




RESULTS 

 

 

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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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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