-induced 

apoptosis. A. CPT exhibits a significant decrease in cell viability in HCT116 colon cancer 

cells. Cells were incubated with graded concentrations of CPT for 24, 48 or 72 h. Cell 

viability was determined by using MTT assay.  B. Western immunoblotting of lysates from 

colon cancer cells treated with CPT (2 μM) for different time intervals (1-48 h) (top) and 

with different concentrations (1-4 μM) for 12 h (bottom) by using specific antibodies as 

indicated. Representative immunoblots from three independent experiments are shown 
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Figure 17 Effects of cryptotanshinone on UPR activation and ER stress-induced 

apoptosis. E. CPT-induced significant decrease in cell viability (top) in various types of 

cancer cells (HCT116, DLD, LoVo, HepG2 and MCF-7 cells) after drug treatment for 

12 h. Western blot analysis has shown the expression levels of GRP78 and CHOP in 

selected colon cancer cell lines after CPT (2 μM) treatment for the indicated times 

(bottom). Representative immunoblots from three independent experiments are shown 
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3. Enhanced intracellular Ca2+ via cryptotanshinone 

stimulation is linked to ER stress response 

 

To detect whether alternation of Ca2+ homeostasis plays a pivotal role 

during early ER stress, I first examined intracellular Ca2+ levels after 

cryptotanshinone exposure using fura-2-AM in a spectrofluorometric assay in 

HCT 116 cells. After 10 min treatment, cryptotanshinone caused significant 

increase in intracellular Ca2+ level when compared with the vehicle control 

(Fig. 18A), but was similar to that caused by ionomycin (Ca2+ ionophore), the 

positive control. To substantiate this result, I further illustrated the kinetics of 

cryptotanshinone-induced changes in intracellular Ca2+ and provided an 

indication of the source of Ca2+ release. After exposure to cryptotanshinone, 

intracellular Ca2+ level was significantly increased in a time-dependent 

manner above the vehicle control level and remained elevated for the rest of 

the experimental span. Addition of the Ca2+ ionophore ionomycin stimulated 

further influx in intracellular Ca2+ (Fig. 18B top).  Pretreatment with the 

intracellular Ca2+ chelator BAPTA-AM inhibited the increased intracellular 

Ca2+ level throughout the entire period of the experiment as compared with 

vehicle control (Fig. 18B bottom), with induced ER stress as shown by 

increased GRP78 and CHOP expression (Fig. 18C). This is in line with 

another study which demonstrated that ER Ca2+ depletion and ER stress was 

induced in cells loaded with BAPTA-AM [Yoshida et al., 2006]. Collectively, 

these findings showed a linkage between depletion of intracellular Ca2+ stores 

and ER stress under cryptotanshinone exposure. In addition, ER is a major 
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intracellular reservoir of Ca2+ and ER calcium depletion during ER stress may 

occur by Ca2+ leakage through the ER membrane protein complex translocon 

[Mehdi et al., 2013]. I further evaluated whether the evoked Ca2+ signal by 

cryptotanshinone through mobilization of the ER calcium stores and 

cryptotanshinone-induced ER Ca2+ release are related to the observed ER 

stress response. I had conducted experiments to examining intracellular Ca2+ 

level under cryptotanshinone exposure or the ER stress-inducing agent 

thapsigargin (TG). TG, a known ER stress inducer, is a specific mobilizer of 

the ER calcium stores, which causes reduced active transport of Ca2+ into the 

ER lumen, leading to an increase in intracellular Ca2+. I found that 

cryptotanshinone elicited prolonged increases of cytosolic Ca2+ level when 

compared to the transient elevation in intracellular Ca2+ following TG 

treatment in Ca2+-free medium. The subsequent addition of 2mM CaCl2 

triggered rapid and large increases in intercellular Ca2+ in cells exposed to 

cryptotanshinone, comparable to TG-induced Ca2+ influx (Fig. 18D). Taken 

together, I believe that cryptotanshinone could play a similar role as TG in 

mobilizing the ER calcium, which provides evidence that alternation in Ca2+ 

homeostasis through plasma membrane channels and/or release from the ER 

into the cytosol is linked with ER stress.  
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Figure 18 CPT increased intracellular Ca2+ level. A. Intracellular Ca2+ level 

measurement: HCT 116 cells were loaded with Fura-2 AM (1 μM) for 1 h at 37°C and 

then exposed to DMSO (control), 2 μM of CPT and 5 μM of ionomycin for fluorescence 

quantification. Statistical significance: * p < 0.01 when compared with corresponding 

control. Histograms represent mean ± SEM of four independent experiments.   
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Figure 18 CPT increased intracellular Ca2+ level. B. Representative traces indicating Ca2+ 

influx in HCT116 cells. Cells were loaded with Fura-2 AM, suspended in HBSS containing 

1.3 mM of Ca2+, and exposed to 2 μM of CPT, followed by 5 μM of ionomycin (top). In a 

separate set of experiment, cells were pre-loaded with Fura-2 AM and 1 μM of BAPTA-AM 

for 30 min, then exposed to 2 μM CPT (bottom). Each tracing represents mean ± SEM of 

four independent experiments.  
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Figure 18 CPT increased intracellular Ca2+ level. C. Cells were exposed to either CPT 

or BAPTA-AM, while GRP78 and CHOP protein expression were assessed by Western 

immunoblotting. D. Effect of CPT on Ca2+ signal transduction: cells were loaded with 

Fura-2 AM, suspended in Ca2+ free-HBSS, and exposed to 2 μM CPT or 100 nM 

thapsigargin (TG), followed by 2 mM CaCl2. Each tracing represents mean ± SEM of four 

independent experiments.  
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4. Involvement of calpain in CPT-induced ER stress  

 

I further investigated the signaling pathway of ER stress by studying 

the effect of cryptotanshinone on the activation of calpains, the indicator of 

Ca2+ homeostasis disruption. Measurement of the time-course of calpain 

activity in the selected panel of human cancer cells (HCT 116, LoVo, HT-29, 

HepG2 and MCF-7 cells) showed that cryptotanshinone (2 μM) greatly 

increased calpain activity in a time-dependent manner from 0 to 6 h, before 

peaking at 6 h (Fig. 19A top). Such increased calpain activity was gradually 

blocked by PD150606, the active site calpain inhibitors (ALLN and ALLM) 

as well as the Ca2+ chelators (EGTA and BAPTA) (Fig. 19A bottom). 

I further examined whether calpain activation by cryptotanshinone 

resulted in NF-κB activation as a consequence of ER stress. As shown in Fig. 

19B top, a marked decrease of IκBα was detected following prolonged 

treatment with cryptotanshinone from 0 to 12 h, with a corresponding increase 

in the nuclear localization of NF-κB p65. Similar results were observed by 

adding the ER stress activator TG. Furthermore, immunofluorescence analysis 

showed NF-κB translocation into the nucleus during ER stress as well (Fig. 

19B bottom). I then investigated whether the presence of calpain inhibitor 

PD150606 would abolish the potential of cryptotanshinone to induce NF-κB 

activation and ER stress-associated apoptosis. I compared the effects of 

cryptotanshinone on NF-κB activation, cell survival and ER stress-associated 
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apoptosis in the absence and presence of PD150606. After pre-treatment with 

PD150606, I observed that the IκBα degradation caused by cryptotanshinone 

was significantly prevented (Fig. 19C), and subsequently the activation of NF-

κB p65 and its nuclear localization was also suppressed, together with the 

abolishment of GRP78 induction by cryptotanshinone. Nonetheless, the 

expression of CHOP and PARP cleavage was further increased. The 

combination of cryptotanshinone and calpain inhibitor was being more potent 

than cryptotanshinone alone in the promotion of apoptosis (Fig. 19D). As 

shown in the figure, cryptotanshinone alone induced 9.5% of apoptosis, while 

its combined treatment with PD150606 promoted more than 1.8 fold of 

apoptotic activity. A significant increase in the number of cells with nuclear 

chromatin condensation was observed in the combination treatment group of 

cells, when compared with the cryptotanshinone alone group (Fig. 19D 

bottom). The calpain inhibitor itself had a weak effect on each site (Fig. 19C, 

19D top, 19D bottom). Similar results were obtained by using the other 

calpain inhibitors ALLN and ALLM (unpublished observations in the 

laboratory) 
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Figure 19 Involvement of calpain in CPT-induced ER stress A top.  Calpain activities 

were measured in selected cancer cell lines treated with 2 μM of CPT for different time 

intervals (1-12 h) by using a “Calpain Activity Assay” kit using the fluorescence calpain 

substrate Ac-LLY-AFC. Cells were treated with calpain inhibitors PD150606, ALLN and 

ALLM (12.5 and 25 μM, respectively) as well as Ca2+ chelators EGTA (1 mM) and 

BAPTA (50 μM) before calpain activities were measured (bottom). Statistical 

significance: * p < 0.01 when compared with corresponding control; # p < 0.01 when 

compared with CPT-treated cells.  
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Figure 19 Involvement of calpain in cryptotanshinone-induced ER stress. B. NF-κB 

p65 expression in nuclear and cytoplasmic fractions, as well as IκBα expression in the 

total cell lysates after treatment with 2 μM CPT or 100 nM thapsigargin (TG) at different 

time intervals (0-12 h) was assessed by Western immunoblotting(top). 

Immunofluorescence staining was employed to determine the intracellular location of the 

NF-κB p65 subunit by using anti-p65 antibody and visualized under fluorescence 

microscopy. Representative photos were obtained from 3 separate experiments (bottom).  
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Figure 19 Involvement of calpain in cryptotanshinone-induced ER stress. C. Western 

immunoblotting was performed on lysates from cells being pretreated with the calpain 

inhibitor PD150606 for 30 min followed by treatment with CPT (2 μM) for 24 h using the 

indicated antibodies. D. Cells were treated as described above and stained with Annexin 

V/PI and analysed by flow cytometry (top). Nuclei with apoptotic morphological changes 

were visualized by DAPI staining under fluorescence microscopy (bottom). Representative 

images from three independent experiments are shown.  
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5. Sensitization of cancer cells to apoptosis by inhibiting 

calpain activation is associated with blockage of GRP78 

induction 

 

To further study the regulatory role of calpain on GRP during ER 

stress, immunofluorescence staining was performed. A significant association 

was observed between calpain II and GRP78 after cryptotanshinone treatment 

(Fig. 20A). Minimal amount of calpain II signal was detected in the cytoplasm 

and nucleus in untreated control cells, whereas a marked increase of 

expression could be observed in the cell membrane of cryptotanshinone-

treated cells. Likewise, the expression of GRP78 was relatively weak in 

untreated control cells when compared with the induction expression after 

cryptotanshinone. A similar observation was obtained by using the positive 

control TG. Interaction between GRP78 and calpain II was indicated by the 

increased co-localization under ER stress, especially on the cell membrane. In 

order to confirm the results from immunofluorescence staining, 

immunoprecipitation was performed, followed by Western immunoblotting.  

The endogenous GRP78 was co-immunoprecipitated with calpain II in 

the selected panel of cell lines (Fig. 20B). The interaction between 

endogenous GRP78 and calpain II should be specific because this complex 

was not observed when using control IgG as the precipitating antibody. 

Moreover, the amount of GRP78 that was co-precipitated with calpain II was 

increased following prolonged treatment with cryptotanshinone from 0 to 12 h 

(Fig. 20C) and decreased under pre-exposure with different concentrations of 

88 
 



calpain inhibitor PD150606 (Fig. 20D). Similar results were observed by 

using other calpain inhibitors ALLN and ALLM (unpublished observations in 

the laboratory). To further validate the role of GRP78 in apoptosis during ER 

stress, the gene expression of GRP78 was silenced. Figure 20E exemplifies a 

significant knockdown of GRP78 (by more than 70%) after 24 h of siRNA 

transfection was successfully performed, compared with scramble (scr) 

treatment showing no alteration of protein expressions. Moreover, GRP78 

gene silencing did not result in apoptosis (as indicated by the unchanged level 

of PARP cleavage). Nonetheless, GRP78 expression was further decreased 

after cryptotanshinone treatment in GRP78-silenced cells, with a concurrent 

increase in PARP cleavage (Fig. 20E) as well as a decrease in cell viability 

(Fig. 20F). These results demonstrated that GRP78 knockdown by gene 

silencing would result in a substantial increase in the sensitivity of colon 

cancer cells to apoptosis by cryptotanshinone. The effect of GRP78 gene 

silencing on colony formation was further assessed. As shown in Fig. 20G, 

cell colony formation (according to both number and size) was significantly 

reduced in cryptotanshinone treated GRP78-silenced cells when compared to 

either control GRP78-silenced cells or cryptotanshinone-treated cells without 

gene silencing. 
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Figure 20 GRP78 was required for CPT-induced calpain activation. A. 

Immunofluorescence analysis of calpain II  (green) and GRP78 (red) was performed to 

determine their co-localization in colon cancer cells after treatment of 2 μM CPT or 100 

nM thapsigargin (TG) for 12 h, respectively. Blue color represents the DAPI-stained 

nuclei. Representative data are obtained from three independent experiments.  
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Figure 20 GRP78 was required for CPT-induced calpain activation. B. The interaction 

between calpain II and GRP78 in various types of cancer cells (HCT116, DLD, LoVo, 

MCF-7 and HepG2 cells) was illustrated. C. Time course study of the CPT-induced 

interaction between GRP78 and calpain II at different time intervals (0-24 h). D. Calpain 

inhibitor PD150606 interfered the interaction between calpain II and GRP78. Cells were 

treated with or without PD150606 (12.5 or 25 μM) for 30 min, and subsequently exposed 

to 2 μM CPT for another 12 h. The total protein lysates were used for the 

immunoprecipitation study. Immunoprecipitated proteins were collected and subject to 

Western immunoblotting. IgG was used as precipitating antibody in the negative control. 

Representative data are obtained from three independent experiments.  
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Figure 20 GRP78 was required for CPT-induced calpain activation. E. Protein 

expression of GRP78, cleaved caspase-3 and PARP cleavage was assessed in CPT-treated 

cells (2 μM, 12 h) following GRP78 siRNA silencing or scrambled control siRNA 

treatment [Scr]. F. Cell viability was assessed by the MTT assay. Statistical significance: * 

p < 0.01 when compared with corresponding control; # p < 0.01 when compared with 

CPT-treated cells. G. Clonogenic assay on GRP78 siRNA-silenced cells treated with CPT 

was used to determine cell colony formation. Representative data are obtained from three 

independent experiments.  
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6. Sensitization of cancer cells to apoptosis by inhibition of 

calpain activation is p53-dependent 

 

As shown in Fig. 17C top, HT-29 cancer cells were relatively resistant 

to cryptotanshinone compared to HCT 116 cells. Moreover, inhibition of IκBα 

degradation by PD150606 suppressed the translocation of NF-κB p65 from 

the cytosol to the nucleus and enhanced ER stress-associated apoptosis in 

p53-wild type HCT 116 cells (Fig. 19C). p53 had been reported to induce 

apoptotic cell death through NF-κB activation [Ryan et al., 2000] and HT-29 

cells were demonstrated to have an atypical NF-κB response as p53-mutant 

augmented NF-κB activation [Abe et al., 2014]. Therefore, I also validated the 

involvement of p53 in PD150606-induced suppression of NF-κB activation. 

Compared to p53-wild type HCT 116 cells, p53-mutant HT-29 cells exhibited 

no change in suppression of ER stress-enhanced NF-κB p65 nuclear 

translocation in the presence of PD150606, without variation in the inhibition 

of IκBα degradation (Fig. 21A). As the p53 status is one of the key 

differences between both cell lines, I hypothesized that mutation of p53 might 

contribute to the PD150606-suppressed NF-κB activation in HT-29 cells. To 

confirm the hypothesis, I further examined the dependency of PD150606-

suppressed activation of NF-κB signaling on p53 status by using a p53 

knockout cell line, HCT 116 p53-/-. Similarly to HT-29, PD150606-

suppression of the NF-κB p65 translocation to the nucleus in HCT 116 p53-/- 

cells remained the same, with no change on the inhibitory action of IκBα 
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degradation. As p53 status does not seem to have inferred alteration of 

upstream signal on PD150606-suppressed NF-κB activation, I then examined 

the effect on expression of the downstream survival factors, such as survivin, 

Bcl-2 and BCL-xL (Fig. 21B). In contrast to p53-wild type HCT 116 cells, 

where a significant decrease in the presence of PD150606 was observed, in 

p53-mutated HT-29 and p53-deficient HCT 116 cells, no notable change was 

detected in the expression of these survival proteins, as well as the p53-

dependent proapoptotic genes such as PUMA and Bax, nor in the 

manifestation of cryptanshinone-induced cell death as determined by Annexin 

V-FITC/PI staining (Fig. 21C). These results indicated that calpain inhibitor-

induced sensitization of cancer cells to ER stress-associated apoptosis is 

dependent on p53 status.  
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Figure 21 Sensitization of cancer cells to apoptosis by inhibition of calpain activation 

is p53-dependent. A. Protein expression of nuclear, cytoplasmic NF-κB p65 and total 

protein level of IκBα was assessed in colon cancer cells with wild-type (HCT116), 

mutated (HT29 cells) and deficient (HCT116 p53-/-) p53 gene that had been treated with 2 

μM CPT for 12 h in the presence or absence of calpain inhibitor PD150606 (25 μM). B. 

Protein expression of survivin, XIAP, Bcl-2, BCL-xL, PUMA and Bax were assessed in 

the above cell lines with different p53 status. C. The amount of apoptotic cells following 

CPT and/or PD150606 treatment was quantified using Annexin V/PI staining and 

analyzed by FACS.  
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7. Combined effects of cryptotanshinone and calpain inhibitor 

PD150606 in vivo 

 

The anti-tumorigenetic effects of cryptotanshinone and its 

combination with PD150606 were further illustrated in vivo in xenografted 

nude mice. Drug efficacy of cryptotanshinone and the drug combo on tumor 

growth inhibition were compared with that of the orthodox chemotherapeutic 

drug 5-FU (Fig. 22A). Mice were administered intraperitoneally (i.p.) once 

daily with saline, cryptotanshinone (10 mg/kg, 20 mg/kg), the combination of 

cryptotanshinone (10 mg/kg) with calpain inhibitor PD150606 (3 mg/kg) or 5-

FU (30 mg/kg) for 14 consecutive days. As shown in Fig. 22B, 

cryptotanshinone treatment at the given doses resulted in 31-34% of tumor 

suppression, which is comparable with the 5-FU treatment group. Other than 

monotherapy, combined treatment of cryptotanshinone (100 mg/kg) and 

PD150606 (3 mg/kg) has shown a further reduction of tumor volume with an 

average volume reduction of at least 60%. Moreover, no significant change in 

body weight and no mortality were observed in all treatment groups 

throughout the whole course of the experiment, whereas a slight reduction of 

body weight has been observed in the 5-FU treated group. 

To confirm that the combined treatment could modulate tumor 

development by regulating calpain-mediated GRP78 level, 

immunohistochemical assessment of cell proliferation in the tumor sections 

was detected. Results showed that the combination treatment significantly 
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reduced the amount of visible PCNA-labeled cells when compared with the 

control or cryptotanshinone alone group (Fig. 22D). In addition, a similar 

pattern of reduction in the amount of GRP78-, calpain II- positive staining 

cells was observed in either cryptotanshinone- or the combined drug-treated 

tumor tissues, with a more pronounced reduction in the latter case (Fig. 22D). 

The effects of the combination treatment with cryptotanshinone and calpain 

inhibitor on inhibition of cell proliferation and regulation of calpain mediated 

GRP78 levels were comparable with those caused by 5-FU (Fig. 22E).  
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Figure 22 Anti-tumor effects of CPT and/or PD150606 and conventional 

chemotherapeutic drug 5-FU in HCT116 nude mice xenograft. HCT116 tumor cells 

(2×106) were inoculated subcutaneously to Balb/c-nu/nu mice near the right flank on Day 

0. Drug treatment commenced from Day 10 onwards after tumors became palpable, and 

tumor volume in xenografted animals were monitored every other day. Animals in each 

treatment group (n=6-8) were sacrificed on Day 24 of the experiment. A. Photographic 

illustration of tumors excised from vehicle control or drug-treated nude mice on Day 24: 

control, CPT (10 mg/kg), CPT (20 mg/kg) [Hyo-Jeong et al., 2012], CPT (10 mg/kg) + 

PD150606 (3 mg/kg) [Mathieu et al., 2007] and 5-FU (30 mg/kg) [Mandy et al., 2007]. 

Percent change in B. tumor volume and C. tumor weight in drug-treated nude mice. The 

histogram represents mean ± SEM of four independent experiments. * p < 0.05, ** p < 

0.01  when compared with untreated control group; # p < 0.01 when compared with CPT 

alone treatment group of the same dose.  
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Figure 22 Anti-tumor effects of CPT and/or PD150606 and conventional 

chemotherapeutic drug 5-FU in HCT116 nude mice xenograft. D. 

Immunohistochemical staining of PCNA-, GRP78- and calpain II-positive cells being 

visualized as brown color in tumor sections excised from HCT116-xenografted nude mice. 

Representative images of control and various drug treatment groups are shown. E. Protein 

expression of GRP78 and calpain II in excised tumor tissues was assessed by Western 

immunoblotting. 
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Figure 23 Inhibition of calpain activation enhances cell sensitivity to ER stress-

mediated apoptosis by crptotanshinone  
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C. Involvement of store-operated Ca2+ entry (SOCE) in S100A4-

mediated metastatic progression in colon cancer 

 

Metastatic development is the leading cause of cancer-related deaths, 

and in turn tumor angiogenesis and invasiveness are known to correlate with 

tumor growth and metastasis. The metastasis mediator, S100A4, belongs to 

the S100 superfamily, a multi-gene family of Ca2+-binding proteins of the EF-

hand type. Upon Ca2+ binding, Ca2+-dependent regulation of S100A4 

undergoes a conformational shift forming a hydrophobic pocket that occurs on 

Ca2+ binding. It exposes interaction domains that are required for its 

interaction with a wide spectrum of target proteins and regulates their 

activities. Our laboratory demonstrated that the AST decreased S100A4 

overexpression, but the exact mechanism is poorly explored. Understanding 

specific molecular mechanisms underlying the tumor progression and 

metastasis by targeting molecular traits will provide potential targets for drug 

development. In this part of study, I aimed to explore anti-metastatic 

mechanisms targeting S100A4. 
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1. Effect of pharmacological inhibition of various Ca2+ 

channels on extracellular S100A4-induced migration and 

Ca2+ response 

 

To study the importance of the metastatic-associated biomarker 

S100A4 in metastatic colon cancer development, I first examined the direct 

effect of extracellular S100A4 by using recombinant S100A4 on cell 

migration. A recent study demonstrated that oligomeric S100A4 increases the 

intracellular Ca2+ concentration in primary neurons grown [Klingelhofer et al., 

2012]. However, the involvement of extracellular S100A4 in Ca2+ signaling 

during metastatic colon cancer development is still lacking. To investigate the 

linkage between extracellular S100A4 and Ca2+ signaling, I explored the 

involvement of pharmacological inhibitors in various ion channels that 

mediate Ca2+ influx. As shown in Figure 23A, among various Ca2+ channel 

blockers, only SKF96365 and 2-APB were relatively selective to store-

operated Ca2+ entry (SOCE) and suppressed the rS100A4-mediated migration. 

Similar results were obtained by removal of extracellular Ca2+ through 

addition of the Ca2+ chelator EGTA to the medium. None of other Ca2+ 

channel blockers, including nifedipine, verapamil for L-type channels, and 2-

AP for NMDA receptors, affected the S100A4-mediated migration. In 

addition, SKF96365 and 2-APB decreased the Ca2+ influx stimulated by 

rS100A4 (Fig. 23B). These findings indicated that the pharmacological 

inhibitions of SOCE suppressed the S100A4-mediated migration by 

weakening S100A4-mediated Ca2+ response. 
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Fig. 24. Effects of various Ca2+ channel blockers on rS100A4-induced migration and 

Ca2+ response in Lovo cancer cells.  A. Wound healing assay for rS100A4-induced 

migration. Removal of extracellular Ca2+ by addition of a Ca2+ chelator, EGTA (1mM) 

suppressed the rS100A4 (10 µg/ml)-mediated migration. Mortality rate histograms of each 

group. B. SKF96365 (20 105 µM) and 2-APB (25 µM) inhibit the rS100A4-induced 

migration. Nifedipine (20 µM), verapamil (20 µM) for L-type channels, and 2-AP (1 mM) 

for NMDA receptors had no effect on the migration. B. rS100A4 (10 µg/ml)-induced Ca2+ 

transient in Lovo colon cancer cells. Fura-2 Ca2+ imaging indicates that SKF96365 (20 µM), 

2-APB (25 µM) as well as EGTA (1 mM) treatments decrease rS100A4-induced Ca2+ influx. 

Statistic analysis of average area under the curves. Data are representative of three 

independent experiments or are shown as mean SD of five experiments. * p < 0.05 when 

compared with corresponding control. 
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2. Effect of pharmacological inhibition of SOCE on Ca2+ signal 

transduction 

 

Since the two Ca2+ channel blockers SKF96365 and 2-APB exerted 

inhibitory effects on the rS100A4-induced Ca2+ influx, it is likely that they 

could also suppress the rS100A4-mediated cell migration by disturbing Ca2+ 

signaling triggered by extracellular stimuli. To address that, the functional 

activity of SOCE was detected. TG, being a non-competitive inhibitor of the 

ER calcium-ATPase, was applied to empty intracellular Ca2+ stores, and 

subsequently Ca2+ entry through the membrane was elevated by addition of 

extracellular Ca2+ in the ER-depleted cells. As shown in fura-2/AM 

fluoroscopy, rS100A4 exerted no effect on the TG induced Ca2+-release from 

the ER store, but significantly increased Ca2+ influx in the presence of 

extracellular Ca2+ (Fig. 24A). Both SKF96365 and 2-APB significantly 

suppressed the Ca2+ influx from the extracellular space, but did not affect Ca2+ 

release from the stores (Fig. 24B). Other Ca2+ channel blockers had no such 

effects (unpublished observations in the laboratory). These results showed that 

the depletion of intracellular Ca2+ stores elevated SOCE, while both 

SKF96365 and 2-APB effectively blocked the Ca2+ influx through SOCE and 

the pharmacological inhibition of SOCE disturbed the rS100A4-induced Ca2+ 

signaling. The impairment of Ca2+ signaling might be responsible for the 

suppression of rS100A4-induced cell migration. 
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Fig. 25. Effect of pharmacological inhibition of SOCE on Ca2+ signal transduction The 

intracellular Ca2+ concentration was measured in Fura-2/AM-loaded Lovo colon cancer cells. 

The effects of rS100A4 (10 µg/ml) (A) (*p < 0.05 when compared with corresponding 

control), SKF96365 (20 µM) as well as 2-APB (25 µM) (B) (*p < 0.05 when compared with 

rS100A4-treated cell) on SOCE are shown. Tharpsigargin (TG), a non-competitive inhibitor of 

endoplasmic reticulum (ER) Ca2+ -ATPase, was applied to empty intracellular calcium stores, 

and subsequently the Ca2+ entry through the membrane was elevated by addition of 

extracellular Ca2+ in ER-depleted cells. Statistic analysis of average area under the curves. 

Data are representative of three independent experiments or are shown as mean  SD of five 

experiments. 
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3. Effect of store-operated channel blocker on S100A4-induced 

metastasis formation in vivo 

 

I then evaluated the effect of store-operated channel blocker on 

S100A4-mediated metastasis formation in vivo. LoVo cells were transplanted 

intrasplenically, leading to tumor growth in the spleen and liver metastasis. 

On day 8 after intrasplenic tumor xenograft, mice were treated either with 

daily doses of solvent (control), 20 mg/kg SKF96365 or 20 µM 2-APB daily 

for 24 days. After sacrifice, the spleens and livers of the mice were excised. 

Tumors in the spleens of representative mice and the metastatic burden in the 

corresponding livers were shown in Fig. 25A. Tumor growth in the spleen 

was significantly inhibited either by SKF96365 or 2-APB when compared 

with that in solvent-treated control mice (Fig. 25B). The liver metastases also 

showed a significant decrease in both number and size in mice treated with 2-

APB (Fig. 25C). Moreover, no significant change in body weight and no 

mortality were observed in all treatment groups throughout the whole course 

of the experiment (Fig. 25D). 
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Fig. 26 Effect of store-operated channel blocker 2-APB on S100A4-induced metastasis 

formation in vivo. Intrasplenic transplantation of 5 x 106 Lovo cells was performed using 

Balb/c-nu/nu mice. This led to tumor growth in the spleen and to liver metastases. 

SKF96365 and 2-APB treatment was started at day 8 after intrasplenic transplantation, was 

administered daily 20 mg/kg by gavage, and was finished the day before the mice were 

killed. Mice were killed at day 32, and spleens (site of tumor cells injection) and livers 

(metastasis target organ) were frozen in liquid nitrogen. Control group were treated with 

10% DMSO in saline (vehicle was used to solubilize SKF96365 or 2-APB). A. 

Representation gross images of tumors in the spleens and metastases in the livers from mice. 

SKF96365 and 2-APB treatments resulted in significantly reduced tumor weight in the 

spleen (B) and insignificantly rescued numbers of liver metastases (C) compared with 

solvent-treated control group. Body weight of mice was not influenced either by SKF96365 

or 2-APB (D). The histogram represents mean ± SEM of four independent experiments. * p 

< 0.05 and ** p < 0.01 compared with solvent-treated control mice. 
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A. Astragalus Saponins modulate colon cancer development 

by regulating calpain-mediated glucose-regulated protein 

expression 

 

ER has been designated as a major therapeutic drug target due to its vital 

involvement in apoptotic execution [Luo et al., 2013]. Perturbation of ER 

homeostasis plays critical roles in tumorigenesis, and therapeutic modulation 

of ER chaperones and/or UPR components presents potential anti-tumor 

treatment. Nevertheless, excessive activation of the ER stress pathways in 

hypoxic tumor cells has been shown to render them more sensitive to 

proteasome inhibitors, resulting in increased cytotoxicity [Fels et al., 2008]. In 

the present study, AST has been proven to facilitate ER stress-induced 

apoptosis through regulation of GRP78. It fact, most of the GRP in tumor 

cells are engaged in the formation of multi-chaperone complexes, an event not 

being observed in normal cells [Beliakoff et al., 2004]. Evidence has shown 

that high levels of GRP78 and GRP94 were detected in breast and colon 

cancer [Little et al., 1994]. Cell surface GRP78 has been identified as an 

important tumor cell signaling and viability regulator by forming complexes 

with a variety of cell-surface proteins to regulate proliferation and cell 

viability [Raiter et al., 2010; Misra et al., 2005]. Intracellular GRP78 

possesses pro-survival and anti-apoptotic functions while cell surface GRP78 

serves as a receptor for pro-apoptotic ligands such as Kringle (K5) and Par-4, 

to promote apoptosis [Davidso et al., 2005; Burikhanov et al., 2009]. In 

addition, it is known that prolonged ER stress may activate specific 
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mechanisms for GRP78 to aggressively interact with other pro-apoptotic 

proteins such as caspase 7 and T-cadherin [Ermakova et al., 2006; Nakamura 

et al., 2013]. In the present study, AST has been proven to facilitate ER stress-

induced apoptosis through regulation of GRP78. An early increase of GRP78 

played an essential role in the protection of cells from apoptosis during ER 

stress [Burikhanov et al., 2009; Ermakova et al., 2006]; in particular, a marked 

increase of expression in the cell membrane of drug-treated cells could be 

observed. The gradual decrease of GRP78 as prolonged ER stress caused 

failure in the ER recovery process led to the initiation of apoptotic cell death. 

Until now, the mechanism of GRP78 trafficking from the ER to the cell 

surface is not fully understood. Nevertheless, it is plausible that ER luminal 

GRP78, either by itself or through interaction with other proteins being 

translocated into the ER, could be redistributed to the cell surface by escaping 

the ER retrieval mechanism [Gonzalez et al., 2009]. In addition, it is to my 

surprise that silencing of GRP78 alone did not impose a significant promotion 

of apoptosis in non-drug-treated HCT 116 colon cancer cells. Nonetheless, 

suppression of GRP78 protein expression by siRNA deactivated UPR and 

potentiated AST-induced apoptosis in the cells. This has been further verified 

by using colony formation assay. 

GRP78 is known to function as a Ca2+-binding protein in the ER thereby 

preventing Ca2+ efflux into the cytosol and providing a buffer against induced 

increases in cytosolic Ca2+ level, which could result in cell death. On the other 

hand, increased cytosolic Ca2+ will cause the activation of calpain and its 
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membrane translocation, where they were associated with caspases, such as 

caspase-12, to regulate apoptosis [Nakagawa and Yuan 2000]. Furthermore, it 

is known that GRP78 could form a complex with caspase-7 and -12 and 

prevent release of caspase-12 from the ER [Rao et al., 2002]. Here, I have 

unveiled a dynamic interaction between GRP78 and calpain II following 

treatment of pro-apoptotic agent. GRP78 is a physiological substrate for 

calpain II, which will be activated at the ER membrane by interacting with 

GRP78 upon drug stimulation. Further studies are required to prove whether 

GRP78 can directly or indirectly interact with calpain II through caspases. 

However, it was shown that GRP94 is a physiological substrate for calpain. 

Calpain has been demonstrated to be activated at the ER membrane, where it 

interacts with GRP94, resulting in its specific proteolytic cleavage as the cells 

undergo apoptosis [Reddy et al., 1999]. My results have indicated that the 

peak level of GRP78 was attained after 24 h of ER stress. This is in fact in 

line with a previous report showing the most significant increase in caspase 3 

activity to be observed at 24 h of drug-induced ER stress, simultaneous to 

increased caspase 12 enzymatic activity [Martinez et al.,  2010]. It was further 

explained that caspase 12 was initially processed by calpain through removal 

of the CARD-containing pro-domain to produce a 38-kDa fragment. The 

above discovery has suggested that sensitization of colon cancer cells to ER 

stress-induced apoptosis by regulation of calpain is associated with blockade 

of prolonged GRP78 induction. Calpain is implicated in anti-apoptotic 

functions via stimulation of ERK pathway in neurons [Veeranna et al., 2004] 

as well as NF-κB survival pathway following treatment of tumor necrosis 
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factor [Kouba et al., 2001]. Proteasome inhibitor PS-341 (bortezomib)-

induced IκBα degradation was prevented by calpain inhibition, leading to an 

enhancement of the anti-cancer activity [Li et al., 2010]. Silencing of calpain 

II resulted in a partial restoration of irinotecan sensitivity in drug-resistant 

colorectal cancer cells [Fenouille et al., 2012]. Therefore, I have determined 

that the combination of pharmacological calpain inhibitor and other 

chemotherapeutic adjuvants could become a new therapeutic strategy for 

human colon cancer treatment through promotion of apoptosis. The induction 

of GRPs following exposure to AST was significantly suppressed by calpain 

inhibitors. This part of my results suggested that calpain activation is an early 

event preceding disruption of the ER. It is possible that the calpain inhibitor 

interfered with induction of GRPs and the subsequent apoptotic response. In 

addition, results from the current work have revealed that the combination of 

AST and calpain inhibitors actually resulted in augmentation in the induction 

of ER stress-associated apoptosis. In spite of this, some transmembrane 

proteins that promote cancer cell migration, invasiveness and metastasis by 

provoking cell motility were found to be down-regulated by calpain-mediated 

proteolytic degradation [Martin et al., 2009]. Calpain II was overexpressed in 

colorectal cancer biopsy samples and played an important role in early stages 

of the metastatic process [Lakshmikuttyamma et al., 2004]. Elevated calpain 

activity is necessary for the remodeling of focal adhesion, and cell migration 

of oncoproteins, in which they play distinctive roles in oncogenic events 

induced by individual transforming proteins [Carragher et al., 2004]. It was 

shown that inhibition of calpain activity could modulate cell migration 
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through stabilized peripheral focal adhesions and by decreasing the rate of cell 

membrane detachment, all aiming to gain control of cancer cell metastasis 

[Xu et al., 2006]. Other than being self-driven, calpains could also interact 

with other signaling pathways in the regulation of essential cellular functions 

and diseases, including cancer. It was reported that calpain small subunit 1 

interacts with class IA phosphoinositide 3-kinases (PI3K) to induce a negative 

regulation of the PI3K-Akt pathway [55]. The p110, p110 and p85s subunits 

of PI3K are substrates of calpains I and II, with preferential cleavage of p110, 

which leads to inhibition of PI3K activity and suppressed downstream protein 

expression. This calpain-PI3K modulation plays an important role in the 

regulation of PI3K-Akt signaling, particularly in response to stress such as 

serum starvation. Our group has previously reported that AST inhibits colon 

cancer growth by its interaction with the PI3K-Akt-mTOR pathway [Auyeung 

et al., 2010;], which may correlate with the complex modulation of calpains. 

AST could exert anti-carcinogenic effects on colon, liver and gastric cancers 

through different mechanisms [Auyeung et al., 2009]. Besides, AST also 

possess anti-angiogenic and anti-invasive properties in the colon [ Auyeung et 

al., 2014]. 
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B. Regulation of calpain-mediated glucose-regulated 

protein modulates colon cancer development 

 

ER has been designated as a major therapeutic drug target due to its 

vital involvement in apoptotic execution [Luo and Lee 2013]. Perturbation of 

ER homeostasis plays critical roles in tumorigenesis, and therapeutic 

modulation of ER chaperones and/or UPR components presents a potential 

antitumor treatment. Nevertheless, excessive activation of the ER stress 

pathways in hypoxic tumor cells has been shown to render them more 

sensitive to proteasome inhibitors, resulting in increased cytotoxicity [Fels et 

al., 2008]. In the present study, cryptotanshinone, a component derived from 

Salvia miltiorrhiza (Danshan), has been proven to facilitate ER stress-

associated apoptosis through regulation of GRP78. In fact, most of the GRP 

with elevated expression in tumor cells are engaged in the formation of multi-

chaperone complexes, an event not being observed in normal cells [Beliakoff 

et al., 2004]. GRP78 level is widely used as a sentinel marker of ER stress 

under pathological conditions, and its upregulation is believed to increase the 

capacity to buffer against stressful insults initiating from the ER or a key 

adaptive response for cancer cell survival [Quinones et al., 2008]. Intracellular 

GRP78 possesses dual pro-survival and anti-apoptotic functions, while cell 

membrane GRP78 has been identified as an important tumor cell signaling 

and viability regulator by forming complexes with a variety of cell-membrane 

proteins to regulate proliferation and cell viability [Raiter et al., 2010; Misra 

et al., 2005]. Notably, in the current study, an early increase of GRP78 level 
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was shown to play an essential role in the protection of cells from apoptosis 

during cryptotanshinone-induced ER stress; while upon prolonged exposure, a 

gradual decrease of GRP78 along with the increase of CHOP and spliced 

XBP-1. These implicated that in prolonged ER stress, UPR caused failure in 

the ER recovery process and led to the initiation of apoptotic cell death. 

Moreover, a marked increase of GRP78 expression in the cell membrane of 

cryptotanshinone-treated cells during the early stage of ER stress could be 

observed through immunofluorescence studies. However, the mechanism of 

GRP78 trafficking from the ER to the cell membrane is poorly understood. It 

is plausible that ER luminal GRP78, either by itself or through interaction 

with other proteins being translocated into the ER, could be redistributed to 

the cell membrane by escaping the ER retrieval mechanism [Gonalez et al.,  

2009]. In addition, silencing of GRP78 alone did not impose a significant 

promotion of apoptosis in non-drug-treated HCT 116 colon cancer cells. 

Nonetheless, suppression of GRP78 protein expression by siRNA deactivated 

UPR and potentiated cryptotanshinone-induced apoptosis in the cells. This has 

been further verified by using colony formation assay. 

Ca2+ plays an important role in the communication between organelles 

and the cytoplasm during ER stress [Rasheva and Domingos 2009]. In the 

current study, my observations revealed a link between alternation in Ca2+ 

homeostasis and cryptotanshinone-induced ER stress, as cryptotanshinone 

exposure triggered rapid and sustained increases in intracellular Ca2+ within 

minutes, which was accompanied by increased ER stress markers such as 
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GRP78, CHOP and XBP-1 splicing within the first 12 h, the early stage of ER 

stress. Moreover, cryptotanshinone–induced increase of intracellular Ca2+ was 

inhibited by pre-exposure with BAPTA-AM, a Ca2+ chelator, which is known 

to deplete ER calcium store [Yoshida et al., 2006]. BAPTA-AM was shown to 

enhance ER stress in a state comparable to cryptotanshinone. These findings 

support the idea that ER calcium store depletion could be one of the factors 

contributing to ER stress. Besides, it was found that under basal and 

stimulated conditions, ER calcium store will depend on many cellular 

processes, including mitochondrial ATP production, store-operated Ca2+ 

influx, ER calcium-ATPase activity and ER calcium leakage [Mekahli et al., 

2011]. Apparently, impairment in any of these cellular processes could 

contribute to facilitation of ER stress. In this study, I found that 

cryptotanshinone elicited prolonged ER calcium release in both Ca2+-free and 

Ca2+-containing media. Collectively, these data showed that cryptotanshinone-

induced ER calcium depletion modulates ER stress, indicated activation of 

store operated Ca2+ entry (SOCE), a critical upstream process of NF-κB 

activation [Mekahli et al., 2011]. To be consistent with the cryptotanshinone-

induced cytosolic Ca2+ increase, the Ca2+-dependent protease calpain was 

activated as demonstrated by the increased total levels of calpain activity, 

which could be blocked by Ca2+ chelator and calpain inhibitors. This in turn 

implicates that the induced ER Ca2+ release is essential for calpain activation. 

Moreover, a dynamic interaction between GRP78 and calpain II under ER 

stress following cryptotanshinone exposure was unveiled in this study. GRP78 

was found to be a physiological substrate for calpain II, which was activated 
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in the ER membrane to cause interaction upon cryptotanshinone stimulation. 

The amount of association was increased especially following prolonged ER 

stress, while it was suppressed either as the ER recovery process failed or 

under pre-exposure with calpain inhibitors. The exact mechanism is poorly 

understood. However, a recent study found a possible site for ER calcium 

store depletion, whereby ER calcium leaking through an ER membrane 

protein complex, the translocon, led to the UPR activation. The degree of Ca2+ 

release via the translocon is connected to ER stress and being specific to 

GRP78 expression. In particular, overexpressed GRP78 was demonstrated to 

plug the translocon and reduce the permeability of the ER membrane to Ca2+ 

[Mehdi et al., 2013]. On the cytoplasmic side of the ER membrane, GRP78 

was found to form a complex with caspase-7 and caspase-12, to prevent 

release of caspase-12 from the ER to initiate apoptosis [Choi et al., 2006]. 

However, intercellular Ca2+ overload was verified to be a ubiquitous cause of 

cell death. Calpains, as effectors or executors of Ca2+ overload, were 

demonstrated to activate caspase-12 following its cleavage, then initiating 

apoptosis [Choi et al., 2006]. The reason for this may lie in the dual nature of 

Ca2+ as a signal transducer, whereby moderate increase of Ca2+ promotes cell 

proliferation and survival while excessive increase promotes apoptosis. 

Calpain has been demonstrated to be hyperactivated at the ER membrane, 

where it interacts with GRP94, resulting in its specific proteolytic cleavage as 

the cells undergo apoptosis [Rao et al., 2002]. In light of the above 

observations, I envisage that sensitization or facilitation of colon cancer cells 
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to ER stress-mediated apoptosis by regulation of calpain is associated with 

blockade of prolonged GRP induction.  

Accumulating evidences have shown that ER stress led to efflux of 

Ca2+ from ER through IP3R or RyR activating NF-κB signaling, while 

increased intercellular Ca2+ could also stimulate NF-κB activation by ER 

calcium depletion-induced Ca2+ entry [Angela et al., 2008; Martinez et al.,  

2010]. NF-κB, which is sometimes viewed as being anti-apoptotic, regulates 

expression of a number of anti-apoptotic genes, and its activation is often 

associated with resistance to apoptosis [Trancisco et al., 2012]. Moreover, 

calpain is implicated in anti-apoptotic functions via stimulation of NF-κB 

survival pathway following treatment of tumor necrosis factor [Aggarwal  

2004]. In my study I observed that cryptotanshinone-induced ER stress caused 

NF-κB activation through induction of IκBα degradation as well as NF-κB 

p65 nuclear translocation Calpain inhibitors restored IκBα protein levels, 

inhibited NF-κB activation and substantially enhanced the effects of 

cryptotanshinone on inducing apoptosis. In addition, I observed that the 

induction of GRP78 following exposure to cryptotanshinone was suppressed 

significantly by the calpain inhibitors. In fact, some investigators suggested 

that inhibition of ER stress through GRP78 silencing could block NF-κB 

nuclear translocation and IκBα degradation [Kouba et al., 2001], with 

abrogation of GRP78, leading to severe impairment in the function of NF-κB, 

the key regulator for cell survival [Li et al., 2010]. Based on this idea, it 

appears that calpain activation is induced by the rapid and sustained increases 
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in Ca2+ releasing as an early event, which may precede the disruption of the 

ER, while inhibition of calpain activation interfered the induction of GRP78 

and subsequent cellular response like NF-κB activation. Other studies also 

showed that silencing of calpain regulatory subunit may prevent activation of 

NF-κB and its subsequent induction of prosurvival genes [Hee et al., 2012]. 

Calpain II silencing in particular resulted in a partial restoration of drugs 

sensitivity in drug-resistant colorectal cancer cells [Shotaro et al., 2011]. 

Calpain inhibition was also exploited to induce apoptosis in tumors sensitive 

to FoxO activation, as CAPNS1 depletion interfered with PP2A-Akt 

interaction, subsequently affecting FoxO3A-dependent cell death [Demarchi 

et al., 2005]. According to these, I now propose a novel therapeutic strategy 

for enhancing the anticancer activity of chemotherapeutic adjuvants by 

preventing calpain activation for human colon cancer treatment by promotion 

of apoptosis. Nevertheless, calpain inhibitors failed to induce the ER stress-

mediated apoptotic response by cryptotanshinone in colon cancer cell lines 

with mutant p53 (HT-29 cells) or deficient p53 (HCT 116 p53-/-) in this study, 

which is in line with growing evidence suggesting that the transcriptional 

activities of p53 and NF-κB p65 are governed by their relative levels of 

expression and that this mutual repression mechanism is due to their limiting 

common co-activator (p300 and CBP) of transcription [Webster and Perkins 

1999; Ryans et al., 2000]. In p53-mutant or p53-deficient tumor cells, NF-κB 

p65 is no longer efficiently repressed by p53, and was found upregulated 

[Samantha et al., 2011] with such anti-apoptotic gene expression at a much 

higher level when compared to p53-wild type tumor cells [Schneider et al., 
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2010]. My findings suggest that inhibition of NF-κB p65 activation by calpain 

inhibitor in wild type p53 cells may result in higher sensitivity to apoptosis 

than in the cells with mutant or deficient p53. On the other hand, calpains had 

been demonstrated to be overexpressed in colorectal cancer biopsy samples, 

which plays an important role in the early development of the metastatic 

process [Fenouille et al., 2012]. Elevated calpain activity is necessary for the 

remodeling of focal adhesion as well as cell migration of oncoproteins, and 

contributes in oncogenic events induced by individual transforming proteins 

[Bertoli et al., 2009]. Inhibition of calpain activity was reported to modulate 

cell migration through stabilizing peripheral focal adhesions and decreasing 

the rate of cell membrane detachment, resulting in the control over cancer cell 

metastasis [Webster et al., 1999].  

The anti-tumor effects of cryptotanshinone and its combination with 

the calpain inhibitor PD150606 were further proven using nude mice 

xenograft. PD15606 (at 3 mg/kg, a level found not to have significant effect 

on major biochemical and hematological parameters [Mathieu et al., 2007]) 

enhanced the effect of cryptotanshinone suppressing GRP78 expression and 

reducing calpain II activity, on top of cryptotanshinone’s own activities. Their 

combined effect on tumor growth inhibition was found to be as strong as that 

caused by the conventional colon cancer chemotherapeutic drug 5-FU. It is 

remarkable to note that 5-FU would induce a significant reduction of the total 

white blood cell count, which is known to increase the risk of infection and 

other systemic disorders, whereas cryptotanshinone and its combined 
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treatment with PD150606 was not subject to such leukopenic side effects and 

other signs of toxicity such as body weight drop (unpublished observations in 

the laboratory). The promising synergistic anti-tumor action of the 

cryptotanshinone-PD150606 combo that is free from major systemic side 

effects have suggested its potential to be established as a novel anti-tumor 

agent in colon cancer therapy. 

 

C. Involvement of store-operated Ca2+ entry (SOCE) in 

S100A4-mediated metastatic progression in colon cancer 

 

Members of the S100 family of proteins have unique individual 

features with the general property of Ca2+ binding. Ca2+-dependent 

conformational change is necessary for S100 proteins to interact with their 

targets, thereby transducing the intracellular Ca2+ signaling to generate 

biological effects [Donato et al., 2013]. S100A4 is highly expressed in cells 

representing the morphogenic transition from an epithelial to mesenchymal 

phenotype and reported to integrate pathways to initiate the phenotypic 

response characteristic of cancer metastasis [Boye et al., 2010]. I discovered 

that among various Ca2+ channel blockers, only store-operated Ca2+ entry 

(SOCE) blocker could suppress the rS100A4-mediated migration. Similar 

results had been obtained by removal of extracellular Ca2+ through addition of 

the Ca2+ chelator EGTA to the culture medium. Besides, I also determined 

that recombinant S100A4 (rS100A4)-stimulated cells exhibited robust SOCE 
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activity in response to ER calcium store depletion, such as the extracellular 

S100A4-dependent elevation of Ca2+ influx, which could be attenuated by 

SOC blockers. My data thus suggest that extracellular S100A4 is a positive 

regulator of SOCE in colon cancer cells. These findings are consistent with 

another report that extracellular S100A4 increased the intracellular Ca2+ level 

in primary neurons grown [Yang et al. 2009]. In accordance with these 

findings, synergistically targeting the SOC-induced Ca2+ influx and S100A4 

would provide an effective means for treating colon cancers. 
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1. Proteomic analysis of novel proteins in AST-treated cells 

 

In previous reports, AST was proven to possess potent anti-

tumorigenic, anti-angiogenic and anti-metastatic properties [Tin et al., 2007; 

Auyeung et al., 2014]. However, the precise molecular mechanism of 

exhibited anti-tumor activity by AST has not been well understood. It is my 

great interest to discover other novel proteins that could be involved in these 

steps of tumor progression, which are markedly affected by AST. The 

correlation between the novel proteins and the well-characterized proteins will 

provide a better insight into the underlying mechanism of the effects of AST 

on cancer development, and display new therapeutic strategies for human 

colon cancer treatment. The prospective works will be done by using a 2-D 

gel analysis. 

 

2. Isolation of putative active compounds from AST 

 

Since AST is a whole herbal extract composed of many different 

compounds, the anti-tumor efficacy of the active ingredient may be masked 

by the presence of other compounds. To isolate the main constituent 

responsible for the cytotoxic effects of AST, fractionation of the total 

Astragalus saponins is essential. The cytotoxic actions of fractionated portions 

of AST have been analyzed in our laboratory. Preliminary data suggested that 

the cytotoxic action of certain isolated sub-fractions is more potent than AST 
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as whole. Identification of the active ingredients by gas chromatography mass 

spectrometry is in progress. The mode of action of the isolated pure 

compound(s) will be used for comparison with the mechanism of action of 

AST.  

 

3. Identification of the crosstalk between SOCE activity with 

intercellular S100A4 

 

S100A4 can be localized in the cytoplasm, nucleus and the 

extracellular space. Although the exported mechanisms of S100A4 are still 

unknown, increasing data have shown that intracellular S100A4 are exported 

through an ER/Golgi-independent pathway, such as lysosome secretion and 

plasma membrane blebbing. Therefore, in addition to the effect of 

extracellular S100A4 on SOCE, I will further explore the impact of 

intercellular S100A4 on Ca2+ signaling involved in the SOCE in colon cancer 

cells overexpressed with S100A4. The Ca2+ signal transduction will be firstly 

studied in S100A4-overexpressed cells. I monitor and compare the SOCE-

induced Ca2+ influx between S100A4 stably overexpressed and vector control 

cells under conditions that either allow or prevent ER-refilling by using 

EGTA (a Ca2+ chelator). To further confirm the role of S100A4 in regulating 

SOCE activity, I measured the SOCE activity in S100A4-gene silenced cells.  
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4. Effect of pharmacological inhibition of SOCE on Ca2+ signal 

transduction in S100A4-overexpressed colon cancer cells 

 

Since the two store-operated Ca2+ channel blockers, SKF96365 and 2-

APB, exerted an inhibitory effect on the rS100A4-induced Ca2+ influx and the 

crosstalk between SOCE activity and intercellular S100A4 identification, it is 

very likely that these pharmacological blockers may disturb the intercellular 

S100A4-induced Ca2+ signaling. To address that, the functional activity of 

SOCE will be detected with blockers at different concentrations in S100A4-

overexpressed cells. I will additionally examine whether the SOCE blockers 

suppress the S100A4-mediated migration by weakening S100A4-mediated 

Ca2+ response. 
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Metastasis is a multistep process involving the spreading of primary 

tumors to secondary sites. Understanding specific molecular mechanisms 

underlying tumor progression and metastasis by targeting specific molecular 

traits of the primary tumor could help establishing potential chemotherapeutic 

agents. In the present study, I focused my works on several novel cancer 

signaling pathways and transduction molecules that are involved in the tumor 

progression and metastasis processes by targeting calpains and S100A4.  

 I have investigated the anti-carcinogenic potential of total Astragalus 

saponins (AST) and cryptotanshinone and determined if they can be 

developed as anticancer adjuvant agents. They act by upregulating the 

expression of glucose-regulated protein (GRP) 78, leading to the initiation of 

apoptosis when the ER recovery process begins to fail. In particular, CPT 

caused rapid and sustained increase in cytosolic calcium in colon cancer cells 

that was accompanied by early GRP78 overexpression. Under 

cryptotanshinone exposure, calpains, in particular calpain II, play a permissive 

role in the modulation of GRP78 during ER stress, with subsequent cellular 

responses such as activation of NF-κB. Inhibition of calpain activity 

suppressed NF-κB activation and substantially enhanced the effects of 

cryptotanshinone to induce apoptosis. In addition, the anti-tumorigenetic 

effects of the combination (AST or cryptotanshinone) with calpain inhibitor 

were further exhibited in vivo in nude mice xenograft by targeting calpains.  

I also studied the specific drug targeting effects on S100A4 using both 

in vitro and in vivo mouse models, which showed that the pharmacological 
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store-operated Ca2+ channel blocker suppressed the S100A4-mediated 

migration by weakening extracellular S100A4-mediated Ca2+ response, 

reduced splenic tumor growth and attenuated liver metastases by both number 

and size. These results provide new insights to the linkage between S100A4 

and Ca2+ signaling in the anticancer activity. A better understanding was 

attained on the dependence of Ca2+ during the process of metastasis and 

provided a novel strategy for S100A4-mediated anti-metastatic drug action.  

In summary, this thesis explored anti-cancer mechanisms of potential 

medicinal compounds via targeting of calpains or S100A4 in the treatment of 

colon cancer, and revealed that by modulating their expression and activities, 

new approaches in the treatment of metastatic colon cancers by using 

phytochemicals could be established. 
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