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1 Introduction 

 

1.1 The Pancreas 

 

The Pancreas is located retroperitoneally at the posterior wall of the abdominal cavity. Func-

tionally, it consists of both an endocrine and an exocrine part. Anatomically, the pancreas 

can be divided in three pieces: the head of the pancreas situated in the duodenal arc, the body 

of the pancreas which is partially covered by the peritoneum, and the tail of the pancreas. 

The exocrine part consists of acinar cells which form multiple glands. Every day these glands 

produce 1.5-2 liters of an alkaline digestive juice for the enzymatic cleavage of carbohy-

drates, lipids and proteins. Consequently, there are different types of enzymes: proteases 

such as trypsin, glycosidases such as α-amylase, nucleases and lipases. To avoid auto-diges-

tion, the enzymes are released in an inactivated manner and are then activated in the duode-

num by enterokinases. The endocrine functions of the pancreas are performed by the islets 

of Langerhans, which consist of the Langerhans cells. Within the islets, four relevant types 

of hormone-producing cells can be found: insulin-producing β cells, α cells which produce 

glucagon, somatostatin-producing delta cells and PP cells producing the pancreatic peptide. 

Figure 1 gives an overview of the anatomic features of the pancreas with the main pancreatic 

duct, which empties the digestive juice into the duodenum via the major duodenal papilla 

together with the bile secreted from the common bile duct. Furthermore, it shows the archi-

tecture of the pancreatic tissue consisting of the acinar units with centro-acinar cells which 

express Hes1, a pancreatic transcription factor which inhibits endocrine differentiation [32], 

the small pancreatic ducts converging to the main pancreatic duct and the embedded islets 

of Langerhans which can be visualized by insulin staining. The pancreatic ductal cells ex-

press cytokeratin 19 which is an intermediate filament and its expression is specific for epi-

thelial cells [8]. 

Based on the diverse histological structure and secretory functions, pathologies of the 

pancreas can have extensive consequences for patients. The most well-known disease of the 

pancreas is certainly type 1 diabetes mellitus, where auto-immune processes lead to the de-

struction of β-cells. In type 2 diabetes, an insulin resistance of the abdominal organs is de-

veloped, which is caused mostly by chronic high blood glucose levels and subsequently ex-

hausted insulin production, leading to β cell atrophy and lack of insulin. An inflammation of 

the pancreas, also termed pancreatitis, can have several causes, such as the occlusion of the 
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ducts, exogenous damage or drug abuse. There is also a hereditary form of pancreatitis which 

is caused by a rare mutation in the PRSS1 gene [77]. Chronic pancreatitis is mostly caused 

by long-term ethanol abuse or has other origins, such as drug intake, high levels of triglyc-

erides, disposing mutations or in the scope of an IgG4-associated disease. 

 

 

 

Figure 1: Anatomy of the pancreas. (A) The location of the pancreas with its relation to the duodenum and 

the common bile duct. (B) Histological image of the endocrine part with the Langerhans cells (lower right) and 

the exocrine part displayed by the acini (asterisk) which are producing the digestive juice and secret it into the 

ducts (arrow). (C) Images of pancreatic tissue (H&E- and immunohistochemical-stained). (Panel 1) An acinar 

unit in relationship to the duct. (Panel 2) The acinar unit is visualized with an antibody to amylase. (Panel 3) 

By staining with an antibody to insulin, the Langerhans islet is shown. (Panel 4) A centro- acinar cell (Hes1). 

(Panel 5) By staining with the antibody to cytokeratin-19, ductal cells are represented. (D) Image of the rela-

tionship between an acinar unit with centro- acinar cells (arrow) to the pancreatic ducts. From [23].  
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1.2 Pancreatic cancer 

 

Approximately 10% of pancreatic neoplasias are derived from the acinar cells, resulting in 

an acinar cell carcinoma. Neuroendocrine neoplasias such as insulinoma or gastrinoma are 

even more rare. The vast majority (> 90% of the cases) are pancreatic ductal adenocarcino-

mas (PDAC). These malignant neoplasias constitute the fourth most common cause of can-

cer-related death in the United States, and both the incidence and the mortality rate are in-

creasing in both men and women [70]. The 5-year survival rate with less than 10 % remains 

very poor  [24]. The causes of pancreatic cancer are still under investigation, but several risk 

factors have been shown to predispose to PDAC: Beside age and genetic predisposition, 

especially smoking is known as a strong causative trigger  [24, 77, 80]. In 2014, Hermann et 

al. showed that even nicotine, a non-carcinogenic substance, promotes acinar cell de-differ-

entiation and leads to pancreatic cancer development in mice, in the presence of a KRAS 

mutation  [21]. There is also evidence for obesity, type 2 diabetes, chronic pancreatitis and 

non-0 blood type to constitute independent risk factors for the development of PDAC. Al-

cohol intake seems to contribute to PDAC as well but is difficult to identify as an independ-

ent risk factor [80]. Furthermore, it has been demonstrated that people who have family 

members suffering from PDAC possess a higher risk to develop PDAC, indicating a genetic 

predisposition [23, 24, 77]. 

As early symptoms of PDAC are very unspecific, the disease is mostly detected in an 

advanced stage [16] where the tumor starts to infiltrate other organs and the patients often 

present with symptoms of advanced disease, such as weight loss, jaundice and abdominal 

pain [77]. Clinical presentation also depends on the localization of the tumor, but since the 

majority of PDACs are located in the head of the pancreas [24]. At this stage, the therapeutic 

option of choice is chemotherapy with either FOLFIRINOX (folic acid, 5-fluorouracil [5-

FU], irinotecan and oxaliplatin) or paclitaxel together with gemcitabine, both of which sig-

nificantly prolong the survival of the patients [16]. Depending on the individual patient, a 

combination of chemotherapy and radiation can be applied. However, a curative therapy is 

only possible by surgical resection when the tumor is restricted to the pancreas and no lymph 

node metastases are found [24]. But even if the tumor is completely resected (R0), an adju-

vant chemotherapy is recommended. Importantly, it has been shown that also patients who 

had undergone an allegedly curative surgery have a disappointing outcome with a 5-year 

survival of only 15-20% [16]. This observation supports the theory that PDAC performs a 

systemic spread even at an early stage of the disease [61]. 



4 

 

 

1.2.1 Key regulators and pathways in pancreatic ductal adenocarcinoma  

 

Pancreatic ductal adenocarcinoma (PDAC) is derived from the pancreatic epithelial cells 

which undergo malignant transformation. First, the cells lose their normal structure and be-

come dysplastic, resulting in the development of a precursor lesion, a pancreatic intraepithe-

lial neoplasia (PanIN) [24]. These changes are caused by the stepwise acquisition of charac-

teristic gene mutations (see Figure 2). This involves the activating mutation in the KRAS 

oncogene, and the inactivation of tumor suppressor genes like CDKNA, TP53, SMAD4 and 

BRCA2. Furthermore, it has been demonstrated that telomere shortening, gene amplifica-

tions and chromosomal deletions are decisive drivers for the development of PDAC [77]. In 

the case of familial PDAC, several distinct germ-line mutations have been identified, e.g. in 

BRCA2, PALB2, CDKN2A, STK11 and PRSS1 [77]. PanIN lesions can be graded from PanIN 

1-3, with PanIN 3 constituting an in situ PDAC and lesions graded higher than PanIN 3 are 

defined as invasive PDAC. Besides the PanINs, intraductal papillary mucinous neoplasms 

(IPMNs) can advance to PDAC, however this progression is comparatively rare [77].  

 

 

 

Figure 2: PanIN lesion progression. Due to accumulating genetic alterations, the pancreatic epithelium un-

dergoes a dysplastic process, forming PanINs which develop up to PanIN 3, the high-grade intraepithelial 

neoplasia. While the KRAS mutation is known to be one of the first alterations, the inactive mutated forms of 

TP53, SMAD4, BRCA2 are usually found in advanced invasive PDAC. Reprinted from [27], with permission 

from AACR. 
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It must be noted that the genetic alterations in pancreatic cancer are very heterogeneous 

and the occurrence concerning gene alterations among all tumors is varies [24]. Nonetheless, 

most (> 90%) pancreatic cancers carry an activating KRAS mutation. Since this mutation can 

be detected even in PanIN 1A lesions, it is one of the earliest occurring mutations whereas 

inactivating mutations of TP53 are usually seen in advanced lesions [12]. 

Figure 3 gives an overview of the mutations and signaling pathways detected in PDAC by 

global genomic analysis as published by Jones et al. in 2008 [69]. In the context of this thesis, 

the Wnt pathway should especially be noted and will be described in detail in chapter 1.3. 

 

 

Figure 3: Overview of key genetic alterations and signaling pathways in pancreatic cancer. According 

to [69].  

  



6 

 

 

1.2.2 Pancreatic cancer stem cells 

  

Molecular studies of tumorigenesis, signaling pathways and carcinogenesis over the last dec-

ades clearly demonstrated that tumors are very heterogenous. The cells within a tumor differ 

significantly regarding their phenotype and their biological features, similarly to ordinary 

tissues. Consequently, there is reason to believe that a malignant tumor acts aberrantly with 

one initiating cell (type), possessing unlimited proliferating potential and the ability to gen-

erate differentiated progeny and thus formally resembling a stem cell [60]. The evidence for 

the existence of such cancer stem cells (CSCs) has been first described in acute myeloid 

leukemia (AML) by the detection of a leukemic cell, which initiates AML and displays the 

features of a leukemic stem cell. The fact that this cell yields differentiated cellular progeny 

indicates a hierarchical organization within the acute myeloid leukemia cells with the leuke-

mia-initiating CSC at the very top of the hierarchy [7]. A consensus definition for cancer 

stem cells was agreed upon: CSCs are a subpopulation within a given tumor that is exclu-

sively tumorigenic in vivo, has the ability to self-renew and to generate differentiated prog-

eny [9]. Within the following years, the existence of CSCs has been proven for different 

types of tumors such as breast [49], brain [71], colon [55], prostate [56], ovarian [57] and 

also for the pancreas [20, 40].  

In 2007, Hermann et al. and Li et al. demonstrated conclusively, that within PDAC 

there is a subgroup of cells fulfilling the CSC criteria mentioned above [20, 40]. Interest-

ingly, both CSC populations overlap significantly, but are not identical, as shown by flow 

cytometry analysis [20]. By using a xenograft mouse model, Li. et al showed that the cells 

of this subpopulation express distinct biomarkers such as CD44, CD24 and epithelial spe-

cific antigen (ESA) and that these CD44+CD24+ESA+ cells showed an enhanced tumor-

igenic potential [40]. Hermann et al. demonstrated that pancreatic CSCs can be isolated due 

to their expression of the surface marker CD133 and that these cells also display a profound 

resistance to standard chemotherapy [20]. Furthermore, they showed that a specific sub-

clone of the CD133+ CSCs within the invasive front of the tumor expresses CXCR4, which 

is known to be a key regulator in leukocyte homing. Consequently, these CD133+CXCR4+ 

cells are exclusively responsible for the metastatic spread of pancreatic cancer cells, which 

was demonstrated in in vivo metastasis assays [20]. Concurrently these studies showed that 

cancer stem cells of different tumor entities can be identified using the same stem cell 

marker, for example CD44, which is expressed either by tumorigenic breast cancer cells or 
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pancreatic cancer stem cells [40]. Likewise, CD133 has also been found in colorectal [62], 

brain [71] and prostate [63] tumors to mark cells with highly tumorigenic potential. Over the 

last years, several markers to mark CSCs have been identified. In 2011, Li et al. could declare 

C-MET as another marker and therapeutic object for pancreatic CSCs [41]. In addition to 

that, in 2014, the identification and isolation of CSCs was shown to be feasible using auto-

fluorescence, which provided a new aspect in studying the biology of CSCs [46]. In the case 

of pancreatic cancer, aldehyde dehydrogenase activity (ALDH) was also used successfully 

to identify CSCs [13] 

For the clinical routine, a particularly important consequence of the presence of CSCs 

with the described characteristics is a) their resistance to standard chemotherapy resulting in 

rare therapeutic success and b) their early metastatic spread. Subsequently, most tumors are 

diagnosed when lymph node or distant organ metastasis can be detected [16, 61]. The un-

derlying mechanisms of the metastatic behavior of CSCs are still under investigation. The 

identification of a metastatic CSC sub-clone co-expressing CXCR4 is a big step forward 

[20], and implies the existence of circulating CSCs as the root of metastatic spread. Simi-

larly, results have been demonstrated for breast cancer and small cell lung cancer (SCLC) 

[4, 26].  

As described by Raj et al., two hypotheses regarding the origin of circulating CSCs 

are conceivable (Figure 4): Either, they originate from the primary tumor and gain the nec-

essary features to metastasize over the course of time, or they arise from metastatic tumor 

cells which have already disseminated and have remained in a dormant state [59].  
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Figure 4: Tumorigenesis and cancer progression. Left: Cancer stem cells, giving rise to clones of differen-

tiated progeny (non-CSCs) with limited capacity for self-renewal. As genetic and epigenetic alterations oc-

cur, diverse CSC subclones can evolve. Center: CSCs as well as their progeny can acquire migratory traits, 

presumably by epithelial-to-mesenchymal transmission (EMT) or tumor evolution. Circulating CSCs may 

thus either arise from the primary tumor or from (dormant) disseminated cells. From [59], with kind permis-

sion from STEM CELLS. 

 

 

An important mechanism in the acquisition of cellular motility is the so-called epithelial-

to-mesenchymal-transition (EMT). During this highly complex and tightly regulated pro-

cess epithelial cells lose some of their characteristic features, disengage from their tight 

cell junctions and acquire a more mesenchymal phenotype, which allows them to invade, 

move, and metastasize to different organs. There is evidence that undergoing EMT also 

confers an enhanced tumor initiating potential to these cells [59, 61]. Thus, studying and 

targeting CSCs and circulating CSCs may be a key issue on the road improved chemother-

apy and the prevention of metastatic spread.  
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1.3 The canonical Wnt signaling pathway 

 

The term Wnt is a composition of both wingless (wg) and int-1 which goes back to its 

discovery and function [52]: Initially, int-1 was identified as a proto-oncogene that is acti-

vated by the insertion of mouse mammary tumor virus (MMTV) in mammary carcinomas 

[53]. It could be demonstrated that the int-1 oncogene is identical to the wingless gene in 

Drosophila, which works as a crucial player in the morphogenesis of the fly [64], revealing 

an exceptional connection between carcinogenesis and embryonic development [52].  

The proteins of the Wnt family display an essential role in cell proliferation and dif-

ferentiation, and mediate cell-cell signaling during embryogenesis [42]. Up to now, 19 WNT 

genes in the human genome have been discovered and can be divided into 12 Wnt subfami-

lies [10]. Furthermore, it has been proven that WNT proteins can be found universally in the 

animal kingdom and are indispensable for the axis patterning of bilaterally symmetric ani-

mals [58]. Together, the WNT proteins constitute a family of growth factors, and act in a 

paracrine way, which is modified by lipids [42]. The activation of the Wnt signaling pathway 

by WNT proteins results in the activation of specific target genes and (depending on the 

affected receptor) preserves the typical architecture of a cell as it influences its cytoskeleton. 

The Wnt pathway is highly conserved, and due to the proteins’ role as growth factors, it can 

be found to be universally active in proliferating tissues [54].  

Figure 5 depicts the mechanism of Wnt signaling either in the presence or in the ab-

sence of Wnt [54]: After the release of the WNT proteins, they will bind to a distinct receptor 

complex on target cells consisting of the Frizzled (FZD) protein, which is cooperating with 

the transmembrane molecule LRP5/6. After Wnt has bound to FZD, the two receptors will 

dimerize and change their confirmation causing an activation of a protein complex which 

consists of the proteins Disheveled (DVL), the tumor suppressor proteins Axin and APC, 

the serine-threonine kinases GSK-3 and CK1, a protein phosphatase 2A (PP2A) and the 

ubiquitin ligase β-TrCP. The crucial signaling effector component of the Wnt-pathway is β-

catenin, as its concentration is regulated by a so-called destruction complex (DC), the com-

plex of APC, Axin and the two kinases [54]. In the absence of WNT β-catenin is phosphor-

ylated by the kinases CK1 and GSK3, and subsequently ubiquitinated and degraded by the 

proteasome. In the nucleus, the T-cell factor (TCF) transcription factors are bound to the 

DNA and display the effectors of the Wnt cascade as they will be activated by the binding 

of β-catenin. If the activation of TCF by β-catenin fails, TCF will not become transcription-

ally active but will bind to the protein Groucho, which will further repress its activation. If 
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the FRZ/LRP receptor is activated by Wnt, the destruction complex will interact with the 

receptor resulting in a phosphorylation of the LRP receptor, which in turn inhibits GSK3 and 

therefore further phosphorylation of β-catenin is prohibited. Consequently, β-catenin will 

not be identified by the ubiquitin ligase, will not be ubiquitinated and will thus not be de-

graded. Afterwards, as the phosphorylated β-catenin is not degraded, the saturation of pro-

tein complex leads to the synthetization of new β-catenin, which can now dissolve into the 

nucleus where it binds the TCF and therefore promotes the transcription of the TCF target 

genes such as AXIN2 (see Figure 5). This gene is a general transcriptional target indicating 

Wnt pathway activity, whereas most of the Wnt target genes are cell-type-specific and de-

pend on each cell’s stage of the development [54]. 

In general, the Wnt pathway is involved in the biology of almost all types of stem cells, 

which are characterized by the ability to self-renew and to generate specialized, more differ-

entiated cells [54]. In the intestinal epithelium, essential mediators of Wnt signaling and 

stemness are TCF4/TCF7l2, whose deletion causes the loss of the stem cell compartment in 

the crypt [5]. One of the most important target genes of TCF4 is LGR5 (leucine-rich-repeat-

containing G-protein-coupled receptor 5), a member of a 7-transmembrane receptor family, 

which was detected to be the key marker of the intestinal stem cells [6] located at the basis 

of the crypt of the small intestine and the colon [5]. Furthermore, Wnt signaling drives the 

generation of organoids in vitro, three-dimensional cellular structures derived from stem 

cells which harbor organ-specific cell types [54]. Furthermore, the purified WNT protein 

constitutes a self-renewal factor for mammary stem cells, as it drives mammary stem cells 

to clonal expansion in culture and allows them to keep their capacity for generating func-

tional glands in transplantation assays [83].  

While Wnt signaling plays a fundamental role during pancreatic embryogenesis, it is 

inactive in the adult pancreas and subsequently Lgr5 is not expressed. Indeed, it could be 

shown using a reporter system in a pancreatic organoid model that during regeneration after 

injury, the Wnt target genes are activated and the expression of Lgr5 is upregulated, marking 

stem cells in the pancreas under these conditions [29]. 



11 

 

 

 

Figure 5: The Wnt signaling pathway.  

Left: The degradation of β-catenin by the destruction complex (DC) as the ubiquitin ligase β-TrCP recognizes 

a specific binding site after phosphorylation of β-catenin in the absence of Wnt. The T-cell factor (TCF) in the 

nucleus remains inactive as it is bound by its repressor Groucho.  

Right: When Wnt is active, an interaction of the DC with the LRP receptor is initiated, leading to the persis-

tence of phosphorylated β-catenin which is now stabilized and cannot be degraded. Consequently, β-catenin 

activates TCF in the nucleus, resulting in the transcription of Wnt target genes. Adapted from [54], with per-

mission from Elsevier. 

 

As expected, mutations in the Wnt pathway have severe consequences for (cell) develop-

ment. Since Wnt signaling controls stem cell biology, Wnt pathway mutations are very com-

mon in cancers [54]. In this context, a mutation of the APC gene leads to familial adenoma-

tous polyposis (FAP), a hereditary form of colorectal cancer [37]. The mutated APC loses 

its function; thus β-catenin becomes stabilized (see Figure 6) and the subsequent activation 

of Wnt signaling leads to the binding of β-catenin to TCF and target gene transcription. 

Moreover, in those colorectal cancers not carrying an APC mutation, a mutated β-catenin 

ensures its own stabilization by modification of phosphorylation sites, which in turn prevent 
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its degradation [47]. Hereditary mutations in Axin2, another important pathway component, 

predisposes patients to develop colorectal cancer. In addition, in the hepatocellular carci-

noma, Axin1 mutations have been described [67].  

Figure 6: The mutated APC leads to the stabili-

zation of β-catenin as it interferes with the DC 

and β-catenin is not degraded. Consequently, the 

pathway is activated. Adapted from [54], with 

permission from Elsevier. 

 

 

Furthermore, mutations in the Wnt sig-

naling pathway are causative for many 

degenerative diseases, for example bone 

density defects, familial exudative vitre-

oretinopathy or tooth development de-

fects. Interestingly, multiple components 

of the Wnt signaling pathway are impli-

cated in the same disease, revealing the 

importance of this signaling pathway for 

normal tissue development [54].  

Considering these facts, it becomes obvi-

ous that faulty Wnt signaling represents 

an attractive target for the development 

of therapeutic intervention. So far, sev-

eral small molecule modulators (both ac-

tivators and inhibitors) of Wnt signaling have been developed / identified. Of special interest 

is the palmitoyl transferase Porcupine, which works as lipid modifyer of WNT proteins in 

the endoplasmic reticulum before these are transported to the cell surface and secreted, 

providing a limitation to WNT protein secretion and thus Wnt pathway activation [54]. It 

has been experimentally shown that the development of Porcupine inhibitors offers a prom-

ising opportunity for targeting colorectal cancer [3].  
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1.4 The Dickkopf-Protein 3 (DKK3) 

 

As mentioned before, there are several naturally occurring Wnt inhibitors to control the ac-

tivity of Wnt/beta-catenin signaling [54]. One group of inhibitors is the Dickkopf (Dkk) pro-

tein family, which is present in vertebrates and partially in invertebrates and consists of the 

following members: Dkk1, Dkk2, Dkk3, Dkk4 and Dkkl1. The latter (Dkkl1) is also called 

“soggy” or Dickkopf-like protein 1 and is closely related to Dkk3. There is a deep disparity 

between Dkk1, 2, 4 and Dkk3, both evolutionary and functionally [50]. Figure 7 shows the 

biological structure of the Dkk protein family, emphasizing the differences between Dkk1, 

2, 4 and Dkk3 [76]. Among all the Dkk proteins, the role and function of Dkk1 is best un-

derstood. Dkk1 binds to the LRP5/6 receptor, preventing the interaction between Wnt and 

the FRZ/LRP complex (see Chapter 1.3), resulting in the degradation of beta-catenin. In 

contrast, the function of Dkk2 is bivalent, as it can inhibit or activate Wnt/beta-catenin sig-

naling depending on the LRP5/6 expression level. However, unlike Dkk1, Dkk2 and Dkk4, 

which show interaction with the LRP5/6 receptor, Dkk3 does not interact with the LRP5/6 

receptor and an equivalent membrane receptor for Dkk3 interaction has not been identified 

so far [50, 76]. 

 

 

Figure 7: Dkk protein family and its structures. All DKK proteins contain two cysteine-rich domains (Cys1 

and Cys2). There is a high structural difference of Dkk3 compared to its family members, as it has a larger 

protein size, a shorter linker region and a high N-terminal sequence similarity with DKKL1. Furthermore, 

Dkk3 possesses four putative posttranslational N-glycosylation sites, whereas Dkk1 and Dkk2 only harbor one 

site each. Numbers refer to the modified amino acid residue. (Cys, cysteine-rich domain; N, N-acetylglucosa-

mine; P, phosphoserine; Sp, N-terminal signal peptide. Reprinted from [76], with permission from Elsevier.  
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As the Wnt pathway plays a crucial role in embryonic development, the Dickkopf pro-

tein family is essential for its regulation, e.g. Dkk1 is necessary for axial patterning, bone, 

limb, eye and skin formation [11, 50]. The pivotal role of the Wnt pathway is unquestioned 

not only in embryogenesis, but also in cancer development. Consequently, the Dkk proteins 

and their functional modifications are of special interest and have been studied in several 

cancer models. Especially Dkk1 and Dkk3 are dysregulated in various cancer types [11]; In 

colorectal cancer, Dkk1 is epigenetically inactivated and in correlation with this, the over-

expression of Dkk1 leads to decreased tumor growth, thus indicating a tumor suppressive 

role for Dkk1 [2].  

The impact of Dkk3 in cancer is complex and not wholly understood so far. Due to its 

downregulation in various cancer types, such as hepatocellular and cholangiocellular carci-

noma, HaCaT immortalized keratinocytes or HeLa cervical carcinoma cells [73], non-small-

cell lung cancer [38], renal clear cell carcinoma [39] or prostate cancer [36], it can be as-

sumed that Dkk3 has a tumor suppressive function. Interestingly, there is also evidence for 

the downregulation of Dkk3 in human pancreatic cancer samples [28]. According to these 

findings, Dkk3 is also termed “REIC” (Reduced Expression in Immortalized Cells) [73]. In 

line with the above studies, the overexpression of Dkk3 leads to the repression of tumor 

growth [1, 25, 36] and its hypermethylation seems to be associated with distinct cancer types 

[38, 65]. Interestingly, the methylation status of Dkk3 can be used as a biomarker for various 

tumor types [76].  

Although no specific receptor for Dkk3 has not been identified yet, there is evidence 

that Dkk3 affects transforming growth factor-beta (TGF-β) signaling [11]. This is in line 

with limited cancer cell growth in various tissues upon Dkk3 expression, confirming its role 

as a natural tumor suppressor [76]. In addition to evidence for Dkk3 as a tumor suppressor 

in vitro, these findings have not yet been proven in a mouse model in vivo [31].  

There is further evidence that Dkk3 has an inhibitory effect on the Wnt pathway for 

distinct cancer cell types: In osteosarcoma cells, the expression of Dkk3 led to reduced ac-

cumulation of cytosolic β-catenin [25], and Yue et al. demonstrated that ectopic Dkk3 ex-

pression inhibited the accumulation of β-catenin as well as the expression of the TCF-4 tar-

gets c-Myc and Cyclin D1 in non-small cell lung cancer cells [82]. Gu et al. showed in 2011 

that β-catenin is downregulated in the pancreatic cancer cells MIA PaCa-2 after transfection 

with a Dkk3 construct [17]. In 2015, Guo et al. demonstrated that in pancreatic BxPC-3 

cancer cells, Dkk3 expression under hypoxic conditions resulted in decreased levels of β-
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catenin and suppressed levels of c-Myc and Cyclin D1, indicating that Dkk3 prevents the 

nuclear translocation of β-catenin [18]. 

However, it has been shown that Dkk3 also conveys oncogenic potential: Dkk3 is 

overexpressed in some tumor types, enhancing cancer aggressiveness, or increasing cancer 

cell proliferation [33-35]. Especially in head & neck squamous cell carcinomas, Dkk3 ex-

pression is upregulated and its overexpression leads to increased cancer cell proliferation, 

migration and invasion [34, 35]. According to these findings, the role of Dkk3 in cancer is 

still a very controversial topic and existing studies must be evaluated carefully.  

As Veeck et al. summarized nicely, all the aforementioned studies must be considered 

with the background that Dkk3 and its effects on Wnt signaling hinges on the respective 

context and kind of tissue, and its further role as a biomarker as well as its clinical relevance 

and therapeutic potential must be further elucidated [76]. 

 

 

 

1.4.1 The role of Dkk3 in pancreatic ductal adenocarcinoma 

 

As described before, changes in the Wnt/β-catenin pathway are part of the typical genetic 

alterations in PDAC and are strongly involved in pancreatic tumorigenesis. Most interest-

ingly for this project, direct Wnt inhibition leads to the suppression of the growth of PDAC 

cell lines. However, the underlying mechanisms are not completely understood so far and 

the involvement of both the microenvironment and of other pathways affecting Wnt signal-

ing must be considered [79]. 

Up until now, the role of Dkk3 in the pancreas and especially in PDAC is ambiguous. 

In 2009, Fong et al. described the expression of Dkk3 in endothelial cells in PDAC and 

demonstrated that the expression of Dkk3 in the blood vessels of the tumor was increased. 

Furthermore, the high Dkk3 expression sensitized endothelial cells to chemotherapy and the 

authors observed a correlation between Dkk3high micro vessel density and the prognosis and 

overall survival of patients, suggesting Dkk3 as a potential prognostic marker for PDAC 

[14]. In contrast, in 2011 Gu et al. investigated Dkk3 expression in four distinct pancreatic 

cancer cell lines and detected low DKK3 expression levels in PANC-1, MIA PaCa-2, Aspc-

1 and Bxpc3 cells [17]. In line with the low gene expression levels, the authors could not 
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detect DKK3 protein expression by Western blotting either. As Dkk3 overexpression re-

sulted in decreased cell growth in MIA PaCa-2 cells and the expression of β-catenin was 

also reduced both 48h and 72h after transfection, they postulated Dkk3 to be a tumor sup-

pressor in pancreatic cancer cells, acting through antagonistic action of Dkk3 on Wnt sig-

naling. Furthermore, Dkk3 overexpressing cells showed higher susceptibility to gemcitabine 

[17]. Even if these results are promising, there is no in vivo evidence supporting those so far. 

In 2012, the role of Dkk3 was further investigated in PANC-1 cells by either knock-

down or overexpression of Dkk3 in this cell line. It turned out, that the knockdown induces 

cell cycle inhibition, increases the expression of epithelial differentiation markers and de-

creases the proliferation of the cells, suggesting that Dkk3 is required to preserve the PANC-

1 cells in a de-differentiated state [84]. 

A study from 2015 investigated the Dkk3 expression level of distinct pancreatic cancer 

cell lines and showed that there is expression of Dkk3 in PANC-1 and MiaPaCa-2 pancreatic 

cancer cell lines, but no expression in the pancreatic cancer cell lines AsPC-1 and BxPC-3 

cells [18]. Additionally, the authors showed a significantly lower Dkk3 expression in pan-

creatic cancer tissues compared to adjacent normal pancreatic tissues [18]. Furthermore, they 

investigated the effects of hypoxia on Dkk3 expression, since hypoxia is involved in the 

activation of β-catenin in pancreatic cancer and hypoxic conditions are frequently found in 

PDAC. Under hypoxic conditions β-catenin is activated and translocated into the nucleus in 

BxPC-3 cells, whereas after transfection with a Dkk3 overexpression construct, activation 

of β-catenin is absent. Moreover, the authors observed a suppression of migrating cells in 

hypoxia after Dkk3 overexpression and fewer CD133+ BxPC-3 cells, both under hypoxic 

and normoxic conditions, suggesting a limiting influence of Dkk3 on pancreatic cancer stem 

cells [18]. The authors also studied the effects on Dkk3 expression in BxPC-3 cells after 

gemcitabine treatment and demonstrated that the number of cells undergoing apoptosis was 

increased in Dkk3 transfected cells. Furthermore, in vivo experiments using a subcutaneous 

pancreatic cancer xenograft model showed an augmented effect of gemcitabine after Dkk3 

transfection. Even the decreased number of CD133+ cells and the lower expression of β-

catenin, but also an enhanced expression of E-Cadherin in tumor tissues has been found [18]. 

Ultimately, it must be concluded for this study that experiments using hypoxic conditions 

must be regarded separately and may lead to greatly different results as compared to exper-

iments in normoxia. 

Uchida et al. also worked with AsPC-1 and MIA PaCa-2 cells in 2015. They treated 

the cells with DKK3 protein and, by co-culturing peripheral blood mononuclear cells with 
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the pancreatic cancer cells, they observed a decrease in cancer cell growth and a higher cy-

totoxicity of the lymphocytes against the cancer cells [74]. In pancreatic cancer xenograft-

bearing mice, treatment with a combination of Dkk3 protein and peripheral blood mononu-

clear cells (PBMCs) leads to a slight reduction in tumor mass as compared to the control 

group, albeit not in a statistically significant manner [74]. Mechanistically, Uchida et al. 

showed by immunoblotting, that DKK3 activates mTOR and STAT3 in PBMCs, where the 

latter is known to be a key factor in differentiation [74]. Altogether this data suggests an 

immunomodulatory effect for Dkk3 and, as no mechanisms concerning the tumor-suppres-

sive effects of Dkk3 have been found yet, this seems to be a promising approach.  

In contrast to these studies, recent work from 2018 claims that Dkk3 is overexpressed 

in certain pancreatic cancer cell lines and that Dkk3 is mostly secreted by the cells of the 

tumor environment, thereby stimulating the growth of the tumor [86]. This study focused on 

the effects of Dkk3 on the tumor environment, as human pancreatic stellate cells (HPSCs) 

within the fibrotic stroma contribute to the proliferation, the growth and also to the chemo-

resistance of PDAC. The authors discovered that Dkk3 is expressed by HPSCs, which se-

crete it and thus stimulate PDAC [86]. Furthermore, the authors compared Dkk3 expression 

in normal pancreas and PDAC and revealed a 4.5-time higher expression of Dkk3 in PDAC. 

In line with previous studies, they also detected Dkk3 expression in PANC-1 cells. Certainly, 

after treatment of PANC-1 and BxPC-3 cells with recombinant human Dkk3, migration and 

invasion increased significantly [86]. Unlike in previous studies, the authors furthermore 

demonstrated that Dkk3 enhances resistance against the chemotherapeutic agent gemcita-

bine, as in L3.6pl cells expression of Dkk3 together with gemcitabine treatment led to in-

creased colony formation and silencing of Dkk3 in HS766T cells, together with gemcitabine 

treatment, increased the rate of apoptosis significantly [86]. They also showed, that the ob-

served autocrine and paracrine effects of Dkk3 are driven by NF-kB activation, providing a 

mechanistic explanation, since NF-kB is activated by Dkk3 in both HPSCs and PDAC cells. 

In addition, the authors also analyzed the tumor sizes of primary tumors after injection of 

either BxPC-3 cells alone or BxPC-3 cells together with HPSCs and showed that mice that 

had received both cell types displayed a higher rate of peritoneal metastases. Consequently, 

a monoclonal antibody against Dkk3 was studied for its therapeutic potential: After treat-

ment of BxPC-3 the authors observed an inhibition of both the Dkk3-mediated migration 

and the chemoresistance in vitro. Additional in vivo assays confirmed that treatment with an 

anti-Dkk3 antibody resulted in the decrease of the tumor growth and a prolonged survival in 
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mice bearing orthotopic PDAC xenografts [86]. Based on previous findings, they also inves-

tigated immunomodulatory effects of Dkk3-producing PSCs, showing that cytotoxic CD8+ 

T-cells are inhibited. This further reinforces an immunomodulatory role for Dkk3 which 

must be further elucidated in prospective studies. In summary, their findings are quite con-

trary compared to previous data, but Zhou et al. showed indisputably that the effects of Dkk3 

are stromal-mediated and previous studies did not consider and investigate the tumor envi-

ronment so far [86].  

Nevertheless, the fact that studies with the same, closely examined pancreatic cancer 

cell lines result in such conflicting data with regard to baseline expression, knockdown or 

overexpression of Dkk3, provides ample food for thoughts. Up to now, we seem to be far 

away from understanding the detailed mechanism, signaling and particularly from develop-

ing DKK3-related therapeutic strategies for PDAC. 
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1.5 Induced pluripotent stem cells and embryonic stem cell markers 

 

Until recently, the dogma that the differentiation of a somatic cell is an irreversible process 

was a cornerstone of stem cell research. However, this changed with the discovery of in-

ducible pluripotent stem cells (iPSCs). These are stem cells, which are artificially engi-

neered from a non-pluripotent cell by a process termed cellular reprogramming [45]. In 

2006, Yamanaka et al. were able to show that differentiated cells could be reprogrammed 

into an embryonic stem cell by using the key embryonic signaling factors Oct3/4, Sox2, c-

Myc and Klf4 [72]. Furthermore, in 2007 Thomson et al. used Oct4, Sox2, Nanog and 

Lin28 as reprogramming factors and turned somatic cells into iPSCs [81]. Within those so-

called Yamanaka and Thomson factors (reprogramming factors), Oct4, Nanog and Sox2 

emerged as key regulating genes in ESCs, which also sparked significant interested in the 

CSC field [45]. Figure 8 illustrates the overlapping expression of these core stem cell 

markers and underlines their importance for studies with those cell types. 

 

Figure 8: Overlapping expression of core stem cell markers. Schematic illustration of Oct4, Sox2 and 

Nanog and their overlapping expression in all four types of stem cells: embryonic stem cells (ESCs), adult 

stem cells (ASCs), induced pluripotent stem cells (iPSCs) and cancer stem cells (CSCs). From [45], with 

kind permission from Baishideng Publishing Group Inc.  
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In line with the discovery of CSCs, it is not surprising that ESC factors continue to be in the 

spotlight of CSCs research. There is the hypothesis, that these factors within CSCs form a 

functional network and thus regulate pluripotency and self-renewal in tumors [45]. Weinberg 

et al. demonstrated that ESC factors are overexpressed in poorly differentiated tumors and 

concluded that the ESC factors determine the degree of tumor differentiation and conse-

quently influence its aggressiveness [78]. It has already been postulated by Friedmann-Mor-

vinski et al., that somatic cell reprogramming and tumorigenesis share pathways and key 

players and all the reprogramming factors harbor oncogenic potential [15].  

These core embryonic factors are aberrantly expressed in pancreatic cancers, and stud-

ies have shown that high levels of OCT4 and NANOG in human pancreatic cancer tissues 

correlate with early stages of carcinogenesis and with a bad prognosis [45]. Additionally, 

SOX2 plays a special role, as its overexpression leads to the expression of stem cell markers 

and promotes sphere formation in pancreatic cancer cells [20, 22]. Lonardo et al. showed, 

that the embryonic stem cell factors Nanog, Oct4, Sox2 and Klf4 are upregulated in sphere-

derived pancreatic cancer cells and their expression is diminished upon metformin treatment 

[43, 44].  

These core pluripotency factors are also active in induced pluripotent stem cells 

(iPSC). An shRNA screen in iPSCs performed by collaborators (the Group of Prof. Dr. rer. 

med. Alexander Kleger, Dept. of Internal Medicine 1) led to the identification of genes that 

limit reprogramming, self-renewal and tumor formation (unpublished data). A validation of 

the most potent genes that induce iPSC formation led to the identification of Dkk3 as fourth 

most frequent hit, making it a very promising target for further investigation in CSCs.  

 

 

Figure 9: Schematic depiction of the shRNA screen 

in iPSCs. Amounts of shRNA in the deep sequencing 

analysis reveals DKK3 as one of the top targets. Fig-

ure and data are kindly provided by Prof. Dr. rer. med 

Alexander Kleger, Dept. of Internal Medicine 1, Uni-

versity of Ulm.  

shRNA abundancy upon „Deep Sequencing “  
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1.6 Hypothesis and aims  

 

Since there is conflicting data for the role of Dkk3 in PDAC and its role as a potential tumor 

suppressor and Wnt modulator, there is need for further investigations. Both studies men-

tioned in chapter 1.4.1. as well as the data from the Kleger laboratory concerning Dkk3 ex-

pression in iPSCs beg to question: what is the role for Dkk3 in stem cells, and especially, in 

CSCs?  

If we stick to the opinion that Dkk3 has a tumor-suppressive role in PDAC, it might 

be expected that Dkk3 expression in primary pancreatic cancer cells is low. Furthermore, 

considering the features of CSCs, we will perform functional assays to study the influence 

of Dkk3 on CSC features. For this purpose, we will knock down Dkk3 in primary pancreatic 

cancer cell lines. If our hypothesis is true, the loss of Dkk3 might lead to a more aggressive 

phenotype of the primary pancreatic cancer cells, leading to enhanced proliferation, migra-

tion and invasion.  

Furthermore, an investigation of stemness markers and assays will reveal the regula-

tory effect of Dkk3 on stemness. Sphere formation assays with the Dkk3 knockdown cells 

will be performed to evaluate how Dkk3 loss drives stemness. If the hypothesis holds true, 

the expression of the core stemness markers Oct4, Nanog and Sox2 also might be altered 

upon Dkk3 loss.  

Consequently, several primary pancreatic cancer cell lines will be transfected with a 

Dkk3 knockdown construct (as well as a scrambled control construct) in order to study the 

expression of stemness-related genes, but also to perform functional assays such as migra-

tion or invasion assays. The latter could provide information about the functional role of 

Dkk3 within primary pancreatic cancer cells and might give a base for further studies.  
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2 Materials and methods 

 

2.1 Materials  

 

2.1.1 Cell lines  

 

Table 1: Primary pancreatic cancer cell lines used for this project 

Name Origin Reference 

Panc185 PDAC [66]  

Panc253 PDAC [66] 

Panc215 PDAC [66] 

Panc354 PDAC [43] 

Epo10953 PDAC unpublished 

010414 PDAC unpublished 

 

All human pancreatic cancer cells were generated as published previously (Panc185/253/215 

[66]; Panc354 [43]). The primary pancreatic tumors were obtained with written informed 

consent from patients. For the generation of stable cultures, tumor tissue fragments were 

digested with collagenase and further cell culture was performed as described below.  

The use of these cells for this project was approved by the ethical committee of the 

University of Ulm (application no 161/15 and no 95/17). 
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2.1.2 Equipment 

 

Table 2: List of Equipment 

 

Equipment Company Type 

Biosphere® Filter Tips 1000µl SARSTEDT 70.762.211 

Fluorescence Microscope Keyence BZ 9000 

Cell Counting chamber 0,100mm 

depth, 0,0025mm² 
Laboroptik Neubauer 

Cell Culture 100x20mm plate Greiner bio-one 664160 

Cell Culture 6well plate Greiner bio-one 657160 

Cell culture 12well plate Greiner bio-one 665180 

Cell culture insert 12well, 8.0µm 

pore size 
Falcon™ 353182 

CELLSTAR® Centrifuge Tubes, 

Polypropylene, sterile, 15ml 
Greiner bio-one 188271 

CELLSTAR® Centrifuge Tubes, 

Polypropylene, sterile, 50ml 
Greiner bio-one 227261 

Corning® BioCoat™ Matrigel® 

Invasion Chambers 8.0µm 
BD 354480 

Centrifuge Thermo Scientific Heraeus Multifuge X3 

FACS BD Biosciences LSR 2 

Fast Optical 96-Well Reaction 

Plate 

Applied Biosystems by 

Life Technology 
4346906 

Freezer -20°/Refrigerator +4 Liebherr Premium Kombi 

Freezer -80° Thermo Scientific Hera Freeze KS 102 

Incubator 37° 5%C02 Thermo Scientific Heracell 

Laminar Flow Hood Thermo Scientific Herasafe 

Magnetic stirrer IKA RCT classic 36560.00 

Microcentrifuge Eppendorf 5417 R 
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Equipment Company Type 

Microplate reader BioTek® Instruments 185911 

Nanodrop Thermo Scientific 2000 

PCR 8er-Softstrips Biozym Scientific GmbH 710950 

PCR 8er-Capstrips Biozym Scientific GmbH 710960 

Pipette 50ml sterile Schubert & Weiss GmbH 4490 

Pipette 25ml sterile Schubert & Weiss GmbH 4489 

Pipette 10ml sterile Schubert & Weiss GmbH 4488 

Pipette 5ml sterile Schubert & Weiss GmbH 4487 

Pipette 2ml sterile Corning 4486 

Polystyrene Round-Bottom Tube 

with cell-strainer-cap (5ml) 
Corning™ Falcon™ 352235 

Safe Lock Tubes 1,5ml Eppendorf 0030120.086 

Safe Lock Tubes 2,0ml Eppendorf 0030120.094 

SafeSeal SurPhob Tips 200 µl Biozym Scientific GmbH VT0240 

SafeSeal SurPhob Tips 20 µl Biozym Scientific GmbH VT0220 

SafeSeal SurPhob Tips 10 µl Biozym Scientific GmbH VT0200 

Sterile Syringe Filter 0.45 µm VWR International 28145-481 

Vortexer Bender & Hobein AG Vortex-Genie™ 

24-Well Plate with Lid Flat Bottom 

Ultra Low Attachment Surface Pol-

ystyrene 

Corning® 3473 



25 

 

2.1.3 Chemicals  

 

Table 3: List of Chemicals 

Substance Company Cat.no. 

β-Mercaptoethanol Sigma-Aldrich, Germany M6250 

B-27 Supplement (50x), serum free 
Gibco by Life Technolo-

gies 
17504-044 

Cell lysis buffer CST  9803 

DAPI (diamidino-2-phenylindole) 
Gibco by Life technolo-

gies 
D3571 

Deoxyribonuclease Sigma 10025-70-760 

DMEM 
Gibco by Life technolo-

gies 
41965-039 

DMEM-12, GlutaMAX Supple-

ment (500ml) 

Gibco by Life Technolo-

gies 
31331-093 

Doxycycline Sigma R09891-1G 

FBS Sigma-Aldrich, Germany F7524 

Gamunex Grifols, Spain G130158 

GlutaMAX (100x)  Gibco 35050-038 

Isopropanol 70% Pharmacy Hospital Ulm 67630 

Lenti-X concentrator Clontech 631231 

Methanol 99,8% 2,5l Sigma 32213 

Paraformaldehyde 4% Fischar 27242 

PBS 
Gibco by Life technolo-

gies 
14190-094 

Penicillin/Streptomycin PAN Biotech  P06-07100 

Polybrene  Sigma H9268 

Polyethyleneimine (PEI) linear  Polysciences Inc. 23966 

Propidium Iodide Invitrogen 26804W 
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Substance Company Cat.no. 

Puromycin Sigma P9620 

Recombinant Human FGF Basic Novoprotein C046 

RNAse ZAP (250ml) Sigma R2020 

RPMI Media 1604 
Gibco by Life technolo-

gies 
21875-034 

Trypsin-EDTA solution Sigma T4174 

 

 

2.1.4 Kits 

 

Table 4: List of Kits used for the project 

Kit  Company Type 

Agilent RNA 6000 Nano Kit Agilent Technologies 5067-1511 

QuantiFastSybr Green PCR Kit Qiagen 204056 

QuantiTect Reverse Transcription 

Kit 
Qiagen 205314 

RNase-Free DNase Set Qiagen 79254 

RNAeasy Mini Kit Qiagen 74104 

QIAshredder Qiagen 79656 
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2.1.5 Vector systems 

 

For this project, two lentiviral vector systems in order to acquire RNAi-mediated gene si-

lencing have been used, both developed from Dr. Greg Hannon of Cold Spring Harbor La-

boratory and Dr. Steve Elledge of Harvard Medical School in collaboration with Dharmacon 

and the corresponding shRNA construct (TRIPZ Human Dkk3 shRNA RHS4696-

200760332) were purchased from Dharmacon. The Inducible Dharmacon™ TRIPZ™ Len-

tiviral shRNA vector is a Tet-On system and provides shRNA expression in the presence of 

Doxycycline. Figure 10 shows the vector map. The detailed information concerning the 

vector construction and preparation is described in the technical manual, which can be down-

loaded at https://horizondiscovery.com/-/media/Files/Horizon/resources/Technical-manu-

als/ptripz-inducible-lentiviral-manual.pdf.   

 

 

Figure 10: Detailed vector map of the pTRIPZ lentiviral vector. The empty vector is 13.362 bp in size. The 

figure was prepared using the SnapGene Viewer software 5.2.4 (from Insightful Science; available at 

http://www.snapgene.com). 

  

https://horizondiscovery.com/-/media/Files/Horizon/resources/Technical-manuals/ptripz-inducible-lentiviral-manual.pdf
https://horizondiscovery.com/-/media/Files/Horizon/resources/Technical-manuals/ptripz-inducible-lentiviral-manual.pdf
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The second system we used was the Dharmacon™ GIPZ™ Lentiviral shRNA (shRNA 

RHS4696-200760332). Figure 11 shows the vector map. This system does not need to be 

induced and is always active, which makes a scrambled (empty) vector control necessary. 

As for the TRIPZ vector, the detailed information concerning the vector construction and 

preparation is described in the technical manual, which can be downloaded at https://hori-

zondiscovery.com/-/media/Files/Horizon/resources/Technical-manuals/gipz-lentiviral-

shrna-manual.pdf.  

 

 

Figure 11: Detailed vector map of the pGIPZ lentiviral vector. The figure was prepared using the SnapGene 

Viewer software 5.2.4 (from Insightful Science; available at http://www.snapgene.com). 

 

 

  

https://horizondiscovery.com/-/media/Files/Horizon/resources/Technical-manuals/gipz-lentiviral-shrna-manual.pdf
https://horizondiscovery.com/-/media/Files/Horizon/resources/Technical-manuals/gipz-lentiviral-shrna-manual.pdf
https://horizondiscovery.com/-/media/Files/Horizon/resources/Technical-manuals/gipz-lentiviral-shrna-manual.pdf
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2.2 Methods 

 

2.2.1 Adherent cell culture and sphere culture  

 

For the in vitro studies, primary pancreatic cancer cells from patient-derived xenografts were 

used (see chapter 2.1.1). Briefly, primary pancreatic tissue samples were transplanted sub-

cutaneously into immunodeficient mice, expanded and primary pancreatic cancer cells were 

isolated and cultivated as described previously [48].  

The different primary pancreatic cancer cells were cultured in either RPMI medium 

(Gibco by Life technologies) for the Panc185, Panc354, Panc253, 010414 and Epo10953 

cells or in DMEM (Gibco by Life technologies) for the Panc215 cells, which both were 

supplemented with ten percent FCS and five percent of penicillin and streptomycin. Addi-

tionally, 2mM L-glutamine was added to both media. The cells were cultured on 10cm stand-

ard cell culture plates (Greiner-bio one) in an incubator at 37° with 5% CO2. After thawing, 

the cells were retained up to 8 weeks in culture while they were split once or twice a week, 

depending on the proliferation of each cell line. The splitting was done by first washing the 

cells with PBS, adding trypsin for 10 minutes and inactivating trypsin by adding two times 

of the appropriate medium to the cells. After separating the cells by pipetting they were 

centrifuged at 1000 rpm for 5 minutes. Then, the resuspended cells were distributed on fresh 

cell culture dishes. All steps were performed under sterile conditions in a laminar flow hood 

to prevent contamination.  

 

To enrich cancer stem cells or to perform sphere formation assays, single cells from 

adherent culture were centrifuged and the pellet was resuspended with stem cell medium 

(SCM), composed of DMEM-12 (GlutaMAX Supplement), B-27 supplement, recombinant 

human FGF basic and five percent of penicillin and streptomycin. Afterwards cells were seeded 

at a dilution of 10.000 cells / ml medium into 24-well ultra-low adhesion plates (Corning®) 

with SCM (Gibco by Life Technologies). Every other day, 70µl of SCM were added to each 

well and after seven days sphere formation was documented by photography. Pictures were 

taken with Keyence BZ 9000 Fluorescence Microscope and spheres were quantified by using 

Image J (ImageJ. Ink 1.48v; Wayne Rasband, National Institute of Health, USA). 
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2.2.2 Transfection and transduction 

 

For this project we used the Inducible Dharmacon™ TRIPZ™ Lentiviral shRNA vector and 

the Dharmacon™ GIPZ™ Lentiviral shRNA, and the corresponding shRNA constructs as 

described in chapter 2.4. The description of the transfection and transduction was adapted 

from the dissertation of Ms. Karolin Walter, PhD, co-lab member of the Stem Cells & Cancer 

Max Eder Research Group.  

At first, lentivirus production was performed seeding 4,6 - 4,8 x 106 Lenti-XTM 293T 

cells (TaKaRa, 632180) in a 100 mm culture dish overnight in DMEM media containing 10 

% FBS, 1% Penicillin-Streptomycin and 1 % Glutamine before performing the transduc-

tion. The next day, Lenti-XTM 293T cells were transfected as follows: a mixture of 415 µl 

DMEM media, 8 µg of the TRIPZ or GIPZ vector, 5.5 µg of the packaging plasmid psPAX2 

and 2 µg of the envelop plasmid pMD2 that were mixed with 70 µl Polyethyleneimine (PEI) 

solution and incubated at room temperature for 10 min. The media of the plate with the 

Lenti-XTM 293T cells was removed and 6.5 ml pure DMEM (without supplements) were 

added. After the incubation, 1 ml pure DMEM media was added to the transfection mixture 

and the mixture was added to the Lenti-XTM 293T cells. The cells were incubated at 37 °C 

and after 4 h the media was replaced with normal DMEM culture media. For the concentra-

tion of the lentivirus, the supernatants were collected at day two and day four after transfec-

tion and were centrifuged. The supernatant was filtered with a 0.45 µm sterile syringe filter 

(VWR International, 28145-481) and the virus was concentrated following the instructions 

of the Lenti-X concentrator (Clontech, 631231) protocol. For long-term storage, the concen-

trated virus was stored at – 80°C.  

In order to perform the transduction, 2 - 3 x 105 pancreatic cancer cells were seeded in 

a 6-well plate and incubated overnight. Then, after refreshing the media from the plated 

target cells, 2.5 - 25 µl of the concentrated virus stock and 8 µg/ml polybrene (Sigma, 

H9268) were added. The next day this infection step must be repeated and afterwards cells 

were cultured over 48 h in normal media for recovery. In the following, cells were treated 

with the appropriate concentration of antibiotics, as the successfully transfected cells are 

resistant to antibiotics, because the vector system conveys antibiotic resistant markers. By 

the time, the non-transfected cells died completely, so that the concentration of antibiotics 

was reduced. After this treatment the transfected cells were ready to use. 
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2.2.3 Growth curve  

 

For evaluating cell proliferation, 75.000 cells / ml medium were seeded in 6-well adherent 

plates. Then, cells were trypsinized and counted every day, using a Neubauer counting cham-

ber and the amount was documented. The increase was analyzed statistically by using Excel. 

 

2.2.4 Propidium Iodide (PI) cell cycle analysis 

 

The PI cell cycle analysis is a method for quantifying the content of DNA in a cell. Therefore, 

a DNA-binding dye, in this case Propidium Iodide, is taken to stain the DNA in fixed cells. 

The PI will bind respectively the proportional amount of the DNA within a cell. Thus, de-

pending on the cell cycle phase, (G1-Phase S-Phase, G2-Phase, M-Phase) the different 

amounts of DNA in a cell can be measured by the amount of fluorescent PI taken up. This 

way different cell cycle phases can be distinguished and the respective amount can be meas-

ured. 

For the PI cell cycle analysis, the cells were harvested and washed with PBS. Then, at 

least 1 million cells were fixed in 70% cold ethanol which was added dropwise to the pellet 

while vortexing. Next, the cells were fixed for 30min at 4°C. After washing two times with 

PBS, the cells were centrifuged at 1300 rpm for 5 minutes and the supernatant was discarded. 

Afterwards the cells were treated with Deoxyribonuclease to make sure that only DNA, not 

RNA, is stained. After an incubation for 30 minutes at 37°C, PI was added to the cells. 

Measurement at the flow cytometry was done 24 hours later and meanwhile the cells were 

kept at the refrigerator (+4°C).  
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2.2.5 RNA Isolation and cDNA synthesis 

 

For the RNA isolation, the RNeasy Mini Kit (Qiagen) was used. First, the cells were har-

vested and up to 1 x 10^7 cells were dissolved in the RLT buffer which is supplemented 

with β-Mercaptoethanol. After the disruption of the cells by the QIA shredder homogenizer, 

70% Ethanol was added. The total volume was placed into a RNeasy Spin Column and was 

centrifuged at 12000 rpm. Before the DNA digestion was started, the spin column was 

washed with buffer RW1. Then the RNase-Free DNase Set (Qiagen) was used to prove that 

only RNA was isolated. Therefore, the DNase is mixed with Buffer RDD and the compound 

was added to the RNeasy spin column membrane for 15 minutes. After another washing step 

with buffer RW1 the RNA was purified with RPE buffer. Finally, the RNA was eluted in 

30µl RNase Free water. Using the Nanodrop 2000, the quantity and purity of the isolated 

RNA was measured at an absorbance of 230/260/280nm. Only those samples with a high 

purity level (absorbance quotients were close to 2.0) were used.  

 

From the isolated RNA, 1µg was used to perform the cDNA synthesis with the Quan-

tiTect Reverse Transcriptase Kit (Qiagen). After preparing a calculated composition of RNA 

and water, 2µl of the gDNA wipeout buffer was added to each sample and the first cycle was 

run for 2 min at 42°C. Meanwhile, the cDNA master mix consisting of the buffer, the primer 

and the reverse transcriptase was prepared and added to the samples. Afterwards the second 

cycle was run for 20 min at 42°C and subsequently for 3 min at 95°C. Finally, the cDNA 

was diluted with 20µl of RNase Free Water up to a volume of 40µl. At this point the cDNA 

was stored at the refrigerator (+4°C) or the quantitative real time PCR was performed im-

mediately after the synthesis.  

 

2.2.6 Quantitative real-time PCR analysis 

 

According to the manufacturer’s instructions quantitative (q-RT) PCR analysis was per-

formed by preparing a master mix of SYBR Green (Qiagen) and RNase-free water. After 

adding the appropriate volume of cDNA, samples were distributed on a 96-well plate and 

primers were added. Table 5 shows all primers, which were used for this study. Some pri-

mers have been provided from Qiagen; the catalogue numbers are listed in Table 6. 
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Table 5: List of primers 

Gene Primer sense 5´ to 3´ Primer antisense 5´ to 3´ Reference 

hu_CyclinD1 CGTGGCCTCTAAGATGAAGGA CGGTGTAGATGCACAGCTTCT Sigma 

hu_Klf4 ACCCACACAGGTGAGAAACC ATGTGTAAGGCGAGGTGGTC ThermoFisher 

hu_Oct3/4 
CTTGCTGCAGAAGTGGGTGGAG

GAA 
CTGCAGTGTGGGTTTCGGGCA ThermoFisher 

hu_Snai2 CAGTGATTATTTCCCCGTATC CCCCAAAGATGAGGAGTATC Sigma 

Sox2 AGAACCCCAAGATGCACAAC CGGGGCCGGTATTTATAATC ThermoFisher 

Zeb1 AAAGATGATGAATGCGAGTC TCCATTTTCATCATGACCAC Sigma 

 

 

Table 6: Primers from Qiagen 

Gene Assay name Cat.no 

Dkk3 Hs_Dkk3_1_SG QT00036057 

NANOG Hs_Nanog_2_SG QT01844808 

Beta-Actin Hs-ACTB_2_SG QT01680476 

HPRT Hs_HPRT1_1_SG QT00059066 

 

To prove the functionality of each primer, negative controls with RNase-free water instead 

of cDNA were performed simultaneously in each test run.   
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2.2.7 Flow cytometry 

 

Cells were harvested and counted. At least 1 million cells and 500.000 cells for the unstained 

control were distributed to 15ml CELLSTAR® Centrifuge tubes. After centrifugation for 7 

minutes at 1200 rpm the supernatant was discarded, and the cells were blocked with 

Gamunex (6µl/1mio cells) for 15 minutes on ice. Afterwards the cells were washed and cen-

trifuged like before and the supernatant was discarded again. Then, the fluorescent antibod-

ies (Table 7) were added (2µl/1mio cells) and after 30 minutes of incubation, the cells were 

washed with PBS. After discarding the supernatant, the cells were resuspended with PBS 

and were put into a Polystyrene Round-Bottom Tube with cell-strainer-cap (Corning), which 

filters the cells. Before measuring, Diamidino-2-phenylindole (DAPI) was added to each 

sample to identify dead cells. Then the expression of the stained surface markers was meas-

ured using an LSR II flow cytometer (BD) and analyzed by using FlowJo. 

 

Table 7: List of FACS antibodies 

Substance Company Cat.no 

Anti EpCAM-APC BD 347200 

Anti CD133/1 (AC133)-PE MiltenyiBiotech 130-080-801 

Anti CXCR4-APC  BD 565522 
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2.2.8 Migration and invasion assay  

 

Cells were trypsinized and counted. 500.000 cells per sample were placed in an 1,5 ml Safe 

Lock Tube (Eppendorf). After centrifugation, each pellet was resuspended in 500µl serum-

free-media (SFM) and the cell suspension was added into a cell culture insert, 12µm pore 

size, (Falcon™). According to Figure 12, the inserts were placed into a cell culture plate 

(Greiner-bio one, 12 well) which is supplemented with 500µl of FBS-containing medium, 

which serves as a chemo-attractant. As the cells are situated in serum-free medium, they will 

migrate towards the bottom with the FBS-containing medium, which serves as a nourishment 

for them. Therefore, the plate was kept in the incubator for 24 hours at 37°C, to allow the 

migration of the cells. As a modification of the experiment, it is possible to use a Matrigel 

layer between the cell culture insert and the bottom. This way the cells are forced to actively 

penetrate a barrier, imitating an invasion of the cells into a tissue-like material. This invasion 

assay was also performed by using a Matrigel® Invasion Chamber 8.0µm pore size (Corn-

ing® BioCoat™) and is described in the following. 

The migration experiments were stopped by washing the chamber once with PBS and 

the bottom of the chamber was wiped out carefully with a cotton swab. Afterwards the cham-

ber was washed again and the cells in the filter were fixed by 4% paraformaldehyde (PFA) 

for 15 minutes. Then the cells were washed again two times with PBS and incubated with a 

Diamidino-2-phenylindole (DAPI) solution. After two more washing steps, the cells were 

kept in PBS and quantification was performed using a fluorescent microscope (Keyence, BZ 

9000). To this purpose, 4 pictures of each chamber bottom were taken and analyzed by using 

ImageJ (ImageJ. Ink 1.48v; Wayne Rasband, National Institute of Health, USA).  
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Figure 12: Cell Migration. The cells 

were prepared as described. After the 

cells were resuspended, they were put 

into the cell culture insert which is sit-

uated in the 12-well culture plate. To 

perform an invasion assay it is possi-

ble to take a Matrigel-coated insert. 

After 24 hours of incubation in the 

37°C incubator, the cells have mi-

grated towards the chemo-attractive 

substance, in this case the FBS-con-

taining medium. Afterwards the insert 

can be processed as described and the 

amount of the migrated cells can be 

analyzed.  

Reprinted and adapted from [75], CC BY 3.0, https://creativecommons.org/licenses/by/3.0/.   

 

To perform invasion assays cells were prepared the same way as for the migration assay. 

Instead of using the cell culture inserts, Matrigel® Invasion Chamber 8.0µm pore size (Corn-

ing® BioCoat™) were used. Thereby, the cells were forced to overcome actively the barrier, 

consisting of Matrigel, to get to the bottom with the FBS-containing medium. According to 

the manufacturer´s instructions, the chambers were kept at -20°C and thawed 2 hours before 

use. After 24 hours, the chambers were prepared for the analysis as before for the migration 

assay, including a fixation step with 4 % PFA, PBS and DAPI. Wiping the chamber bottom 

with a cotton swab was skipped, due to potential damage to the Matrigel layer. As for the 

migration assay as well, pictures were taken under the fluorescent microscope (Keyence, BZ 

9000) and analyzed by using ImageJ.  

 

 

2.2.9 Statistical analysis  

 

Results for continuous variables are presented as means ± SEM unless stated otherwise. 

Treatment groups were compared with the Mann-Whitney U test. P values <0.05 were con-

sidered statistically significant (*). Statistical analyses were performed using GraphPad 

Prism 5.0 (San Diego, CA).  

Attractive substance 

Cells 

Cell migration  

https://creativecommons.org/licenses/by/3.0/
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3 Results 

 

3.1 Screening for Dkk3 in primary pancreatic cancer cell lines 

 

Before transduction and transfection with the vector systems was performed, six primary 

pancreatic cancer cell lines were screened for their expression level of DKK3, as illustrated 

in Figure 13. The expression levels are generally quite low, with Epo10953 cells displaying 

the highest DKK3 expression. For transfection, we picked those cell lines which were suita-

ble for cell culture. 

 

 

Figure 13: Mean relative expression of DKK3 in six different human primary pancreatic cancer cell lines. 
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3.2 Dkk3 knockdown   

 

3.2.1 Dkk3 knockdown using an inducible TRIPZ™ lentiviral shRNA 

 

One of the vector systems we used for the Panc185, Panc354 and Panc215 cells was the 

inducible Dharmacon™ TRIPZ™ lentiviral shRNA vector (vector map in chapter 2.1.5). 

The knockdown was induced by doxycycline and qPCR was performed after 24h. Although 

a sufficient knockdown of DKK3 could be observed after 24 hours of induction with 

Doxycycline, the same effect turned out for the non-induced sample which should serve as 

a control. This is due to a leaky expression of the TRIP-Z vector thus it could not be used as 

a sufficient model for the evaluation of DKK3 knockdown in primary pancreatic cancer cells.  

 

 

Figure 14: Inducible lentiviral TRIP-Z shRNA; fold change in DKK3 expression; WT= wild type cells. 
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3.2.2 Dkk3 knockdown by using the GIPZ™ lentiviral shRNA 

 

After TRIP-Z results were discarded, the Panc 215 cells were transfected with the GIPZ™ 

lentiviral shRNA constructs and a matching scrambled control. Two of the tested 4 shRNA 

constructs achieved a significant knockdown of DKK3 and were further evaluated. Since 

shRNA 4 shows the most potent knockdown effect, the further experiments were performed 

using this shRNA. Altogether, 6 primary pancreatic cancer cell lines were transfected with 

the GIPZ™ lentiviral shRNA 4 and the matching scrambled control construct. Due to their 

baseline expression of DKK3, Panc215 and Epo10953 cells were chosen for further func-

tional assays.  

 

 

 

 

 

 

 

Figure 15: DKK3 knockdown by two GIP-Z lentiviral shRNA constructs (shRNA 1 and 4) and scrambled 

control (scr) in Panc215. WT= wild type cells. 

 

 

Figure 16: Knockdown of DKK3 after transduction with the GIP-Z lentiviral shRNA 4 construct (grey) and 

compared to scrambled control (=control) in six primary pancreatic cancer cell lines.   
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3.3 Dkk3 knockdown and proliferation 

 

According to our hypothesis, we studied the proliferation rate in DKK3 knockdown cell 

lines. Thus, growth curves were generated to quantify cell growth under the influence of 

the TRIPZ constructs. In line with the results of the qPCR in 3.2.1, both the induced cells 

and the non-induced cells showed an increased proliferation rate as compared to the 

wildtype cells, shown in Figure 17.  

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Growth curve for the primary pancreatic cancer cell lines, transfected with the TRIP-Z shRNA. 

Cell counting was started 24h after induction and the medium was not changed for 200h. WT= wild type cells. 
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As the TRIPZ vector system turned out to be leaky (see also Figure 14 and Figure 17), we 

decided against continuing to further use this construct. Indeed, while the knockdown itself 

works properly, a sufficient control is lacking since the knockdown cells cannot be compared 

to the wildtype cells.  

Therefore, further experiments were performed using the GIPZ shRNA and scrambled 

control constructs. Figure 18 shows the growth curve for the cell lines Panc215 and 

Epo10953 carrying the knockdown and the scrambled construct, respectively. Furthermore, 

a PI cell cycle analysis was performed, as illustrated in Figure 19.  

 

 

 

 

Figure 18: Growth curve for DKK3 knockdown in Panc215 and Epo10953 with the GIP-Z shRNA 4 compared 

to scrambled control (scr ctr). 
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 Figure 19: PI cell cycle analysis in GIP-Z shRNA 4 transduced cells compared to scrambled control (scr). 

Cells were stained (as in described in 2.2.4) and analyzed by flow cytometry. 

 

Both the growth curve and the PI cell cycle analysis showed no significant difference in 

proliferation between the DKK3 knockdown cells and the scrambled control. 
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3.4 Dkk3 knockdown and stemness  

 

3.4.1 Dkk3 knockdown and CD133 expression 

 

In order to investigate the effect of DKK3 loss on the number of cancer stem cells we used 

flow cytometry to analyze the expression levels of the CSC marker CD133 and the epithelial 

cell adhesion molecule EpCAM, which is a marker for epithelial cells. As the 215 wildtype 

cells display the highest amount of CD133+ cells, the further analyses were done primarily 

using these cells. Figure 20 shows the number of CD133+ cells after transfection with the 

TRIPZ lentiviral construct. Again, the experiment was repeated using the GIPZ lentiviral 

shRNA and scrambled control, as shown in Figure 21, to validate the results.   

 

Figure 20: FACS analysis for Panc215 TRIPZ DKK3 shRNA for CD133+/EpCAM+ cells 24h, 48h and 72h 

after induction (n=2 each). 
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Figure 21: Analysis of the surface marker CD133 by flow cytometry for GIPZ DKK3 shRNA 4 in Panc215 

and Epo10953 compared to scrambled control (scr).  

  

 

3.4.2 Dkk3 knockdown and the expression of specific markers 

 

 

Figure 22: PCR for different gene sets in Panc215 WT (wild type cells), GIPZ scrambled control (scr) and 

shRNA 4.  
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In order to study the expression of core stemness markers, pancreatic differentiation markers 

and downstream signaling targets, qPCR analysis was performed on Panc215 cells after 

DKK3 GIPZ lentiviral shRNA-mediated knockdown and compared to scrambled control. As 

illustrated in Figure 22, no significantly altered gene expression could be detected after 

DKK3 knockdown. 

 

 

 

 

3.4.3 Dkk3 knockdown and sphere formation 

 

Both Figure 23 and Figure 24 illustrate that the loss of DKK3 in Panc215 and in Epo10953 

results in an increased number of spheres after seven days of sphere culture conditions. In 

conclusion, the loss of DKK3 drives sphere formation and consequently stemness in primary 

pancreatic cancer cells.  

 

A:       B: Panc215 DKK3 scrambled ctr 

 

 

 

 

 

   C: Panc215 DKK3 shRNA 

 

 

 

 

 

Figure 23: A: Sphere formation for Panc215 GIPZ DKK3 shRNA 4 and scrambled control, B: Representative 

pictures after seven days of sphere formation of Panc215 scrambled control and C: GIPZ DKK3 shRNA cells.  
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 Figure 24: Number of spheres for Epo10953 scrambled control and GIPZ DKK3 shRNA. 

 

Both Figure 23 and Figure 24 illustrate that the loss of DKK3 in Panc215 and in Epo10953 

results in an increased number of spheres after seven days of sphere culture conditions. In 

conclusion, the loss of DKK3 drives sphere formation and consequently stemness in primary 

pancreatic cancer cells.  
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3.5 Dkk3 knockdown and migration 

 

As illustrated in Figure 25, both the Panc215 and the Epo10953 cells transfected with the 

GIPZ lentiviral DKK3 shRNA revealed a significantly higher number of migrated cells com-

pared to the scrambled control. This indicates that the loss of DKK3 promotes migration 

within the primary pancreatic cancer cells and promotes a migratory phenotype in these cells.  

 

  

Figure 25: Migration assays (see the protocol in 2.2.8) were performed for Panc215 (left) and Epo10953 

(right) cells transduced with the GIP-Z DKK3 shRNA and scrambled control (scr). Cells were counted using 

ImageJ and are presented as migrated cells in % of all seeded cells. 
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3.5.1 Dkk3 knockdown and CXCR4 expression 

 

CXCR4 is one of the key mediators of migration and metastasis in human pancreatic cancer 

stem cells [21]. However, neither the Panc215 nor the Epo10953 cells display a higher 

amount of CXCR4 positive cells after knockdown of DKK3 (n=2). Thus, the increased mi-

gration detected in Figure 25 seems to be independent of CXCR4.  

 

 

Figure 26: Flow cytometry for CXCR4 for the Panc215 and Epo10953 both transduced with the GIP-Z DKK3 

shRNA and scrambled control construct (scr). 
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3.6 Dkk3 knockdown and invasion 

 

Since we observed a significantly enhanced migration capacity after DKK3 knockdown, we 

next checked invasion into MatrigelTM-coated Boyden chambers as described in the protocol 

(see 2.2.8). Since Panc215 cells showed strong clustering after letting them invade into the 

Matrigel for 24h, it was not possible to properly quantify these cells. Therefore, the assay 

was restricted to the Epo10953. As illustrated in Figure 27, the invasion capacity of the 

Epo10953 cells is significantly increased after Dkk3 knockdown with the GIPZ lentiviral 

shRNA compared to the scrambled control. Together with the results from Figure 25 both 

the migratory and invading capacity of the Epo10953 cells is increased upon DKK3 loss.  

 

 

Figure 27: Invasion assays were performed for the Epo10953 cells transduced with the GIP-Z DKK3 shRNA 

and scrambled control construct (scr). Quantification of migrated cells was done using ImageJ software. 
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4 Discussion 

 

4.1 Methods and their limitations  

 

Most methods used to generate data for this dissertation were already established in the la-

boratory. However, some difficulties and challenges concerning adherent cell culture with 

primary pancreatic cancer cells and the subsequent use of these cells for specific experiments 

should be mentioned specifically. For this project, it was necessary to cultivate and work 

with several primary pancreatic cancer cell lines over longer time periods of up to 3-4 weeks 

before thawing a fresh stock. It is possible that during this time the cells could change their 

growth dynamics or react differently to exterior conditions than before, so that caution was 

required while culturing these cells. If a change in morphology, growth dynamics or a dif-

ferent behavior was noticed, it was necessary to replace the stock, making cell culture of 

these primary cells far more complicated and time-consuming as compared to the culture of 

established cell cultures (e.g. PANC1, MiaPaCa or BXPC3 cells). However, under these 

circumstances the Panc215 and the Epo10953 were feasible to culture and showed a reason-

ably high DKK3 expression, making them suitable candidates for all further experiments. As 

other primary cells such as Panc185 and Panc354 showed markedly lower DKK3 expression 

and using them in cell culture was far more complicated, we decided not to use these cells 

for further assays in the scope of this dissertation.  

The generation of growth curves and PI cell cycle analyses constitute the least elabo-

rate assays but delivered very important results; The fact that the TRIP-Z scrambled con-

struct showed almost the same growth curve as the shRNA provided first evidence that the 

construct may not work properly. However, the growth of the cells was reduced compared 

to the wild type cells. Unfortunately, there was no difference between the scrambled control 

and the shRNA for the GIP-Z construct, suggesting two possible explanations: either DKK3 

loss does not affect cell growth in vitro, or the scrambled construct itself provokes a change 

in the growth dynamics of the transfected cells.  

The leaky expression for the TRIP-Z construct prohibited any further studies with 

these constructs. This outcome was important but very regrettable, since we were (and still 

are) very interested in how the knockdown of DKK3 affects cells over time. Therefore, we 
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did experiments 24h, 48h and 72h post induction to see if there was a difference within the 

cellular features after Dkk3 loss with respect to time.  

In contrast to the TRIP-Z vector the GIP-Z vector worked properly, as the results for 

the scrambled construct have been adequate. However, it is not inducible (i.e. always active), 

so it was not possible to study temporal effects with these constructs. However, with the 

working constructs we were able to perform experiments to detect changes in the CSC pop-

ulation such as changes in surface marker and gene expression but also changes in cellular 

functions such as cell migration and invasion. 

Screening the primary pancreatic cancer cell lines for their DKK3 expression we re-

alized that the mean relative expression of DKK3 in the investigated primary patient-derived 

pancreatic cancer cells is quite low. This in itself is an important result of this dissertation. 

However, it raises the question if DKK3 expression is generally low in pancreatic cancer 

cells, or if its expression is particularly diminished in primary pancreatic cancer cells. Since 

an increase in DKK3 expression over extensive cell culture cycles would be highly artificial, 

we did not further embark on studies with established cell lines but rather chose to work with 

clinically and biologically much more relevant primary cells, irrespective of their lower 

Dkk3 expression. Furthermore, if Dkk3 indeed acts like a tumor suppressor in PDAC, its 

expression is expected to be low in primary pancreatic cancer cells.  

Generally, our qPCR results are unexpected. We could demonstrate successful gene 

knockdown, but no altered expression of stem cell markers, differentiation markers or down-

stream targets was detected (see chapter 3.4.2, Figure 22). After observing an increased 

number of CD133+ cells upon DKK3 loss, this result is surprising. However, qPCR is a 

rather error-prone method, and changes in surface markers, proteins and (most importantly) 

cellular function reflect biological effects of gene loss much better than gene expression 

levels. Furthermore, gene expression is a very dynamic process, so it is conceivable that the 

selected time points were chosen wrongly. Most importantly however, our results are in line 

with other studies indicating that the expression levels of DKK3 in PDAC cell lines are con-

troversial (see chapter 1.4.1).  

All functional assays performed with the constructs were reasonably easy to perform. 

For successful sphere formation, the appropriate medium and the correct cell culture plas-

ticware is needed and the analysis with the programs worked well. Whereas the migration 

assays also worked well, the invasion assays turned out to be much more complicated. After 
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frustrating attempts to produce the Matrigel on our own, we bought precast Matrigel Inva-

sion Chambers, especially as the results with the modified Boyden chambers for the migra-

tion assays have been promising. Unfortunately, while invading the Matrigel, the Panc215 

cells clustered together, and it was impossible to count them properly and thus provide reli-

able quantification of the migrated cells. This experiment was inhibited by the nature of the 

utilized cells. However, alternative assays to study the invading capacity of the Panc215 

cells should be considered because there is clear indication, that the number of invading cells 

is enhanced upon DKK3 loss (see Figure 25 and 27).  

 

 

4.2 Dkk3 screening and knockdown constructs  

 

At first, our screening for DKK3 gene expression in our primary pancreatic cancer cell lines 

delivered the results we expected. DKK3 expression was quite low in general, but highest in 

the Epo10953 cells. In general, we hypothesized that DKK3 expression in primary pancreatic 

cancer cells is low and that Dkk3 functions as a tumor suppressor in PDAC. This is supported 

by the finding that the DKK3 expression is low in human pancreatic cancer samples [28]. 

Furthermore, our results are in accord with other studies showing a low DKK3 expression in 

pancreatic cancer cell lines [18, 86]. Consequently, those results were confirming our hy-

pothesis, although it is conspicuous that DKK3 expression within the Epo10953 is so much 

higher than in the other cell lines. Unfortunately, there is no comparable data available or 

any explanation for this observation other than inter-tumoral heterogeneity. Nevertheless, 

the higher DKK3 expression in the Epo10953 cells makes these cells even more attractive 

for further experiments. However, it must be considered that this is data from primary pan-

creatic cancer cells and in the proper meaning of the word this data is hardly comparable 

with other human or murine pancreatic cancer samples or well-established pancreatic cancer 

cell lines. In conclusion, DKK3 seems to be only lowly expressed in primary pancreatic can-

cer cell lines. This could be due to tumor suppressive functions of Dkk3 that are lost during 

tumorigenesis, or because Dkk3 mediates an undifferentiated (stem-like) cell state that is 

lost during cellular differentiation.  

As confirmed by q-rtPCR the knockdown with both constructs was successful, even 

though the results generated using the inducible TRIPZ vector were discarded due to the 
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leaky, uncontrolled expression of the construct. A comparison of the construct-bearing cells 

with wild-type cells, however, would be inappropriate. Any expression vector introduced 

into a cell can potentially change gene expression, cellular metabolism and any functional 

feature of the cell. This could explain why both induced and non-induced cells showed an 

increased proliferation compared to the wild-type cells. The explanation that the vector itself 

causes a higher proliferation rate of the cell and this effect is not DKK3-dependent seems to 

be most likely, especially in the light of the results generated with the GIPZ construct.  

 

 

4.3 Dkk3 knockdown and proliferation  

 

As demonstrated in chapter 3.3, the proliferation of the Panc185, Panc354, Panc215 and the 

Epo10953 cells (see Figure 17, 18 and 19) did not change significantly after DKK3 knock-

down. Notably, compared to the wild type cells, the cells with the TRIP-Z construct showed 

an increased growth curve, but as described in 4.2, the vector carrying cells cannot be com-

pared to the wild type cells and since the inducible TRIPZ shRNA construct is expressed 

independently of the administration of doxycycline, the vector is not usable and the results 

cannot be reliably used. Thus, after confirming the leaky expression of the TRIP-Z vector 

by qPCR, these results are not suitable for the evaluation of cell proliferation upon Dkk3 

loss. In contrast, the results with the GIP-Z vector are reliable due to its comparability with 

a scrambled control construct. In this case, both the growth curve and the PI cell cycle anal-

ysis did not show significant differences between the scrambled control and the shRNA in 

the transfected Panc215 and Epo10953 cells (see Figure 18 and 19). Since some studies 

demonstrate an effect of Dkk3 loss on the proliferation of pancreatic cancer cells, our find-

ings give rise to further questions. In 2012, Zenzmaier et al. showed a significantly reduced 

proliferation in PANC-1 cells after Dkk3 knockdown, using a lentiviral shRNA and a scram-

bled control system and investigating the amount of DNA synthesis six days after transduc-

tion by BrdU assay [84]. As this assay is even more precise than the PI cell cycle analysis 

used in this dissertation, it is debatable if we should have proven our results by BrdU assay 

as well. However, Gu et al. showed that overexpression of Dkk3 in Mia-PaCa-2 cells leads 

to decreased proliferation compared to the control cells, indicating that high Dkk3 levels 

lead to the suppression of pancreatic cancer cell growth [17].  
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The recent study by Zhou et al. demonstrates that within pancreatic cancer tissue Dkk3 

is mostly expressed by pancreatic stellate cells (PSCs) [86]. They also silenced Dkk3 in 

PANC-1 cells and studied proliferation and colony formation by using MTT assays in soft 

agar, concluding that both proliferation and colony formation is reduced [86].  

These findings, contrary to our own, suggest that Dkk3 may be more highly expressed 

within stellate (and other stromal) cells and not necessarily within the cancer cell population. 

Its knockdown may therefore have a plethora of detectable effects, depending on the inves-

tigated target population. 

 

 

4.4 Dkk3 and CSCs: stem cell markers and sphere formation 

 

According to the cancer stem cell hypothesis (see chapter 1.2.2) and considering what is 

known about Dkk3 so far (see chapter 1.4), we hypothesized that the CSC pool would be 

enriched after DKK3 knockdown. The FACS analysis, both with the inducible Dharmacon™ 

TRIPZ™ Lentiviral shRNA vector and the Dharmacon™ GIPZ™ Lentiviral shRNA and 

scrambled control indeed provided promising results. The amount of CD133+ cells was en-

riched both for the TRIPZ™ lentiviral shRNA vector and significantly enhanced in the cells 

bearing the GIPZ™ lentiviral vector (see Figure 20 and 21). This indicates that within those 

cell lines, more pancreatic cancer stem cells arise when DKK3 is knocked down. These find-

ings highly support our initial hypothesis that Dkk3 is a tumor suppressor-like protein, be-

cause more pancreatic CSCs will cause a more aggressive tumor. The link between CSCs 

and a more aggressive tumor biology is firmly established [20, 43]. Considering the findings 

from Li et al. [40], we could have checked other surface marker combinations such as 

CD44/CD24/EpCAM to confirm our results. However, CD133 and CD133/EpCAM is a 

well-established marker combination to identify pancreatic CSCs. In line with our findings, 

Guo et al. showed that overexpression of Dkk3 in pancreatic BxPC-3 cells resulted in re-

duced numbers of CD133+ cells under hypoxic conditions and hypoxia-mimetic conditions 

[18]. Although the experimental setting under hypoxic conditions is not comparable with 

ours, recent studies have confirmed that the amount of CD133+ cells is increased in hypoxic 

regions of murine pancreatic tumors [51], corroborating the findings of Guo et al.  



55 

 

Consequently, there is the indication that Dkk3 expression suppresses the pancreatic 

CSC pool, while Dkk3 knockdown increases the number of pancreatic CSCs. This is a strong 

indicator that Dkk3 regulation has a direct influence on the regulation of pancreatic cancer 

stem cells, as hypothesized in this dissertation. 

Surprisingly, we did not detect a genetic regulation of common stem cell markers in 

DKK3 knockdown cells in our study. Especially Nanog, Oct3/4 and Sox2, which are aber-

rantly expressed in PDAC and promote features of pancreatic CSCs [45], were our focus of 

interest. We studied the expression of these markers on q-rtPCR level and we could not 

observe any significant difference between wild-type cells, GIPZ™ lentiviral shRNA and 

scrambled control (see Figure 22). Together with our data concerning CD133, this result is 

difficult to interpret. If Dkk3 drives stemness in pancreatic cancer cells, we would expect 

these stem cell markers to be overexpressed, too. Guo et al. showed in their study, that BxPC-

3 cells transfected with Dkk3 displayed a lower expression of Oct4 protein under hypoxic 

and hypoxia mimetic conditions compared to control cells [18]. According to these findings, 

we would expect Oct4 to be upregulated in our Dkk3 knockdown cells, although it must be 

considered that hypoxic conditions are not comparable with our study setting. Furthermore, 

we investigated gene expression levels, while Guo et al. measured protein levels. It is also 

conceivable, that the expression of Oct4, Nanog and Sox2 is not influenced directly by Dkk3 

loss but rather regulated by different cellular mechanisms.  

Interestingly, the interpretation that Dkk3 loss promotes stemness is further supported 

by the results of our sphere formation assays: Both for the Epo10953 and for the Panc215 

cells transfected with the GIPZ™ lentiviral shRNA and scrambled control constructs we 

observed higher number of spheres (see Figure 23 and 24). Keeping in mind, that only un-

differentiated cells such as CSCs will form spheres (i.e. proliferate under anchorage-inde-

pendent conditions with specific growth factors), this strongly supports our hypothesis that 

DKK3 knockdown enriches the CSC pool and thereby promotes stemness. While no similar 

data is available for PDAC, Zhang et al. published interesting data for colorectal cancer: 

They showed that the microRNA-92a activates Wnt signaling and thereby induces stem cell-

like properties in colorectal cancer cells [85]. Micro RNAs (miRNAs) are small and non-

coding RNAs which regulate the expression of their target mRNA by binding to the 3´un-

translated region (UTR) [68]. Zhang et al. could show that Dkk3 is one of the potential tar-

gets which is negatively regulated by miR92-a, which results in the activation of the Wnt 
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signaling pathway in colorectal cancer cells. Furthermore, they showed that colorectal can-

cer cells transduced with miR92-a formed more spheres compared to control cells [85]. Thus, 

if Dkk3 is negatively regulated by miR92-a and miR92a-transduced cells form more spheres, 

these results would correspond to our observation of increased sphere formation in Dkk3 

knockdown cells.  

In summary, we provide new evidence supporting the claim that DKK3 loss increases 

stemness. However, there is conflicting published data and further experiments must be per-

formed to elucidate its role for stemness and sphere formation in primary pancreatic cancer 

cells.  

 

 

4.5 Dkk3 as a key player for migration, invasion and EMT? 

 

The migration assays performed with the Panc215 and the Epo10953 cells transfected with 

the GIPZ™ lentiviral shRNA and scrambled control constructs delivered promising results. 

In both cell lines the number of migrating cells was increased in DKK3 knockdown cells 

compared to control cells (see Figure 25). This is perfectly in line with our hypothesis that 

DKK3 increases the CSCs pool, since migration and metastasis are key features of pancreatic 

cancer stem cells [20]. However, neither the Panc215 nor the Epo10953 cells showed in-

creased numbers of CXCR4+ cells after transfection (see Figure 26), indicating that the 

underlying mechanism for the increased migration must be independent of CXCR4.  

Guo et al. also analyzed Dkk3 expression in the context of migration and postulated 

that Dkk3 inhibits cell migration induced by hypoxia. Similar to our study the authors per-

formed transwell assays using migration chambers and used comparable cell culture media 

containing FBS to attract the cells. While the method of analysis was slightly different (stain-

ing with crystal violet staining solution and cell counting with Image-pro Plus 6.0) they 

demonstrated that under hypoxic conditions the number of migrated cells transfected with a 

Dkk3 expression construct is significantly lower compared to control cells. Additionally, 

they showed by Western blot analysis that mesenchymal markers are downregulated, and 

epithelial markers are upregulated, thus concluding that Dkk3 negatively regulates EMT 

[18]. Since our experimental setting is similar, their data support the data generated in our 
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study: If Dkk3 overexpressing BxPC-3 cells are less migratory than control cells, this indi-

cates that Dkk3 inhibits migration. Thus, their results are in line with our finding that DKK3 

knockdown significantly increases the number of migrating cells and support our hypothesis 

that DKK3 knockdown promotes a migratory phenotype within pancreatic cancer cells.  

Although the results from Guo et al. are promising, they do not perform invasion as-

says in their study. In line with our data for migration, we observed an increased invasion 

capacity for the Epo10953 cells transfected with the GIPZ™ Lentiviral shRNA and scram-

bled control (see Figure 27) constructs. According to the literature, there is no study ad-

dressing the invasive capacity of pancreatic cancer cells upon Dkk3 loss. A study from 2004 

by Hoang et al. analyzed this question in osteosarcoma cells. The authors showed, by per-

forming in vitro Matrigel invasion assays, that the overexpression of Dkk3 in the Saos-2 

osteosarcoma cell line reduced the invading capacity of those cells and concluded that a 

downregulation of Dkk3 may lead to a more invasive cellular phenotype [25]. Following up 

on those findings, Haiyang et al. postulated in 2019 that Dkk3 is negatively regulated by 

miR-92a in osteosarcoma cells, in line with Zhang et al. [85], and showed that the upregula-

tion of miR-92a leads to enhanced migration and invasion in two osteosarcoma cell lines 

[19]. These findings for osteosarcoma cells together with our results for primary pancreatic 

cancer cells, strongly support our hypothesis that the downregulation of DKK3 leads to en-

hanced migratory and invasive capacity in cancer cells. 

However, there is conflicting evidence as well: As mentioned in chapter 1.4., several 

authors suggest Dkk3 to harbor oncogenic potential. For example, Katase et al. showed in 

2018 that the overexpression of Dkk3 in head and neck squamous cell carcinoma cells leads 

to increased migration and invasion, promoting the malignant properties of those cells in 

vitro [35].  

Thus, we decided to strictly focus on pancreatic cancer. As described in chapter 1.4.1, 

the latest study about Dkk3 in pancreatic cancer from Zhou et al. challenges everything that 

is known so far. They could show that silencing of Dkk3 in hPSCs leads to reduced migration 

and that the treatment of both PANC-1 and BxPC-3 cells with a recombinant Dkk3 antibody 

increases both migration and invasion of those cells. Thus, they hypothesized that Dkk3 must 

act in a paracrine way to promote migration and invasion. Furthermore, they discovered that 

nuclear factor KB activation is the underlying mechanism of this effect [86]. Those findings 

are contrary to our hypothesis, as they showed that every effect of Dkk3 is stroma-mediated 

and additionally, they confirmed their findings with a genetically engineered mouse model.  
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Consequently, we must overthink our study design and especially deeper molecular 

research is needed, to elucidate the role of Dkk3 for the migratory and invasive phenotype 

of primary pancreatic cancer cells and further studies addressing Dkk3 and its role for EMT 

are needed, too. The effect which Dkk3 loss does have on migration and invasion on a certain 

cancer stem cell subpopulation, as we showed in our study, cannot be ignored and might 

once give the basis for therapeutic approaches. Keeping in mind that studies addressing 

Dkk3 in CSCs are rare, the effects of Dkk3 in a CSC subpopulation may be overlooked by 

the studies that were performed so far.  

 

 

4.6 Dkk3 in pancreatic cancer: future prospects  

 

In line with our hypothesis we could demonstrate that the loss of DKK3 promotes a cancer 

stem cell population as shown by increasing amounts of CD133+ cells and increased sphere 

formation in primary pancreatic cancer cells. Furthermore, the loss of DKK3 promotes a 

migratory and invasive phenotype within primary pancreatic cancer cells, which are essential 

traits of CSC populations. However, at this point we still lack a precise mechanistic expla-

nation for this observation.  

As discussed in chapter 1.4, there is the evidence that Dkk3 plays an inhibitory role on 

the Wnt signaling pathway in PDAC. It has been shown that β-catenin and some of its down-

stream targets are downregulated in pancreatic cancer cell lines and that Dkk3 blocks the 

translocation of β-catenin into the nucleus [17, 18]. Those studies either showed a decrease 

in proliferation when Dkk3 is upregulated, or even observed delayed tumor growth in a xen-

otransplant mouse model [17, 18]. Therefore, the proliferation of pancreatic cancer cells 

seems to be affected by Dkk3 expression, suggesting that its loss might have the opposite 

effect. Since we were unable to detect any significant changes within proliferation upon 

DKK3 loss, it is questionable if the Wnt pathway displays an important role in our study 

setting. Furthermore, if Wnt signaling is modulated and β-catenin expression is altered, we 

would expect the TCF-4 downstream target Cyclin D1 to be differentially regulated, which 

is not the case (see Figure 22). However, Guo et al. showed higher Cyclin D1 and c-Myc 

levels upon Dkk3 transfection in their study [18]. 
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Interestingly, other authors investigated a possible relevance of Dkk3 expression for 

the therapy of pancreatic cancer: Both Gu et al. and Guo et al. showed that the overexpres-

sion of Dkk3 sensitizes pancreatic cancer cells to the chemotherapeutic agent gemcitabine 

[17, 18]. In contrast, Zhou et al. silenced Dkk3 in hPSCs and showed that in the presence of 

gemcitabine the number of cells which had undergone apoptosis was two times increased. 

Furthermore, they showed that Dkk3 expression in a pancreatic cancer cell lines enhances 

colony formation in the presence of gemcitabine [86].  

Other members of the Dickkopf family also seem to play a role in the context of pan-

creatic cancer: As mentioned in chapter 1.4, studies on Dkk1 provide evidence that Dkk1 is 

a potential biomarker for PDAC [30]. And, importantly, focusing on the tumor cells may not 

be enough. Based on the most recent study from Zhou et al., studies concerning the role of 

Dkk3 in PDAC might have to consider the tumor environment and hPSCs more strongly in 

the future.  
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5 Summary  

 

Pancreatic cancer still remains a terrifying and deadly disease. While several key regulators 

and pathways have been elucidated to bring a better understanding and to provide a basis for 

therapeutic approaches, studies addressing pancreatic ductal adenocarcinoma (PDAC) and 

possible therapeutic targets are as important as ever. We focused on the Dickkopf-Protein 3 

(Dkk3), a natural Wnt modulator and investigated its role in primary pancreatic cancer cells. 

It has been shown that Dkk3 plays an important role for cancer and tumorigenesis in general. 

Recent studies confirmed that it plays an essential role in PDAC as well, but the data avail-

able in the literature is conflicting.  

As the scientific focus of our group is the study of cancer stem cells, we used genetic 

interference to perform shRNA-mediated knockdown of Dkk3 and then analyze the effects 

on the cancer stem cell (CSC) population. In this study we tried to elucidate whether Dkk3 

plays an important functional or regulatory role in primary pancreatic cancer stem cells.  

In summary, our results are very promising: the loss of DKK3 resulted in a signifi-

cantly enhanced cancer stem cell population. While no enhanced stemness signature was 

detectable when looking at gene expression, there was a significant increase in CD133+ 

cancer stem cells in primary pancreatic cancer cells. Even more importantly, functional anal-

yses such as sphere formation, migration and invasion assays confirmed a significantly en-

hanced CSC population after DKK3 knockdown. Since there still is no perfect surface 

marker combination to identify single CSCs, (and therefore CSCs are still defined operation-

ally by functional features) these findings clearly support the influence of DKK3 loss on 

pancreatic cancer stem cells. Since CSCs are usually a small subpopulation within a tumor, 

gross changes in cell proliferation or changes in gene expression were not to be expected.  

Altogether, we can conclude that the loss of DKK3 promotes a cancer stem cell phe-

notype in primary pancreatic cancer cells. The detailed regulatory mechanism to achieve 

this, however, is unclear at present and will be the subject of further studies. An important 

aspect for further studies on the influence of Dkk3 on the regulation of cancer (stem) cells 

will be to consider the strong influence of the stroma and of stroma-CSC cross-regulation. 
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