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SUMMARY 

 
Angiogenesis is the formation of new blood vessels from preexisting ones and is an 

important process in the progression of cancer, as tumors need to be supplied with enough 

oxygen and nutrients to be able to grow beyond a certain size.  

 

In this degree project I was studying the role of Angiomotin-like 2 (Amotl2) in polarity and 

lumen formation, which are basic mechanisms in the process of building new blood 

vessels. Amotl2 belongs to the Angiomotin protein family of which other members like 

Angiomotin and Angiomotin-like 1 have previously been shown to be involved in 

angiogenesis.  

 

To address the question I was applying an in vitro model system of Madin-Darby canine 

kidney (MDCK) cells, which form spherical cysts when they are embedded into an 

extracellular matrix. Amotl2 is expressed in two different isoforms in these cells, namely 

p60 and p100.  

 

Overexpression of p60 Amotl2 using a tetracycline-inducible system or stably expressing 

p60-GFP cells showed, that this affects lumen formation in MDCK cysts. There was an 

increase from 34% to 63% of cysts that showed a multilumen phenotype rather than only 

one lumen. I could show that p60 vacuolar structures overlap with Crb3 and Par3, two 

members of important polarity complexes. Overexpression of p60 affected the localization 

of apical polarity markers Gp135 and Ezrin. However, overexpression of p100 Amotl2 or a 

p60 form with a mutation in its PDZ-binding domain had no effect. 

 

These results suggest that p100 and p60 Amotl2 have different influences on polarity and 

lumen formation. The hypothesis is that p100 Amotl2 contributes positively to the 

establishment of apical polarity, whereas p60 Amotl2 disrupts polarity and might trap 

polarity proteins like Crb3 and Par3 in vacuoles via interaction of its PDZ-binding domain 

and other connecting proteins like PATJ/MUPP1. Hence, there is a mislocalization of 

apical polarity proteins, which results in a multilumen phenotype.  
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INTRODUCTION 
 
Angiogenesis 

Angiogenesis is the formation of new blood vessels from pre-existing ones. As the diffusion 

limit for oxygen is only 100-200 micrometer a network of blood vessels is required to 

supply all cells of an organism with enough oxygen and nutrients. Angiogenesis can be 

divided in two mechanisms: sprouting and intussusceptive angiogenesis (Risau, 1997).   

In sprouting angiogenesis there are different steps involved before a new blood vessel is 

formed. The first step is the degradation of the extracellular matrix (ECM) by proteases 

that are secreted by endothelial cells (ECs) (Risau, 1997). This will increase vascular 

permeability and makes it possible that some selected endothelial cells change their 

polarity and start to migrate and proliferate upon chemotactic stimuli such as the 

vascular endothelial growth factor VEGF (see figure 1A; Risau, 1997, Adams and Alitalo, 

2007). These migrating cells are called tip cells, whereas in following stalk cells the fusion 

of vacuoles plays a role in lumen formation of the new sprout (Adams and Alitalo, 2007). 

Vacuole fusion is thought to be a major process of lumen formation as it could be shown in 

vitro and in vivo that pinocytic (“drinking”) vacuoles appear in endothelial cells and fuse 

to enlarged compartments to form the luminal space of the vessel (Kamei ET AL., 2006). To 

prevent leakage after the new lumen has formed, EC-EC interfaces need to be stabilized 

(Adams and Alitalo, 2007). Finally a new vessel is built and circulation of blood can start. 

Intussusceptive angiogenesis (see figure 1B) occurs mostly in the lung and is the process 

of splitting a preexisting vessel in two. If endothelial cells proliferate inside a vessel a 

wide lumen is produced which is then splitted by transcapillary pillars (Risau, 1997).

  

Angiogenesis is regulated by positive and negative signals that normally are in balance 

(Hanahan and Weinberg, 2000). Proangiogenic signals would be for example VEGF or 

fibroblast growth factors (FGF1/2). Antiangiogenic signals are for instance 

thrombospondin-1 or !-interferon. Although most blood vessels remain quiescent during 

adulthood, angiogenesis may be reactivated under certain conditions like wound healing, 

ovulation or diseases like obesity, asthma, diabetes or inflammatory disorders (Carmeliet, 

2005). Today more than 70 disorders have been identified in which angiogenesis is 

involved (Carmeliet, 2005). 
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A

 

B 

 
Figure 1. Sprouting and intussusceptive angiogenesis.  A  In sprouting angiogenesis a new 
blood vessel is formed through change of polarity of an endothelial cell, migration of this tip cell 
towards growth factors and vacuole fusion and lumen formation in following stalk cells.  B  In 
intussusceptive angiogenesis a new blood vessel is formed by insertion of tissue pillars in a preexisting 
vessel and splitting it in two (ECM: extracellular matrix, EC: endothelial cell; figure adapted from Adams 
and Alitalo, 2007). 
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Angiogenesis and Cancer 

Angiogenesis is a very important process in the progression of cancer. Because a tumor 

needs to be supplied with enough oxygen and nutrients to be able to grow beyond a certain 

size, sustained angiogenesis is regarded as one of the 6 hallmarks of cancer (Hanahan and 

Weinberg, 2000). Hence, there is more and more effort put into finding new potential 

targets to inhibit tumor vessel formation as a novel cancer therapy. 

In tumors the balance between positive and negative signals that induce or inhibit 

angiogenesis is disrupted. The “angiogenic switch” is tipped in favor of angiogenic 

inducers like VEGF or FGF whereas the counteracting inhibitors like thrombospondin-1 

or !-interferon are down regulated (Hanahan and Weinberg, 2000). 

However, blood vessels in tumors are different from normal ones. Tumor vessels are 

mosaic, what means that they are a mixture of endothelial and cancer cells. This is an 

important fact regarding metastasis. Also, tumor vessels lack protective mechanisms, are 

highly disorganized and leaky and the endothelial cells are abnormal in shape (Carmeliet 

and Jain, 2000). 

 

Angiomotin protein family 

The Angiomotin protein family consists of three known conserved members: Angiomotin 

(Amot), Angiomotin-like 1 (Amotl1) and Angiomotin-like 2 (Amotl2). These proteins share 

a conserved predicted coiled-coiled domain and all have a conserved C-terminal PDZ-

binding domain (Bratt ET AL., 2002). It is also known that each member of the Angiomotin 

protein family has different splicing sites resulting in two different isoforms of each 

protein (see figure 2; Ernkvist ET AL., 2006).   

Angiomotin has been found to bind to Angiostatin, which is an inhibitor of angiogenesis. It 

is localized to the leading edge of migrating endothelial cells and stimulates cell motility 

(Troyanovsky ET AL., 2001).  

Angiomotin-like 1 shows similar effects like Angiomotin. By affecting tip cell migration it 

regulates sprouting angiogenesis and it controls cell-cell adhesion in vivo (Zheng ET AL., 

2009).  

 

Angiomotin-like 2 (Amotl2) 

Angiomotin-like 2 is expressed maternally and has been shown to be an FGF-responsive 

gene (Huang ET AL., 2007). It also is thought to be involved in cell movement in vertebrate 

embryos (Huang ET AL., 2007).  
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Amotl2 is expressed in a shorter and a longer splicing isoform. In Madin-Darby canine 

kidney (MDCK) cells these isoforms are supposed to be 60 kDa and 100 kDa big and are 

named p60 and p100, respectively. Unpublished data of our lab showed, that the p100 

isoform is localized in small vesicles and that p60 appears in vacuoles. It was also shown 

that p60 but not p100 Amotl2 is upregulated under hypoxic conditions (unpublished data). 

Mondon ET AL. showed in 2005 that certain genes that are involved in angiogenesis are 

significantly upregulated in hypoxia.  

Amotl2 as well as the other members of the Angiomotin protein family have previously 

been shown to bind to PATJ (“PALS1 associated tight junction protein”) or MUPP1 

(“multiple PDZ domain protein”), which are homologous proteins that contain multiple 

PDZ domains (Ernkvist ET AL., 2009). PATJ itself binds via PALS1 (“protein associated 

with Lin Seven 1”) to Crumbs (Crb), which is a transmembrane protein that localizes to 

the apical surface and is part of an important polarity complex (see also section “Polarity 

and Lumen formation”; Wang and Margolis, 2007). Hence, it could be speculated that 

Amotl2 has a role in polarity through binding of its PDZ-binding domain to other polarity 

proteins. 

 

 
Figure 2. The Angiomotin protein family consists of Angiomotin (Amot), Angiomotin-like 1 
(Amotl1) and Angiomotin-like 2 (Amotl2). Each member of the Angiomotin protein family has two 
different isoforms. All proteins contain a PDZ-binding domain and a coiled-coil domain (figure adapted 
from Bratt ET AL., 2002 and Ernkvist PhD Thesis, 2008). 
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Polarity and lumen formation 

Cell polarity is important for cells in order to form a tissue or to assemble into organs. The 

mammalian intestine and kidney are polarized epithelial tissues that are best studied 

(Bryant and Mostov, 2008). In polarized tissues three different surfaces can be 

distinguished:  

 

- the apical surface which lines the luminal interface and is specialized in 

exchanging nutrients and other material in the intestine. 

- the lateral  surface which is found between adjacent cells  and provides junctions 

and adhesion structures.  

- the basal surface which contacts the extracellular matrix (ECM). Because the 

lateral and basal surfaces are very similar one can also refer to them as the 

basolateral surface (Bryant and Mostov, 2008).  

 

To establish the maintenance of these surfaces, there are three polarity complexes that 

play a major role in this process (see figure 3). The PAR complex consists of two 

subcomplexes: one subcomplex promotes apical polarity and includes the proteins CDC42 

(“cell division control protein 42”), Par6 (“partition defective complex protein 6”) and aPKC 

(“atypical protein kinase C”). The other subcomplex is found at tight junctions and 

consists of the proteins Par3 (“partitioning defective 3”) and aPKC that also recruits 

PTEN (“phosphatase and tensin homolog”). Another important apical polarity complex is 

the Crumbs (Crb) complex which consists of the proteins Crb, PALS and PATJ. The 

Scribble (Scrib) complex promotes basolateral polarity and includes the proteins Scrib, Dlg 

(“discs large 1”) and Lgl (“lethal giant larvae”) (Bryant and Mostov, 2008).  

 

Apicobasal polarity is closely connected to lumen formation. While cells polarize, apical 

proteins are transported to the membrane where a lumen is to be formed and this apical 

membrane position has to be maintained to ensure a correct lumen opening (Schlüter and 

Margolis, 2009).  If the position of the apical membrane is mislocalized or not defined at 

all, this may result in a no lumen or a multilumen phenotype (Schlüter and Margolis, 

2009).  
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Figure 3. The three major polarity complexes PAR, Crumbs and Scribble. Crumbs (green) and 
one subcomplex of PAR (red) promote apical polarity whereas the other PAR subcomplex (black) is 
found at tight junctions (TJ). Scribble (pink) promotes basolateral polarity. Blue: nuclei (figure adapted 
from Bryant and Mostov, 2008).  

 

MDCK cysts as in vitro model 

Madin-Darby canine kidney (MDCK) cells are dog epithelial cells which form spherical 

cysts once they are embedded in an extracellular matrix (ECM) like for example Matrigel 

or Collagen I (see figure 4 and 5). These cysts form a hollow lumen, which is surrounded 

by an epithelial monolayer of polarized cells (Elia and Lippincott-Schwartz, 2009). These 

three-dimensional cultures are a model system to study lumen formation and polarity in 

vitro and help understanding how tubes and hollow structures are built by epithelial 

tissues (Martin-Belmonte ET AL., 2007). To study the localization of proteins in the cysts 

one could apply cells, which stably express the fluorescently tagged protein of interest, for 

example with green fluorescent protein (GFP). Another possibility to analyze protein 

localization would be to apply an indirect immunofluorescent staining by using secondary 

antibodies, which are coupled to a fluorescent dye (Elia and Lippincott-Schwartz, 2009). 

MDCK cells have been shown to express both isoforms of Amotl2 (unpublished data). 
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Figure 4. Schematic representation of Madin-Darby canine kidney (MDCK) cysts. MDCK cells 
are plated in a chamber slide, which is covered with a 100% Matrigel layer (dark red). The cells are 
supplied with appropriate culture medium, which also contains 2 % Matrigel (light red). After 24-48h 
MDCK cells form spherical cysts with a lumen iinside. 

 

 

 
      8h       16h          24h          48h 
 
Figure 5. Madin-Darby canine kidney (MDCK) cysts. MDCK cells form spherical cysts after 24-48h 
embedded in extracellular matrix. The apical surface (red) lines the central lumen whereas the 
basolateral surface (green) is indicated in between the cells and around the outside of the cyst. Nuclei 
are shown in blue. Arrowheads indicate intracellular lumina. Scalebar 5µm (figure adapted from Martin-
Belmonte ET AL., 2007). 
 
 

Tetracycline-inducible system 

The tetracycline-inducible system is a way to control the expression of a gene of interest. 

In this system a tetracycline (tet) “switch” is introduced which makes it possible to shut 

transcription on or off.  

Tetracycline repressors form homodimers, which bind with high affinity to two tet 

operator 2 (TetO2) sequences in the promoter upstream of the gene of interest (see figure 

6A; Yao ET AL., 1998). These regulatory elements are derived from the E.coli Tn10-

encoded tetracycline resistance operon (Hillen and Berens, 1994). In the absence of 

tetracycline, transcription of the gene of interest is repressed. However, if tetracycline is 

added to the system, it binds with a high affinity to the tet repressors and the latter will 

undergo a conformational change, which makes it unable to bind to the TetO2 sequences 

(see figure 6B). Hence, the newly formed tetracycline-tet repressor complex dissociates 

from the operator and transcription of the gene of interest will start (Yao ET AL., 1998). 



 10 

 
Figure 6. Mechanism of tetracycline-regulated expression and depression of a gene of 
interest, here Amotl2.  A  Tetracycline repressors are expressed, which form homodimers and bind 
to tet operator 2 (TetO2) operators upstream of the gene of interest, which cannot be transcribed.  
B  Induction with tetracycline causes a conformational change of the tetracycline repressor 
homodimers, which then dissociate from the operator and transcription of the gene starts (figure 
adapted from www.invitrogen.com). 
 

 
 
AIM 
 
During this degree project I was focusing on the role of the two isoforms p60 and p100 of 

Amotl2 in lumen formation and polarity. Previously it has been shown in vitro that 

Amotl2 is involved in cell migration and that in vivo it is required for cell movement in 

vertebrate embryos (Huang ET AL., 2007). However not much is known about the role of 

AmotL2 in vascularization. 

To address this question I was applying MDCK cysts as an in vitro model to examine the 

role of both isoforms of Amotl2 in polarity and lumen formation, which are important 

mechanisms of angiogenesis.  

 

 

 

B A 
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RESULTS 
 
Overexpression of p60 Amotl2 affects lumen formation 

To examine the role of Amotl2 in MDCK cyst lumen formation, tetracycline-inducible 

MDCK cells for the p60 and p100 isoform and a PDZ mutant form of p60 have been used 

to have the possibility to control protein expression. Also, stably transfected MDCK cells 

with a GFP-tagged version of the p60 isoform were tested. 

Without induction of either of the constructs (p60, p100 or PDZ mutant “tet off”), MDCK 

cells formed cysts with only one lumen (see figure 7). With induction of the p60 isoform of 

Amotl2 however (p60 “tet on”, which was then overexpressed in MDCK cells) much more 

cysts showed multiple lumina or even no lumen at all compared to uninduced cysts. This 

phenotype could also be seen with the stably transfected p60-GFP cells. No change in 

lumen formation could be seen after an induction of the p100 isoform or the p60-PDZ 

mutant isoform, suggesting that the PDZ-binding domain is important for p60 as an actor 

in disrupting lumen formation. 

Quantification of between 100-200 cysts of each type showed that in uninduced cysts as 

well as in induced p60-PDZ mutant cysts there was no increase in the number of cysts 

that had multiple lumina or no lumen (see figure 8). The relative percentage was 

approximately the same, namely 60-66% of the cysts showed a monolumen phenotype, 22-

34% had multiple lumen and 4-12% showed no lumen at all. Also in p100 induced cysts 

there was only a slight increase from 34% to 44% of multilumen cysts. However, this shift 

was most drastic in induced p60 cysts where only 16% of all cysts showed one lumen. The 

majority of cysts, namely 63% showed a multilumen phenotype and even 21% had no 

lumen at all. This result shows, that there is a drastic shift from a monolumen to a multi- 

or no lumen phenotype after induction and overexpression of p60 Amotl2.  

Also a change in localization of Phalloidin could be seen. Phalloidin normally stains the 

actin belt mostly at the apical site. This was true for all kinds of uninduced cysts or 

induced p100 or p60-PDZ mutant cysts. However, in induced p60 and p60-GFP cysts, 

Phalloidin localized not only to the apical site but also showed a stronger staining at 

basolateral regions than in uninduced cysts.  

In general the induced p100 cysts seemed to be smaller compared to the other types and 

the induced p60-PDZ mutant cysts seemed to have apoptotic cells inside the lumen. 

Because these results are only a first impression, quantification has to be done for these 

phenotypes as well. For an overview of all cysts stained with Phalloidin see figure 7.    
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Figure 7.  Lumen formation in tetracycline-induced or uninduced MDCK cysts. Uninduced 
(“tet off”) p60, p100 and p60-PDZ mutant Amotl2 cysts formed only one lumen. Induced (“tet on”) 
p100 and p60-PDZ mutant cysts also showed a monolumen phenotype. However, induced p60 and p60-
GFP cysts showed a multilumen or no lumen phenotype (red: actin, blue: nuclei, scalebar: 10!m). 
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Figure 8.  Quantification of tetracycline-induced (“tet on”) and uninduced (“tet off”) MDCK 
cysts. For p60-PDZ mutant Amotl2 there was almost no change in the relative percentage of 
multilumen or no lumen cysts after tetracycline induction. For induced p100 cysts there was a slight 
increase in multilumen cysts compared to uninduced ones. However, there is a strong increase in 
multilumen and no lumen cysts after induction of p60 Amotl2 (yellow: one lumen, red: multilumen, 
blue: no lumen). 
 
 
 
 
 

p60 tet off 
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p60 Amotl2 colocalizes with Crb3 and Par3 in vacuoles 

For this experiment the localization of the two isoforms p60 and p100 Amotl2 as well as 

the PDZ mutant form of p60 was examined. The tetracycline-inducible cell lines and the 

stably transfected p60-GFP cell line were used. It could be shown, that p100 Amotl2 

localizes at the apical region in MDCK cysts after induction with tetracycline (see figure 

9). p60 Amotl2 appears in vacuoles that accumulate at the multiluminar sites both in 

tetracycline-induced and p60-GFP cysts, but can also be found in other parts of the cells. 

However, the PDZ mutant form of p60 Amotl2 is spread all over the cytoplasm (see figure 

9).  

Figure 9. Localization of Amotl2 in polarized MDCK cells. p100 Amotl2 is localized at the apical 
region in tetracycline-induced (“tet on”) cysts whereas p60 appears in vacuoles that localize at the 
multiluminar regions. The PDZ mutant form of p60 is spread all over the cytoplasm in tetracycline-
induced cysts (green: Amotl2, blue: nuclei, scalebar: 10!m). 
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Figure 10. Amotl2 p60-GFP colocalizes with Crb3 in MDCK cysts. The Amotl2 p60-GFP vacuoles 
show an overlap with the Crb3 staining. In wildtype cysts Crb3 localizes mostly apical in a monolumen 
cyst (red: Crb3, green: Amotl2, blue: nuclei; scalebar: 10!m; arrowheads indicate colocalizations in 
vacuoles). 
 

          
            Par3                    Amotl2                    Merge + TOPRO 

 

  
  

                              
  

Figure 11. Amotl2 p60-GFP colocalizes with Par3 in MDCK cysts. The Amotl2 p60-GFP vacuoles 
show an overlap with the Par3 staining. In wildtype cysts Par3 localizes at tight junctions in a 
monolumen cyst (red: Par3, green: Amotl2, blue: nuclei; scalebar: 10!m; arrowheads indicate 
colocalizations in vacuoles). 
 

p60-GFP  

Wildtype  

p60-GFP  

Wildtype  
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To examine the role of Amotl2 in polarity a staining with Crb3 and Par3, which are 

members of two important apical polarity complexes, was performed in stably transfected 

p60-GFP cysts (see figure 10 and 11). In wildtype cysts, Crb3 shows a mostly apical 

staining whereas Par3 localizes at tight junctions in the apical region. This experiment 

showed, that both Crb3 and Par3 colocalize with the p60-GFP vacuoles.  

Overexpression of p60 Amotl2 affects localization of polarity markers 

Tetracycline-inducible expression of Amotl2 p60, p100 and the PDZ mutant was also 

examined regarding localization of several polarity markers. The cysts were stained with 

the following polarity markers Gp135, Ezrin, Beta-catenin and E-cadherin.  

Gp135 is an apical marker. This staining could be examined in all uninduced cysts as well 

as in p100 or p60-PDZ mutant induced cysts. However, the staining changed from apical 

to basolateral in induced p60 and p60-GFP cysts (see figure 12). 

Ezrin is also an apical marker and shows a typical staining in uninduced p60 cysts.  

Furthermore, there is no difference in the staining in p100 and p60-PDZ mutant induced 

cysts. However, if the p60 isoform is induced and therefore overexpressed in MDCK cysts, 

Ezrin shows a basolateral rather than an apical staining (see figure 13). 

!-catenin is a basolateral marker. A clear staining could be seen in all kinds of cysts, 

either induced or uninduced. Here, no change in p60 induced or p60-GFP cysts could be 

examined (see figure 14).  

E-cadherin is used as a basolateral marker. This staining was true for uninduced p60 

cysts and induced p100 and p60-PDZ mutant cysts. However there was a difference in 

staining in induced p60 cysts, which didn't show a clear localization of E-cadherin. This 

result could not be veryfied in p60-GFP cysts as these showed a normal lateral staining 

(see figure 15).  
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Figure 12. Gp135 staining of uninduced and induced MDCK cysts as well as p60-GFP 
cysts.  Gp135 is an apical marker and localizes normal in uninduced and induced p100 and PDZ-
mutant p60 cysts. However, it is mislocalized in induced p60 and p60-GFP cysts (red: Gp135, 
blue: nuclei, scalebar: 10!m). 



 18 

Figure 13. Ezrin staining of uninduced and induced MDCK cysts. Ezrin is an apical marker 
and localizes normal in uninduced p60 and induced p100 and p60-PDZ mutant cysts. However, it 
is mislocalized in induced p60 cysts (red: Ezrin, blue: nuclei, scalebar: 10!m). 
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Figure 14. !-catenin staining of uninduced and induced MDCK cysts as well as p60-
GFP cysts. !-catenin is a basolateral marker and localizes normal in either uninduced or induced 
cysts. No clear change in localization can be seen in p60 induced or p60-GFP cysts (red: !-
catenin, blue: nuclei. scalebar: 10!m). 
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Figure 15. E-cadherin staining of uninduced and induced MDCK cysts as well as p60-
GFP cysts.  E-cadherin is a basolateral marker and localizes normal in either uninduced p60 or 
induced p100 and PDZ-mutant cysts. However the staining seems to be lost in p60 induced cysts 
whereas p60-GFP cysts show a normal staining (red: E-cadherin, blue: nuclei, scalebar: 10!m). 
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DISCUSSION 
 
In this thesis and in previous studies it was shown that MDCK cysts grown in Matrigel is 

a useful model system to study polarity and lumen formation. 

In my experiments I could show that overexpression of the p60 isoform of Amotl2, using a 

already constructed tetracycline-inducible system in MDCK cysts, resulted in a disrupted 

lumen formation, which led to a multilumen phenotype and mislocalization of apical 

polarity markers Ezrin and Gp135. Furthermore, I could show that p60 appears in 

vacuolar structures and colocalizes with proteins of two important polarity complexes, 

namely Crb3 and Par3.  

 

Overexpression of p60 Amotl2 affects lumen formation and localization 

of polarity markers 

The multilumen phenotype of p60 Amotl2 overexpressing cysts could be a result of 

mislocalization of apical membrane proteins. It is known that if apical polarity proteins 

can not be transported properly, the apical membrane will be positioned wrong (for 

example also at cell-cell contact regions) which then results in the formation of several 

small apical sites that open up to small lumina (see figure 16, Schlüter and Margolis, 

2009). This theory would suggest that overexpression of p60 Amotl2 disrupts the 

trafficking pathway of apical polarity proteins.  

The stainings of the apical markers Ezrin and Gp135 in p60 induced cysts also support 

this hypothesis. The results show, that both mislocalize to basolateral sites. Gp135, which 

is a dog orthologue of Podocalyxin (Meder ET AL., 2005), interacts with Ezrin directly and 

indirectly via NHERF-1 (see figure 17, Schmieder ET AL., 2004)). If Ezrin is activated it 

also links Gp135 to actin, which is then concentrated at the apical domain (Schmieder ET 

AL., 2004). This connection of Gp135, Ezrin and actin to the apical membrane is consistent 

with my results. In uninduced cysts and induced p100 Amotl2 and the PDZ-mutant form 

of p60 all three markers perfectly localize at the apical membrane. However, they 

mislocalize in p60 induced and p60-GFP cysts, which suggests that no single normal 

apical membrane is formed but instead delineates also at basolateral regions and opens 

up to several small lumina there. 

The stainings of !-catenin suggest that the basolateral membrane is kept intact. However, 

the E-cadherin staining is not clear in this point, as p60 induced and p60-GFP cysts 

showed different stainings. A quantification of these cysts has to be performed here to 

draw a more specific conclusion out of these first results. 
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Figure 16. Formation model of a multiple lumen phenotype. This model suggests, that for 
multilumen cysts the apical membrane (red) is positioned in a wrong way so that several small lumina 
can open up in between cell-cell contact regions (figure adapted from Schlüter and Margolis, 2009). 
 

 

 

Figure 17. Connection of Gp135 to Ezrin and actin. Gp135 (red) is linked directly and indirectly to 
Ezrin (green) via NHERF-1 (blue). If Ezrin is activated it also links Gp135 to actin (light red). All three 
markers are then concentrated at the apical membrane (figure adapted from Schmieder ET AL., 2004). 
 
 
 

p60 Amotl2 appears in vacuoles and overlaps with Crb3 and Par3 

Stainings of Amotl2 in wildtype and p100 tetracycline-induced cysts showed, that it 

localizes at the apical region. Taken together with the result that neither uninduced or 

induced p100 cysts showed a defect in lumen formation it could be assumed that p100 

Amotl2 is involved in the proper transport of polarity proteins to the apical membrane.  
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However in p60 tetracycline-induced and p60-GFP cysts the Amotl2 stainings show a 

formation of vacuoles that are both localized all over the cell but also accumulate partly at 

apical regions. Including the result that these vacuoles overlap with Crb3 and Par3 in 

costainings it can be speculated that p60 might trap these two important apical polarity 

proteins and inhibit them from being transported properly to the apical membrane. Crb3 

is required to define apical membrane identity already at the first cell division (Schlüter 

ET AL., 2009). In regards of Par3, Horikoshi ET AL. demonstrated in 2009 that Par3 is 

required for apical domain development and that knockdown of Par3 results in 

intercellular lumen formation and therefore an increase in multilumen MDCK cysts. 

However, Torkko ET AL. showed in 2008 that a complete knockdown of Crb3 in MDCK 

cells results in a no lumen phenotype. As my results show an increase of cysts with 

multiple lumina rather than with no lumen, one may assume that the trapping of Crb3 

happens only partly or that there is an alternative way that circumvents the trafficking of 

these apical polarity proteins.  

The fact that tetracycline-induced cysts of p60 Amotl2 with a mutation in the PDZ-

binding domain didn’t show a disrupted lumen and vacuole formation may give rise to the 

suggestion that this domain is important for p60 to bind to polarity proteins and therefore 

block the establishment of apical polarity.   

 

Conclusion 

Taken together these results suggest that p100 Amotl2 and p60 Amotl2 have a 

counteracting role in the process of polarity regulation and lumen formation. The 

hypothesis for p100 Amotl2 would be that it allows polarity protein traffic to the apical 

membrane and that it contributes positively to the establishment of apical polarity.  

p60 Amotl2 however can be speculated to have an antagonistic role, namely it disturbs 

transport of polarity proteins to the apical membrane by trapping polarity proteins like 

Crb3 and Par3 in vacuoles via interaction of the PDZ-binding domain and the Patj/Mupp1 

complex.  

 

Future perspectives 

As described before, MDCK cysts are a good model system to study lumen formation and 

polarity in vitro, but to draw any conlusions from this model to angiogenesis, some things 

have to be considered.  
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MDCK cells are epithelial cells but blood vessels are formed of endothelial cells. One has 

to take in consideration that polarity and lumen formation mechanisms might differ in 

both cell types. Further studies on Amotl2 in other cells have to be performed to verify 

these first results. There are other model systems that could be taken into account, for 

example tube-like structures that are induced by Matrigel in Mile Sven 1 (MS1) cells, 

which are immortalized endothelial cells. It was shown previously that MS1 cells are able 

to build vessels with a visible lumen on Matrigel, but the lumen was formed based on the 

basal cell surface instead of the apical one (Kucera ET AL., 2009).   

Another model cell type would be the Caco2 cell line, which are human epithelial 

colorectal adenocarcinoma cells. I tested these cells using the MDCK cyst formation assay 

and saw that they are also able to form cysts similar to MDCK ones. As it is a tumor cell 

line it would be interesting to examine polarity and the role of Amotl2 in these cells in 

regards to migration and metastasis.  

Due to limited time, no quantification of cysts stained with polarity markers was 

performed. Here it would be intersting to see to what extend these mislocalizations 

appear. Especially the E-cadherin staining needs to be specified further, because a loss of 

E-cadherin in MDCK cysts would mean that cells have a bigger chance for breaking out 

and they might start to migrate. This aspect is important regarding metastasis. It has 

been shown that when E-cadherin levels are downregulated, endothelial cells can aquire 

mesenchymal morphology. This process is called epithelial-mesenchymal transition (EMT) 

and enables carcinoma cells to become invasive (Weinberg, 2007). 

Another interesting experiment would be to measure the lumen sizes of all tetracycline-

uninduced and induced cysts to see which influence the overexpression of p100 and p60 

Amotl2 has in the process of opening up the lumen.  
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MATERIAL AND METHODS 
 
Cell Culture  

MDCK cells were grown at 37°C in DMEM medium supplemented with 10% FBS, 100 U/l 

penicillin and 100 U/l streptomycin.  

To examine the role of Amotl2 in MDCK cyst lumen formation, tetracycline-inducible 

plasmids were cloned and transfected into MDCK cells to have the possibility to control 

protein expression (construction, cloning and transfection was performed by the group 

member Yujuan Zheng). Plasmids of both p60 and p100 Amotl2 isoforms as well as a 

plasmid of p60 that has a mutation in the PDZ binding domain were constructed. Also, 

MDCK cells were stably transfected with a GFP-tagged version of the p60 isoform of 

Amotl2. 

For MDCK cells stably expressing Amotl2 with a tetracycline-inducible system, 2mg/ml 

G418 and 5 µg/ml blasticidin was added to complete DMEM medium. For induction, 1 

µg/ml tetracycline was added prior to seeding cells on Matrigel.  

MDCK cells were splitted 1:10 every 2-3 days using trypsin for 10 min at 37°C.  

 

Matrigel cyst formation assay 

For the MDCK cyst formation assay, a confluent 10 cm dish was splitted 1:10 the day 

before performing the assay. Reduced growth factor Matrigel (#354230, BD Biosciences) 

was used. Cysts were grown on 100% Matrigel using 5 µl per well of an 8-well chamber 

slide. Cells were detached using trypsin for 10 min at 37 °C and resuspended in 

appropriate culture medium containing 2% Matrigel. For tetracycline-induced cysts, 1 

µg/ml tetracycline was added to the culture medium at this step. 250 µl of this cell-

medium-Matrigel solution were spread on the 100% Matrigel base of each well and 

incubated at 37°C for 72h.  Approximately 3000-4000 cells were seeded on one well of an 

8-well chamber slide. 

 

Immunofluorescence staining and Confocal Microscopy 

For immunostainings MDCK cysts were fixed with 4% PFA for 10 min room temperature 

(RT). Permeabilisation was performed using 0.1% Triton X-100 in PBS for 1-2 min RT.  

After washing with PBS, cysts were blocked with 3% BSA in PBS for 1 h RT and then 

incubated with the primary antibody diluted in 3% BSA in PBS overnight at 4°C. 

Secondary antibody staining was performed for 1 h RT together with TOPRO, which 
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stains the nuclei and/or Texas Red Phalloidin for actin staining. Cysts were mounted 

using Vectashield mounting medium for fluorescence (#H-1000, Vector Laboratories) and 

then analyzed by confocal laser microscopy (Leica). 

Quantification of cysts was done by counting between 100-200 cysts. Characterization of 

phenotypes was performed using a Phalloidin staining and counting for the number of 

lumen rather than evaluating dislocalization of polarity markers or lumen size.  

 

Antibodies  

For immunofluorescence stainings the following primary antibodies were used: 

Rabbit polyclonal Amotl2 antibody was raised against the C-terminal peptide of human 

Amotl2. Mouse monoclonal !-catenin (#610154), mouse monoclonal Ezrin (#610603) and 

mouse polyclonal E-cadherin (#610404) were purchased from BD Biosciences. A 

collaborator of the lab provided mouse monoclonal Gp135. Rabbit polyclonal Crb3 was 

raised against the C-terminal peptide of human Crb3. Rabbit polyclonal Par3 (#07-330) 

was purchased from Millipore.  

 

Alexa-Fluor" conjugated secondary antibodies (anti-rabbit-488:# A-11008; anti-mouse-

594: #A-11062; anti-rabbit-594: #A-11012), Texas Red Phalloidin (#T7471) and TOPRO 

(#T3602) were purchased from Molecular Probes. 
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