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ABSTRACT 

ABSTRACT 

 

Metastasis is the major burden for colon cancer patients as it reduces their five-year 

survival chances to less than 10%. Efforts made to identify the molecular players in 

metastasis formation revealed the calcium binding protein S100A4. S100A4 is a Wnt/β-

catenin target gene which promotes migration, invasion and angiogenesis. Its 

overexpression leads to aggressive tumor growth and metastasis formation in colon 

cancer. Consequently, inhibition of S100A4 expression is a promising strategy for anti-

metastatic treatment of colon cancer patients. Moreover, knowledge on the gene 

regulations that occur upon S100A4 overexpression helps to further understand its 

metastasis promoting function.  

In this vein, the present study characterizes the small molecules niclosamide and 

calcimycin as transcriptional inhibitors of S100A4 which reduced S100A4 expression 

concentration- and time-dependently. Niclosamide and calcimycin treatment restricted 

cell migration, invasion and wound healing capabilities in a S100A4-specific manner, 

and inhibited cell proliferation and colony formation of colon cancer cells. 

Both small molecule inhibitors interfere with the constitutively active Wnt pathway. 

Targeting β-catenin expression by calcimycin or interfering with the β-catenin/TCF 

transcription activating complex by niclosamide resulted in reduced Wnt target gene 

transcription, among them S100A4. 

The study further presents a human colon cancer xenograft mouse model for 

monitoring S100A4-induced metastasis formation via non-invasive bioluminescence 

imaging. Treatment of xenograft mice with niclosamide resulted in a significant 

reduction of the S100A4 mRNA level in the tumor accompanied by inhibition of 

metastasis formation.  

Moreover, this study presents evidence that S100A4 is an inhibitor of DKK-1 

expression. In colon cancer cells DKK-1 and S100A4 expression was negatively 

correlated. Ectopic S100A4 overexpression inhibited DKK-1 expression. Targeting 

S100A4 via shRNA recovered the repressed DKK-1 expression and vice versa.  

In summary, the study describes a novel positive feedback loop in the Wnt pathway 

regulation formed by S100A4 repressing its antagonist DKK-1. This novel mechanism 

further strengthens the need for S100A4 inhibitors such as niclosamide or calcimycin. 

Consequently, such small molecules provide immense potential for the treatment of 

colon cancer patients who are at high risk for S100A4-induced colon cancer 

metastasis.  
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Dickdarmkrebs wird zu einer lebensbedrohlichen Krankheit wenn sich Metastasen 

bilden. Daher ist die Erforschung der molekularen Mechanismen, die der 

Metastasierung zu Grunde liegen für die Entwicklung neuer Therapien für das 

Kolonkarzinom wichtig. Ein zentraler molekularer Beschleuniger für die Metastasierung 

ist das Protein S100A4. Die S100A4 Expression in Kolonzellen wird durch den Wnt 

Pathway reguliert, der in 90% der Kolontumore konstitutiv aktiv ist. Eine 

Überexpression von S100A4 erhört die Zellmotilität und fördert damit die 

Metastasierung von Kolonkarzinomen. Um dies therapeutisch unterbinden zu können, 

ist die Hemmung der S100A4 Expression ein vielversprechender Ansatz. Des Weiteren 

ist bekannt, dass S100A4 im Zellkern vorkommt. Jedoch ist wenig darüber bekannt, 

welche transkriptionellen Konsequenzen aus der S100A4 Überexpression folgen. 

 

Die vorliegende Arbeit präsentiert die beiden Small Molecules Niklosamid und 

Calcimycin als neue Inhibitoren der S100A4 Transkription. In Kolonkarzinomzellen, die 

mit einem der beiden Inhibitoren behandelt wurden, wurde die S100A4 Expression 

konzentrations- und zeitabhängig unterdrückt. Des Weiteren war die Zellmigration und 

-invasion in Abhängigkeit von S100A4 in behandelten Zellen vermindert. Niklosamid 

und Calcimycin Behandlung verhinderten die Zellproliferation und die Koloniebildung 

von Kolonkarzinomzellen. 

Beide Inhibitoren hemmten den konstitutiv aktiven Wnt Pathway von 

Kolonkarzinomzellen. Calcimycin Behandlung verminderte die Expression von β-

catenin. Niklosamid hemmte die Bildung des β-catenin/TCF Komplexes und unterband 

damit die Expression von Wnt Pathway Genen, wie z.B. S100A4.  

Im Rahmen dieser Arbeit wurde ein in vivo Tiermodell entwickelt mit dem die S100A4-

induzierte Metastasierung mit Hilfe von nicht-invasivem Biolumineszenz Imaging 

visualisiert werden konnte. In diesem Model konnte gezeigt werden, dass Niklosamid 

signifikant die S100A4 Expression im Tumor vermindert und damit die Metastasierung 

hemmt.  

Des Weiteren zeigt diese Arbeit, dass eine S100A4 Überexpression die 

Expressionshemmung des Wnt Pathway Antagonisten DKK-1 in Kolonkarzinomzellen 

induziert. Die Expression von S100A4 und DKK-1 in Kolonkarzinomzelllinien korrelierte 

signifikant negativ. S100A4 Überexpression verminderte die DKK-1 Expression und die 

Hemmung der S100A4 Expression mit shRNA führte zur vermehrten DKK-1 

Expression. Umgekehrt erfolgte durch die Hemmung der DKK-1 Expression mit shRNA 

11 



ZUSAMMENFASSUNG 

12 

ein Anstieg in der S100A4 Expression. Letztere konnte durch die Behandlung mit 

rekombinantem DKK-1 vermindert werden. 

Zusammenfassend beschreibt die vorliegende Arbeit einen neuen regulativen 

Mechanismus im Wnt Pathway, der die S100A4 Expression im Kolonkarzinom fördert. 

Diese Beobachtung verdeutlicht die Notwendigkeit für wirksame S100A4 Inhibitoren, 

wie Niklosamid und Calcimycin. Solche Inhibitoren haben das Potenzial in einer 

klinischen Anwendung die Metastasierung von Kolonkarzinompatienten mit einer 

erhöhten S100A4 Expression zu hemmen und damit deren Überlebenschance 

wesentlich zu erhöhen.  
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1. INTRODUCTION  

 

1.1. Colon cancer  

1.1.1. Colon cancer epidemiology 

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

cancer worldwide and even the second most frequent type of cancer concerning men 

and women in developed countries. In the Western world colon cancer occurs with a 

lifetime incidence of 5% (1). Thus, colon cancer is a leading cause of cancer death 

worldwide. 

Intensive health programs comprising novel screening methods for early diagnosis of 

colon cancer induced a declining trend of colon cancer cases and deaths in the 

developed countries. The decline further correlated with the access to specialists and 

the availability of modern drug therapy (1, 2). Nonetheless, colon cancer still represents 

13% of all diagnosed neoplasms in Europe (2). In Germany, 16% of all cancers are 

situated in the colon, rectum or anus. The latest German cancer report states that there 

are yearly about 70,000 new colon cancer cases diagnosed and each year 28,000 

colon cancer patients die (3). 

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. The majority of colon 

tumors are diagnosed at a more progressed stage, when regional lymph node or even 

distant metastases have already been formed. Diagnosis of colon cancer with regional 

lymph node metastases decreases the five year survival rate to about 65%. Drastically, 

only 10% of colon cancer patients will survive the five years post diagnosis when their 

tumor has spread to distant organs. Thus, metastatic dissemination of primary colon 

tumors accounts for 90% of all colon cancer deaths rendering metastasis formation one 

central process to be inhibited in colon cancer therapy (4).  

 

1.1.2. Risk factors and causes for colon cancer 

The major cause for the development of colon cancer lies in the personal genetic 

predisposition. 20 to 30% of colon cancer patients present a personal familial history of 

colon tumors implicating that a certain genetic background increases the risk for colon 

cancer (5). Only 5 to 10% of those patients present well-characterized hereditary 

cancer syndromes, such as familial adenomatous polyposis (FAP), hereditary non-
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polyposis colon cancer (HNPCC) and MUTYH-associated polyposis (MAP). These 

autosomal-dominant (FAP, HNPCC) or autosomal-recessive (MAP) inherited diseases 

are caused by a highly penetrant mutation leading to the development of colon cancer 

early in lifetime (6). For instance, FAP is caused by a germline mutation of the 

adenopolyposis coli (APC) protein which is the gatekeeper protein of the canonical 

Wnt/β-catenin pathway. The resulting constitutively active Wnt pathway causes the 

formation of hundreds to thousands polyps during childhood which further develop into 

carcinoma at the age of about 45 (7). HNPCC, also referred to as the Lynch syndrome, 

is caused by a mutation in the MLH1 gene coding for a mismatch repair protein. Loss 

of MLH1 leads to increased accumulation of mutations in the DNA and a characteristic 

microsatellite instability (8).  

In contrast, 90 to 95% of all colon cancers are sporadic and the genetic causes for 

cancer development are manifold and multivariable. Moreover, risk factors such as 

age, sex and dietary aspects can promote the development of sporadic colon 

cancer (5). For instance, with each decade of age the colon cancer incidences in 

women and men increase rapidly. In Germany, less than 10 out of 100,000 women and 

men at the age of 40 are diagnosed with colon cancer. However, at the age of 70 this 

incidence increases to 400 men and 200 women, respectively (3). Furthermore, a diet 

which is poor in red meat and fat and rich in fiber, folate and calcium can decrease the 

risk to develop colon cancer. Increased uptake of fiber stimulates butyrate production, 

which in turn was found to inhibit histone deacetylation and thereby restricts 

carcinogenesis (9). Besides age and dietary aspects, co-morbidities such as ulcerative 

colitis or Crohn’s colitis often increase the risk of developing colon cancer.  

 

 

1.2. The development of metastatic colon cancer 

The development of colon cancer and its metastases is thought to be a progressive 

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

deal with the histology of the normal colon crypt, the tumor initiation and the 

progression towards metastasis formation as well as the molecular processes 

underlying colon cancer.  

 

1.2.1. The normal colon crypt 

Together with the rectum and the anus, the colon constitutes the final part of the 

gastrointestinal tract. It is composed by the endoderm-derived layer of colon epithelium 

and the two mesoderm-derived layers containing smooth muscle cells needed for 
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peristalsis and stroma cells as connective tissue (10). The epithelial layer presents the 

characteristic crypts of Lieberkühn (Fig 1.1), which are separated into two functional 

compartments: the proliferative compartment at the lower part of the crypt and the 

differentiated compartment at the luminal side of the crypt.  

The proliferative compartment contains slowly dividing multipotent stem cells which 

give rise to transit amplifying cells. These progenitor cells divide twice as fast as the 

stem cells and migrate to the apex of the crypt in coherent bands. During migration 

these cells differentiate into one of the four major epithelial cell types: the absorptive 

enterocyte and the secretory Goblet, as well as the enteroendocrine and Paneth 

cells (11).  

 

Fig. 1.1 Histology of the colon crypt. The scheme represents one crypt of 
Lieberkühn which is divided into the compartments of proliferation and 
differentiation. At the bottom of the crypt, multipotent stem cells give rise to 
transit amplifying cells. Those rapid dividing cells migrate in coherent bands 
towards the luminal side of the crypt. Along their way to the crypt apex these 
progenitor cells differentiate into absorptive enterocytes, Goblet cells, 
enteroendocrine and Paneth cells. Differentiated cells at the apex of the colon 
crypt are mechanically shedded or undergo apoptosis. Their loss is permanently 
compensated by new stem-cell derived cells from the crypt bottom. Modified 
after Radtke and Clevers (12).  
 

In the differentiated compartment of colon crypts, enterocytes and Goblet cells are the 

most prominent cell types. Absorptive enterocytes reabsorb water and electrolytes from 

the chime. Goblet cells produce mucus to protect the colon epithelium against chear 
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stress and chemical damage. Enteroendocrine cells secrete hormones such as 

secretin, serotonin, substance P and somatostatin. Paneth cells are sometimes present 

in the ascending colon and in inflammatory states. These cells reside at the bottom of 

the crypt where they secrete anti-microbial peptides such as cryptins, defectins, 

lysozyme and phospholipase A2 (13). Differentiated cells migrate towards the crypt 

apex were they are either mechanically shedded or enter apoptosis. Lost cells are 

permanently replaced by new stem-cell derived upcoming cells from the bottom of the 

crypt. The lifespan of differentiated epithelial cells ranges over 3 to 5 days, except for 

Paneth cells, which have a lifespan of 20 days (10, 11, 14). 

 

1.2.2. The adenoma-carcinoma cascade 

Colon cancer mostly arises from precancerous lesions in the epithelium which can be 

caused by chronic inflammation and the accumulation of genetic mutations. Two 

models for the nascence of colon tumors were recently discussed which differ in the 

origin of the cancer initiating cell: the “top-down” and the “bottom-up”-model.  

The “top-down”-model is based on one study in histological tissue sections of sporadic 

colon tumors where dysplastic cells were located at the crypt apex while the cells at the 

bottom of the crypts were morphologically normal. Therefore, it was hypothesized that 

transformed precursor cells migrated up the crypt, resided at the surface and initiated 

tumor formation. Then the tumor expands as transformed clones migrate laterally and 

downwards into adjacent crypts to displace the normal epithelium (15).  

This “bottom-up”-model summarized in Fig. 1.2  is nowadays the most widely accepted 

model for the development of colon cancer (13). It is based on the hypothesis that 

tumors arise from transformed stem cells located at the bottom of the crypt. The 

mutated stem cell divides and colonizes a single crypt forming a monocryptal 

microadenoma. This is consistent with the observation that the macroscopical count of 

adenomas in FAP patients is linear to the number of microscopically counted aberrant 

crypts suggesting an unicryptal evolution of adenoma (16). The development of 

microadenoma into small adenoma in the colon occurs by crypt fission and 

budding (17). Aberrant crypt foci are a frequent phenomenon in early adenomas 

isolated from FAP and sporadic APC mutated colon cancer patients (18-20). Crypt 

fission allows the progression from small adenoma to large adenoma rising into the 

colonic lumen. As the adenoma expands, nutrient supply via diffusion becomes 

insufficient (21). This leads to secretion of angiogenic factors that allow extensive 

vascularisation of the now early carcinoma to assure sufficient nutrient supply within 

the tumor mass. The early carcinoma laterally expands into adjacent crypts and further 
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infiltrates the mesenchymal layers thereby turning into a late carcinoma (22). Recent 

evaluations show that the timeframe for the adenoma-carcinoma take about two 

decades. In contrast, the transition from malignant carcinoma to the formation of distant 

metastases is believed to take less than two years (23).  

 

1.2.3. Metastasis formation 

A profound step for metastasis formation is the epithelial-mesenchymal 

transition (EMT) of colon cancer cells which is initiated by the tumor stroma cells. 

During tumor outgrowth, regional mesenchymal stroma cells are incorporated into the 

tumor mass. Besides regional stroma cells, further mesenchymal bone-marrow stem 

cells, which entered the blood circulation, can invade and migrate to the tumor tissue 

where they differentiate into myofibroblasts and endothelial cells. Stroma cells release 

paracrine and endocrine growth factors which are needed to initiate neovascularization 

of blood and lymph vessels and support tumor growth (24). The stroma cells are 

believed to take on attributes of cells that are chronically inflamed or exposed to wound 

healing processes during tumor progression thereby activating EMT (25). EMT is a 

highly conserved cellular program needed to allow epithelial cells to convert to 

mesenchymal cells. Epithelial cells are polarized, immotile cells that form a monolayer 

by tight intercellular connections. They can only migrate laterally along the epithelial 

cell-band, but are unable to invade the basal layer tissue. In contrast, mesenchymal 

cells form rarely contacts to neighboring cells, are highly motile and able to invade the 

tissue. During embryogenesis, mesenchymal cells arise from epithelial cells that 

performed EMT. EMT also occurs in the adult organism in the process of wound 

healing, for instance, during chronic inflammation.  

In the initiating process of metastasis formation (Fig. 1.2), EMT allows the transformed 

epithelial cell to acquire a mesenchymal phenotype characterized by the loss of cell-

adhesion, destruction of the extracellular matrix, invasion of the neighboring tissue and 

directed migration towards blood or lymph vessels (26). Invading tumor cells enter the 

circulation mostly by intravasation of thin-walled lymphatic channels or blood vessels.  

The majority of tumor cells entering the circulation will fail to form metastasis due to 

several hurdles (27). Once the tumor cell left the tumor tissue, the growth activating 

signals from the stroma cells are lost. Furthermore, cells can be damaged mechanically 

during circulation. Cells that survived the circulation are trapped in the lymph nodes or 

in the narrow capillaries. The cells need to express specific adhesion molecules to 

adhere to the vessel endothelium and extravasate into the foreign tissue. In the distant 

organ tissue, the invaded cell is exposed to foreign signaling factors and different 
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extracellular matrix proteins to which it needs to attach in order to establish a 

microenvironment needed for the formation of micrometastases (28). These 

micrometastases are thought to perform the reverse mesenchymal-epithelial transition 

to establish the primary metastasis which can give rise to further secondary 

metastases (25). 

 

 
Fig. 1.2 Colon cancer development and metastasis formation. Colon cancer 
is initiated by a mutated colon stem cell which colonizes a crypt, thereby 
forming a microadenoma. Further accumulation of certain mutations and 
incorporation of regional stroma cells drives the transition to a large adenoma 
rising into the colon lumen. Neovascularization assures the nutrient supply 
within the tumor mass of the early carcinoma which further infiltrates into the 
basal layers and into neighboring crypts. Expression of EMT-TFs enables 
invasion of the neighboring tissue, followed by intravasation into the lymph and 
blood circulation, extravasation into foreign tissue and metastasis formation in 
lymph nodes and distant organs. Sequentially occurring mutations that regulate 
the development of colon cancer metastasis are indicated in grey. APC, 
adenomatous polyposis coli; CDC4, cell division control protein 4; CIN, 
chromosomal instability; EMT-TF, epidermial-mesenchymal transition-
transcription factors; MAGs, metastasis-associated genes; PI3K, 
phosphatidylinositol-3 kinase; PTEN, phosphatase tensine homolog; p53, tumor 
suppressor protein 53; TGFRII, TGF-β receptor 2. Modified after Jones, Pantel 
et al. (23, 29). 
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The above described model is often referred to as the classical metastatic model which 

describes a sequential development of metastasis. Recently, a second model has been 

described which indicates that tumor dissemination could occur early, concurrent to 

tumor development (30). This hypothesis is based on the observation that especially in 

breast cancer patients tumor cells are present in the circulation and in the bone marrow 

even after the resection of the early primary tumor (29). It was hypothesized that 

circulating tumor cells extravasate into bone marrow or lymph nodes and perform cell 

cycle arrest due to different growth signals and foreign extracellular-matrix-proteins. 

Those “metastatic seeds” can persist in a dormant state rendering them resistant to 

most chemotherapeutics which attack the active proliferating cell (31). It is yet unclear 

what reactivates dormant disseminated tumor cells. Recently, it was shown that 

overexpression of integrins in the extracellular matrix lead to proliferation of prior 

dormant cancer cells (32). These cells could again enter the circulation, extravasate 

into distant organ tissue and give rise to primary and secondary metastases (29, 33).  

 

1.2.4. Molecular pathways involved in colon cancer metastasis 

Comparative lesion sequencing recently revealed that most of the mutations enabling 

metastasis formation are not acquired late in the adenoma-carcinoma development, 

but are rather present in the correspondent premalignant lesion (23). Consistently, 

many prognostic markers for metastasis formation are already expressed early in the 

development of colon cancer (25, 34, 35).  

Accumulation of activating mutations in oncogenes and inactivating mutations in tumor 

suppressor genes is a profound step in cancer development (36). Sequential 

accumulation of certain mutations (Fig. 1.2) drives the development of colon 

cancer (37). The initial mutation thereby occurs in the canonical Wnt/β-catenin 

pathway, which is mutated in 90% of colon tumors (38). Additionally, the majority of 

colon cancers present chromosomal instability (CIN). Activating mutations of CIN-

causing genes is a key step in the development of microadenoma. For instance, as 

mentioned above, inactivating mutations in the mismatch-repair gene MHL1 lead to 

accumulation of single nucleotide mutations and thus to genetic instability often found 

in HNPCC patients (8). Furthermore, mutation in the ubiquitin ligase subunit named cell 

division control protein 4 (CDC4) causes CIN in most colorectal cancers (39, 40). CIN 

further leads to mutations in KRAS and BRAF, which activate the MAPK pathway 

resulting in increased cell proliferation and motility. Mutated BRAF is found even in 

small adenoma. Active MAPK signaling is thought to drive the transformation from 

small to large adenoma (37).  
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Mutations promoting proliferation can further occur in the phosphatidylinositol-3 kinase 

(PI3K) pathway, either activating mutations on PI3K in 30% of colorectal cancers or, 

less often, loss of the PI3K inhibitor phosphatase tensine homolog (PTEN) (41). 

Inactivation of the tumor suppressor protein p53 is a second crucial step in the 

transition towards malignant carcinoma. Upon DNA-damage non-mutated p53 induces 

either DNA-repair or cell-cycle arrest and apoptosis. Loss of p53 results in the inability 

to undergo apoptosis which is a hallmark of cancer cells (36). Finally, inactivating 

mutations of the tumor growth factor-β (TGF-β) signaling pathway, usually occurring in 

the TGF-β receptor 2 (TGFRII), coincide with the transition of early carcinoma to highly 

invasive carcinoma (22).  

A key step in the dissemination of metastatic cells from the primary colon tumor is the 

upregulation of EMT-specific transcription factors (EMT-TFs). These transcription 

factors are highly conserved during evolution and under normal conditions regulate the 

EMT during embryogenesis. In cancer cells EMT-TFs enhance the invasive phenotype 

of metastatic cells, thereby initiating dissemination from the primary colon tumor (25). 

Finally, metastasis-specific mutations are needed to enhance the transition from the 

invasive carcinoma to a metastatic seeding cell (23). 

 

 

1.3. The canonical Wnt/β-catenin pathway 

 

The canonical Wnt/β-catenin pathway is one of the most crucial pathways in colon 

stem cell homeostasis regulating cell differentiation along the crypt-villus axis (42). 

Mutation of the Wnt pathway is an initiating event in colon cancer development and 

constitutively active Wnt signaling constitutes the basis for metastasis formation (31).  

 

1.3.1. Components of the Wnt pathway 

The initial identification of Wnt signaling components came from the field of 

developmental biology two decades ago. Not until one decade later the oncogenic and 

tumor suppressor abilities of many of those components were recognized. The first 

component identified in 1973 was int1 which was overexpressed in mammary gland 

tumors. Int1 later on was identified as the vertebrate homologue of wingless in 

Drosophila from which the wnts – as a combination of wingless and int1 - finally gained 

their name (43). 

In the absence of Wnt signaling, β-catenin levels are tightly controlled by the 

destruction complex (Fig. 1.3). In this complex β-catenin is anchored by APC and Axin. 
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This offers a platform for the kinases casein kinase-1α (CK1α) and glycogen synthase 

kinase-3β (GSK3-β) to enter the complex and sequentially phosphorylate β-

catenin (44). The initial phosphorylation occurs at the conserved serine 45 of β-catenin 

by CK-1α which is followed by further phosphorylation of serine 33, 37 and threonine 

41 by GSK3-β (45, 46). Phosphorylation on β-catenin generates a binding site for E3 

ubiquitin ligase and leads to rapid proteasomal degradation. Suppressed levels of β-

catenin assure that groucho proteins in the nucleus bind to transcription factors of the 

T-cell factor (TCF) family to inhibit transcription of β-catenin target genes (47, 48). 

 

 
Fig 1.3 The canonical Wnt/β-catenin pathway. In the absence of extracellular 
Wnts, β-catenin levels are tightly controlled by the destruction complex which 
enables β-catenin phosphorylation and subsequent proteasomal degradation or 
by E-cadherin which binds to β-catenin thus hindering it from entering the 
nucleus. Upon extracellular complexation of Wnt and frizzled/LRP-5/6 receptor, 
dishevelled sequesters Axin 2 from the destruction complex, β-catenin 
accumulates in the cytoplasm and translocates into the nucleus, binds TCF 
transcription factors and activates target gene transcription. APC, adenomatous 
polyposis coli; CK1α casein kinase 1α; DKK-1, dickkopf-1, Dvl, disheveled; 
GSK-3β, glycogen synthase kinase -3β; LRP-5/6, low density lipoprotein 
receptor-related protein-5/6; sFRP, secreted frizzled-related protein; TCF, T-cell 
factor; WIF-1, Wnt inhibitor factor-1. Modified after following Barker. Jeanes et 
al. (47, 49). 
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Activation of the Wnt/β-catenin signaling pathway is initiated by binding of secreted 

Wnts to their receptor from the frizzled family and their co-receptor named low density 

lipoprotein receptor-related protein-5 or -6 (LRP-5/-6). Association of dishevelled (dvl) 

with the cytoplasmic tail of frizzled receptor is thereby triggered. That activates 

phosphorylation of LRP-5/-6 by CK1γ which further sequesters Axin from the 

destruction complex to the membrane. Disruption of the destruction complex leads to 

the accumulation of cytoplasmic β-catenin which thus translocates into the nucleus. 

Nuclear β-catenin displaces groucho proteins and activates transcription factors from 

the TCF family. This family consists of four members: TCF-1, TCF-3, TCF-4 and 

lymphocyte enhancer factor- 1 (LEF-1) which share the same high mobility box needed 

for definition of TCF-family transcription sites. Target gene expression is further 

enhanced by recruitment of transcriptional enhancers such as legless, mediator, Hyrax 

or mastermind-like 1 (47, 50). 

 

1.3.2. Wnt signaling antagonists 

In non-malignant cells Wnt signaling is tightly controlled by its antagonists that can be 

divided into two functional classes: the secreted frizzled-related protein (sFRP) class 

and the dickkopf (DKK) class.  Proteins of the sFRP class such as sFRP family 

members, Wnt inhibitor factor-1 (WIF-1) and Cerberus bind directly to secreted Wnts 

and thereby sequester the Wnts from their receptor (51). In contrast, proteins of the 

DKK class specifically inhibit canonical Wnt signaling by interacting with LRP-5/6 and 

thus disrupting the Wnt receptor signaling complex.  

The DKK class comprises the secreted glycoproteins Wise and the proteins of the 

dickkopf family DKK-1 to -4. DKK-1 and DKK-4 act as inhibitors for Wnt signaling, 

whereas DKK-2 and DKK-3 were shown to have activating and inactivating actions on 

Wnt signaling which is dependent on the cellular context (52). DKK-1 is the most well 

studied member of its family. It was firstly identified as Wnt inhibitor in Xenopus where 

it controls head formation during embryogenesis (53). In the adult organism DKK-1 

plays a crucial role in bone formation and bone mass regulation and initiates the 

restitution of colon epithelium during inflammation and wound healing (52, 54). 

Overexpression of DKK-1 in transgenic mice inhibits intestinal epithelial cell 

proliferation and leads to complete loss of colon crypts (55).  

DKK-1 inhibits Wnt signaling by two distinct mechanisms. Firstly, DKK-1 binds to LRP-

5/6 and thus inhibits the formation of the Wnt receptor signaling complex (56-58). 

Secondly, DKK-1 forms a ternary complex with LRP-6 and the transmembrane receptor 

Kremen 2 which initiates rapid complex internalization and thus removal of the Wnt 
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signaling receptor LRP-6 (59). In colon cells DKK-1 itself is a Wnt/β-catenin target 

gene (60). Moreover, DKK-1 expression can be increased by the active vitamin D 

metabolite 1α25-dihydroxyvitamin D3, or pro-inflammatory cytokines such as tumor 

necrosis factor-α (TNF-α) or interferon-γ (IFN-γ) (61). During tumorigenesis the DKK-1 

gene expression is frequently aborted due to promoter hypermethylation which 

contributes to uncontrolled Wnt signaling in colon cancer (14).  

 

1.3.3. Wnt pathway in metastasis formation 

Aberrant Wnt pathway activity is an initial event during colon tumorigenesis and 

substantially contributes to metastasis formation. The majority of colon cancers bear 

mutated components of the Wnt/β-catenin pathway. In about 90% of colon carcinomas 

the Wnt/β-catenin pathway is constitutively active due to a loss-of-function mutation in 

the APC gene (62). Mutated non-functional APC leads to disruption of the β-catenin 

destruction complex and thus to unhindered β-catenin/TCF target gene transcription. 

Non-APC mutated colon cancer cells often express either mutated Axin 2 which 

disrupts the destruction complex as well, or mutant β-catenin which is resistant to 

degradation-activating phosphorylation (63, 64). Besides initial mutations targeting at 

β-catenin degradation, the loss of Wnt antagonist expression can further amplify the 

aberrant β-catenin/TCF target gene transcription. Moreover, the loss of E-cadherin 

adhesion receptors which usually sequester cytoplasmic β-catenin from entering the 

nucleus potentiates constitutively active β-catenin/TCF target gene transcription (49, 

60).  

One target gene that increases the metastatic potential of the colon cancer cells is 

S100A4 (65). Stein et al. firstly identified S100A4 as Wnt/β-catenin target gene by 

comparing gene expression profiles of colon cancer cells that were heterozygous for a 

gain-of-function mutated β-catenin with derivative cells which only expressed wildtype 

β-catenin. As a result they found S100A4 to be massively upregulated due to increased 

levels of nuclear β-catenin. Promoter analysis of S100A4 demonstrated that β-

catenin/TCF directly regulates the expression of S100A4. Moreover, β-catenin–induced 

effects on cell migration and invasion were mediated by S100A4. Those results 

provided the link between two previously unconnected molecular pathways which play 

important roles in tumor progression and metastasis in colorectal cancer: the Wnt/β-

catenin pathway and S100A4. 
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1.4. S100A4  

 

S100A4 was independently discovered by several groups under various names such 

as metastasin 1 (mts1), fibroblast-specific protein (FSP1), calcium placental protein 

(CAPL), murine placental homolog, 18A2, pEL98, p9Ka, 42A, and calvasculin (66). 

This ubiquitous 11 kDa Ca2+-binding protein is one of the today 24 members of the 

S100 protein family which were named after their ability to be soluble in 100% 

ammonium sulphate (67). The expression of S100A4 is associated with many 

physiological processes such as wound healing, neurit outgrowth, fibrosis and 

neovascularisation, but also with pathological conditions such as cardiovascular 

diseases, tumor outgrowth, EMT, and metastasis formation (68, 69).  

 

1.4.1. S100A4 gene structure and transcription 

The S100A4 gene clusters together with most of the S100 gene family members in the 

epidermal differentiation complex located on human chromosome 1 (1q21). This region 

is frequently rearranged in human cancers (70). Consistently, S100A4 is 

overexpressed in many different types of cancer such as gallbladder, bladder, breast, 

oesophageal, gastric, pancreatic, hepatocellular, non-small cell lung, and colorectal 

cancer (71).  

The S100A4 promoter region contains an erythroblastosis oncogene B (Erb) B2 signal 

response element which activates S100A4 expression in medulloblastoma via the 

MAPK pathway (72). In breast cancer cells the S100A4 promoter was sensitive to α6β4 

integrin signaling which activated S100A4 transcription via the nuclear factor of 

activated T-cells-5 (NFAT5) transcription factor (73). In colon cancer cells S100A4 

expression is activated via the TCF-4 binding site in the S100A4 promoter (65). 

The S100A4 gene consists of four exons and three introns. The first intron of the 

S100A4 gene contains a positive regulatory enhancer region comprising at least six 

different cis-elements forming binding site for transcription factors such as SP-1, κB-

motif binding protein, activating protein-1 (AP-1) and core-binding-factor (CBF) family 

members (74-76). Moreover, the first intron of S100A4 bears a hypoxia responsive 

element motif. In gastric cancer cells hypoxia inducible factor (HIF) binds within the first 

intron of the S100A4 gene to activate S100A4 expression upon hypoxia induced 

cellular stress (77). 

The first two exons are located in the 5’ UTR and are thus non-coding (78). Exon 2 is 

only present in the longer variant of the two S100A4 mRNA splice variants which are 

512 and 564 bp in size, respectively. Both splice variants are differentially expressed in 
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different tissues; for instance the long variant is predominantly present in normal colon 

tissue, whereas the short variant is predominantly expressed in liver and blood cells. 

However, no functional differences between those splice variants were defined up to 

now, since both S100A4 mRNA variants encode the same amino acid sequence and 

are equally efficiently translated (79).  

 

1.4.2. S100A4 protein structure 

The S100 protein family of Ca2+-binding proteins presents high sequential and 

structural homology. Like most of the S100 proteins, S100A4 is a symmetrical 

homodimer which is stabilized by non-covalent binding of the first and the last helix of 

each subunit.  

 

 
 
Fig. 1.3 The S100A4 protein. The primary structure of S100A4 consists of two 
EF-hands which are connected by a hinge region. Each EF-hand consists of a 
helix-loop-helix-motif, whereas each loop can bind one Ca2+ ion. Upon Ca2+-
binding the S100A4 protein undergoes a conformation shift, thus opens up the 
hinge region which is needed for interaction with S100A4 binding partners. Via 
its interaction with a list of different target proteins, S100A4 regulates many 
cellular processes needed for metastasis formation. Modified after Garrett (66).  

 

Each subunit of S100A4 consists of two EF hands connected by a less sequentially 

conserved hinge region (80). EF hands are defined by a helix-loop-helix motif of which 

the 12 amino acid long loop region constitutes a binding pocket for one Ca2+ ion. 

Additionally to the canonical EF hand at the C-terminus, S100 proteins are 

characteristic for their N-terminal pseudo EF hand. The loop of the N-terminal EF hand 

25 



INTRODUCTION 

consists of 14 amino acids. This elongation by two amino acids results in a lower 

affinity to Ca2+. Consequently, Ca2+-binding occurs sequentially, first at the C-terminal 

and subsequently at the N-terminal EF-hand (81). Upon Ca2+-binding a conformational 

shift is triggered which opens up two major hydrophobic binding sites partly formed by 

the hinge region (82). Residues of the hinge region as well as the long C-terminal tail of 

S100A4 share almost no sequence homology within the S100 protein family (83). 

Hence those regions confer specificity towards potential protein targets which are the 

basis for the manifold interactions of S100A4 that drive metastasis formation.  

 

1.4.3. S100A4 loosens cell adhesion 

Reduction of cell adhesions enables the dissociation of a cell from its tight tissue 

assembly which is an initial step in the process of cancer cell invasion. S100A4 was 

found to modulate cell-cell adhesion via downregulation of E-cadherin. E-cadherin is a 

transmembrane cell surface glycoprotein which mediates Ca2+-dependent cell-cell 

adhesion and therefore acts as invasion suppressor. Ectopic overexpression of E-

cadherin results in a decrease in S100A4-expression (84). Vice versa, S100A4 

overexpression suppresses E-cadherin expression, thereby reducing cell adhesion and 

inducing a more invasive cell phenotype (85). Consistently, S100A4 and E-cadherin 

are inversely expressed in many tumor types, whereby high levels of S100A4 and low 

level of E-cadherin promoted a highly metastatic phenotype (84-88).  

S100A4 was further found to influence cell-matrix adhesions by interacting with 

liprin β1 (89). S100A4 binds to liprin β1 thereby masking the PKC-mediated 

phosphorylation sites (89). Phosphorylation of liprin β1 is needed for crosslinking of 

leukocyte common antigen-related (LAR) protein on the cell surface to stably form focal 

adhesions (90). Inhibition of the liprin β1-LAR complex by S100A4 loosens cell 

adhesion and allows cell invasion.  

 

1.4.4. S100A4 increases cell migration 

The process of migration comprises the formation of flexible protrusions, lamellipod 

extensions, formation of focal contacts at the leading edge, and finally the retraction of 

the opposed cell tail towards the leading lamella. This process is dependent on the 

rearrangement of cytoskeleton proteins such as actin, myosin or tropomyosin.  

The presence of intracellular S100A4 is known to increase cell migration. Consistently, 

S100A4 was found to co-localize with actin filaments in transformed rat embryonic 

fibroblasts leading to disorder of stress fibers (91). Moreover, co-sedimentation assays 

revealed that S100A4 aggregated with F-actin in the presence of Ca2+. S100A4 further 
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binds to tropomyosin and non-muscle myosin II-A (92-95). Non-muscle myosin II-A is a 

chemo-mechanical cytoskeleton protein that participates in cell division, cell motility, 

and secretion. S100A4 binds to myosin II-A in a Ca2+-dependent manner and inhibits 

the actin-regulated ATPase activity of myosin II-A (93, 96). Thereby it promotes the 

disassembly of myosin filaments and inhibits their reassembly (95, 96).  

S100A4 is located at the leading edge of migrating cells (97), where it induces the 

formation of flexible protrusions. Moreover, in the presence of a chemo-attractant, 

S100A4 enhances directed migration (98). Directed migration is dependent on the 

interaction of S100A4 with myosin II-A, since an antibody which binds at the S100A4 

binding sites of myosin II-A also mimicked the formation of directed protrusions. In 

conclusion, the S100A4-myosin II-A interaction does not only increase cell motility, but 

also enhance cell polarization and directed migration.  

In contrast, the S100A4-myosin II-A interaction is inhibited in the presence of S100A1. 

Yeast two hybrid screening identified the S100 family protein S100A1 as a binding 

partner for S100A4 (99, 100). Titration of S100A1 to S100A4 and myosin II-A inhibited 

the S100A4-mediated depolimerization of myosin filaments. Furthermore, in a rat 

breast cancer model, the co-expression of S100A4 and S100A1 inhibited S100A4-

driven metastasis formation (101). Consistently, in colon cancer tumors S100A1 

overexpression occurs in non-malignant epithelial cells, but S100A1 is absent in 

metastatic cells with overexpressed S100A4 (102). 

S100A4 was found to bind to the septines 2, 6 and 7 (103). Septines play a central role 

in cytokinesis, cell polarity determination, cytoskeletal reorganization, and membrane 

dynamics (104). Therefore, the S100A4-septine interaction might contribute to the 

process of migration. However, no direct function of this protein-protein interaction has 

been determined so far.   

More recently, a yeast two hybrid screening identified CCN3 (cystein-rich 61-

connective tissue growth factor-nephroblastoma overexpressed-family member 3), as a 

binding partner of S100A4 (105). Furthermore, it was shown that CCN3 overexpression 

in glioma and neuroblastoma cells increases intracellular Ca2+ concentration in cell 

protrusions. This would be in line with S100A4 being dependent on increased Ca2+ 

concentrations to increase cell motility.  
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Table 1.1 Interaction partners of S100A4 and their functional impact on metastasis 
formation. 

Target Cellular function Model Ref. 

intracellular 

CCN3 unknown yeast two hybrid assay 
 

(105) 

F-actin disorder of stress fibers rat embryonic fibroblasts; cell-free assays 
 

(91, 95) 

liprin-β1  decrease of cell adhesion mouse mammary adenocarcinoma cells 
 

(89) 

MetAP2 potential enhancement of 
angiogenesis 

human embryonic kidney cells; mouse 
endothelial cells; yeast two hybrid assay; 
cell-free assays 
 

(106) 

myosin II-A  depolymerization of 
myosin filaments, 
formation of flexible 
protrusion  

human acute myeloid leukemia and 
breast cancer cells; mouse mammary 
adenocarcinoma cells; cell-free assays 
 

(93-98, 
107) 

p37 increased Ca2+ affinity cell-free assay 
 

(108) 

p53 oligomerization/ nuclear 
localization of p53 

human breast cancer, osteosarcoma, 
colon cancer, rabdomyosarcoma, prostate 
cancer and pancreas carcinoma cells; 
mouse mammary adenocarcinoma cells 
and fibroblasts; cell-free assay 
 

(70, 109-
113) 

p63, p73 unknown cell-free assay 
 

 

S100A1 inhibition of S100A4-
induced metastasis 

human breast cancer cells; rat mammary 
cells; mouse mammary adenocarcinoma 
cells; yeast two hybrid assay; cell-free 
assays 
 

(99-101) 

septin 2, 6, 7 unknown cell-free assay 
 

(103) 

tropomyosin interference with 
tropomyosin-F-actin 
interaction 

mouse embryonic fibroblasts (92) 

extracellular 

amphiregulin stimulation of EGFR 
signaling 

mouse embryonic fibroblasts 
 

(114) 

annexin II conversion of plasminogen 
to plasmin, induction of 
angiogenesis 
 

primary human cerebromicrovascular 
endothelial cells 

(115) 

MAP rearrangement of 
extracellular matrix 

bovine aortic smooth muscle cells (116) 

RAGE stimulation of MMP 
expression for invasion 
 

chondrocytes, cell-free assay (117-119) 

S100A4 
oligomer 

increase of intracellular 
Ca2+, angiogenesis 

mouse mammary adenocarcinoma cells; 
cell-free assays 

(117, 120, 
121) 

The table summarizes all the proteins which are known to interact with S100A4 
both in the intracellular or extracellular compartments. CCN3, cystein-rich 61-
connective tissue growth factor-nephroblastoma overexpressed-family member 
3; MetAP2, methionine aminopeptidase 2; MAP, microfibrill-associated 
glycoprotein; RAGE, receptor for advanced glycation endproducts. 
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1.4.5. S100A4 increases cell invasion 

Cell invasion is dependent on the rearrangement of extracellular matrix proteins. 

S100A4 was firstly discovered to bind microfibrill-associated glycoprotein (MAP) in the 

extracellular compartment of bovine aortic smooth muscle cells (116). This binding was 

Ca2+-dependent. It was suggested that S100A4 binding affects the network of 

extracellular matrix proteins thereby enabling cell invasion.  

Cell invasion is further facilitated by matrix metalloproteinases (MMPs) which catalyze 

the proteolytical cleavage of extracellular matrix proteins. Extracellular S100A4 was 

shown to induce the expression of several MMPs. In mouse endothelial cells 

extracellular S100A4 stimulates the expression and secretion of MMP-13 which leads 

to increased cell invasion (122). In osteosarcoma and neuroblastoma cells 

downregulation of S100A4 was concomitant with a decrease of MMP-2 expression and 

activity, accompanied with impaired cell invasion (123, 124). S100A4 overexpression 

lead to induction of MMP-9 expression and increased MMP-9 proteolytic activity in 

human prostate cancer (125). Extracellular oligomeric S100A4 induced the expression 

of MMP-1, MMP-3, MMP-9 and MMP-13 in human synovial fibroblasts which were 

isolated from rheumatoid arthritis or osteoarthritis patients (126).  

Stimulation of MMP expression by extracellular S100A4 is likely to depend on a 

membrane associated receptor. One receptor that mediates S100A4 signaling is the 

receptor for advanced glycation endproducts (RAGE). In chondrocytes S100A4 

stimulated MMP-13 overexpression via binding to RAGE (119). Furthermore, 

extracellular S100A4 mediated effects can be abolished by extracellular addition of 

soluble RAGE, which has no signaling activity but captures S100A4 from binding to 

membrane-associated RAGE (127). In human salivary gland cells extracellular S100A4 

induced RAGE expression via activation of the NFκB pathway (128). Thereby, S100A4 

induces a positive feedback loop in RAGE signaling. However, extracellular S100A4 is 

able to induce cell invasion and capillary-like growth in RAGE-negative cells through a 

yet undefined cell surface receptor (122, 129). 

 

1.4.6. S100A4 enhances angiogenesis 

Angiogenesis describes the development of new blood vessels from pre-existing ones 

to optimize the oxygen and nutrient supply within the tumor tissue and the removal of 

waste products. Ambartsumian et al. firstly described that the blood vessel network in 

S100A4 positive tumors was more pronounced than that of S100A4-negative tumors in 

vivo (120). Furthermore, increase of extracellular S100A4 oligomers enhanced 

endothelial cell motility in vitro and stimulated the corneal neovascularization in vivo. 
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S100A4 was further found to bind annexin II (115). S100A4-annexin II interaction 

induced capillary-like tube formation of primary human cerebromicrovascular 

endothelial cells. Annexin II was exposed on the surface of endothelial cells. In the 

presence of S100A4 the conversion of plasminogen to plasmin was stimulated. Active 

plasmin further activates MMPs. Active MMPs and plasmin together induce 

extracellular matrix remodeling and thereby facilitate angiogenesis (130).  

Intracellular S100A4 also enhances angiogenesis by interacting with methionine 

aminopeptidase 2 (MetAP2). MetAP2 is known to catalyze the removal of translation 

initiating methionine from nascent peptides in endothelial cells (106). Moreover, 

MetAP2 is a common target for pharmaceutical inhibition of angiogenesis. Ca2+-

dependent binding of S100A4 to MetAP2 modulated the MetAP2 activity which could 

promote endothelial growth and angiogenesis. However, the exact mechanism still 

needs to be elucidated.  

 

1.4.7. S100A4 and cell growth  

In certain entities S100A4 was found to control cell proliferation. Targeting S100A4 by 

shRNA led to decreased cell proliferation in pancreatic and breast cancer cells and 

reduced tumor growth in gastric cancer xenograft mice (14, 73, 131). Cell proliferation 

of S100A4-null mouse embryonic fibroblasts was stimulated by extracellular interaction 

of S100A4 with amphiregulin which subsequently activated epidermal growth factor 

receptor (EGFR) signaling (114).  

Several studies have demonstrated the binding of S100A4 to p53 (70, 109, 110, 112, 

113). Upon recognition of a variety of cellular stresses and DNA damages, p53 controls 

cell cycle arrest, DNA repair and/or apoptosis. Mutation of this tumor suppressor gene 

is a frequent event in all types of human cancers (132). S100A4 controls the 

localization of p53 within the cell. Nuclear co-localization of p53 and S100A4 was 

observed in colon cancer cells (133). Nuclear transition of p53 occurs preferably in its 

monomeric state (134). Consistently, S100A4 binds at the tetramerization domain of 

p53 and therefore shifts the equilibrium from p53 oligomers to the monomeric 

state (70). Moreover, nuclear translocation of p53 is inhibited by C-terminal PKC 

phosphorylation. Phosphorylation stabilizes p53 tetramerization and aborts its nuclear 

translocation. S100A4 was found to mask those C-terminal PKC phosphorylation sites 

on p53 (109). By controlling p53 nuclear translocation S100A4 could abolish the tumor 

suppressor function of p53, thus enhancing tumor growth. However, no direct impact of 

the p53-S100A4 interaction on cancer growth or metastasis was yet shown and 

therefore requires further investigation (132).  
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1.4.8. S100A4 drives metastasis formation in vivo 

S100A4 was firstly shown to promote metastasis formation of mouse mammary 

adenocarcinoma cells by Ebralidze et al. (135). Since then several studies have 

confirmed the metastatic potential of S100A4 in xenograft models for a great many of 

different cell types (69). For instance, overexpression of S100A4 in usually non-

metastatic mouse or human breast cancer cells led to increased tumor invasiveness, 

and the formation of lymph node and distant lung metastases (136, 137). Comparison 

of the metastatic potential of human pancreatic cancer cells in xenograft mice revealed 

that only S100A4 overexpressing cell lines were able to form liver metastases (138). In 

colon cancer cells, the exogenous overexpression of S100A4 increased the number 

and size of liver metastasis after intracardial and intrasplenic transplation of xenograft 

mice (65).  

Surprisingly, S100A4 knock-in mice present no abnormal phenotypic features and 

especially do not develop tumors per se, suggesting that S100A4 itself is not 

tumorigenic (139). However, when crossed into a tumorigenic background, the 

offspring presented highly aggressive primary tumors and increased formation of 

metastasis (140). Further, tumors in those mice were massively infiltrated by 

leukocytes generating an inflammatory milieu which facilitated tumor spreading (141).  

S100A4 knock-out mice are fertile, grow normally and show no severe abnormalities, 

but present impaired chemotactic recruitment of macrophages to inflammatory sites 

(142). Orthotopic injection of highly metastatic mouse mammary carcinoma cells into 

these mice lacked the formation of lung metastases. However, the metastatic potential 

of these mammary carcinoma cells was reactivated, when cells were co-injected with 

S100A4 positive fibroblasts (143). Co-injection of oestrogen-dependent breast cancer 

cells with S100A4 overexpressing fibroblasts in xenograft mice also increased tumor 

growth even in the absence of oestrogen (144). These studies further constitute 

S100A4 as a mediator for metastasis formation in vivo. 

 

1.4.9. S100A4 expression correlates with metastasis in colon cancer patients 

S100A4 overexpression is associated with poor survival and increased occurrence of 

metastasis in many cancer entities such as breast, gallbladder, pancreatic, lung 

squamous cell, renal cell, prostate, and esophageal squamous cell cancer (145-151).  

In colon cancer the level of S100A4 expression increases with the developmental stage 

of the colon tumor. In normal colon tissue S100A4 mRNA and protein is not or only 

very weak expressed (65, 152). Similarly, in adenomas S100A4 expression is very 

rare. In contrast, in early carcinomas the expression of S100A4 is more frequent and 
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the frequency even increases in late carcinomas. However, S100A4 expression is most 

abundant in liver metastasis (153, 154).  

Several independent studies analysed the correlation of S100A4 expression levels in 

colon tumor tissue with clinical data in order to investigate the prognostic value of 

S100A4. For instance, high levels of S100A4 protein expression were associated with 

lymph node metastasis (152). Increased levels of S100A4 mRNA significantly correlate 

with reduced metastasis-free and overall-survival of colon cancer patients (65). In re-

sected colon tumor tissue S100A4-positive immunohistological staining correlated with 

a 2-fold reduction of patient’s five year survival rate (34, 155). S100A4 was prognostic 

for metastasis and adverse disease outcome independent on the progression stage of 

the disease (155). Moreover, the subcellular localization of S100A4 was found to be 

differentially prognostic for metastasis and overall survival. Immunohistochemical 

staining for nuclear S100A4 highly correlated with metastasis formation and reduced 

overall survival of colon cancer patients. In contrast, cytoplasmatic S100A4 was not 

statistically prognostic for the disease outcome (156, 157). More recently, quantification 

of S100A4 mRNA in blood of colon cancer patients was shown by Stein and colleagues 

to be specifically and sensitively diagnostic for the colon cancer stage and prognostic 

for the patient’s risk to develop metastases (158). 

In summary, these studies establish a prognostic value of S100A4 and thus further 

emphasize the central role for S100A4 in the progression of colon cancer metastasis.  

 

 

1.5. Inhibition of S100A4 expression for therapeutic intervention 

Since the discovery of S100A4, many studies have proven its central role in metastasis 

formation (69). Hence targeting S100A4 expression provides a promising strategy for 

rational anti-metastatic therapies (159). In cooperation with the National Cancer 

Institute in Frederick, Maryland, USA, PD. Dr. W. Walther, Prof. Dr. U. Stein (both 

Experimental and Clinical Research Center, Charité University Medicine, Berlin at the 

Max Delbrück Centrum Berlin-Buch) and colleagues performed a high throughput 

screening (HTS) to identify potential S100A4 expression inhibitors.  

The HTS was based on the S100A4 promoter comprising the sequence from -1487 bp 

to +33 bp surrounding the S100A4 transcription start site which was cloned upstream 

of the firefly luciferase reporter gene (Fig. 1.4). This construct was stably introduced 

into the human colon cancer cell line HCT116, which bears a constitutively active Wnt 

pathway and therefore presents high activity of the S100A4-promoter. In the HTS these 

generated HCT116/S100A4pLUC cells were exposed to compounds of the Library of 
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Pharmacologically Active Compounds (LOPAC). The LOPAC library represents a 

collection of well characterized small molecules which were shown to interfere with 

different biological functions. HCT116/S100A4pLUC cells were treated with 0.1 µM, 

1 µM, 10 µM and 100 µM dilutions of each compound for 24 h, respectively, and 

luciferase activity as read-out for S100A4 promoter-driven reporter gene expression as 

well as cell viability were analyzed. From a total number of 1,280 compounds, 

34 compounds were found to inhibit luciferase activity to less than 50% of control cells. 

In parallel, cell viability was determined to separate cytotoxicity-related reporter 

reduction from real expression inhibitory effects. From the 34 effective compounds, 

11 compounds efficiently inhibited luciferase activity at concentrations which were non-

toxic or only slightly affected cell viability. These 11 compounds were titrated using 

twenty 2-fold dilutions with a high test concentration of 100 μM. The titration 

confirmation identified niclosamide and calcimycin as the strongest candidates to inhibit 

luciferase activity at maximum with minimal cytotoxicity. The effective concentration 50 

(EC50) in the high throughput screening was measured to be 1.7 µM and 2.7 µM for 

niclosamide and calcimycin, respectively.  

 

 

 
Fig. 1.4 High throughput screening for S100A4 expression inhibitor. The 
S100A4 promoter was cloned upstream of a reporter gene. The cloned 
construct was stably introduced into human colon cancer cells which were 
exposed to 1,280 compounds of the library of pharmaceutically active 
compounds (LOPAC). In a 4 dose-screen 34 compounds presented reduced 
luciferase activity. Of those, 11 compounds reduced luciferase activity without 
affecting cell viability to less than 50%. A 20-dose re-screen identified 
niclosamide and calcimycin to be the strongest candidates with respect to 
reduce reporter activity at non-toxic concentrations.  
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1.6. Identification of the molecular mechanism underlying S100A4-driven 

metastasis 

Many interaction partners of S100A4 that explain the action of S100A4 in the cell to 

drive metastasis formation have been identified (160). However, less is known about 

the transcriptional changes which occur upon S100A4 upregulation and which are 

needed for the metastatic phenotype. To identify the transcriptional mechanism 

underlying S100A4-driven metastasis, Stein and colleagues performed a gene 

expression profiling using a Human OncoChip array (35K probe cDNA arrays from the 

NCI/CCR microarray center) at the National Cancer Institute, Frederick. They applied 

the HCT116 derivative cell line HAB92wt which is monoallelic for wildtype β-catenin and 

thus presents reduced Wnt pathway activity and very low levels of S100A4 expression. 

HAB92wt cells were further stably transfected with S100A4 cDNA or the empty vector 

as control.  

 

Fig 1.5 Gene expression profiling of S100A4 overexpressing cells. 
HAB92wt cells are HCT116 derivate cells in which the mutated β-catenin allele 
was depleted. Thus these cells present reduced Wnt pathway activity and very 
low expression of S100A4. HAB92wt cells were either transfected with the 
S100A4 cDNA (HAB92/S100A4) or the empty vector as control (HAB92/vector). 
The reverse-transcribed mRNA was labeled with Cy5 (red) and Cy3 (green) as 
indicated and applied on a Human OncoChip 35K probe cDNA array. 256 
genes were regulated more than 3-fold, with DKK-1 being 4-fold down regulated 
due to overexpression of S100A4. 
 

To set up the microarray, isolated mRNA from HAB92wt, HAB92wt/vector and 

HAB92wt/S100A4 cells was reversely transcribed and labeled with Cy5 (red) and Cy3 

(green) as indicated in Fig 1.5. Labeled cDNA was hybridized to the arrays and 

fluorescence was read in GenePix 4100A microarray scanner. The data was analyzed 

through GenePix Pro 4.1 software and the microarray intensity was normalized by 

setting the Ratio of Medians to 1. Data was analyzed with available tools on mAdB 

including Significance Analysis of Microarrays (SAM) (161), prediction analysis of 

Microarrays (PAM) (162), and DAVID/EASE functional analysis (163). Among the 256 

genes which were more than 3-fold regulated, the Wnt antagonist DKK-1 was 

identified.  



AIM 

2. AIM 

 

Taken together, the intensive research of the last two decades that is summarized in 

the preceeding pages provides profound evidence that S100A4 is a central mediator 

for metastasis formation which is still the major burden for colon cancer patients. Many 

interaction partners of S100A4 were described explaining its metastasis promoting 

ability. However, fewer investigations were concentrated on the inhibition of S100A4 to 

impair its metastasis-driving functions. Moreover, little is known about the 

transcriptional consequences of S100A4 overexpression, which might play a decisive 

role in S100A4-induced metastasis formation.  

 

Against this background, the aim of this study is to evaluate the potential of the small 

molecules niclosamide and calcimycin to function as inhibitors targeting S100A4 

expression and to investigate their efficiency to repress S100A4-induced cell motility. 

Moreover, the mechanism by which the small molecules could interfere with S100A4 

expression was to be elucidated. Thus, with respect to future anti-metastatic 

treatments, the applicability and efficiency of the small molecules to inhibit S100A4-

induced metastasis formation was to be investigated. Within the scope of the project, a 

human colon cancer xenograft mouse model needed to be installed to monitor 

S100A4-induced metastasis formation in vivo by non-invasive bioluminescence 

imaging. Moreover, the relation of S100A4 to the Wnt/β-catenin pathway inhibitor DKK-

1 was investigated to further understand the molecular mechanism of S100A4 action in 

metastasis formation. 

 

35 



MATERIALS AND METHODS 

3. MATERIALS AND METHODS  

 

3.1. Cloning  

DNA was digested with FastDigest® Restriction Enzymes in 1x FastDigest® Buffer (both 

Fermentas) at 37 °C for 1 h. Digested DNA was separated by agarose gel 

electrophoresis at 100 V for 30 min in gels containing 0.8% w/v agarose (Invitrogen) in 

TAE-buffer (40 mM Tris, 1 mM Na2EDTA and 20 mM acetic acid, pH 8). 

DNA was purified from the agarose gel using Invisorb® Spin DNA extraction Kit 

(Invitek) according to the manufacturer’s instructions. DNA was ligated in a 1:10 ratio of 

vector backbone and inserted using 0.25 U/µl T4 Ligase in 1x Ligase Buffer (both 

Fermentas) at 14°C, overnight. Bacterial transformation was performed in Subcloning 

Efficiency™ DH5α™ Chemically Competent Cells (Invitrogen) according to the 

manufacturer’s instructions. Transformed bacteria were spread on selective agar plates 

and allowed to grow overnight at 37°C. DNA plasmid preparation from positive colonies 

was performed with Invisorb ® Spin Plasmid Mini Two (Invitek). Control digest of 

plasmids followed by agarose gel electrophoresis identified positive clones. For 

transfection, plasmids were isolated with endotoxin-free plasmid DNA Maxi Prep using 

the JETSTAR 2.0 Maxi (Genomed). Cloned constructs were sequenced for correct in 

frame orientation (sequencing service, Invitek).  

 

3.1.1. S100A4 cDNA expression vector 

The S100A4 cDNA was cloned into a vector with a puromycin resistance cassette to 

allow selection of successful transfected HAB92wt cells which already beard a 

neomycin resistance. 

The S100A4 cDNA was cut with HindIII and XbaI from the pcDNA3-neomycin-

S100A4cDNA vector, which was a kind gift from Claus Heizmann (University of Zurich, 

Zurich, Switzerland) and ligated into the pcDNA3-puromycin vector, which was a kind 

gift from Dr. Jörn Lausen (AG Leutz, MDC, Berlin, Germany). Control digest of 

plasmids with NcoI or SmaI identified positive clones. Plasmid was purified and 

sequenced as described in section 3.1.  
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3.2. Cell culture 

3.2.1. Colon cancer cell lines  

Cell culture media, PBS and Trypsin/EDTA solution were obtained from PAA 

Laboratories. Cell culture plastic ware was obtained from TPP, BD Biosciences or 

Greiner BioOne. All human colon cancer cell lines used in this study are summarized in 

Table 3.1. If not stated otherwise, the colon cancer cell lines were kindly provided by 

Prof. Dr. W. Birchmeier and Prof. Dr. Ulrike Stein. Cells were maintained in DMEM or 

RPMI 1640 medium supplemented with 10 % FBS in a humidified incubator at 37°C 

and 5 % CO2. Cells were trypsinized and split in a 1:4 ratio every 3-4 days.  

 

Table 3.1 Summary of all colon cancer cell lines used in this study 

Cell line Medium ATCC number 

Caco2 DMEM, 10 % FBS HTB-37 

Colo205 RPMI 1640, 10 % FBS CCL-222 

DLD1 DMEM, 10 % FBS CCL-221 

HCT15 RPMI 1640, 10 % FBS CCL-225 

HCT116 RPMI 1640, 10 % FBS CCL-247 

HT29 DMEM, 10 % FBS HTB-38 

KM12 RPMI 1640, 10 % FBS CRL-12496 

Lovo RPMI 1640, 10 % FBS CCL-229 

LS174T DMEM, 10 % FBS CCL-188 

SW48 RPMI 1640, 10 % FBS CCL-231 

SW480 RPMI 1640, 10 % FBS CCL-227 

SW620 RPMI 1640, 10 % FBS CCL-228 

WiDr RPMI 1640, 10 % FBS CCL-218 

The central column depicts the cell culture medium used for each cell line. All 
cell lines are registered in the American type culture collection (ATCC).  

 

3.2.2. Transfections  

The constructs used in transfection experiments are summarized in Tables 3.2 and 3.3. 

1x106 cells were plated in a 10 cm Ø dish 24 h before transfection occurred. For each 

transfection reaction 15 µl Fugene HD (Roche), 10 µg plasmid and 500 µl serum-free 

DMEM were incubated for 15 min at room temperature, and then added to the cells of 

70% confluence in a total volume of 5 ml RMPI 1640 medium. After 48 h, selection of 

positive transfected cells occurred with 1 mg/ml neomycin and/or 1 µg/ml puromycin. 

Antibiotics were continuously present and only removed 24 h before cells were used in 

experiments to avoid their interference. 
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3.2.3. HCT116 derivative cells 

The HCT116 derivative cells HAB92wt and HAB68mut were a kind gift from Todd 

Waldman (Georgetown University, Washington). HAB92wt and HAB68mut cells were 

generated from HCT116 cells, which are heterozygous for a gain-of-function mutated 

Δ45-β-catenin. To obtain HAB92wt and HAB68mut cells the respective mutated or wild-

type allele of β-catenin was replaced by a neomycin resistance cassette via 

homologous recombination (164). Cell lines were tested regularly for the correct β-

catenin genotype by restriction fragment length polymorphism (section 3.4.4). 

HCT116/S100A4 and HCT116/vector cells as well as HAB92wt/S100A4 and 

HAB92wt/vector cells were obtained by transfection of HCT116 or HAB92wt cells, 

respectively, with pcDNA3.1-cmv-S100A4cDNA or the empty vector as control. Stable 

expression of transgene was regularly tested with quantitative real-time PCR (section 

3.4.3).  

HCT116/LUC cells applied in in vivo imaging experiments were obtained by 

transfection of HCT116 with pcDNA3.1-puro-LUC. Stable expression of transgene was 

controlled regularly by Steady GlowTM Luciferase Assay System (Promega) according 

to the manufacturer’s instructions.  

 

Table 3.2 Plasmids used for colon cancer cell transfection 

Plasmid Features 

gene overexpression  

pcDNA3.1-puro-S100A4 
CMV promoter-driven S100A4 cDNA (long variant); puromycin 
resistance 

pcDNA3.1-puro CMV promoter; puromycin resistance 

pcDNA3.1-puro-LUC 
CMV promoter-driven firefly luciferase cDNA; puromycin 
resistance 

shRNA interference  

pGeneClip-puro-shDKK-1 
U1 promoter driven shRNA sequence targeting DKK-1;  
5’-GGA CAA GAA GGT TCT GTT TGT-3’; puromycin 
resistance 

pGeneClip-puro-shS100A4 
U1 promoter driven shRNA sequence targeting S100A4;  
5’-CCA GAA GCT GAT GAG CAA CTT-3’; puromycin 
resistance 

pGeneClip-puro-shcon 
U1 promoter driven control shRNA sequence;  
5’-GGA ATC TCA TTC GAT GCA TAC-3’; puromycin resistance 

The table depicts the plasmids and their features used for gene overexpression 
of RNA interference. The DKK-1 or S100A4 gene-specific shRNA sequences 
and the sequence of the non-targeting shRNA are given. 
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3.3. Drugs and treatments 

3.3.1. RNA interference  

RNA interference using short hairpin RNA (shRNA) which target the S100A4 or DKK-1 

mRNA was performed with SureSilencingTMshRNA plasmids (SA Biosciences). For 

each gene four different shRNA sequences were designed and tested by transient 

transfection of cells. The expression of the shRNA targeted mRNA was analyzed by 

quantitative real-time PCR (section 3.4.3) after 24 h and 48 h of transfection. The most 

efficient shRNA sequence, decreasing target gene expression to less than 50 %, is 

shown in Table 3.2 and was used for stable transfection of HCT116 or HAB92wt cells. 

As a control a non-functional shRNA sequence, tested by SA Biosciences to have no 

mRNA target, was used. Selection of stable transfectants was performed with 

neomycin (1 mg/ml) and/or puromycin (1 µg/ml). 

 

3.3.2. Small molecules 

The small compound inhibitors niclosamide (2',5-dichloro-4'-nitrosalicylanilide) and 

calcimycin were obtained from Sigma. Niclosamide derivatives were obtained from the 

Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program, NCI, 

Bethesda, MD. Analysis of the 2D and 3D structure of niclosamide and its derivatives 

was performed with MarvinSketch and MarvinSpace version 5.2.3_1. All drugs were 

solubilized in dimethylsulfoxide (DMSO) for in vitro application. To exclude adverse 

effects caused by DMSO, control cells were always treated with the equal amount of 

solvent. In vivo niclosamide was administered as suspension in 10 % cremophore EL 

(BASF) and 0.9 % NaCl solution.  

 

3.3.3. Recombinant DKK-1 protein 

Recombinant DKK-1 protein (rDKK-1) was obtained lyophilized from R&D Systems and 

was dissolved in sterile filtered 1 % w/v BSA/PBS solution. Dissolved rDKK-1 was 

stored at 4 °C for two weeks at maximum. Control cells were treated with the 

respective amount of 1 % w/v BSA/PBS solution. 

 

3.3.4. Cytotoxicity assay 

Analysis of cell cytotoxicity was performed with AlamarBlue™ (AbD Serotec) according 

to the manufacturer’s instruction. Briefly, 1x105 cells were seeded into 96-well-plates 

and allowed to accommodate for 24 h. The cells were exposed to different 

concentrations of a compound or its solvent for 24 h. 10 % v/v AlamarBlue™ was 
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added and incubation for 3 h at 37°C in a humidified incubator allowed AlamarBlue 

reduction to occur. The absorbance of reduced and oxidated AlamarBlue was 

measured at 620 nm and 560 nm, respectively, in the absorbance reader SpectraFluor 

Plus (Tecan). Cell viability was determined by dividing the absorbance ratio of reduced 

and oxidated AlamarBlue of treated cells by the ratio obtained from untreated cells 

which was defined as 100 % cell viability.  

 

 

3.4. Gene expression analysis 

3.4.1. RNA isolation 

Total RNA was isolated from 4x105 cells plated in a 6-well-plate 24 h before cells were 

lyzed with Trizol Reagent (Invitrogen). RNA was isolated according to the 

Trizol/chloroform extraction protocol as described earlier (165). Precipitation of RNA 

from the watery phase occurred by addition of isopropanol at -20°C overnight and 

subsequent centrifugation at 14,000 rpm for 15 min. Precipitated RNA was resolved in 

ddH2O and stored at -80°C. Quantification of the RNA concentration was performed 

with Nanodrop (Peqlab).  

 

3.4.2. Reverse transcription 

For each sample, 50 ng total RNA was reversely transcribed. Reverse transcription of 

250 ng total RNA isolated from HCT116 cells was used for the standard curve. 

Reverse transcription was performed with random hexamers in 10 mM MgCl2; 1x RT-

buffer, 250 µM pooled dNTPs, 1 U/µl RNAse inhibitor and 2.5 U/µl MuLV reverse 

transcriptase (all Applied Biosystems). Reaction occurred at 42 °C for 15 min, 99 °C for 

5 min and subsequent cooling at 5 °C for 5 min. Reverse transcripts were either stored 

at -20 °C or directly used for quantitative real-time PCR or restriction fragment length 

polymorphism analysis.  

 

3.4.3. Quantitative real-time PCR 

If not stated otherwise, all material used for quantitative real-time PCR (qPCR) was 

obtained from Roche. The primer and probe design was obtained from the Sigma 

OligoDesign Service. Probes were obtained from Sigma and primers were obtained 

from Biotez. Table 3.3 summarizes all primers and probes used for qRT-PCR in this 

study.  
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For quantification of β-catenin, DKK-1 and S100A4 cDNA hybrid probe based qRT-

PCR was performed with the FastStart DNA Master HybProbe Kit according to the 

manufacturer’s instructions. Quantification of Cyclin D1 and c-myc cDNA was 

performed with SYBR green based qRT-PCR using the FastStart DNA Master SYBR 

Green I Kit according to the manufacturer’s instructions. Each qRT-PCR reaction was 

performed in duplicate and in parallel to the cDNA quantification of the housekeeping 

gene glucose-6-phosphate dehydrogenase (G6PDH) using primers and probes from 

the LightCycler® hG6PDH Housekeeping Gene Set.  

 

Table 3.3 Primers and probes used in quantitative real-time PCR 

Primer/probe Sequence 5’- 3’ 

β-catenin-F GTG CTA TCT GTC TGC TCT AGT A 

β-catenin-R CTT CCT GTT TAG TTG CAG CAT C 

β-catenin-FITC AGG ACT TCA CCT GAC AGA TCC AAG TCA-FITC 

β-catenin-LCRed640 LCRed640-CGT CTT GTT CAG AAC TGT CTT TGG ACT CTC-phosphate 

c-myc-F ACC CTT GCC GCA TCC ACG AAA C 

c-myc-R CGT AGT CGA GGT CAT AGT TCC TGT TGG 

Cyclin D1-F CTG TTT GGC GTT TCC CAG AGT CAT C 

Cyclin D1-R AGC CTC CTC CTC ACA CCT CCT C 

DKK-1-F TAG CAC CTT GGA TGG GTA TTC 

DKK-1-R ATA TTT CTA GTC CAT GAG AGC C 

DKK-1-FITC GTC TCC GGT CAT CAG ACT GTG CC-Fluorescein 

DKK-1-LCRed640 LCRed640-AGG ATT GTG TTG TGC TAG ACA CTT CTG G-phosphate 

S100A4-F CTC AGC GCT TCT TCT TTC 

S100A4-R GGG TCA GCA GCT CCT TTA 

S100A4-FITC TGT GAT GGT GTC CAC CTT CCA CAA GT-Fluorescein 

S100A4-LCRed640 LCRed640-TCG GGC AAA GAG GGT GAC AAG T-phosphate 

Primers and probes were applied to a final concentration of 250 and 150 nM, 
respectively. 

 

Each PCR reaction was performed in a total volume of 10 µl in 96-well-plates in the 

LightCycler 480. The PCR protocol for hybrid probe based qRT-PCR comprised a pre-

incubation step at 95 °C for 10 min followed by 45 cycles of (a) denaturation at 95 °C 

for 10 sec, (b) annealing at 61 °C for 30 sec and (c) elongation at 72 °C for 4 sec.  The 

PCR protocol for SYBR green based qRT-PCR comprised a pre-incubation step at 

95 °C for 10 min followed by 45 cycles of (a) denaturation at 95 °C for 7 sec, (b) 

annealing at 61 °C for 10 sec and (c) elongation at 72 °C for 5 sec. To control for 

primer dimers or unwanted PCR side products the melting curve was measured with a 

continuous temperature increase from 65°C to 95°C with a rate of 0.1 °C/sec.  
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Data analysis was performed with LightCycler® 480 Software release 1.5.0 SP3. For 

each qRT-PCR reaction a mean of the duplicate was calculated. Each mean value of 

the expressed gene was normalized to the respective mean amount of the G6PDH 

cDNA.  

 

3.4.4. Restriction fragment length polymorphism analysis 

Restriction fragment length polymorphism (RFLP) analysis was performed as 

described earlier to analyze the β-catenin genotype of HCT116 and its derivative cells 

(65). Total RNA was isolated from 4x105 cells and reverse transcribed as described in 

section 3.4.2. The region comprising the deletion mutation of the S45 of β-catenin was 

PCR amplified using 1.25 U AmpliTaq Gold (5 U/µl), 1x GeneAmp PCR Gold buffer, 

250 µM pooled dNTPs, 2.5 mM MgCl2 (all Applied Biosystems) and 750 µM forward 

and reverse primers (Biotez) shown in Table 3.4.  

 

Table 3.4 Sequences of primers used in RFLP assay 

Primer Sequence 5’- 3’ 

RFLP-cat-fwd CCT GTT CCC CTG AGG GTA TTT 

RFLP-cat-rev CAG CTA CTT GTT CTT GAG TGA AG 

 

PCR was performed in the T3000 Thermocycler (Biometra) with a pre-incubation at 

95 °C for 10 min, followed by 40 cycles of (a) denaturation at 95 °C for 30 sec, (b) 

annealing at 61 °C for 30 sec and (c) elongation at 72 °C for 1 min. Final elongation at 

72 °C was performed for 7 min. PCR product was precipitated with 161 mM NaCl and 

62 % v/v ethanol at -20 °C overnight, followed by centrifugation at 14,000 rpm for 

15 min. Precipitated DNA was washed once with 75 % v/v ethanol, digested with Bsl I 

FastDigest® Restriction Enzyme (Fermentas) and separated with agarose gel 

electrophoresis as described in section 3.1. Appearance of 2 bands at 100 and 200 bp 

represented the Δ45-mutated allele of the β-catenin gene, a 300 bp band represented 

the wildtype allele of the β-catenin gene. 

 

3.4.5. Protein extraction 

Cultured cells were trypsinized, scraped into 1.5 ml tubes and pelleted at 6,000 rpm for 

5 min. The pellet was either frozen at -20 °C or immediately subjected to protein 

extraction.  

For total protein extraction cells were lysed with RIPA buffer (50 mM Tris-HCl, 150 mM 

NaCl, 1 % Nonidet P-40, supplemented with complete protease inhibitor tablets; 

Roche) for 30 min on ice. Cell debris was pelleted at 14,000 rpm for 10 min at 4 °C. 
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The supernatant was transferred to a new tube, stored at -20°C or directly subjected to 

Western blot analysis. 

For isolation of the nuclear protein fraction, the NE-PER Nuclear and Cytoplasmic 

Extraction Kit (Pierce) was used according to the manufacturer’s instructions. Briefly, 

cell membranes were broken in a hypotonic buffer and nuclei were isolated by 

centrifugation. Nuclei were washed once with PBS to remove residual cytoplasmic 

protein and resuspended in nuclear extraction buffer. Sonication for 1 pulse at 40 % 

output was performed to break the nuclear membrane. Membrane debris was removed 

by centrifugation at 14,000 rpm for 10 min and supernatant was transferred to a new 

tube. Protein extracts were stored at -20 °C or directly subjected to Western blot 

analysis. 

 

3.4.6. Protein quantification 

Protein concentration was quantified before samples were applied in Western Blot 

analysis. Quantification was performed with Bicinchoninic Acid (BCA) Protein Assay 

Reagent (Pierce) according to manufacturer’s instructions using 2 mg/ml BSA solution 

for the standard curve (166). BCA reaction was incubated at 37 °C for 15 min and 

absorption was measured at 560 nm in the absorbance reader SpectraFluor Plus 

(Tecan). 

 

3.4.7. Western blot analysis 

Sodiumdodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) and 

immunoblotting was used to analyze protein expression levels. All the materials were 

obtained from Invitrogen, unless stated otherwise. 

Protein extracts were diluted with PBS to obtain 50 µg total protein in 1x NuPAGE® 

loading buffer and 10 % DTT. Protein samples were loaded onto pre-cast NuPAGE® 

Novex 10 % Bis-Tris Gels or NuPAGE® Novex 4-12 % Bis-Tris Gels. Protein 

electrophoresis occurred in running buffer 1x NuPAGE® MES or 1x NuPAGE® MOPS 

at 200 V for 60 min within the XCell SureLock™ Mini Cell System. The pre-stained 

Spectra™ Multicolor Broad Range Protein Ladder (Fermentas) was used to determine 

band size.  

Semi-dry electrotransfer blotting of proteins onto the Hybond C Extra nitrocellulose 

membrane (Amersham Biosciences) occurred in blotting buffer (25 mM Tris-HCl, 

200 mM glycin, 0,1 % SDS, 20 % methanol, pH7.5) at 20 V for 30-60 min in the Trans-

Blot® SD Cell (Bio-Rad). Quality of the protein transfer was analyzed by protein staining 

with Ponceau S solution (Sigma).  
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The membrane was washed with TBS-T (50 mM Tris-HCl, 150 mM NaCl, 0.05 % 

Tween 20, pH 7.5) and blocked for 1 h at room temperature with blocking buffer (TBS-

T, 5 % milk powder, 1 % BSA). Primary antibodies were diluted in blocking buffer and 

incubated at 4 °C overnight. Secondary antibodies were diluted in TBS-T and 

incubated for 1 h at room temperature. Table 3.5 summarizes the antibodies used and 

their dilution. Proteins bands were visualized by incubation of the membrane in 

electrochemical-luminescence reagent (100 mM Tris-HCl, 0.025 % w/v luminol, 

0.011 % w/v para-hydroxycoumaric acid, 10 % v/v dimethylsulfoxide, 0.004 % v/v H2O2, 

pH 8.6) for 1 min and its exposure to CL-XPosure™ Films (Pierce) for 1 sec to 20 min.  

 

Table 3.5 Antibodies used for Western blot analysis, their dilutions and their origins 

Target Dilution Antibody 

primary antibodies 

anti-β-catenin  1:1000 mouse monoclonal IgG, BD Biosciences 

anti-GAPDH  1:1000 goat polyclonal IgG, Santa Cruz 

anti-PCNA 1:1000 mouse monoclonal IgG, CellSignaling 

anti-S100A4  1:1500 rabbit polyclonal IgG, Dako 

anti-tubulin 1:1000 mouse monoclonal IgM, BD Pharmingen 

secondary antibodies 

anti-goat-HRP 1:10000 HRP conjugated antibody, Santa Cruz 

anti-rabbit-HRP 1:10000 HRP conjugated antibody, Promega 

anti-mouse-IgG-
HRP 

1:10000 HRP conjugated antibody, Pierce 

 
 

3.4.8. Enzyme-linked immunosorbent assay  

For quantification of secreted DKK-1, the DuoSet® human DKK-1 ELISA System (R&D 

Systems) was used according to manufacturer’s instructions. 96-well stripes (NUNC) 

were coated with 4 µg/ml DKK-1 capture antibody in PBS overnight. In parallel, 4x105 

cells were plated into 6-well plates and after 24 h the supernatant was collected and 

centrifuged at 6000 rpm for 10 min to remove residual cells. Wells were blocked with 

blocking reagent (PBS with 1 % BSA) for 1 h. Supernatant was diluted 1:4 and 1:8 with 

blocking reagent before entering the blocked wells. A standard recombinant human 

DKK-1, dissolved in blocking reagent, was used at a maximum concentration of 

18 ng/ml. DKK-1 protein was incubated with 50 ng/ml detection antibody and HRP-

conjugated streptavidin (R&D Systems). For colorimetric quantification, 3,3’,5,5’-

tetramethylbenzidine liquid substrate system (Sigma) solution was added and the 

reaction was stopped with STOP solution (Biosource) containing 2 N H2SO4. Each 
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experiment was performed in duplicates with at least two different dilutions to assure 

that ELISA reaction occurred in the linear range of sensitivity. The mean values of 

secreted DKK-1 from each supernatant were normalized to the amount of total protein 

extracted from the respective cells.  

 

 

3.5. Functional in vitro Assays 

3.5.1. Migration assay 

Cell migration was quantified applying the Boyden chamber assay (167). Transwells 

were incubated in RPMI 1640 medium 24 h before 2.5x105 cells were seeded onto the 

filter membrane of the transwell. The filter membrane comprised pores of 12 µm in 

diameter through which the cells needed to migrate to reach the lower chamber 

(Millipore). Cells were allowed to accommodate for 15 h before drugs were added, and 

then incubated for additional 24 h. To quantify cells which migrated to the lower 

chamber, transwells were removed and cells were trypsinized and counted in a 

Neubauer chamber. Each well was counted ten times and each migration experiment 

was performed in duplicates.  

 

3.5.2. Invasion assay 

Analysis of cell invasion was based on the Boyden chamber assay and was performed 

in analogy to quantification of cell migration (167). To measure cell invasion, transwells 

were covered with Matrigel (BD Biosciences) simulating the extracellular matrix. 

Matrigel was diluted 1:3 in cell culture media and 50 µl were applied to coat the filter 

membrane in transwells. Incubation in a humidified incubator at 37 °C and 5 % CO2  for 

30 min allowed polymerization of the Matrigel. 5x105 cells were seeded onto the 

Matrigel layer 15 h before treatment occurred. Cells which invaded the Matrigel and 

migrated to the bottom of the well were trypsinized and counted in a Neubauer 

chamber. Each well was counted ten times and each cell invasion experiment was 

performed at least in triplicates. 

 

3.5.3. Wound healing assay  

The wound healing assay was used to analyze directed cell migration. On day 0, 

2.5x105 cells were seeded into a 6-well plate and were allowed to accommodate for 

24 h to reach about 60 % confluence. A wound of about 300 µm width was inflicted into 

this monolayer of cells with a pipette tip and the medium was exchanged to remove cell 
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debris. The progress of wound closure was monitored daily and microphotographs of 

10x and 40x magnification were taken with the Leica DM IL light microscope (Leica 

Microsystems) on day 0 and day 4. Each wound healing assay was performed in 

triplicates.  

 

3.5.4. Proliferation assay 

For determination of anchorage-dependent cell proliferation, 8x103 cells were plated 

into 96-well-plates and were allowed to accommodate for 15 h, before treatment was 

started. Cells were treated daily for 4 days with inhibitor or solvent. For determination of 

viable cells 3-(4,5-dimethyl-2-thiazol)-2,5-diphenyl-2H-tetrazolium bromide (MTT; 

Sigma) was added to a final concentration of 0.5 mg/ml, incubated for 3 h, and 

dissolved by 10 % SDS in 10 mM HCl overnight. The optical density (OD) was 

measured at 560 nm. Each cell proliferation experiment was performed in triplicates.  

 

3.5.5. Colony formation assay 

Analysis of anchorage-independent cell proliferation was achieved by soft agar colony 

formation assay. A bottom layer containing 0.5 % w/v agarose, RPMI 1640 medium, 

10 % FBS and inhibitor or solvent was added to a 6 cm Ø dish. Onto the solidified 

bottom layer a top layer was added containing 8x103 cells, 0.33 % w/v agarose, RPMI 

1640 medium, 10 % FBS and inhibitor or solvent. Cells were seeded as single cells into 

the soft agar and incubated in a humidified incubator at 37 °C and 5 % CO2 for 7 days. 

Colony formation was visualized by 10x magnification for an overview and 40x 

magnification for single colonies in the Leica DM IL light microscope (Leica 

Microsystems). Colony quantification was achieved by counting cell colonies of more 

than 4 cells in 10 squares of 1 µm2. 

 

 

3.6. Wnt/β-catenin pathway analysis 

3.6.1. TOP/FOPflash reporter assay 

The TOP/FOPflash assay (Promega) was used to determine Wnt/β-catenin pathway 

activity. The TOPflash contained a hexameric repetition of the T-cell factor (TCF)-

binding element upstream of a thymidine kinase (TK) promoter and firefly luciferase as 

reporter gene. The FOPflash plasmid comprised the exact sequence of the TOPflash 

plasmid, but with point mutated TCF-binding sites. In the assay, 8x105 cells were 

plated in 24-well-plates and let accommodate for 15 h. Cells were transfected with 
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TOPflash or FOPflash plasmids 24 h before being treated with inhibitor or solvent. 

Luciferase activity was measured by the Steady GlowTM Luciferase Assay System 

(Promega) according to the manufacturer’s instructions in the luminescence reader 

SpectraFluor Plus (Tecan) with 1,500 ms exposure time and a gain of 150. TOPflash 

reporter gene expression, representing the Wnt pathway activity, was normalized to 

FOPflash reporter gene expression, representing basal reporter gene expression and 

transfection efficiency. Each assay was performed in triplicates. 

 

3.6.2. Electrophoretic mobility shift assay 

Electrophoretic mobility shift assay (EMSA) for analysis of the β-catenin/TCF-S100A4-

promoter-complex was described earlier (65). If not stated otherwise, the materials 

were obtained from Pierce. In a total volume of 20 µl, 5 µg of nuclear extracted protein 

was incubated for 30 min at room temperature along with 0.05 % w/v poly dI·dC, 

0.5 mM Tris, 0.05 mM EDTA, 2.5 % v/v glycerol, 0.2 % v/v NP-40, 5 mM MgCl2 and 

double-stranded biotinylated oligonucleotides encompassing the TCF-binding site of 

the S100A4-promoter (Biotez; for sequence see Table 3.6). For supershift 1.25 µg 

monoclonal β-catenin antibody (BD Biosciences) was added. Electrophoretic 

separation of the protein-oligonucleotide-complexes was performed in pre-cast Novex 

6 % TBE gels (Invitrogen) and in TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM 

EDTA, pH 8.3) for 60 min at 100 V. Capillary transfer of the protein-oligonucleotide-

complexes to the HybondTM-N nylon membrane (Amersham Biosciences) occurred in 

20x SSC buffer (3 M NaCl, 300 mM Na3C6H5O7, pH 7) overnight. Cross-linkage of 

transferred DNA to the membrane occurred at 250 mJ/cm2 for 1 min in the FL-20-

M FluoLink Crosslinker (Bachofer). Visualization of biotin-labeled DNA was performed 

with LightShift Chemiluminescent EMSA Kit (Pierce) according to manufacturer’s 

instructions.  

 

Table 3.6 Oligonucleotide sequences used for EMSA 

Primer Sequence 5’- 3’ 

TCF-site-antisense Biotin-TGT CTC TTA AAA AAA TAA AGA TTC AGA AAC AAA AAC TGG GGT 
GGG GAT CCC CAT GCC CGG 

TCF-site-sense Biotin-CAC CGG GCA TGG GGA TCC CCA CCC CAG TTT TTG TTT CTG 
AAT CTT TAT TTT TTT AAG AGA CA 

The sequence of the oligonucleotides comprised the TCF-binding site of the 
S100A4-promoter and was described by Stein et al. (65). 
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3.6.3. Chromatin immunoprecipitation assay 

Chromatin immunoprecipitation (ChIP) was described earlier to measure the binding of 

β-catenin to the S100A4-promoter (65, 168). For the preparation of cell lysates 1x106 

cells were plated in 10 cm Ø dish 15 h before being treated with inhibitor or solvent. 

Cells were incubated with 1 % formaldehyde for 10 min at room temperature to assure 

reversible cross-linking of proteins and DNA. Cells were washed twice with ice-cold 

PBS and lyzed with Lysis Buffer A (1 % SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8) for 

10 min on ice. Cell lysates were sonicated for 20 pulses at 40 % output and centrifuged 

at 10,000 rpm for 10 min. Supernatant was transferred to a new tube and diluted with 

Lysis buffer A to reach an absorption at 260 nm of 2 units/ml. One third of the diluted 

supernatant was stored at -20 °C and served in the end as input control.  

For immunoprecipitation the diluted supernatant was incubated with 5 µg monoclonal 

β-catenin antibody or 5 µg control IgG (both BD Biosciences) overnight at 4 °C. 

Protein G beads (Invitrogen) were added and incubated for 2 h at 4 °C. Non-bound 

protein was washed away twice with Wash Buffer A (10 mM Tris, 0.1 % SDS, 0.1 % 

Na-deoxycholate, 1 % Triton X-100, 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, pH 8), 

once with Wash Buffer B (Wash Buffer A, 6 % w/v NaCl) and twice with TE buffer 

(20 mM Tris, 1 mM EDTA, pH 8). Elution of the protein-DNA-complex from the beads 

occurred by incubation with 1.5 % w/v SDS solution for 15 min at room temperature 

followed by centrifugation at 3,000 rpm for 1 min. To assure complete elution a second 

elution step was performed by incubation of the beads in 0.5 % SDS solution for 15 min 

at room temperature followed by centrifugation at 3,000 rpm for 1 min. 

Cross linking of protein and DNA was reversed at 68 °C for 4 h and residual protein 

was digested by proteinase K (Fermentas) at 55 °C for 2 h. DNA was purified by 

precipitation as described in section 3.4.4. PCR amplification of the S100A4-promoter 

TCF-binding site was performed with the Taq-PCR protocol as described in section 

3.4.4 with primers summarized in Table 3.7. PCR amplification of the non-β-catenin 

regulated fos-promoter sequence served as a control. The expected amplicons were 

167- or 149 bp in size, respectively.  

 

Table 3.7 Primer sequences applied in the ChIP assay 

Primer Sequence 5’- 3’ 

fos-promoter-F CCT TAA TAT TCC CAC ACA TGG C 

fos-promoter-R CTG CGT TTG GAA GCA GAA AGT 

S100A4 promoter-F TGT TCC CCT CCA GAT CCC 

S100A4 promoter-R GGC TAT GCT CAA GCC ACT G 

Primers were designed by Stein et al. (65) and used to a final concentration of 
750 nM. 
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3.7. In vivo metastasis formation and bioluminescence imaging 

All animal experiments were performed in accordance with the UKCCCR guidelines 

and in cooperation with Dr. Iduna Fichtner (MDC Berlin, Germany). Further, all animal 

experiments were approved by the State Office of Health and Social Affairs, Berlin, 

Germany in the G0413 permit. 

 

3.7.1. Intrasplenal tumor transplantation 

For intrasplenical transplantation 6-week-old female non-obese diabetic/ severe 

combined immunodeficiency (NOD/SCID) mice (EPO GmbH) and SCID beige mice 

(Charles Rives Laboratories) were used. Disinfectant, suture and surgical instruments 

were obtained from Heiland, syringes and needles were obtained from Braun. For 

intrasplenal tumor application, mice were anesthetized with 35 mg/kg Hypnomidate® 

(Jassen-Cilag) and the skin and peritoneum were laterally incised to exteriorize the 

spleen. HCT116/LUC cells were resuspended in PBS and kept on ice during the 

surgery. 3×106 of these cells were intrasplenically injected with a 27-gauge needle. The 

spleen was carefully placed back, the peritoneum was closed with Surgicryl ® 

absorbable suture and the skin was clamped twice.  

 

3.7.2. In vivo dose-finding for niclosamide 

For dose finding experiments intrasplenical transplanted NOD/SCID mice were 

randomly assigned to four groups with 2 animals per group. Treatment started 24 h 

after transplantation and was performed daily by intraperitoneal injection of 6, 12 or 

24 mg/kg niclosamide or the respective amount of solvent. Body weight was analyzed 

daily to observe toxic effects of the drug. Mice were sacrificed at day 24 for ethical 

reasons. The size and number of metastases was determined as described in section 

3.7.3. 

 

3.7.3. Analysis of metastasis formation in vivo 

Intrasplenical transplanted NOD/SCID mice were randomly assigned to 3 groups of 

9 animals. Treatment of animals started 24 h after cell transplantation. Mice were daily 

treated intraperitoneally with either one dose of 20 mg/kg or two doses of 15 mg/kg 

niclosamide. Control animals received the corresponding amount of solvent. Mice were 

sacrificed at day 24 for ethical reasons. Spleen (as the transplantation site) and liver 

(as a metastasis target organ) were removed. The level of metastasis was evaluated 
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by scoring considering both the number and the size of metastatic nodules (1 mm = 

score 1; 2 mm = score 8; 3 mm = score 27; 4 mm = score 64; 5 mm = score 125).  

 

3.7.4. In vivo bioluminescence imaging  

Intrasplenically transplanted SCID mice were randomly assigned to 2 groups of 

4 animals each. Mice were treated intraperitoneally with daily doses of 20 mg/kg 

niclosamide or solvent. For non-invasive bioluminescence imaging mice were 

anesthetized every 3 days with 35 mg/kg Hypnomidate® (Jassen-Cilag) and received 

intraperitoneally 150 mg/kg D-luciferin (Biosynth) dissolved in PBS. Imaging was 

performed with the NightOWL LB 981 system (Berthold Technologies) with exposure 

times of 1 sec to 20 sec. ImageJ version 2.3 was used for color coding of the signal 

intensity (presenting a 256 grayscale) and for overlay pictures.   

 

3.7.5. Human S100A4 expression in murine xenograft tissue 

Spleen tumor tissue was shock frozen with liquid nitrogen after resection and stored at 

-80°C. For isolation of mRNA, the tumor tissue was fixed with Tissue-Tek Medium 

(satura Tek) in a Cryomicrotom (CM1900, Leica) and dissected into 6 slices each of 

10 µm in size. Trizol reagent was added to tissue slices and samples were sonicated 

for 10 pulses at 40 % output to assure complete cell lysis. RNA isolation and reverse 

transcription was performed as described in sections 3.4.1 and 3.4.2, respectively. 

Primers for quantification of S100A4 cDNA were designed to be specific to the human 

sequence of S100A4 excluding murine S100A4 cDNA to interfere with the 

measurements.  

 

 

3.8. Statistical analysis 

All calculations and statistics were performed with GraphPad Prism version 4.01. 

Comparison of two groups was done by Student’s t-test. Comparison of a control 

versus several treated groups was performed by one-way analysis of variance 

(ANOVA) and Bonferroni post hoc multiple comparison. The inhibiting concentration 50 

(IC50) and the effective concentration 50 (EC50) were calculated by sigmoidal dose-

response curve fit of x=log(x) transformed data. For correlation analysis data was 

tested for Gaussian distribution with Shapiro-Wilk normality test. Since no Gaussian 

distribution was detected, correlation analysis was performed with non-parametric 

Spearman correlation test. All significance tests were two-sided, and P values smaller 

than .05 were defined as statistically significant. 



RESULTS 

4. RESULTS 

 

Walther, Stein and colleagues identified niclosamide and calcimycin in a high 

throughput screening for S100A4 transcription inhibitors. The two compounds were 

most efficient to reduce firefly luciferase activity without affecting cell viability. 

Expression of the reporter firefly luciferase was regulated by the S100A4-promoter. 

From the reduced firefly luciferase activity it was hypothesized that S100A4-promoter 

activity was repressed. Based on those results, the small molecules bore a great 

potential to inhibit S100A4 expression in colon cancer cells. In the present study, this 

potential and the applicability of the two small molecules was investigated. As a cellular 

model, the colon cancer cell line HCT116 was used due to its endogenous high level of 

S100A4 expression, which was earlier described by Stein et al. (65).  

 

4.1. Small molecules interfere with cell viability  

To analyze the inhibitory potential of niclosamide and calcimycin on S100A4 

expression, a concentration range needed to be defined in which the inhibitors were 

applicable to HCT116 cells. In the high throughput screening both small molecules 

showed an inhibitory effect at concentrations between 1-100 µM. To cover a wider 

concentration range, HCT116 cells were exposed to 12 2-fold dilutions of niclosamide 

and calcimycin starting at 300 µM. Cell viability was evaluated 24 h post treatment.  

Niclosamide treatment affected the viability of HCT116 cells in a concentration-

dependent manner (Fig. 4.1A). The inhibiting concentration 50 (IC50), representing the 

concentration at which cell viability was decreased to 50 %, was calculated to be 

2.2 µM (95 % CI, 1.9-2.9 µM). In analogy, calcimycin treatment of HCT116 cells also 

reduced cell viability in a concentration-dependent manner (Fig. 4.1B) with a calculated 

IC50 of 2.1 µM (95 % CI, 1.5-2.2 µM). In contrast, DMSO as the solvent control  

affected the cell viability of HCT116 cells only slightly at the highest concentration 

added and otherwise did not interfere.  
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Fig. 4.1 Niclosamide and calcimycin inhibit cell viability in a 
concentration-dependent manner. HCT116 cells were exposed to increasing 
concentrations of niclosamide (A), calcimycin (B) or the respective amount of 
solvent. Cell viability was determined after 24 h. The IC50 for niclosamide and 
calcimycin were calculated to be 2.2 µM  (95 % CI, 1.9-2.9 µM)  and 2.1 µM 
(95 % CI, 1.5-2.2 µM), respectively. Data represent mean ± SE (n>3). 

 

 

4.2. Small molecules restrict S100A4 expression 

4.2.1. Inhibition of S100A4 expression is concentration-dependent 

The ability of the small molecules to reduce endogenous S100A4 expression was 

analyzed in HCT116 cells treated with increasing concentrations of niclosamide or 

calcimycin for 24 h. Niclosamide treatment reduced the S100A4 mRNA level in a 

concentration-dependent manner (Fig. 4.2A). Concentrations of more than 0.5 µM 

niclosamide significantly reduced the endogenous S100A4 mRNA amount to less than 

50 % of the solvent-treated control. In parallel, the S100A4 protein was clearly reduced 

in HCT116 cells treated with 1 µM and higher concentrations of niclosamide. No 
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change in S100A4 expression could be detected when cells were treated with 

concentrations lower than 1 µM niclosamide.  

 

Fig. 4.2 Niclosamide and calcimycin inhibit S100A4 expression in a 
concentration-dependent manner. HCT116 cells were treated with increasing 
concentrations of niclosamide (A) or calcimycin (B) for 24 h and S100A4 mRNA 
and protein expression was determined by qRT-PCR and Western blot analysis, 
respectively. 1 µM niclosamide (black bar) or calcimycin (grey bar) were 
sufficient to inhibit S100A4 expression to less than 50 % of solvent-treated cells. 
Data represent mean ± SE (n>3). Statistical significance was analyzed by two-
sided ANOVA and Bonferroni post hoc multiple comparison test. 
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Similar to the effects seen for niclosamide, increasing concentrations of calcimycin also 

inhibited S100A4 mRNA expression in a concentration-dependent manner (Fig. 4.2B). 

A slight reduction of the S100A4 mRNA level to about 60 % of the solvent-treated 

control was already seen when HCT116 cells were treated with 0.3 µM to 0.8 µM 

calcimycin. However, concentrations of 1 µM calcimycin or higher significantly 

restricted the S100A4 mRNA level to less than 30 % of the solvent-treated control. 

Additionally, treatment with 1 µM or higher concentrations of calcimycin led to a clearly 

reduced S100A4 protein expression.  

For further experiments a drug concentration with a minimal effect on cell viability and a 

maximized inhibitory effect on S100A4 expression had to be selected. A concentration 

of 1 µM niclosamide or calcimycin was sufficient to restrict S100A4 expression to less 

than 50 % of the solvent-treated control. Moreover, at that concentration niclosamide 

and calcimycin treatment assured cell viability to be less affected. Therefore, the small 

molecules were used at a concentration of 1 µM for all further experiments.  

 

4.2.2. Inhibition of S100A4 expression is time-dependent 

With the applicable concentration evaluated for niclosamide and calcimycin the time 

dependency of the inhibitory effect on the S100A4 expression caused by the small 

molecules was analyzed. After 18 h exposure of HCT116 cells to a single dose of 1 µM 

of niclosamide, the S100A4 mRNA was significantly reduced to less than 50 % of the 

solvent-treated control (Fig. 4.3A). This reduction was maintained after 24 h before the 

S100A4 expression recovered and reached its starting level after 48 h. A single dose of 

1 µM of niclosamide did also reduce the S100A4 protein expression after 24 h, an 

effect that was abolished after 30-48 h. To achieve a constant decrease of S100A4 

expression, serial treatment of HCT116 cells with 1 µM niclosamide every 24 h was 

applied (Fig. 4.3B). Thereby, the S100A4 mRNA and protein levels were reduced to 

about 50 % of solvent-treated control cells for at least three consecutive days.  

Analysis of the kinetics underlying calcimycin-mediated inhibition of the S100A4 

expression revealed that a single dose of calcimycin reduced the S100A4 expression 

also in a time-dependent manner (Fig. 4.3C). After 6 h treatment of HCT116 cells with 

1 µM of calcimycin, the S100A4 mRNA level was significantly reduced to less than 

70 % of the solvent-treated control. After 12 h, the lowest S100A4 mRNA level was 

reached at about 30 % of the solvent-treated control cells. After 18 h the S100A4 

protein was clearly reduced. In contrast to niclosamide which presented a reversible 

inhibitory effect, calcimycin treatment was irreversible within the time period analyzed.  
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Fig. 4.3 Niclosamide and calcimycin inhibit S100A4 expression in a time-
dependent manner. HCT116 cells were treated with 1 µM niclosamide (A,B) or 
calcimycin (C,D) for the time indicated. S100A4 mRNA and protein was 
analyzed by qRT-PCR and Western blot, respectively. (A) 24 h of niclosamide 
treatment (black bar) reduced S100A4 expression. (B) Treatment with 1 µM 
niclosamide every 24 h constantly reduced S100A4 expression. (C) 18 h to 24 h 
of calcimycin treatment (grey bar) reduced S100A4 expression. (D) A single 
dose of calcimycin constantly inhibited S100A4 expression. Data represent 
mean ± SE (n>3). Statistical significance was analyzed by two-sided ANOVA 
and Bonferroni post hoc multiple comparison test. 

 

Treatment of HCT116 cells with a single dose of 1 µM of calcimycin was sufficient to 

reduce the S100A4 mRNA and protein level to less than 30 % of solvent-treated control 
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cells for at least five consecutive days. Interestingly, the decreased S100A4 protein 

expression induced by the treatment of HCT116 cells with either of the small molecules 

appeared with a 6 h delay relative to the decreased S100A4 mRNA level. 

 

4.2.3. Exogenous expression of S100A4 is not affected by small molecules 

To test if any effect of the small molecules was specific to their inhibition of S100A4 

expression, a cellular model was needed which provided high levels of S100A4 despite 

the treatment with either of the small molecules. Considering that the small molecules 

were shown to inhibit the S100A4 expression by repressing the S100A4-promoter 

activity, it was hypothesized that CMV-promoter-driven S100A4 cDNA could be 

resistant to the inhibitory effect of niclosamide or calcimycin. 

Therefore, HCT116 cells were stably transfected to express CMV-promoter-driven 

S100A4 cDNA or the empty vector as control. As result, HCT116/S100A4 cells had a 

7-fold increased S100A4 mRNA level compared to HCT116/vector cells. Additionally, 

the S100A4 protein level was clearly increased in those cells compared to 

HCT116/vector cells. 

Treatment of HCT116/vector cells with niclosamide reduced the S100A4 mRNA level to 

about 50 % of the solvent-treated control, which was similar to the effect observed in 

HCT116 cells (Fig. 4.4A). In contrast, the exposure of HCT116/S100A4 to niclosamide 

did not result in a significant reduction of the S100A4 mRNA. S100A4 protein 

expression in HCT116/vector cells was decreased when cells were treated with 

niclosamide, but stayed unchanged in niclosamide-treated HCT116/S100A4 cells.  

Similar to niclosamide, the exposure of HCT116/vector cells to calcimycin reduced the 

S100A4 mRNA to less than 30 % of solvent-treated control cells, but had no significant 

effect on the S100A4 mRNA level of HCT116/S100A4 cells (Fig. 4.4B). Further, 

S100A4 protein expression was inhibited upon calcimycin treatment in HCT116/vector 

cells, but not in HCT116/S100A4 cells. 

The vector backbone including an antibiotic resistance entered in HCT116/vector cells 

did not interfere with the inhibitory effect of the small molecules on the S100A4 

expression, since the effects seen in HCT116/vector cells were similar to the effects 

observed in niclosamide- or calcimycin-treated HCT116 cells. In contrast, the 

exogenously overexpressed S100A4 cDNA under the control of a CMV-promoter was 

not targeted by niclosamide or calcimycin treatment since HCT116/S100A4 cells 

showed no significant reduction in S100A4 expression upon niclosamide or calcimycin 

treatment.  
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Fig. 4.4 Niclosamide and calcimycin do not affect exogenous S100A4 
expression. HCT116 cells were either stably transfected to express CMV-
promoter-driven S100A4 cDNA (HCT116/S100A4) or the empty vector 
(HCT116/vector) as control. Cells were treated with 1 µM niclosamide (A) or 
calcimycin (B) for 24 h and S100A4 mRNA and protein level was analyzed by 
qRT-PCR and Western blot, respectively. (A) Niclosamide reduced S100A4 
expression in HCT116/vector cells, but not in HCT116/S100A4 cells. (B) 
Calcimycin decreased S100A4 expression in HCT116/vector cells, but had no 
effect on the S100A4 expression of HCT116/S100A4 cells. Data represent 
mean ± SE (n>3). Statistical significance was analyzed by Student’s t-test.  

 

 

4.3. Small molecules decrease cell migration, invasion and proliferation 

S100A4 is an abundant protein in the cell, which interacts with a multitude of target 

proteins to drive cellular processes needed for metastasis formation (69). Stein et al. 

had previously shown that S100A4 increased cell migration and invasion of colon 

cancer cells (66). Since niclosamide and calcimycin were found to inhibit S100A4 

expression, the functional consequences on cell migration, invasion and proliferation 

were analyzed.  

 

4.3.1. Small molecules reduce cell migration of colon cancer cells 

Intracellular S100A4 is a major regulator of cell migration which is one of the first 

cellular processes triggering metastasis formation (71, 97). Analysis of cell migration 

revealed that the number of migrated cells did not change in solvent-treated HCT116, 

HCT116/vector and HCT116/S100A4 cells (Fig. 4.5A). However, differences were 
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discovered, when cells were treated with either of the small molecules. 

 

 
Fig. 4.5 Niclosamide and calcimycin inhibit cell migration in an S100A4-
specific manner. (A) HCT116, HCT116/vector and HCT116/S100A4 cells were 
treated with 1 µM niclosamide or calcimycin for 24 h and cell migration was 
measured with the Boyden chamber assay. Both small molecules restricted cell 
migration in HCT116 and HCT116/vector cells, but not in HCT116/S100A4 
cells. Data represent mean ± SE (n>3). Statistical significance was analyzed by 
two-sided ANOVA and Bonferroni post hoc multiple comparison test. (B) 
Directed migration of niclosamide-, calcimycin- or solvent-treated HCT116, 
HCT116/vector and HCT116/S100A4 cells was analyzed by wound healing 
assay. Both small molecules inhibited directed migration of HCT116 or 
HCT116/vector cells, but not of HCT116/S100A4 cells. Microphotographs were 
taken on day 4 with 10x magnification. Assay was performed three times; one 
representative picture for each condition is presented here. 
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In HCT116 cells treated with niclosamide or calcimycin the number of migrated cells 

was reduced to less than 35 % of the solvent-treated HCT116 cells. Cell migration of 

niclosamide- or calcimycin-treated HCT116/vector cells was also reduced to less than 

50 % or even less than 25 % of HCT116 control cells, respectively. In contrast, the 

number of migrated HCT116/S100A4 cells was not significantly changed upon 

treatment with either of the small molecules. Since the S100A4 protein level in those 

cells was not affected by niclosamide or calcimycin, those cells were still able to 

migrate despite treatment with the small molecules. 

Similar effects were seen for directed migration of HCT116, HCT116/vector and 

HCT116/S100A4 cells analyzed by wound healing assay as previously described 

(169). When cells were treated only with solvent, all three cell species were able to 

infiltrate the wound and close it until day 4 (Fig. 4.5B). Treatment of HCT116 and 

HCT116/vector cells with daily doses of 1 µM niclosamide inhibited wound closure until 

day 4. Moreover, a single dose of 1 µM calcimycin given on day 1 also impaired wound 

closure of HCT116 and HCT116/vector cells until day 4. In contrast, HCT116/S100A4 

cells were able to infiltrate the wound and close the gap despite the treatment with 

niclosamide or calcimycin.  

In summary, it can be concluded that the anti-migratory effect of the small molecules 

was due to the specific inhibition of the S100A4 expression, since this effect was 

absent in HCT116/S100A4 cells, which still expressed S100A4 protein despite 

treatment with niclosamide or calcimycin. 

 

4.3.2. Small molecules impair cell invasion 

S100A4 is a major activator of cell invasion which is crucial for tissue infiltration during 

metastasis formation (69, 122, 125). Comparing the cell invasion rate of solvent-treated 

HCT116, HCT116/vector and HCT116/S100A4 cells, no significant difference could be 

detected (Fig. 4.6). However, when HCT116 and HCT116/vector cells were treated 

with niclosamide the number of invaded cells was decreased to less than 50 % of 

HCT116 control cells. Cell invasion of calcimycin-treated HCT116 and HCT116/vector 

cells was inhibited to less than 30 % of the solvent-treated control cells. In contrast, cell 

invasion of HCT116/S100A4 cells was not significantly changed upon treatment of cells 

with either of the small molecules. Thus, the anti-invasive effect of niclosamide or 

calcimycin was dependent on a reduced S100A4 expression level. 
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Fig. 4.6 Niclosamide and calcimycin inhibit S100A4-induced cell invasion. 
Cell invasion of HCT116, HCT116/vector and HCT116/S100A4 cells was 
analyzed in a Matrigel-coated Boyden chamber assay under the treatment of 
1 µM niclosamide or calcimycin for 24 h. Both small molecules restricted cell 
invasion of HCT116 and HCT116/vector cells, but not of HCT116/S100A4 cells. 
Data represent mean ± SE (n>3). Statistical significance was analyzed by two-
sided ANOVA and Bonferroni post hoc multiple comparison test. 

 

 

4.3.3. Small molecules decrease cell proliferation 

A major characteristic of cancer cells is their increased proliferation rate (36). 

Therefore, the effect of the small molecules on anchorage-dependent proliferation was 

analyzed. Despite their differences on the S100A4 expression level, the proliferation 

rate of solvent-treated HCT116, HCT116/vector and HCT116/S100A4 cells did not 

present significant differences (Fig. 4.7A). Treatment of HCT116 cells with either daily 

doses of niclosamide or a single dose of calcimycin on day 0 resulted in a significantly 

reduced cell proliferation on day 3 (Fig. 4.7B). Similarly, in HCT116/vector cells the 

same treatment inhibited anchorage-dependent cell proliferation (Fig.4.7C). Ectopic 

overexpression of S100A4 did not rescue cell proliferation. Exposure of 

HCT116/S100A4 cells to either of the small molecules restricted cell proliferation to a 

similar intent found in HCT116 and HCT116/vector cells. From those observations it 

could be concluded that the anti-proliferative effect of niclosamide and calcimycin was 

not influenced by the expression level of S100A4. 
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Fig. 4.7 Niclosamide and calcimycin inhibit anchorage-dependent cell 
proliferation. Cell proliferation rate of untreated (A) HCT116, HCT116/vector 
and HCT116/S100A4 cells or HCT116 (B), HCT116/vector (C) and 
HCT116/S100A4 (D) treated either with daily doses of 1 µM niclosamide or with 
a single dose of 1 µM calcimycin was analyzed daily with MTT assay. The 
proliferation rate of untreated HCT116, HCT116/vector and HCT116/S100A4 
cells was not different. Both small molecules decreased cell proliferation of all 
three cell species. Data represent mean ± SD (n=3). Statistical significance ( *, 
P<.05 ) of the difference between control and niclosamide- or calcimycin-treated 
cells was analyzed by two-sided ANOVA and Bonferroni post hoc multiple 
comparison test. 

 

4.3.4. Small molecules arrest colony formation 

The ability to grow in an anchorage-independent manner is a characteristic needed for 

metastatic cells to survive, for instance, in the blood stream during the progress of 

metastasis formation. Anchorage-independent growth was investigated with the colony 

formation assay. Solvent-treated HCT116, HCT116/vector and HCT116/S100A4 cells 

were able to form large, clearly visible colonies within 7 days (Fig. 4.8A). In contrast, 

the size of the colonies formed by these three cell species was severely reduced upon 

niclosamide or calcimycin treatment. Niclosamide treatment further reduced the 

number of colonies to less than 5 % of HCT116 control cells in all three cell species. 

Exposure of HCT116, HCT116/vector and HCT116/S100A4 cells to calcimycin reduced 

even more the number of colonies to less than 3 % of HCT116 control cells (Fig. 4.8B).  

61 



RESULTS 

The inhibition of anchorage-independent cell proliferation was independent on the 

expression level of S100A4, since this effect was also seen in HCT116/S100A4 cells 

that express S100A4 despite the treatment with either of the small molecules. 

 

 

Fig. 4.8 Niclosamide and calcimycin inhibit anchorage-independent cell 
proliferation. Anchorage-independent growth of niclosamide or calcimycin-
treated HCT116, HCT116/vector and HCT116/S100A4 cells was analyzed by 
colony formation assay. (A) Both small molecules reduced the size of HCT116, 
HCT116/vector and HCT116/S100A4 cell colonies. Microphotographs were 
taken on day 7 with 10x and 40x (insets) magnification. Assay was performed 
three times; one representative picture for each condition is presented here. (B) 
Both small molecules were able to reduce the number of HCT116, 
HCT116/vector and HCT116/S100A4 cell colonies. Data represent mean ± SE 
(n>3). Statistical significance was analyzed by two-sided ANOVA and 
Bonferroni post hoc multiple comparison test. 
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4.4. Structural changes on niclosamide reduce its inhibitory efficiency  

The Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program, 

NCI, Bethesda, MD, provided niclosamide derivatives which were synthesized by 

adding or removing chemical groups on or from the niclosamide structure as illustrated 

in Fig. 4.9.  

 

Fig. 4.9 Schematic drawing of niclosamide and its derivatives. Schema 
illustrates the comparison of the 2D and 3D structure of niclosamide to the 
structures of its derivatives; added and removed chemical groups were marked 
in red and grey, respectively. Grey clouds surrounding the 3D structure 
represent the van der Waals surface; red and blue indicate negative and 
positive charges, respectively. 

 

The 3D structure prediction for the niclosamide derivatives was different to the 3D 

structure of niclosamide. Moreover, the van der Waals surface energy as predicted by 

MarvinSpace version 5.2.3_1 differed between niclosamide and its derivatives. 

Concluding from these observations, it was questioned how those structural differences 

between niclosamide and its derivatives would influence the inhibition of the S100A4 

expression. To assess this efficiency of niclosamide and its derivates on S100A4 

inhibition, HCT116 cells were treated with either of these compounds at the optimized 

treatment conditions defined for niclosamide. Exposure of HCT116 cells to any of the 

niclosamide derivatives had no significant effect on the S100A4 mRNA expression 

(Fig. 4.10A). In contrast, niclosamide inhibited the S100A4 mRNA level to less than 

50 % of solvent-treated cells. Niclosamide treatment further reduced the S100A4 

protein level, an effect that was not detected when cells were treated with any of the 

niclosamide derivatives. Consistently, cell migration was inhibited only upon 

niclosamide treatment, but not in the presence of any of the six derivatives (Fig. 4.10B). 

In summary, none of the niclosamide derivatives had a stronger inhibitory effect than 

niclosamide on S100A4 expression and S100A4-induced cell motility at the conditions 
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tested. Hence, changes in the structure of niclosamide result in a decrease of its 

efficiency towards S100A4 expression inhibition.  

 

Fig. 4.10 Structural changes on niclosamide abolish its inhibiting function 
on S100A4 expression and S100A4-induced cell motility. HCT116 cells 
were treated with 1 µM niclosamide or with 1 µM of the niclosamide derivatives 
for 24 h and S100A4 expression was analyzed by qRT-PCR and Western blot, 
cell migration was analyzed with the Boyden chamber assay. (A) Niclosamide, 
but not its derivatives, inhibits S100A4 mRNA and protein expression. (B) Cell 
migration is most efficiently inhibited by niclosamide. Data represent mean ± SE 
(n>3). Statistical significance was analyzed by Student’s t-test. 

 

 

4.5. Small molecules interfere with the Wnt pathway 

Both small molecules had a repressing function on the S100A4-promoter activity. 

However, the mechanism by which niclosamide or calcimycin performed this function 

was still to be elucidated. In 2006, Stein et al. described a TCF-binding site in the 

S100A4-promoter and provided evidence that S100A4 is a target gene of the canonical 

Wnt pathway (65). Therefore, it was analyzed if niclosamide or calcimycin might inhibit 

S100A4 expression by interfering with the Wnt pathway. 
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4.5.1. Small molecules inhibit the constitutively active Wnt pathway 

The central player of the Wnt pathway is β-catenin, which is mutated in about 10% 

colon cancers (12, 64). Mutated β-catenin is resistant to proteasomal degradation 

resulting in a constitutively active β-catenin/TCF target gene transcription (38, 47).  

HCT116 cells are heterozygous for a deletion mutation in the β-catenin allele. 

HAB68mut cells are derivatives of HCT116 cells, in which the wildtype allele of β-catenin 

was deleted so that the cells had a constitutively active Wnt pathway (65). On the 

opposite, in HAB92wt cells the mutated β-catenin allele was knocked-out so that the 

cells had wildtype β-catenin only which is not resistant to proteasomal degradation. 

Restriction fragment length polymorphism analysis as described in (65) allowed the 

verification of the β-catenin genotype of HCT116 and its derivative cells (Fig. 4.11) 

 

 

Fig. 4.11 β-catenin genotyping of HCT116 and its derivatives HAB68mut and 
HAB92wt. Restriction fragment length polymorphism analysis was used to 
identify the β-catenin genotype of HCT116, HAB68mut and HAB92wt cells. 
Deletion mutation of the serine 45 added a Bsll restriction site, which was 
absent in the β-catenin wildtype allele. HCT116 are heterozygous bearing a 
wildtype and mutated β-catenin allele, HAB68mut cells were homozygous for 
the deletion mutation. HAB92wt cells were homozygous for the wildtype β-
catenin allele. 
 

Since S100A4 is a β-catenin/TCF target gene, its expression was analyzed in HCT116, 

HAB68mut and HAB92wt cells in the presence of either of the small molecules. 

Treatment of HCT116 and HAB68mut cells with niclosamide reduced the S100A4 mRNA 

level to about 50-60% of solvent-treated HCT116 (Fig 4.12A). Further, niclosamide 

treatment reduced the S100A4 protein expression in these cells. HAB92wt cells 

presented less than 10 % of the S100A4 expression level found in HCT116 cells. This 

weak expression of S100A4 in HAB92wt cells was not significantly changed upon 

niclosamide treatment.  

Consistently, with the S100A4 expression level, cell migration in niclosamide-treated 

HCT116 and HAB68mut cells was significantly reduced to less than 50 % of solvent-

treated HCT116 cells. Interestingly, niclosamide treatment reduced cell migration to the 

level of solvent- or niclosamide treated HAB92wt cells (Fig. 4.12B).  
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Calcimycin reduced the S100A4 mRNA level of HCT116 and HAB68mut cells to about 

30 % of solvent-treated HCT116 cells (Fig 4.12C). S100A4 protein expression in those 

cells was clearly inhibited by calcimycin. Exposure of HCT116, HAB68mut and HAB92wt 

cells to calcimycin inhibited cell migration to less than 30 % of solvent-treated HCT116 

cells (Fig. 4.12D). In summary, both small molecules were able to reduce the S100A4 

expression and S100A4-induced cell migration independent on the β-catenin genotype. 

Thus, niclosamide and calcimycin inhibited β-catenin/TCF target gene transcription 

despite a constitutively active Wnt pathway. 

 

 

Fig. 4.12 Niclosamide and calcimycin inhibit S100A4 expression and 
S100A4-induced cell migration despite a constitutively active Wnt 
pathway. HCT116, HAB68mut and HAB92wt cells were treated with niclosamide 
or calcimycin and S100A4 expression was analyzed by qRT-PCR and Western 
blot. Cell migration was analyzed with the Boyden chamber assay. 
(A) Niclosamide inhibits the S100A4 expression despite mutated β-catenin. 
(B) Cell migration is inhibited in cells with constitutively active Wnt pathway 
upon niclosamide treatment. (C) Calcimycin inhibits S100A4 expression 
independent of the β-catenin genotype. (D) Calcimycin inhibits cell migration 
independent on the β-catenin genotype. Data represent mean ± SE (n=3). 
Statistical significance was analyzed by Student’s t-test. 
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4.5.2. Calcimycin inhibits the β-catenin expression 

To assess the mechanism underlying calcimycin inhibition of S100A4 expression, the 

Wnt pathway activity was analyzed by TOP/FOPflash reporter assay. According to their 

β-catenin genotype, the TOPflash reporter activity was increased in HAB68mut cells and 

reduced in HAB92wt cells to only 30 % of HCT116 cells (Fig. 4.13A). Exposure of 

HCT116 to calcimycin significantly reduced the TOPflash reporter activity to less than 

30 % of solvent-treated HCT116 cells. In HAB68mut and HAB92wt cells calcimycin 

treatment reduced TOPflash reporter activity to less than 15 % of solvent-treated 

HCT116 cells.  

 

Fig 4.13 Calcimycin inhibits the Wnt pathway by interfering with β-catenin 
expression. HCT116, HAB68mut and HAB92wt cells were treated with 1 µM 
calcimycin for 18 h and Wnt pathway activity was determined with 
TOF/FOPflash assay while the expression of β-catenin or β-catenin/TCF target 
genes was analyzed with qRT-PCR and Western blot. (A) Calcimycin inhibited 
Wnt pathway activity in HCT116, HAB68mut andHAB92wt cells. (B) β-catenin 
mRNA and protein expression is reduced upon calcimycin treatment. (C) 
Calcimycin reduced β-catenin/TCF target gene mRNA levels in HCT116 cells. 
Data represent mean ± SE (n=3). Statistical significance was analyzed by 
Student’s t-test. 

 

The extent to which β-catenin/TCF target gene transcription is active is highly 

dependent on the expression level of β-catenin in the cells (47). In solvent-treated 

HCT116, HAB68mut and HAB92wt cells no significant differences in the β-catenin mRNA 
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level were detected (Fig 4.13B). Treatment of those three cell species with calcimycin 

reduced the β-catenin mRNA level to less than 50 % of solvent-treated HCT116 cells. 

Since HAB92wt cells only expressed the wildtype β-catenin protein, which is not 

resistant to proteasomal degradation, the β-catenin protein level in those cells was 

reduced compared to solvent-treated HCT116 and HAB68mut cells. Treatment with 

calcimycin further diminished β-catenin protein expression in all three cell species. 

Reduced β-catenin levels might result in reduced target gene transcription. Thus the 

expression levels of prominent β-catenin/TCF target genes were analyzed such as 

Cyclin D1 (170), c-myc (171) and DKK-1 (60). Consistently, in calcimycin-treated 

HCT116 cells the expression of Cyclin D1, c-myc and DKK-1 was significantly inhibited 

to 35%, 25% and 2% of the solvent-treated control, respectively (Fig 4.13C).  

 

4.5.3. Niclosamide interferes with the β-catenin/TCF-complex 

TOP/FOPflash reporter assay was used to analyze whether niclosamide interfered with 

the Wnt pathway. As it was found for calcimycin, exposure of HCT116, HAB68mut and 

HAB92wt cells to niclosamide reduced the TOPflash reporter activity to less than 50 % 

of solvent-treated HCT116 cells (Fig. 4.14A). Thus, niclosamide inhibited the Wnt 

pathway activity. Consistently, transcription of β-catenin/TCF target genes such as 

Cyclin D1, c-myc and DKK-1 was significantly reduced in niclosamide treated HCT116 

cells (Fig. 4.14B) 

For β-catenin/TCF target gene transcription, β-catenin needs to translocate from the 

cytoplasm to the nucleus (47). Exposure of HCT116 cells to increasing concentrations 

of niclosamide for 18 h did not change the protein level of nuclear β-catenin 

(Fig. 4.14C). Nonetheless, despite the presence of nuclear β-catenin, the TOPflash 

reporter activity was reduced (Fig. 4.14A). To test if niclosamide inhibits the formation 

of the β-catenin/TCF transcription activating complex, electrophoretic mobility shift 

assay (EMSA) was performed. In the same nuclear extract used for determination of 

the β-catenin protein level, biotinylated oligonucleotides which encompassed the T-cell 

factor (TCF)-binding site of the S100A4-promoter were incubated and analyzed by 

EMSA. In solvent-treated HCT116 cells signal shifts were caused by binding of TCF 

and β-catenin/TCF to the oligonucleotides, which is consistent with previous findings 

(65). Exposure of HCT116 cells to increasing concentrations of niclosamide interrupted 

the β-catenin/TCF/oligo complex in a concentration-dependent manner (Fig 4.14C). 

The presence of β-catenin within the complex was verified by complexation with 

monoclonal anti-β-catenin leading to a supershift (Fig 4.14D). No supershift could be 

detected in nuclear extracts from 1 µM niclosamide-treated HCT116 cells.  
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Fig. 4.14 Niclosamide inhibits the Wnt pathway by interfering with the β-
catenin/TCF-complexation. HCT116, HAB68mut and HAB92wt cells were 
treated with 1 µM niclosamide for 18 h and Wnt pathway activity was analyzed 
by TOP/FOPflash reporter assay. (A) Niclosamide inhibited Wnt pathway 
activity in HCT116, HAB68mut andHAB92wt cells. (B) Niclosamide inhibited β-
catenin/TCF target gene transcription. Data represent mean ± SE (n=3). 
Statistical significance was analyzed by Student’s t-test. Nuclear extracts from 
HCT116 cells treated with indicated niclosamide concentrations for 24 h were 
analyzed with Western blot and EMSA. (C) Increasing concentrations of 
niclosamide had no effect on the nuclear β-catenin protein level, but inhibited 
the β-catenin/TCF complex on biotinylated oligonucleotides which comprised 
the TCF-binding site of the S100A4-promoter. (D) Supershift verified β-catenin 
protein in β-catenin/TCF/oligonucleotide complex. (E) No S100A4-promoter 
fragment could be PCR amplified after treatment of HCT116 cells with 1 µM 
niclosamide for 24 h. For Western blot, EMSA and ChIP data (n>2) one 
representative blot is shown here.  
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Similar results were found with chromatin immunoprecipitation (ChIP) assay 

(Fig. 4.14E). From solvent-treated cell extracts the S100A4-promoter sequence could 

be PCR amplified after β-catenin-immunoprecipitation, as described earlier (65). In 

contrast, no PCR-amplicon was obtained from niclosamide-treated HCT116 cells. 

Further, no PCR product could be detected when control immunoglobulin G was used 

for precipitation or when a fos-promoter sequence was PCR amplified. These results 

indicate that niclosamide treatment inhibited β-catenin/TCF complexation and thereby 

restricted Wnt target gene transcription.   

 

 

4.6. Niclosamide inhibits metastasis formation in colon cancer xenograft mice 

Since niclosamide inhibited the S100A4 expression and S100A4-induced cell migration 

and invasion of colon cancer cells in vitro, the anti-metastatic effects of this small 

molecule inhibitor were determined in xenograft mice. Stein et al. previously described 

that the intrasplenical application of HCT116 cells into xenograft mice was suitable to 

analyze their ability to form liver metastases (65).  

 

4.6.1. Evaluation of an in vivo applicable niclosamide concentration 

For dose-finding experiments in human colon cancer xenograft mice, NODSCID mice 

were intrasplenically injected with HCT116/LUC cells and were intraperitoneally treated 

with daily doses of 6 mg/kg, 12 mg/kg or 24 mg/kg niclosamide or the respective 

amount of solvent in cooperation with PD. Dr. Induna Fichtner (MDC, Berlin, Germany). 

Body weight was measured as a first indicator for toxic adverse effects (172). Body 

weight loss of mice treated with 12 mg/kg or 6 mg/kg niclosamide did not differ from the 

solvent-treated control (Fig. 4.15A).  

In contrast, mice which received daily doses of 24mg/kg niclosamide presented 

increased weight loss until day 24. To evaluate a possible maximum concentration that 

could be applied to mice without toxic adverse effects, niclosamide was 

intraperitoneally applicated at concentrations of 20 mg/kg every 24 h or 15 mg/kg every 

12 h. Analysis of body weight revealed no differences between niclosamide- and 

solvent-treated mice (Fig 4.15B). Thus these concentrations were further used to 

analyze metastasis formation. 
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Fig. 4.15 Daily doses of 24 mg/kg niclosamide caused toxic side effects in 
xenograft mice. Indicated concentrations of niclosamide were injected 
intraperitoneally and daily into NODSCID mice bearing an intrasplenal 
HCT116/LUC tumor. Body weight was determined as an indicator for toxic side 
effects. (A) Weight loss in mice treated with 24 mg/kg niclosamide was 
increased compared to solvent-treated control. Data represent mean ± SD (2 
animals/group) (B) No difference in weight loss was observed in solvent or 
niclosamide-treated mice. Data represent mean ± SD (9 animals/group) 

 

 

4.6.2. In vivo metastasis can be visualized by bioluminescence imaging 

Bioluminescence imaging (BLI) presents a non-invasive tool which allows visualizing 

the process of metastasis formation over time (173). To allow tracking of the colon 

cancer cells within the organism, HCT116/LUC cells were used. These cells had an 

endogenously increased level of S100A4 expression as also seen in HCT116 cells, but 

further expressed a CMV-promoter controlled firefly luciferase. This enzyme allows the 

oxidation of D-Luciferin, which leads to the emission of light.  

To monitor the effect of niclosamide on metastasis formation in vivo, HCT116/LUC 

cells were intrasplenically injected into SCID mice and the animals were treated daily 

with 20 mg/kg niclosamide or the respective amount of solvent. A lateral signal became 

visible on day 8 post-transplantation in solvent- and niclosamide-treated mice, which 

was assigned to the spleen (Fig. 4.16A). This spleen tumor signal increased in solvent- 
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and niclosamide-treated mice until it reached a maximum on day 22. In control mice 

ventral imaging revealed a very low signal in the liver region on day 8 indicating that 

liver metastases had formed (Fig. 4.16B). This liver signal became clearly visible until 

day 22. In contrast, in niclosamide-treated mice no liver signal was detected until 

day 22. 

 

 

 
Fig. 4.16 Metastasis formation in colon cancer xenograft mice is 
monitored by non-invasive bioluminescence imaging. SCID mice were 
intrasplenically transplanted with HCT116/LUC cells. Bioluminescence was 
measured by intraperitoneal application of 150 mg/kg D-Luciferin and exposure 
for 20 sec in the NightOWL LB 981 system. (A) The lateral signal from the 
spleen tumor is increasing over time in solvent- and niclosamide-treated mice. 
(B) Control mice present a ventral liver metastases signal which is absent in 
niclosamide-treated mice. Data are representative of 4 animals per group. 

 

In situ imaging was performed to confirm the origin of the lateral and ventral signals. 

Dissection of control mice presented liver metastases which were absent in 

niclosamide-treated mice (Fig. 4.17). Since only the HCT116/LUC cells expressed the 

firefly luciferase, bioluminescence imaging could confirm that the expected liver 

metastases were formed by these human colon cancer cells. Imaging of the isolated 

liver and spleen showed that control mice had increased liver metastases. In contrast, 

no or only tiny liver metastases signals could be detected in niclosamide-treated mice.  
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Fig. 4.17 In situ imaging confirmed the presence or absence of metastasis 
formation in colon cancer xenograft mice. Intrasplenically transplanted 
HCT116/LUC cells SCID xenograft mice were intraperitoneally injected of 
150 mg/kg D-Luciferin, dissected and exposed for 1 sec in the 
NightOWL LB 981 system. In situ imaging and imaging of isolated organs 
confirmed that the signals seen in Fig. 4.16 originated from the spleen tumor 
and liver metastasis. The latter was absent in niclosamide treated mice. Data 
are representative of 4 animals per group. 

 

4.6.3. Niclosamide restricts metastasis formation in mouse xenografts 

Metastasis formation under niclosamide treatment was quantified in cooperation with 

PD. Dr. Induna Fichtner. NODSCID mice bearing an intrasplenical tumor of 

HCT116/LUC cells were treated either daily with 20 mg/kg niclosamide or twice a day 

with 15 mg/kg niclosamide.  

All mice developed a spleen tumor until day 24, which was dissected to analyze the 

S100A4 mRNA levels in the tumor tissues. In niclosamide treated mice the S100A4 

mRNA level in the spleen tumors was significantly reduced to 56-64 % of the S100A4 

expression level found in tumors from solvent-treated mice (Fig. 4.18A). These results 

indicated that niclosamide does also inhibit S100A4 expression in vivo.  
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Fig. 4.18 Niclosamide inhibits metastasis formation in human colon 
cancer xenograft mice. HCT116/LUC cells were intrasplenically transplanted 
into NODSCID mice and mice were treated intraperitoneally with 20 mg/kg 
niclosamide every 24 h or with 15 mg/kg niclosamide every 12 h. The S100A4 
mRNA level in the spleen tumor was determined on day 24 by qRT-PCR. Liver 
metastases were quantified by scoring. (A) Niclosamide treatment inhibited 
S100A4 expression in vivo. Data represent mean ± SE (9 animals/group). 
Statistical significance was analyzed by two-sided ANOVA and Bonferroni post 
hoc multiple comparison test. (B) Niclosamide treatment restricted liver 
metastasis in xenograft mice. (C) Liver metastases were reduced in number 
and size in niclosamide-treated mice. Data represent mean ± SE (9 
animals/group). 

 

In contrast to niclosamide treated mice, in solvent-treated animals large liver 

metastases were found, which were absent in animals from both niclosamide-treated 

groups (Fig. 4.18B). Scoring of the liver metastases including their number and size 

revealed that both niclosamide treatments inhibited liver metastasis formation to less 

than 35 % of solvent-treated mice (Fig. 4.18C). In conclusion, niclosamide inhibited the 

S100A4-expression and thus the metastatic potential of human colon cancer cells in 

xenograft mice. 
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4.7. Relation of the DKK-1 and S100A4 expression in colon cancer cells 

The studies on niclosamide and calcimycin targeting S100A4 expression in colon 

cancer cells emphasized the power of S100A4 to increase cell migration and invasion 

and to drive metastasis formation. Many interaction partners for S100A4 are known 

that explain its metastasis-promoting ability. However, less is known about the 

transcriptional changes that occur upon S100A4 overexpression which might form the 

basis for metastasis formation. Based on microarray data, Stein and colleagues were 

the first to observe that S100A4 overexpression represses the expression of DKK-1, a 

prominent inhibitor of the Wnt pathway. Based on those findings the relation of S100A4 

and DKK-1 expression was analyzed.   

 

4.7.1. DKK-1 and S100A4 expression is inversely correlated in cells with 

mutated or non-mutated β-catenin 

S100A4 and DKK-1 were both described as target genes of the canonical Wnt pathway 

in colon cancer cells (60, 65). Therefore, their expression was analyzed in HCT116 

cells and its derivatives HAB68mut and HAB92wt. The mRNA levels of S100A4 and 

DKK-1 did not significantly differ between HCT116 and HAB68mut cells (Fig. 4.19A). In 

contrast, the S100A4 mRNA level in HAB92wt cells was reduced to about 10% of 

HCT116 cells. Interestingly, HAB92wt cells expressed about 10-fold more DKK-1 mRNA 

compared to HCT116 or HAB68mut cells that expressed mutated β-catenin. Similarly, 

S100A4 protein was high in HCT116 and HAB68mut cells, but clearly lower in HAB92wt 

cells. On the opposite, the amount of secreted DKK-1 protein in HCT116 and HAB68mut 

cells was less than 30% of the amount of secreted DKK-1 found in HAB92wt cells.  

While S100A4 expression was related to the Wnt pathway activity found in HCT116, 

HAB68mut and HAB92wt cells (Fig. 4.12A/B), the expression of DKK-1 was inversely 

regulated.  
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Fig. 4.19 S100A4 and DKK-1 are inversely expressed in cells with mutated 
or wildtype β-catenin. S100A4 and DKK-1 mRNA levels were analyzed by 
qRT-PCR, S100A4 and DKK-1 protein was analyzed by Western blot and 
ELISA, respectively. (A) S100A4 mRNA expression is high in cells with mutated 
β-catenin genotype while DKK-1 mRNA levels are high in cells with wildtype β-
catenin. (C) The S100A4 protein is low in cells with wildtype β-catenin while 
DKK-1 expression is low in cells with mutated β-catenin. Data represent mean ± 
SE (n>3). Statistical significance was analyzed by two-sided ANOVA and 
Bonferroni post hoc multiple comparison test. 

 

4.7.2. DKK-1 and S100A4 expression is negatively correlated in human colon 

cancer cell lines. 

The inverse expression of S100A4 and DKK-1 found in HCT116 and its derivative cells 

was further investigated in a set of 13 colon cancer cell lines. In comparison to HCT116 

cells the S100A4 mRNA levels in SW620, LS174T Colo205 and SW480 cells was at 

least 2.5-fold more than in HCT116 cells. Further these cells presented very low levels 

of DKK-1 mRNA (Fig. 4.20A). In contrast, HCT15, Lovo, HT29, HAB92wt and Caco-2 

cells presented at least 2.5-fold higher levels of DKK-1 and very low levels of S100A4 

mRNA. The mRNA levels of both genes were low in WiDr, KM12, SW48 and DLD1 

cells.  
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Fig. 4.20 S100A4 and DKK-1 are inversely expressed in colon cancer cell 
lines. In a set of 13 colon cancer cell lines the mRNA level of S100A4 and 
DKK-1 were analyzed by qRT-PCR. S100A4 and DKK-1 protein was analyzed 
by Western blot and ELISA, respectively. (A) In the 13 colon cancer cell lines 
that expressed increased S100A4 mRNA levels, DKK-1 mRNA was decreased 
and vice versa. Data represent mean ± SE (n>3). Correlation was analyzed by 
non-parametric Spearman correlation test. (B) On the protein level, cell lines in 
which S100A4 protein was high, only low levels of secreted DKK-1 protein could 
be detected. ELISA data represent mean ± SE (n>3). 
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Similar results were found on the protein level (Fig. 4.20B). In SW620, LS174T, 

Colo205 and WiDr cells increased levels of S100A4 protein were found and only low 

levels of secreted DKK-1 were detected in those cell lines. In contrast, in HT29, 

HAB92wt and Caco-2 cells secreted DKK-1 protein levels were increased while the 

S100A4 protein was very low. 

In summary, this set of colon cancer cell lines comprised cells that either expressed 

increased S100A4 or increased DKK-1 or both genes were expressed to a low level. 

Surprisingly, none of the cell lines had both genes upregulated. From this result it was 

hypothesized that the expression of either S100A4 or DKK-1 has a repressing function 

on the respective opponent gene. 

 

 

4.8. S100A4 is a negative regulator of DKK-1 expression 

4.8.1. Exogenous overexpression of S100A4 inhibits DKK-1 expression 

If S100A4 had a repressing function on the DKK-1 expression, its exogenous 

overexpression should reduce the mRNA and protein levels of DKK-1. To assess this, 

HAB92wt cells were used, since they had endogenously increased levels of DKK-1. The 

cells were stably transfected to express a CMV-promoter controlled S100A4 cDNA or 

the empty vector as control. HAB92wt cells and its stable transfected derivatives were 

homozygous for the wildtype β-catenin as was shown by RFLP (Fig. 4.21A).  

Analysis of the S100A4 and DKK-1 expression level showed that no significant 

difference between HAB92wt and empty vector-transfected HAB92wt cells was found 

neither for S100A4 nor DKK-1 (Fig. 4.21B). Hence, the vector backbone itself did not 

interfere. In contrast, the S100A4 mRNA level of S100A4 cDNA-transfected cells was 

15-fold increased compared to the level of HAB92wt cells. Moreover, the DKK-1 mRNA 

level in those cells was more than 2.5-fold decreased compared to non- or vector-

transfected HAB92wt cells. 

S100A4 protein levels were clearly increased in S100A4-transfected HAB92wt cells 

compared to the non- or vector-transfected control (Fig. 4.21C). However, the amount 

of secreted DKK-1 protein was significantly reduced in those cells. In summary 

increased levels of S100A4 mRNA and protein inhibited the expression of DKK-1 in 

HAB92wt.  
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Fig. 4.21 Exogenous overexpression of S100A4 inhibits DKK-1 
expression. In HAB92wt cells the β-catenin genotype was analyzed by RFLP. 
S100A4 and DKK-1 mRNA levels were analyzed by qRT-PCR. S100A4 and 
DKK-1 protein was analyzed by Western blot and ELISA, respectively. (A) 
HAB92wt cells and its stable transfected derivatives were homozygous for 
wildtype β-catenin. (B) Overexpression of S100A4 cDNA increased S100A4, 
but decreased the DKK-1 mRNA level. (C) Overexpression of S100A4 cDNA 
increased the S100A4 protein amount, but repressed the amount of secreted 
DKK-1 protein. Data represent mean ± SE (n>3). Statistical significance was 
analyzed by two-sided ANOVA and Bonferroni post hoc multiple comparison 
test. 
 

 

4.8.2. Reduction of S100A4 expression recovers DKK-1 expression 

Since S100A4 overexpression inhibited DKK-1 expression, it was hypothesized that 

reduced S100A4 expression would result in increased DKK-1 mRNA and protein 

levels. To address this, HCT116 cells were used since those cells presented an 

increased endogenous S100A4 expression level. HCT116 cells were either stably 

transfected to express a non-targeting control shRNA or a shRNA targeting the 

S100A4 mRNA. Stable transfection did not interfere with the β-catenin genotype 
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(Fig 4.22A). No significant differences in the expression level of S100A4 and DKK-1 

were detected in HCT116 cells treated with non-targeting control shRNA compared to 

the non-transfected HCT116 cells (Fig. 4.22B). In contrast, transfection with shRNA 

targeting the S100A4 mRNA reduced the latter to less than 50 % of HCT116 cells. 

Furthermore, in those cells, the DKK-1 mRNA level was 2-fold increased compared to 

HCT116 cells.  

 

Fig. 4.22 Inhibition of endogenous S100A4 recovers DKK-1 expression. In 
HCT116 cells the β-catenin genotype was analyzed by RFLP. S100A4 and 
DKK-1 mRNA levels were analyzed by qRT-PCR. S100A4 and DKK-1 protein 
was analyzed by Western blot and ELISA, respectively. (A) HCT116 cells and 
its derivatives were heterozygous for wildtype and mutated β-catenin. (B) 
Transfection of HCT116 cells with non-targeting shRNA (shcon) had no effect 
on S100A4 and DKK-1 expression. Transfection with a shRNA targeting 
S100A4 expression decreased S100A4 and increased DKK-1 mRNA levels. 
Data represent mean ± SE (n>3). Statistical significance was analyzed by two-
sided ANOVA and Bonferroni post hoc multiple comparison test. 
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4.9. DKK-1 inhibits S100A4 expression 

Since S100A4 inhibits DKK-1 expression, the functional consequences of this gene 

regulation were further analyzed. Secreted DKK-1 was found to interact with the 

membranous co-receptor LRP-5/6 and thereby sequesters it from the Wnt-frizzled 

signaling complex (53, 58). Thus, DKK-1 inhibits the Wnt pathway.  

Transfection of HAB92wt cells with shRNA targeting DKK-1 mRNA decreased the DKK-

1 mRNA level to less than 10 % of HAB92wt cells which were transfected with a non-

targeting control shRNA (Fig. 4.23A). Upon decreased DKK-1 expression, the S100A4 

mRNA level was 4-fold increased in those cells compared to control shRNA-transfected 

cells.  

 

Fig. 4.23 DKK-1 is a negative regulator of S100A4 expression. S100A4 and 
DKK-1 mRNA levels were analyzed by qRT-PCR. S100A4 and DKK-1 protein 
was analyzed by Western blot and ELISA, respectively. (A) HAB92wt stably 
transfected with non-targeting (shcon) or DKK-1 targeting shRNA. Upon 
reduction of DKK-1 mRNA levels with DKK-1 targeting shRNA, the S100A4 
expression is increased. (B) Transfection of HAB92wt cells with DKK-1 targeting 
shRNA reduced the amount of secreted DKK-1 protein and increased the 
expression of S100A4 protein. Data represent mean ± SE (n=3). Statistical 
significance was analyzed by Student’s t-test. (C) Treatment of HCT116 cells 
with 25 or 100 ng/ml recombinant DKK-1 (rDKK-1) protein inhibits the S100A4 
mRNA level concentration-dependently. Data represent mean ± SE (n>2). 
Statistical significance was analyzed by two-sided ANOVA and Bonferroni post 
hoc multiple comparison test.  
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Compared to control-shRNA transfected cells, the amount of secreted DKK-1 protein 

was significantly reduced in HAB92wt cells which were transfected with DKK-1 targeting 

shRNA (Fig. 4.23B). Further, in those cells the S100A4 protein level was clearly 

increased. 

Since DKK-1 is expected to act extracellularly, recombinant DKK-1 protein was added 

onto HCT116 cells and the S100A4 mRNA expression was analyzed. Treatment of 

HCT116 cells with 25 or 100 ng/ml recombinant DKK-1 protein for 24 h reduced the 

S100A4 mRNA level in a concentration-dependent manner (Fig 4.23C). These results 

further confirmed that also DKK-1 is an inhibitor of S100A4 expression. 

 



DISCUSSION 

5. DISCUSSION 

 

The multidisciplinary clinical management of metastatic colon cancer has improved the 

five-year survival of patients in recent years (174). However, colon cancer is still the 

second most frequent cause of cancer related death which, in most cases, is provoked 

by the formation of metastases (4, 175, 176). In this respect, the understanding of the 

molecular mechanisms regulating the process of colon cancer metastasis is 

indispensable for the development of anti-metastatic treatments.  

The last two decades of translational research indicated that the calcium-binding 

protein S100A4 is directly involved in cellular processes such as migration, invasion, 

adhesion and angiogenesis, all of which are fundamental to metastasis formation (69, 

71). Many interaction partners of S100A4 were described to promote its function as 

metastasis mediator whereas the knowledge of gene regulation that follows S100A4 

overexpression is very poor. Moreover, there are very few studies on the inhibition of 

S100A4 function. Hence, the inhibition of S100A4 provides a promising therapeutic 

strategy for metastatic intervention (159, 177) while more profound knowledge is 

needed.  

Therefore this study investigated two novel inhibitors for S100A4 transcription in colon 

cancer cells which interfere with a constitutively active Wnt pathway, thereby inhibiting 

S100A4 expression. Reduced S100A4 levels further impaired S100A4-induced cell 

migration and invasion in vitro and metastasis formation in vivo. Moreover, the study 

provides evidence that S100A4 forms a positive feedback loop in the Wnt pathway via 

downregulation of DKK-1 which broadens our understanding for the molecular 

mechanism underlying S100A4-induced colon cancer metastasis. 

 

 

5.1. Inhibition of S100A4 transcription inhibits S100A4-induced cell motility 

5.1.1. Small molecules inhibit S100A4 expression 

Based-on the high throughput screening performed by Walther, Stein and colleagues, 

the anti-helmintic niclosamide and the antibiotic calcimycin inhibited S100A4-promoter 

activity suggesting that both compounds would interfere with S100A4 transcription. 

Consistently, it was shown in this study that both small molecules reduced S100A4 

expression in colon cancer cells dependent on the drug concentration and time of 

treatment. For calcimycin these findings are supported by a study performed in mouse 
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mammary adenocarcinoma cells as well as in human monocytes and lymphocytes in 

which calcimycin was shown to reduce the levels of S100A4 mRNA (178).  

In contrast to the constant S100A4 inhibition observed upon a single dose of 

calcimycin, the inhibition of S100A4 expression by niclosamide was reversible. The 

effect of a single dose of niclosamide to reduce S100A4 mRNA and protein was 

confined to a 12 h time frame, which could be overcome by serial treatment with daily 

doses of niclosamide. Niclosamide is an anti-helmintic drug which can be hydrolytically 

cleaved by cells of the gastrointestinal tract which results in a bioavailability of 10% 

when applied orally (179-181). Metabolism of niclosamide leads to changes in the 

niclosamide structure which might hinder its target binding ability. In this study, 

niclosamide derivatives were analyzed showing that changes on the niclosamide 

structure severely reduced its efficiency on S100A4 expression inhibition. Besides the 

fact that structural changes of niclosamide led to decreased activity, also the loss of 

solubility within aqueous solution rendered some derivatives with no effect on S100A4 

expression.  

In contrast to the endogenous S100A4 expression in colon cancer cells which was 

inhibited by niclosamide or calcimycin, both small molecules did not affect exogenously 

overexpressed S100A4 levels. This finding is consistent with the fact that both small 

molecules repressed the activity of the S100A4-promoter which leads to the reduction 

of S100A4 mRNA and protein. Exogenously overexpressed S100A4 was controlled by 

a CMV-promoter, which was resistant to the inhibitory mechanism induced by either 

niclosamide or calcimycin. Thus, these cells expressed S100A4 mRNA and protein 

despite the presence of either of the small molecules. 

 

5.1.2. Small molecules restrict S100A4-induced cell motility 

Reduction of S100A4 expression in colon cancer cells mediated by niclosamide or 

calcimycin inhibited cell motility including cell migration, wound healing and cell 

invasion. S100A4 is a major regulator of cell migration (65, 69, 98). Knockdown of 

S100A4 mRNA in RNAi experiments was shown to reduce the ability of cells to 

migrate (124, 131). S100A4 protein is found at the leading edge of migrating cells were 

it mobilizes myosin II-A and enhances directed migration (98). Reduced levels of 

S100A4 protein due to treatment with niclosamide or calcimycin might thus, for 

instance, sequester S100A4 protein from its interaction with myosin II-A. Thereby, cell 

migration would be impaired. Being consistent with this expectation, this study showed 

that the overall migration rate as well as directed migration was inhibited by 

niclosamide or calcimycin treatment.  
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In contrast, both small molecules were unable to suppress cell migration in colon 

cancer cells that exogenously overexpressed S100A4. In those cells, S100A4 

expression was still increased despite the treatment with either of the small molecules, 

which allowed S100A4 to interact with its manifold partner proteins and transcriptional 

targets to promote cell migration. Vice versa, these observations provide clear 

evidence that the anti-migratory effect of niclosamide and calcimycin is specific to their 

ability to inhibit S100A4 expression. 

S100A4 protein drives metastasis by interaction with a multitude of partner-proteins. 

This interaction is mostly dependent on calcium ions (160). Calcimycin is an 

ionophorous, polyether antibiotic isolated from Streptomyces chartreusensis. It 

facilitates the transport of divalent cations across the membrane which renders 

calcimycin an useful tool to study calcium-signaling (182). Since calcimycin elevates 

intracellular calcium levels (183), one would expect that it increases the S100A4 

protein activity. In contrast to this, the results presented above did not indicate an 

increased migratory or invasive phenotype in calcimycin-treated cells exogenously 

overexpressing S100A4. However, exogenous overexpression of S100A4 in untreated 

colon cancer cells did also hardly increase cell migration. This implies that the 

endogenous level of S100A4 already triggered migration to a maximum rate which 

could not be further stimulated by more S100A4 protein. Thus, it cannot be completely 

ruled out that calcimycin caused an increased S100A4 protein activity. Nonetheless, 

the results presented here definitely show that reducing the overall expression level of 

S100A4 with calcimycin significantly inhibits cell motility.  

In this study, cell invasion through a layer of Matrigel simulating the extracellular matrix 

was inhibited upon treatment with either of the small molecules. S100A4 is a well 

known inducer of cell invasion (144, 184). S100A4 can access the intercellular space 

from where it interacts with receptors as RAGE or EGFR (114, 119). Receptor binding 

induces the expression of matrix metalloproteinases such as MMP-2, -9 or -13 which 

allows enhanced degradation of the extracellular matrix, and enables cell invasion into 

the neighboring tissue (119, 123, 125). Inhibition of S100A4 expression by RNA 

interference or overexpression of endogenous inhibitors such as PLA2G2A 

phospholipase or interferon-γ (IFN-γ) was shown to reduce cell invasiveness (73, 185, 

186). In consistency to these earlier results, the inhibition of S100A4 transcription with 

niclosamide or calcimycin reduced the amount of overall S100A4 protein, which 

impaired its ability to induce cell invasion. Interestingly, the anti-invasive effect of 

niclosamide or calcimycin could be overcome by ectopic overexpression of S100A4, 

suggesting that the anti-invasive effect of the small molecules was caused by the 

downregulation of S100A4 expression. These observations again emphasize the 
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central role of S100A4 in cell motility which is the basis for the development of colon 

cancer metastasis.  

 

 

5.2. The small molecules inhibit colon cancer cell proliferation 

Treatment of colon cancer cells with niclosamide or calcimycin inhibited anchorage-

dependent and –independent cell proliferation. Knockdown of S100A4 mRNA levels 

with shRNA was shown to inhibit cell proliferation in vitro and to reduce tumor growth 

and metastasis in vivo (187). Moreover, shRNA knockdown of S100A4 increased the 

occurrence of apoptosis in gastric cancer cells and resulted in a G2/M arrest of 

pancreatic cancer cells (131, 188). In fact, the reduction of S100A4 expression in colon 

cancer cells following the treatment with niclosamide or calcimycin was accompanied 

by a simultaneous reduction in cell proliferation and colony formation. However, these 

two effects seemed to be independent of the S100A4 expression level, since ectopic 

overexpression of S100A4 could not rescue cell proliferation.  

Recently, several studies reported anti-proliferative effects of niclosamide in other cell 

systems describing mechanisms that might be applicable to the findings of presented 

by the study at hand (189-191). For instance, in acute myelogenous leukemia cells 

niclosamide inhibits NF-κB signaling which results in the generation of reactive oxygen 

species followed by apoptosis (189). In the present study with colon cancer cells, 

niclosamide and calcimycin were shown to inhibit, besides S100A4, the expression of 

other β-catenin/TCF target genes such as Cyclin D1 and c-myc. Both genes are known 

oncogenes and their overexpression causes increased cell proliferation (170, 171). 

Moreover, inhibition of Cyclin D1 and c-myc expression by shRNA-mediated 

knockdown of β-catenin levels was previously shown to result in reduced cell 

proliferation rates in colon cancer cells (192). Considering that exogenous 

overexpression of S100A4 was ineffective in overcoming the anti-proliferative effect of 

niclosamide or calcimycin, it is plausible to assume that this effect might rather be 

caused by the reduced Cyclin D1 and c-myc levels.  

 

 

5.3. Both small molecules interfere with constitutively active Wnt pathway  

In this study, niclosamide and calcimycin were shown to repress Wnt pathway activity 

in colon cancer cells. S100A4 is a target gene of the canonical Wnt pathway (65). 

Inhibition of this pathway presents, therefore, a basis for the mechanism by which the 
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two small molecules reduce the S100A4-promoter activity. However, the two small 

molecules targeted the Wnt pathway through different mechanisms.  

 

5.3.1. Calcimycin inhibits β-catenin expression 

Calcimycin treatment reduced the expression level of β-catenin which further impaired 

β-catenin/TCF-mediated target gene transcription. Consequently, prominent target 

genes such as Cyclin D1, c-myc or DKK-1 were reduced by calcimycin treatment. 

Calcimycin was previously described to inhibit Wnt pathway activity in HEK293 cells 

that stably expressed the TOPflash reporter plasmid (183). Upon exposure to 

calcimycin the intrinsic Ca2+ level was increased which activated protein 

kinase C (PKC)-mediated phosphorylation of β-catenin and induced β-catenin 

degradation. In this study, calcimycin treatment reduced the β-catenin protein 

expression also in colon cancer cells. Interestingly, β-catenin protein was reduced even 

in cells which were heterozygous or even homozygous for gain-of-function-mutated β-

catenin. Analysis of the β-catenin mRNA level revealed that calcimycin also inhibited β-

catenin transcription, suggesting that calcimycin inhibits the Wnt pathway activity via 

several mechanisms targeting the expression level of β-catenin.  

 

5.3.2. Niclosamide inhibits β-catenin/TCF complexation 

In contrast to calcimycin, niclosamide treatment did not have any effect on the β-

catenin expression level, but also repressed Wnt pathway activity and consequently 

inhibited β-catenin/TCF target gene transcription of Cyclin D1, c-myc, DKK-1 and 

especially S100A4. Niclosamide was previously shown to inhibit the Wnt pathway in 

osteosarcoma cells (191). However, in those cells niclosamide treatment induced the 

internalization of Wnt receptor frizzled-1 which further resulted in proteasomal 

degradation of β-catenin. In this study, no reduction in β-catenin protein was detected 

upon niclosamide treatment suggesting that in colon cancer cells niclosamide targets 

the Wnt pathway via a different mechanism.  

Translocation of β-catenin to the nucleus is a central step in the Wnt pathway. In the 

nucleus β-catenin binds to transcription factors of the TCF/LEF family to activate target 

gene transcription (47). The present study showed that nuclear β-catenin was 

unaffected by niclosamide treatment in colon cancer cells. However, despite high levels 

of β-catenin in the nucleus under niclosamide treatment, β-catenin/TCF target gene 

transcription was impaired in colon cancer cells. Analysis of the β-catenin/TCF complex 

revealed that with increasing concentrations of niclosamide the interaction between β-

catenin and TCF in complex with the S100A4-promoter was disrupted. On the one 
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hand, niclosamide could cause this complex disruption by directly binding to either β-

catenin or TCF, thereby destabilizing the β-catenin/TCF complex. On the other hand, 

niclosamide could activate other negative regulators interfering with the β-catenin/TCF 

complex such as groucho proteins, which are known competitors for β-catenin on their 

binding site to TCF (193, 194). Indeed, within the scope of this study it was 

demonstrated that niclosamide interferes with the β-catenin/TCF complex on the 

S100A4-promoter, thereby impairing S100A4-transcripion in colon cancer cells.  

 

5.3.3. Niclosamide and calcimycin inhibit constitutively active Wnt pathway 

Mutation of the Wnt pathway is a profound step for colon cancer development leading 

to constitutive pathway activity and target gene expression (37). Most mutations in this 

pathway occur either on the destruction complex regulating the cytoplasmic level of β-

catenin or on β-catenin itself (38). With respect to their therapeutic value, Wnt pathway 

inhibitors should preferably target downstream of β-catenin to switch off the 

constitutively active signaling (159, 195). In this study, HCT116 derivative cells were 

used to analyze the capability of niclosamide or calcimycin to reduce Wnt pathway 

activity under mutated or wildtype conditions. Consistently with findings from Kim et al., 

HAB68mut cells presented increased Wnt pathway activity due to the expression of 

mutated β-catenin and HAB92wt cells represented low levels of Wnt pathway activity, 

since these cells expressed wildtype β-catenin which could be targeted for proteasomal 

degradation (164). Interestingly, niclosamide and calcimycin repressed the Wnt 

pathway activity despite the presence of a gain-of-function mutated β-catenin in 

HAB68mut cells to the level found in HAB92wt cells. Deregulated β-catenin action was 

restricted by both small molecules either by reducing the expression of β-catenin as 

described for calcimycin or by interfering with the β-catenin/TCF transcription complex 

as described for niclosamide. Therefore, both small molecules present immense 

potential to be useful in colon cancer treatment banning constitutively active Wnt 

pathway signaling. 

 

 

5.4. Specificity and potential adverse effects of the small molecules 

Targeting the S100A4-promoter activity with small molecules, implied to interfere within 

a signal transduction pathway and that this targeting will not be solely restricted to the 

inhibition of S100A4 expression, but will have certain side effects. However, there are 

several advantages of targeting the S100A4-promoter instead of the S100A4 protein 

and of using small molecules instead of RNA interference, for instance,. 
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5.4.1. Targeting the S100A4-promoter is most efficient 

S100A4 as a mediator of metastasis represents an excellent target to be applied in 

anti-metastatic therapies (159, 196). The design of an inhibitor that would target 

S100A4 function is hampered by the multitude of S100A4-action which occurs intra- 

and extracellular, as homo-, heterodimer or as oligomer and in a calcium-dependent or 

-independent manner (110, 160). 

One approach targeting the Ca2+-binding ability of S100A4 was recently described by 

Bresnick and colleagues (196, 197). They developed a fluorescent S100A4 protein, 

which increased its fluorescence signal upon Ca2+-binding. High throughput screening 

of FDA-approved drugs revealed phenothiazines to inhibit Ca2+-binding on S100A4 and 

consistently the interaction of S100A4 with myosin II-A . However, inhibition of the 

calcium-binding ability of S100A4 does not target all S100A4 functions. For instance, 

S100A4 was described to interact with liprin β1, annexin II or other S100A4 molecules 

in a calcium-independent manner (89, 115, 121). Indeed, phenothiazines were shown 

to provoke the oligomerisation of S100A4 which would promote the S100A4 oligomer-

induced activation of thrombospondin I and MMP expression leading to angiogenesis 

and invasion, respectively (126, 137, 196). 

Targeting extracellular S100A4 protein function with an S100A4-specific antibody was 

shown to inhibit invasive growth of mouse endothelial cells in vitro and cell proliferation 

and vascularisation of the skin in vivo. However, extracellular application of S100A4-

antibody did not target the intracellular functions of S100A4 (122, 198).  

In this study, niclosamide and calcimycin were used to inhibit the Wnt pathway thereby 

repressing the S100A4-promoter activity. Inhibition of S100A4 transcription reduced the 

overall amount of available S100A4 protein in the cell, which targeted its manifold 

interactions with all partner proteins simultaneously. Consequently, the small molecules 

efficiently inhibited S100A4-induced cell migration as well as cell invasion in vitro, and 

further metastasis formation in vivo.  

 

5.4.2. Advantage of using small molecules to inhibit S100A4 expression 

Small molecules are by definition monomeric or short oligomeric organic compounds 

which due to their low molecular weight of less than 800 Dalton can easily transfer the 

plasma membrane to enter the cytoplasm. Using small molecules for targeting the 

expression of S100A4 had several advantages instead of using other expression 

inhibitors such as RNA interference. For instance, the finding of the optimal dose, in 

terms of a maximal degree of S100A4 expression inhibition with the lowest 

concentration possible, was simplified due to the fast inhibitory effect of both small 
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molecules of less than 24 h. In contrast, using RNA interference the depletion of the 

target gene occurs gradually and in most cases takes more than 24 h which hampers 

the finding of the optimal dose (199). Moreover, the therapeutic use and the systemic 

application to organisms is less well explored for RNA interference and challenged by 

the efficient delivery into the cell (200). In contrast, both small molecules were able to 

induce their inhibitory effect, suggesting that they entered the cell without further 

additives. Systemic niclosamide application further inhibited the S100A4 expression in 

vivo providing the basic evidence for its applicability to treat colon cancer metastasis.  

One major concern in the use of inhibitors, independent of what kind, is the potential 

lack of specificity. In this study, the small molecules targeted the S100A4-promoter 

activity, which, of course, implied targeting within a certain pathway and thereby 

affecting the expression of other genes. Therefore, any effect caused by either of the 

small molecules needed to be analyzed for the specificity of their ability to repress 

S100A4 expression. To address this challenge, a cell system was installed which 

expressed S100A4 also despite the treatment with either of the small molecules. All 

effects observed upon niclosamide or calcimycin treatment which were rescued upon 

S100A4 expression were specific to the inhibitor-mediated reduction of S100A4 

expression. For instance, niclosamide and calcimycin were identified as Wnt pathway 

inhibitors. Beside S100A4 also the tyrosine kinase Met is a prominent mediator of 

metastasis and a target gene of Wnt signaling in colon cancer cells (201). Inhibition of 

cell motility by the small molecules could also have been caused by downregulation of 

Met. However, inhibition of cell motility by calcimycin or niclosamide was completely 

rescued by S100A4 overexpression. Thus, the anti-migratory and anti-invasive effects 

of the small molecules were specific to their ability to reduce S100A4 expression. In 

contrast, niclosamide and calcimycin inhibited cell proliferation, which was independent 

on their ability to inhibit S100A4 expression. However, within the scope of an efficient 

colon cancer treatment, anti-proliferative effects might even be favorable for the 

therapeutic outcome. 

 

 

5.5. Niclosamide as novel anti-metastatic treatment 

5.5.1. Niclosamide is a favorable inhibitor to be applied in vivo 

The Wnt pathway is the most central pathway in the development of colon cancer. 

However, under non-pathologic conditions it is needed for the homeostasis of the colon 

epithelium (11, 12, 55). Systemic interference with this pathway bears the risk of 

adverse effects for instance on the healthy colon epithelium (195).  
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In this study, both small molecules were active on S100A4 expression inhibition at 

concentrations that did not affect cell viability in general. Moreover, both small 

molecules did not completely switch off the Wnt pathway, but rather reduced its activity 

to a basal level found in HAB-92wt cells. These cells bore no Wnt pathway mutation and 

therefore represented a wildtype level of Wnt pathway activity.  

In contrast to niclosamide, which did not interfere with the β-catenin expression level, 

calcimycin inhibited β-catenin transcription. Beside its function as transcription 

regulator, β-catenin together with E-cadherin plays a role in the formation of cell 

adhesion contacts (49). Deregulation of cell adhesion by calcimycin treatment could 

inhibit the metastatic cell to enter the secondary tumor site. However, also the focal 

contacts in healthy tissue could be destroyed which might also favor metastasis 

formation. Thus, the systemic application of calcimycin might cause adverse effects on 

the colon tissue.  

Niclosamide as a FDA-approved drug is already used in the clinic to treat helmintosis in 

human and veterinary medicine. When taken orally niclosamide proved to have only 

slight adverse effects in humans and mice such as diarrhea or skin rash (202-204). 

Therefore, niclosamide rather than calcimycin was chosen to be further applied in 

xenograft mice to defeat S100A4-induced metastasis. Consistently, daily systemic 

treatment of xenograft mice with niclosamide caused no visible toxic side effects during 

the period of investigation of 24 days.  

 

5.5.2. Non-invasive bioluminescence imaging visualized S100A4-induced 

metastasis 

Experimental metastasis in immune-deficient mice has proven to be suitable to 

evaluate the metastatic potential of a certain population of cells (35, 65, 205). However, 

the problem of this in vivo application is the determination of the optimal endpoint. The 

optimal endpoint should be neither too early, otherwise metastases might not be 

visible, nor too late to reduce the suffering of the animal and avoid tumor burden-

caused death.  

In this study the endpoint decisions were optimized by using non-invasive 

bioluminescence imaging to follow the process of S100A4-induced metastasis of 

human colon cancer cells in vivo. Bioluminescence imaging is based on the detection 

of photons, which are excised as a side product in an enzymatic reaction. In this study, 

firefly luciferase was applied, which stems from the North American firefly Photinus 

pyralis and catalyzes the oxidation of luciferin under ATP consumption and emission of 

light. Monitoring of intrasplenically implanted human colon cancer xenograft mice 
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revealed an increased bioluminescence signal in the spleen region and, until day 24, a 

liver signal in the solvent-treated control mice.  

Many non-invasive imaging modalities besides bioluminescence have been described 

for their use in small animals, such as magnetic resonance imaging, computed 

tomography, positron emission tomography and fluorescence imaging (206). However, 

bioluminescence bears several advantages compared to other modalities such as its 

ease of application and its high-sensitivity. It is free from exposure to radiation and 

provides a relative measure of signal to amount of viable cells. Moreover, mammalian 

tissue has only a very low intrinsic bioluminescence, which therefore generates an 

optimized signal-to-noise ratio (207). The main limitation of bioluminescence is its 

anatomic resolution which is restricted to the organ level. However, bioluminescence 

imaging is useful to detect lung or liver metastases from a multitude of cancer cells, 

such as breast and sarcoma, or prostate, respectively (173, 208-211). In this study, the 

bioluminescence signal from liver metastases formed by colon cancer cells appeared 

already on day 6 as a weak signal in the liver region of solvent-treated control mice. 

Due to its high sensitivity bioluminescence imaging detected even micrometastases 

which may be not visible at that stage. The liver metastasis signal increased over time 

until day 24 and autopsy further confirmed the presence of liver metastases in solvent-

treated xenografts. In conclusion, the non-invasive bioluminescence imaging is a 

helpful tool to monitor the process of S100A4-induced metastasis, and to test potential 

anti-metastatic drugs such as niclosamide.  

 

5.5.3. Intrasplenic xenograft model revealed anti-metastatic function of 

niclosamide  

Niclosamide inhibited the formation of liver metastases in colon cancer xenografts. The 

experimental metastasis model was based on intrasplenic injection of colon cancer 

cells into immune-deficient mice. The spleen is intensively blooded which allows 

intrasplenically injected cells to easily enter the blood circulation (212). Consequently, 

the intrasplenic model does not represent the whole process of metastasis formation 

since it excludes the processes of dissemination from the tumor tissue and invasion of 

the blood circulation (213).  

Metastasis formation starts with the local tumor from which cells invade the vascular 

and lymphatic system, circulate and finally extravasate into the foreign tissue of the 

target organ (28). The entire metastatic cascade is simulated in orthotopic transplanted 

xenograft mice. However, the orthotopic model has several disadvantages, beginning 

with the time-consuming and not always successful surgical set up including a 
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subcutaneous grown tumor which will be sliced and transplanted into the cecum (214). 

Only in 50 % of successful transplanted mice the tumor metastasizes to the lymph 

nodes and very rarely to the liver (213, 214). Further, in most cases the tumor burden 

causes death before liver metastases might become visible (215). 

The appropriate model to study human cancer metastasis needs to fulfill two 

requirements which are based on the ‘seed and soil’ theory (28, 205). Firstly, it must 

include metastatic cells which performed EMT, are able to survive under non-adherent 

conditions and to invade the foreign tissue. Secondly, it must provide tumor growth in 

the targeting organ tissue, which can then be inhibited by potential anti-metastatic 

drugs. In this study, the intrasplenic model used fulfilled both requirements including 

S100A4-overexpressing cells, which presented increased cell motility, and their 

formation of liver metastases. Thus, intrasplenic injection was efficient to analyze the 

anti-metastatic potential of niclosamide, although it only simulated the final processes 

of metastasis formation. 

In xenograft mice, niclosamide treatment reduced the S100A4 expression level in colon 

tumor cells. Furthermore, it restricted the number and size of metastases. However, in 

some niclosamide-treated mice, micrometastases were still found. Reasons for that 

may lie in the concentration of niclosamide or its metabolism. However, a third 

restriction was the time of treatment. The treatment with niclosamide started 24h after 

cells were transplanted, meaning that the cells had at least 24h to circulate in the blood 

and further 24h until niclosamide inhibited S100A4 protein expression. These 

rationales indicate that the micrometastases found could have been an artifact of the 

xenograft model. Nevertheless, the study definitely provides evidence that by inhibiting 

S100A4-expression, niclosamide impaired the metastatic steps of cell extravasation 

and invasion into the foreign tissue as well as restricted the proliferation of metastases 

in vivo.  

 

5.5.4. Niclosamide as anti-metastatic drug for colon cancer patients 

This study provides evidence that niclosamide inhibits S100A4-induced cell motility in 

vitro and metastasis formation and outgrowth in xenograft mice. Based on these 

results, the application of niclosamide is suggested in the management and treatment 

of colon cancer patients. S100A4 expression in tumors from colon cancer patients was 

shown to be prognostic for the development of metastases (34, 65). Moreover, studies 

performed by Stein and colleagues show that the level of free circulating S100A4 

mRNA in the blood of colon cancer patients is specific and sensitive to predict the 
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occurrence of metastases (158). The prognostic value of S100A4 therefore allows 

identifying colon cancer patients which are at high risk to form metastases.  

The majority of colon cancer patients are diagnosed with a colon tumor before 

detectable metastases have formed, and about 20% of those patients will develop 

metachronous metastasis within five years (216, 217). In a treatment scenario, suitable 

patients could be identified for high S100A4 expression either post-tumor-resection via 

immunohistology or RT-PCR or even pre-tumor-resection via blood analysis. In 

patients with increased S100A4 levels, niclosamide treatment could be of immense 

value to restrict colon cancer metastasis.  

To discuss the potential efficiency of niclosamide to successfully treat colon cancer 

patients, the time point of metastatic seed is of particular interest. As discussed in the 

introduction, there are two models for the origin of metastasis: the concurrent model 

and the sequential model. In the sequential model, the metastatic cells stem from the 

late carcinoma, which is based on the observation that mutations of the late carcinoma 

are also found in the respective metastasis (23). In this scenario, patients who might 

develop metachronous metastases could be treated with niclosamide as described 

above. 

In contrast, the concurrent model describes metastatic dissemination to occur early in 

tumor development, planting metastatic seeds which can persist in a dormant state. 

Activation of the latter will give rise to metastasis even after the resection of the primary 

tumor (218, 219). In this scenario, one might think that niclosamide treatment after 

tumor resection might be too late, since metastases could have already formed at the 

time of diagnosis. The model was based on the observation that even years after tumor 

resection metastases can form (32, 218). However, those metastases might not arise 

from dormant cells, but rather from tumor cells that were shedded during surgical 

resection (220). This is in line with the observation that the amount of circulating tumor 

cells increased intraoparatively dependent on the method of surgery (221). 

Nevertheless, 15-25% of colon cancer patients are diagnosed with synchronous 

metastasis (216). These patients might also be eligible for niclosamide treatment, given 

their tumor expressed increased levels of S100A4. In the intrasplenic model 

niclosamide did not only inhibit the extravasation and invasion of cancer metastasis, 

but also the metastatic growth of cells which entered the liver within the first 48 h until 

the niclosamide effect took place. Thus, niclosamide treatment of colon cancer patients 

with synchronous metastasis could reduce their metastatic load and promote their 

eligibility for liver metastasis resection (222).  

Current treatment conditions of colon cancer patients with synchronous or 

metachronous liver metastases are colonic tumor resection along with 

94 



DISCUSSION 

hepatoectomie (174, 222). In most cases surgical resection is accompanied by 

chemotherapy, such as 5-fluoruracil/leucovorin, irinotecan or oxaliplatin, mostly 

targeting at the increased proliferation rate of cancer cells (223). In the management of 

colon cancer metastasis, however, novel drugs are needed that target at the metastatic 

potential of cells, since metastatic dissemination is the major cause for cancer death. In 

this respect, niclosamide presents substantial potential to be applied as adjuvant 

chemotherapy to tumor and liver metastasis resection. 

 

 

5.6. The inhibitor of the inhibitor – S100A4 and DKK-1 

Negative correlation of gene expression is a first indicator to identify antagonists. In this 

study S100A4 and DKK-1 expression was negatively correlated. In a set of 13 colon 

cancer cell lines both genes were inversely expressed on the mRNA as well as on the 

protein level. Thus, the study presents a novel mechanism of a positive feedback loop 

in the Wnt pathway formed by S100A4 and DKK-1.  

 

5.6.1. S100A4 inhibits DKK-1 expression 

In this study, colon cancer cells with non-mutated β-catenin expressed significantly 

higher levels of DKK-1 mRNA and protein than cells with mutated β-catenin. DKK-1-

promoter reporter assays revealed that promoter activity was inducible by β-catenin 

and TCF-4 leading to the conclusion that in colon cancer cells DKK-1 is a β-

catenin/TCF target gene (60). In this case one would expect DKK-1 to be upregulated 

in cells with mutated β-catenin, which was not the case in this study. However, the 

DKK-1 expression in colon tumor tissue is regulated downwards, but increased in 

normal colon epithelium. This is consistent with the observations obtained from the cell 

system where cells with mutated β-catenin, simulating the tumor tissue, expressed 

reduced levels of DKK-1 and cells with wildtype β-catenin as it is found in normal colon 

epithelium expressed high levels of DKK-1 mRNA and protein (14, 60). These 

observations suggest that DKK-1 expression in colon cells is regulated via a second 

mechanism apart from the β-catenin/TCF complex.  

In colon cancer cells with mutated β-catenin the S100A4 expression was increased 

accompanied by high Wnt pathway activity. In contrast, in colon cancer cells with non-

mutated β-catenin the S100A4 expression was hardly detectable and Wnt pathway 

activity was low. These cell line based observations are consistent with findings in 

tumor tissue of colon cancer patients, in which S100A4 expression and Wnt pathway 
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activity are increased (48, 65). On the opposite, in normal colon epithelium S100A4 

expression is very low accompanied by low Wnt pathway activity (65, 224). 

Exogenous overexpression of S100A4 in cells with increased DKK-1 levels inhibited 

the expression of DKK-1 mRNA and decreased the amount of secreted and thus 

functional DKK-1 protein. These results indicate that S100A4 is an inhibitor for DKK-1 

expression. Consistently, removal of the inhibitor S100A4 rescued the mRNA 

expression of DKK-1 in cells with mutated β-catenin. A similar gene regulation was 

described for S100A4 and E-cadherin. Several independent studies described their 

negative correlation (85, 87, 88, 225). Moreover S100A4 inhibited BNI3 expression 

thereby inducing chemo-resistance in pancreatic cancer (226). However the 

mechanism of expression inhibition was not yet identified in either case. 

S100A4 protein can translocate to the nucleus and nuclear localization of S100A4 was 

found to be of better prognostic value for the formation of metastasis than cytoplasmic 

S100A4 expression (152, 157). These results indicate a considerable role for S100A4 

in gene regulation. A recent study on chrondrocytes described promoter-binding activity 

of S100A4. Upon sumoylation S100A4 translocated to the nucleus were it bound to the 

promoter-region of MMP-13 and induced target gene transcription (227). Similarly, 

S100A4 could function as a repressor on the DKK-1 promoter. In lung and colon 

cancer, downregulation of DKK-1 and other Wnt antagonists is a frequent event which 

is often accompanied by promoter hypermethylation (14, 228, 229). In a set of 54 colon 

tumors expressing low level of DKK-1, 17% presented DKK-1 promoter 

hypermethylation. Therefore, besides direct transcriptional regulation, S100A4 could 

also induce epigenetic inhibition of DKK-1 expression, a hypothesis that will be 

addressed by further investigations.  

 

5.6.2. DKK-1 is an endogenous inhibitor for S100A4 expression 

Colon cancer cells with non-mutated β-catenin presented high levels of DKK-1 

expression and very low levels of S100A4. Inhibition of DKK-1 expression using 

RNA interference rescued the expression of S100A4 indicating that DKK-1 functioned 

as inhibitor for S100A4 expression. DKK-1 belongs to the group of secreted Wnt 

antagonists. It blocks the canonical Wnt pathway by binding to LRP-5/6, the co-

receptors of the Wnt/frizzled signaling complex (51). Binding of DKK-1 to LRP-6 

sequesters the latter from the Wnt/frizzled signaling complex and induces endocytosis 

of the co-receptor together with the transmembrane protein kremen (57, 59). 

Consequently, the Wnt pathway and its target gene transcription are disabled.  
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In cells with non-mutated β-catenin, DKK-1 overexpression caused the inhibition of β-

catenin/TCF target gene transcription such as S100A4. Consistently, in cells with 

endogenously high levels of S100A4, expression of the latter was inhibited when cells 

were treated with recombinant DKK-1 (rDKK-1) protein. The inhibition was 

concentration-dependent. However, the concentrations used were fairly high. Only the 

lower concentration was physiologically found in chronically inflamed colon epithelium 

of Crohn’s cholitis patients (54). The colon cancer cells used in this study were 

heterozygous for mutated β-catenin, which is resistant to upstream signaling 

processes (195). However, these cells also expressed wildtype β-catenin, which 

responds to active Wnt signaling and its inhibition by rDKK-1. Very high concentrations 

of rDKK-1 were thus able to stimulate wildtype β-catenin degradation to a level that 

could not be compensated by mutated β-catenin, leading to a reduction of S100A4 

expression. A recent study on colon cancer cells reported that 100 ng/ml rDKK-1 

inhibited cell migration and wound healing. Moreover, rDKK-1 inhibited the polarization 

of migrating cells at the leading edge (54). All these functions can be induced by 

S100A4 expression. These observations are consistent with the findings of the present 

study showing that rDKK-1 inhibits S100A4 expression. 

 

 

5.7. The new roles for small molecules, S100A4 and DKK-1 in the Wnt pathway 

In colon cancer the Wnt pathway is the most frequently deregulated pathway leading to 

uncontrolled β-catenin levels in the cells and, thus, to constitutively active β-

catenin/TCF target gene transcription (38, 42, 230). The identification of molecular 

mechanisms influencing this pathway is of great interest in the understanding of colon 

cancer and forms the lead for the development of potential therapies (159, 195).This 

study presents several novel interactions that occur in the Wnt pathway which 

systematically enrich our knowledge on its regulation and the possilities of controlling 

it (Fig. 5.1).  

 

This study provides evidence that S100A4 inhibits DKK-1 expression, which by itself is 

a negative regulator of S100A4 expression (Fig. 5.1A). The ubiquitous protein S100A4 

is a target gene of the Wnt pathway and is a central mediator of metastasis, thereby 

promoting one of the leading causes for colon cancer death. During tumorigenesis 

mutations within the Wnt pathway are initial events leading to S100A4 overexpression 

(37, 65, 231). This study entered a new step to the colon cancer cascade, namely that 

S100A4 overexpression leads to inhibition of the Wnt antagonist DKK-1 function by 
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repressing its expression. By inhibition of its endogenous inhibitor, S100A4 induces a 

positive feedback loop which supports the constitutively active Wnt pathway and thus 

ensures its own expression. This novel regulation within the Wnt pathway further 

underscores the pivotal role of S100A4 in the process of tumor development and 

metastases.  

 

 
Fig. 5.1 Novel regulations in the Wnt pathway. Schematic representation of 
the novel regulations of S100A4 and DKK-1 as well as of the small molecules 
niclosamide and calcimycin in the Wnt pathway. (A) S100A4 inhibits the Wnt 
antagonist DKK-1, thereby forming a positive feedback loop. Loss of 
endogenous inhibitor can be compensated by niclosamide and calcimycin. (B) 
Calcimycin inhibits β-catenin expression, thereby reducing intracellular β-
catenin levels. (C) Niclosamide inhibits the complexation of β-catenin and TCF. 
Thus, both small molecules inhibit S100A4 transcription, thereby restricting cell 
migration and invasion as well as metastasis of colon cancer cells.  

 

 

Loss of the endogenous inhibitor for S100A4 was compensated, in this study, by 

niclosamide and calcimycin, two small molecules which inhibit S100A4 expression 

despite a mutated, and thus constitutively active, Wnt pathway. Wnt pathway inhibition 

by niclosamide and calcimycin occurred with different mechanisms. The antibiotic 

calcimycin disabled constitutive β-catenin/TCF target gene expression by inhibition of 

β-catenin transcription (Fig. 5.1B). By decreasing β-catenin overall levels in the cell, 

calcimycin sequestered the most essential regulator for Wnt signaling induced β-

catenin/TCF target gene transcription. In contrast, the anti-helmintic compound 

niclosamide switched off constitutively active β-catenin/TCF target gene transcription 

by disrupting the transcription-inducing complex of β-catenin and TCF. Inhibiting the 
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Wnt pathway, both small molecules restricted S100A4 transcription in colon cancer 

cells and thus inhibited S100A4-induced cell migration, wound healing and cell 

invasion, all fundamental processes in the course of metastasis formation. Moreover, 

niclosamide significantly inhibited the S100A4 expression in vivo resulting in clearly 

reduced liver metastasis. 

Since metastasis is still the major cause for colon cancer death there is an urgent need 

for anti-metastatic treatment and S100A4, as a mediator of this disease progression, 

provides a potential therapeutic target. This study contributes with fundamental 

evidence for the anti-metastatic potential of small molecules targeting S100A4 

expression which could be beneficial for colon cancer patients at high risk for S100A4-

induced metastasis. These inhibitors might provide another strong weapon in the 

combat of colon cancer metastasis.  

 



OUTLOOK 

6. OUTLOOK 

 

The findings of the present study revealed the anti-metastastic potential of niclosamide. 

In a future treatment scenario of colon cancer patients, this drug might be administered 

as adjuvant chemotherapy on a daily basis. In this respect, the long-term effects of 

daily niclosamide administration to xenograft mice are currently investigated. The focus 

lies on the analysis of the long-term drug tolerability and repression of S100A4 

expression. Moreover, it will be analyzed whether growth of metastases reoccurs if the 

niclosamide treatment is discontinued. Further investigation will evaluate the delivery 

mechanism of niclosamide to patients, since its oral bioavailability is limited. Therefore, 

other forms of drug administration, such as intramuscular injection, need to be 

addressed. These investigations will further help to clarify the potential benefits of the 

clinical application of niclosamide to colon cancer patients with high risk of S100A4-

induced metastasis.  

 

The present study revealed a novel mechanism for S100A4 function forming a positive 

feedback loop within the Wnt pathway. The findings are based on expression data, 

leaving the mechanism behind this gene regulation yet unexplored.  

Current investigations concentrate on understanding if S100A4 inhibits DKK-1 

expression by targeting DKK-1 mRNA through the activation of miRNA mechanisms, or 

by targeting the DKK-1 transcription through inhibiting DKK-1-promoter activity. DKK-1-

promoter reporter assays followed by EMSA and ChIP analysis will evaluate if S100A4 

directly interferes with the DKK-1-promoter. In parallel, research in bioinformatics on 

the DKK-1 mRNA revealed two potential miRNAs which were already shown to act on 

DKK-1 expression. Their impact in this gene regulation will be analyzed.  

Wnt pathway activity and S100A4-induced cell motility in rDKK-1-treated colon cancer 

cells will be analyzed to investigate the power of antibodies mimicking DKK-1 function 

on LRP-5/-6 receptors as potential anti-metastatic drugs.  

The prognostic value of high levels of S100A4 along with low levels of DKK-1 is 

currently investigated in well-characterized colon cancer tissues with 5-year follow-up 

data to predict metastasis formation of colon cancer patients and to allow the early 

diagnosis for those patients that are eligible for anti-metastatic treatment.  
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