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1 Abstract 

Cysteine cathepsins are endo-lysosomal proteases expressed in a variety of cells and 

tissues, including the gastrointestinal tract. A variety of experimental approaches have been 

developed to enable visualization and trafficking studies of proteases in vitro and in vivo. 

Such approaches include fluorescent protein tagging experiments and use of activity based 

probes for monitoring of proteolytically active enzymes. Based on these strategies we 

generated a transgenic mouse model aiming at intestine-specific expression of cathepsin B-

EGFP in order to elucidate the functions and transport pathways of cathepsin B in situ. 

Trafficking and localization studies have changed the classical view of cysteine cathepsins 

as enzymes acting only intracellularly and now it is well established that these proteases can 

also be secreted and exert extracellular functions. For example, extracellular cathepsin K has 

been recently indentified as an intestinal antibacterial factor with anti-inflammatory potential. 

Our studies on cathepsin K-deficient mice demonstrated that absence of cathepsin K is 

accompanied by elevated levels of other cysteine cathepsins, namely cathepsins B, L, and X. 

In addition, cathepsin K-deficient mice exhibited higher protein levels of collagen IV, an 

observation also shown for cathepsin B- and cathepsin L-deficient mice. These findings 

made us propose a role of cysteine cathepsins in ECM remodeling through both direct and 

indirect effects. Moreover, this study revealed that cathepsin K is important for the intestinal 

barrier function, since absence of this protease resulted in impaired distribution and 

expression of intercellular junction proteins. An important and very interesting observation 

was that cathepsin-deficiency affects each part of the gastrointestinal tract differently. For the 

first time each part of the small and large intestine was analyzed separately and our 

observations revealed that the proteolytic profile is unique and characteristic for each 

intestinal part. Interestingly, elevated levels of cathepsin X were found only in the duodenum 

and colon of cathepsin B-deficient mice when compared to wild type controls, while no 

alterations were observed in the case of jejunum and ileum. Hence, the conditions required 

for compensatory tasks of cathepsin X might be present only in specific parts of the 

gastrointestinal tract. Overall, this study demonstrates the key role of cysteine cathepsins in 

intestinal homeostasis and highlights the necessity to investigate each part of the 

gastrointestinal tract independently and not as an entity.   
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2 Introduction 

2.1 The intestine 
The gastrointestinal (GI) tract serves as a barrier between the body and the external 

environment. This organ is responsible for digestion and absorption of nutrients and fluids. 

The GI tract starts from the oral cavity and includes the oesophagus, stomach, small and 

large intestine [Bhagavan, 1992; Schneeman, 2002]. The small intestine is anatomically 

divided into three segments, namely the duodenum, jejunum, and ileum that differ in 

morphology and function. Duodenum is the first part of the small intestine that receives the 

partially digested food from the stomach and also secretions from the pancreas and liver. In 

the jejunum the breakdown of the food is completed and absorption of nutrients takes place. 

The ileum is the last part before the large intestine and here the remaining nutrients are 

absorbed [Feldman and Schiller, 1997]. In the large intestine and more precisely in colon, 

absorption of water and minerals in addition to storage of feces takes place. The colon, in 

contrast to the small intestine, is characterized by a denser and more diverse microbiota that 

includes more than 1012 different microorganisms. Some of those microorganisms are 

harmful and have been associated with pathological conditions of the intestine whereas 

others are beneficial for the human organism [Schneeman, 2002; Turner and Turner, 2010].  

The intestinal wall consists of four layers i.e. mucosa, submucosa, muscularis externa, and 

serosa.  

 
Figure 1: Composition of the intestinal wall modified after [Alberts, 2002]. The intestinal wall is 
composed of mucosa, submucosa, muscularis externa, and serosa. The mucosal epithelium, the 
lamina propria, the connective tissue, and the circular and longitudinal muscle layers are also 
depicted.  

 

The mucosa is in direct contact with the intestinal lumen and it is involved in absorption of 

nutrients and in mucus secretion. The absorptive area of the mucosa is increased by finger-

like projections, called villi. The lamina propria is a thin layer of loose connective tissue that 

forms the inner support of the villi. Furthermore, foldings of the epithelium are found at the 
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basis of the villi and are known as intestinal crypts [Alberts, 2002]. The crypts are responsible 

for cell renewal by hosting intestinal stem cells. These stem cells will then differentiate into 

Paneth cells and enteroendocrine cells that are found in the crypts base. Intestine epithelial 

and goblet cells are also derived from the stem cells but migrate upwards to the villus tip 

from where eventually cell shedding into the lumen occurs [Sato et al., 2009]. A major 

difference between the small and large intestine is that the colonic mucosa has no villi and it 

is only organized into crypts.  

 

 
Figure 2: Morphology of the small and large intestine. Phase contrast micrographs of cryosections 
prepared from mouse duodenum, jejunum, ileum, and colon. The duodenum and jejunum are 
characterized by long villi. The villi become shorter in the ileum and they finally disappear in the colon 
where only colonic crypts are observed. Bars: 100 µm.  

 

The intestinal wall is further composed of the submucosa, a dense layer of connective tissue 

attached to the mucosa. The following layer is the muscularis externa, which consists of two 

layers of smooth muscles, a circular and a longitudinal. These muscle layers are responsible 

for contraction and peristalsis of the intestinal tract. Lastly, there is another layer of 

connective tissue that is called serosa, enwrapping the intestinal tube.  

A major function of the intestine is the barrier function that is vital for the human organism 

since it orchestrates the symbiosis of commensal bacteria with the host. An important 

determinant of intestinal barrier function is the mucus layer which serves as a physical barrier 

between the luminal bacteria and the underlying intestinal epithelium. The main component 

of intestinal mucus is the only gel-forming mucin, Muc2, that is produced and secreted by 

goblet cells [Johansson et al., 2011b]. The colonic mucus consists of two well-defined layers. 

In mouse, the inner layer is approximately 50 µm thick, stratified, and firmly attached to the 

colonic epithelium. Under physiological conditions, this layer is devoid of bacteria. On the 

other hand, the outer mucus layer is 3 to 4 times thicker, loose, and in direct contact with the 

luminal content. It has been shown that the expansion and conversion of the inner to the 

outer layer is mediated by proteolytic events [Johansson et al., 2011a]. Interestingly, the 

mucus in the small intestine is discontinuous and consists only of a single layer that has 

similar properties with the loose layer of the colon [Johansson et al., 2008]. The results of 

this difference in mucus features might be represented by bacteria residing much longer in 
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the colon in contrast to their fast passage through the small intestine. Therefore, the 

protective mechanisms have to be strongest in the colon since in this part potential 

pathogens have time to increase in number and jeopardise intestinal homeostasis. 

 

 
Figure 3: Mucus organization in the mouse small and large intestine [Arampatzidou et al., 
submitted]. The mucus layer in the small intestine is constituted by a single and less organized layer, 
whereas the colon mucus consists of two well-defined layers, i.e. the outer loose mucus layer (O) and 
the inner stratified mucus layer (S). 
 

However, in some cases the enteric pathogens manage to overcome the obstacle of the 

mucus barrier and invade the colonic epithelium. This invasion can lead to pathological 

conditions of the intestine, such as inflammation. The intestinal microorganisms are using 

various mechanisms in order to accomplish this task, including proteolytic degradation of the 

mucin polymeric network. For instance, it has been shown that the parasite Entamoeba 

histolytica is able to disrupt the mucus layer by secreting cysteine proteases [Lidell et al., 

2006].  

2.2 Endo-lysosomal cathepsins 
Proteases are multifunctional enzymes that play fundamental roles in diverse biological 

processes, such as protein turnover, proliferation, migration, adhesion, and differentiation. 

However, they have also been associated with pathological conditions, including cancer, 

inflammatory bowel disease, neurodegenerative disorders, and osteoporosis [Turk et al., 

2001; Mohamed and Sloane, 2006; Buth et al., 2007; Lopez-Otin and Matrisian, 2007; Brix et 
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al., 2008; Arampatzidou et al., 2011a]. In humans, around 600 different proteases are known 

that are distributed into five catalytic classes, i.e. aspartic, cysteine, metallo, serine, and 

threonine. An interesting observation is that in rodents there are more proteases in 

comparison to humans, a finding that highlights the diversity of proteolytic systems found in 

different species [Puente et al., 2003; Puente and Lopez-Otin, 2004; Rawlings et al., 2006]. 

This study focuses on cysteine cathepsins that belong to the C1A subfamily of papain-like 

enzymes in clan CA [Rawlings and Barrett, 1994; Barrett and Rawlings, 2001]. There are 11 

cysteine cathepsins identified in humans, namely cathepsins B, C, F, H, K, L, O, S, V, W, 

and X/Z/P. Rodents have a total of 18 cysteine cathepsins since they also express placenta-

specific cathepsins that are not found in other species [Deussing et al., 2002; Sol-Church et 

al., 2002; Mason, 2008; Brix et al., 2008].  

 

Table 1: Overview of human and mouse cysteine cathepsins 

Human cathepsins Chromosome Mouse cathepsins Chromosome 

cathepsin B 8 cathepsin B 14 

cathepsin C 11 cathepsin C 7 

cathepsin F 11 cathepsin F 19 

cathepsin H 15 cathepsin H 9 

cathepsin L 9 cathepsin L 13 

cathepsin K 1 cathepsin K 3 

cathepsin O 4 cathepsin O 4 

cathepsin S 1 cathepsin S 1 

cathepsin V 9 not expressed - 

cathepsin W 11 cathepsin W 19 

cathepsin X/Z/P 20 cathepsin X/Z/P 2 

not expressed - cathepsin M 13 

not expressed - cathepsin P 13 

not expressed - cathepsin Q 13 

not expressed - cathepsin R 13 

not expressed - cathepsin 1 13 

not expressed - cathepsin 2 13 

not expressed - cathepsin 3 13 

not expressed - cathepsin 6 13 
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Some of these enzymes, like cathepsins B and L, are ubiquitously expressed in contrast to 

others that are distributed in a cell- or tissue-specific manner. Initially, cysteine cathepsins 

were considered to act exclusively within the compartments along the endocytic pathway, 

since the proteolytic activity of most of the enzymes is optimal at slightly acidic pH and 

reducing conditions. However, it is now well established that these proteases and variants 

thereof exhibit functions in versatile locations, including even the nucleus, mitochondria but 

also the peri- and extracellular space [Turk et al., 2000; Brix et al., 2008; Tedelind et al., 

2011]. The scenes of action for a specific protease can differ between physiological and 

pathological conditions. Safe-guarding mechanisms are responsible for regulating the 

proteolytic activity of enzymes found in unwanted locations or at abnormally elevated levels. 

Inhibitors, the natural counter-players of proteases, represent such a regulatory mechanism 

that contributes in tissue homeostasis. Endogenous inhibitors of cysteine cathepsins play 

pivotal roles in the regulation of their activity and include cytosolic stefins as well as cystatins 

and kininogens in extracellular fluids [Turk et al., 1997; Abrahamson et al., 2003; Rawlings, 

2010].   
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Figure 4: Transport pathways of cysteine cathepsins in health and disease [Brix et al., 2008]. 
Schematic depiction of biosynthetic pathways and trafficking of cysteine cathepsins in a non-polarized 
eukaryotic cell. Cysteine cathepsins are synthesized as preproenzymes at the rough endoplasmic 
reticulum (ER). By leader sequences they are targeted for entry into the ER lumen, and they are 
subsequently processed to proenzymes. The proforms of cysteine cathepsins are then transported to 
the Golgi apparatus for further post-translational modifications and sorting into transport vesicles in the 
trans-Golgi network (TGN) (A). From the TGN, procathepsins are then transferred via clathrin-coated 
vesicles to late endo-lysosomes where proteolytic processing of the proforms occurs, resulting in 
generation of mature and enzymatically active cathepsins (B). The final destination of the mature 
enzymes is the lysosome (C and D). However, in specific types of cells active cathepsins can be 
recruited out of the late endo-lysosomes and subsequently transported to the plasma membrane for 
secretion (E). It is also possible to have transport of procathepsins along the secretory pathway that 
results in secretion of enzymatically inactive proforms into the extracellular space (F). These secreted 
procathepsins can be re-internalized and transported along the endocytic pathway (G). Recycling 
pathways are also observed (H). In neurosecretory cells, procathepsins can be directed into secretory 
granules for maturation and subsequent secretion (I). N-terminally truncated cathepsins (found for 
example in cancer cells) can end up in unusual locations, such as the nucleus (K) or the mitochondria 
(L). Under pathological conditions lysosomes can become leaky, resulting in release of cathepsins into 
the cytosol (M) where they are considered to contribute to the induction of cell death pathways. 
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Cysteine cathepsins are known to exert versatile tasks in both health and disease states. 

Cathepsin B for example has been shown to contribute to prohormone processing in the 

thyroid gland [Friedrichs et al., 2003] while it is also able to degrade ECM constituents and 

promote tumor growth and metastasis [Buck et al., 1992; Yano et al., 2001; Vasiljeva et al., 

2006; Chan et al., 2010]. Another cysteine cathepsin known to be involved in cancer, is the 

recently identified cathepsin X, also known as cathepsin Z or cathepsin P [Nagler et al., 

2004; Buhling et al., 2004]. Cathepsin X has been suggested to play a role in cell adhesion 

and migration processes [Lechner et al., 2006] as well as in maturation of dendritic cells 

[Obermajer et al., 2008]. In contrast to cathepsin B, that exhibits both endo- and 

carboxypeptidase activity [Musil et al., 1991; Nagler et al., 1997], cathepsin X can only act as 

a carboxypeptidase [Nagler et al., 1999; Puzer et al., 2005].  

Although cathepsins B and X display distinct activity profiles against substrates and inhibitors 

[Menard et al., 2001], these two proteases are known to exhibit compensatory effects in 

breast carcinoma and gastric epithelial cells [Vasiljeva et al., 2006; Bernhardt et al., 2010]. 

Compensatory phenomena have been observed for more cathepsins, e.g. for cathepsins K 

and L in the thyroid gland [Friedrichs et al., 2003]. Cathepsin K has recently attracted special 

attention since the cathepsin K inhibitors are currently in phase III clinical trials for 

osteoporosis treatment [Podgorski, 2009; Rachner et al., 2011; Dauth et al., 2011a]. This 

protease was first recognized for its high expression in osteoclasts [Bromme and Okamoto, 

1995] and due to its collagenolytic activity, cathepsin K has a prominent role in bone 

remodeling [Gelb et al., 1996; Saftig et al., 1998]. Several osteoclast-specific therapeutic 

strategies have focused on cathepsin K [Deaton and Tavares, 2005; Yasuda et al., 2005; 

Desmarais et al., 2009; Podgorski, 2009]. Apart from osteoclasts, however, cathepsin K is 

also present in other types of cells and tissues, including thyroid gland [Tepel et al., 2000; 

Jordans et al., 2009], brain [Dauth et al., 2011b], GI tract [Haeckel et al., 1999; Mayer et al., 

2006], and macrophages [Punturieri et al., 2000].    

2.3 Cathepsin-deficient animals 
Elucidating the roles of cathepsins in vivo is of great significance since these proteases are 

associated with diverse disorders and therefore have a great potential as therapeutic targets 

[Mohamed and Sloane, 2006; Vasiljeva et al., 2007; Reiser et al., 2010]. The cathepsin-

deficient mice represent an excellent tool for such studies and they have been widely used 

by the scientific community. In several cases, cathepsin-deficiency does not alter the overall 

phenotype of the animals, while in other cases absence of a specific cathepsin, like for 

instance of cathepsin D, can be lethal [Reinheckel et al., 2001; Saftig et al., 1995]. When 

studying cathepsin-deficient mice, one should always keep in mind the major differences 

between the human and mouse proteolytic systems. For example mice have 8 additional 

cathepsins that are not found in humans and they lack human cathepsin V. Therefore, direct 
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conclusions from studies on mouse models should not be drawn without taking into account 

the unique proteolytic identity of each species.  

 

Table 2: Overview of phenotypes and characteristics of the various cathepsin-
deficient mice 

Genotype Phenotype / Characteristics References 

Ctsb -/- No obvious phenotype 

Challenged mice:  

less severe experimental acute pancreatitis 

less susceptible to TNFa-induced hepatocyte 

apoptosis 

Thyroid alterations 

[Halangk et al., 

2000; Guicciardi et 

al., 2000; 

Reinheckel et al., 

2001; Friedrichs et 

al., 2003] 

Ctsd -/- Lethal 

Die approximately at postnatal day 26 due to 

atrophy of intestinal mucosa and destruction of 

lymphoid cells 

[Saftig et al., 1995] 

Ctsk -/- Osteopetrosis 

Resistant to experimental autoimmune 

encephalomyelitis 

Defective toll-like receptor 9 signaling 

Thyroid alterations 

CNS alterations 

Learning and memory impairments 

Reduced anxiety 

[Saftig et al., 1998; 

Friedrichs et al., 

2003; Asagiri et al., 

2008; Dauth et al., 

2011a] 

Ctsl -/- Altered hair follicle morphogenesis and cycling 

(periodic hair loss) 

Dilated cardiomyopathy 

Impaired MHC class II antigen presentation 

Thyroid alterations 

[Roth et al., 2000; 

Reinheckel et al., 

2001; Stypmann et 

al., 2002; Friedrichs 

et al., 2003] 

Ctsz -/- No phenotype reported  

Ctsb -/-/Ctsl -/- Lethal 

Die within 2-4 weeks after birth due to neuronal loss 

and brain atrophy 

[Felbor et al., 2002] 

Ctsb -/-/Ctsz -/- No phenotype reported  

Ctsk -/-/Ctsl -/- Hypothyroidism [Friedrichs et al., 

2003] 
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2.4 Cathepsins in the intestine 
Cysteine cathepsins exert diverse tasks in the GI tract and they also exhibit variable 

localization patterns. In human intestine cathepsin B was localized within endo-lysosomes, in 

contrast to cathepsins K and L that were predominantly detected in association with the 

apical plasma membrane. Moreover, cathepsins K and L were found to be secreted from 

goblet cells, along with the intestinal mucus [Mayer et al., 2006; Brix et al., 2008]. This 

different localization of cysteine cathepsins in the intestine suggests also different functions 

for these proteases not only intracellularly but also in the extracellular space.   

 

 
Figure 5: Localization of cysteine cathepsins in mouse intestine. Cryosections of mouse intestine 
immunostained for cathepsin B (green), cathepsin X (red), and cathepsin L (blue). Cathepsins B and X 
are localized within endo-lysosomes and cathepsin X-containing vesicles appear closer to the apical 
plasma membrane in comparison to vesicles containing cathepsin B. Cathepsin L is mainly detected in 
association with the apical plasma membrane. The schematic drawing depicts localization of these 
enzymes in a mouse intestinal epithelial cell.   
 

Our studies have demonstrated that absence of cathepsins B, K, or L is accompanied by 

elevated levels of collagen IV in the mouse intestine [Vreemann et al., 2009; Dauth et al., 

2011a]. Therefore, a role in ECM remodeling has been suggested for these cysteine 

cathepsins and has been further investigated, thereby taking all segments along the lengths 

of the GI tract into account. Cathepsins are also considered to be involved in MHC class II-

mediated antigen presentation in intestinal epithelial cells and in M-cells [Hershberg et al., 
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1997; Beers et al., 2005]. In addition, cathepsin K has recently been identified as an 

intestinal antibacterial factor with anti-inflammatory potential [Sina et al., 2012].  

However, cathepsins have often been associated with pathological conditions of the intestine 

and it is well established that alterations in the proteolytic network can lead to such 

conditions [Medina and Radomski, 2006]. In particular, in a mouse model of colitis it has 

been shown that inhibition of cathepsins B and L can reduce the mucosal damage [Menzel et 

al., 2006]. Furthermore, in vitro and in vivo studies demonstrated a non-physiological release 

of active cathepsin B after intestinal trauma [Mayer et al., 2009; Vreemann et al., 2009]. In 

addition, several studies have highlighted the involvement of cathepsin B in colorectal 

carcinoma invasion and metastasis. Cathepsin B is overexpressed in colon cancer and its 

expression is associated with poor prognosis and increased mortality [Campo et al., 1994; 

Jessup, 1994; Guzinska-Ustymowicz et al., 2004; Chan et al., 2010].   

2.5 Intercellular junction proteins and brush border enzymes as 
markers of intestinal polarity and differentiation 

The intestine is a highly polarized epithelium that undergoes rapid and constant self-renewal. 

Therefore, maintenance and repair of the intestinal barrier is required and impairment of this 

barrier function is often associated with pathological conditions. The intercellular junctions 

have profound roles in maintenance of intestinal polarity and tightness. It has been shown 

that alterations in the expression and localization patterns of junctional complex constituents 

occur concomitant with intestinal inflammation [Gibson et al., 1995; Hanby et al., 1996; 

Karayiannakis et al., 1998; Schmitz et al., 1999; Gassler et al., 2001]. There are different 

types of intercellular junctions, such as tight and adherens junctions.  

Tight junctions are the most apically localized junctional proteins that regulate paracellular 

permeability across the intestinal epithelium [Anderson and Van Itallie, 1995]. The major 

components of tight junctions are occludin and claudin-1 that are associated with integral 

plasma membrane proteins known as Zonula occludens (ZO) proteins [Hartsock and Nelson, 

2008].  Localization shifts of occludin and claudin-1 away from the tight junctions have been 

reported in several studies and have been linked with inflammatory bowel disease [Boudreau 

et al., 2007; Poritz et al., 2011; Noth et al., 2011].   

Adherens junctions have a more basal distribution and they are detected at the lateral 

plasma membrane sub-adjacent to tight junctions. E-cadherin is their major constituent and it 

is known to bind to cytosolic catenins [Halbleib and Nelson, 2006]. E-cadherin is considered 

to have pivotal roles in intestinal homeostasis since it is involved in diverse processes, 

including adhesion, differentiation, maturation, and positioning of intestinal cells [Schneider et 

al., 2010]. Interestingly, cathepsins have been found to influence the expression and 

distribution of intercellular junctions. For instance, it has been shown that inhibition of 

cathepsin L promotes redistribution of claudin-1 in the nucleus of intestinal epithelial cells 
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[Boudreau et al., 2007]. Moreover, E-cadherin has been identified as a substrate of several 

cathepsins [Gocheva et al., 2006].  

Another important characteristic of intestinal epithelial cells is the brush border that is located 

at their apical pole. The brush border is composed of numerous microvilli and its main 

function is terminal digestion and absorption of nutrients [Holmes and Lobley, 1989]. Several 

enzymes are embedded in this brush border and they are therefore referred to as brush 

border enzymes. APN is such a brush border enzyme that is implicated in a variety of 

functions, like proliferation, adhesion, apoptosis, antigen presentation, and enzymatic 

regulation of peptides [Mina-Osorio, 2008]. APN is also involved in differentiation, therefore 

in several studies it serves as differentiation marker of polarized epithelia. The distribution of 

APN differs between the small and large intestine. More precisely, in the small intestine APN 

is found at the apical plasma membrane whereas in the colon its polarity is reversed 

[Arampatzidou et al., 2011b].   

 

 
Figure 6: Distribution of APN in the small and large intestine modified after [Arampatzidou et 
al., 2011b]. Cryosections of mouse intestine after staining with APN-specific antibodies. In the small 
intestine (left) APN is localized at the apical plasma membrane. This distribution is replaced by 
basolateral plasma membrane localization in the colon (right). Cell nuclei are stained with DRAQ5 
(blue). Bars: 50 µm. 

 

2.6 Extracellular matrix and basal lamina constituents 
Apart from intercellular junctions, a profound role in intestinal homeostasis is exerted also 

through interactions between intestinal cells and ECM macromolecules. The ECM provides 

structural support and it is essential for processes like cell growth, cell differentiation, and cell 

migration [Beaulieu, 1997; Montgomery et al., 1999]. Integrins are cell surface receptors that 

are specific for ligation of ECM constituents such as collagens, laminins, and fibronectins 

[Beaulieu, 1999]. The expression patterns of integrins and their ligands during renewal of the 
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intestinal epithelium is crucial and alterations in these patterns have been associated with 

pathological conditions of the intestine [Teller and Beaulieu, 2001]. The intestinal epithelium 

lies on a thin and flexible network of glycoproteins, proteoglycans, and glycosaminoglycans 

named basal lamina. The basal lamina defines the microenvironment required for cellular 

functions including proliferation, apoptosis, and migration. It regulates cell behaviour and 

mediates tissue compartmentalization, while it also serves as scaffold during tissue 

regeneration [Timpl and Brown, 1996]. Major components of the basal lamina are collagen 

IV, laminin, perlecan, and entactin. Perlecan and entactin are proteins responsible for 

stabilizing the network build up by collagen IV and laminin [Paulsson, 1992; Timpl and 

Brown, 1996].  

The collagen family consists of 28 members of fibrous and non-fibrous proteins that contain 

at least one triple-helical domain. Collagens are the most abundant proteins in mammals 

known to play important roles in many tissues since they define their structural and 

mechanical properties. Moreover, collagens are the main components found in connective 

tissue [Ricard-Blum, 2011]. Collagen IV, the major constituent of basal lamina, belongs to the 

non-fibrous collagens and it is a heterotrimeric molecule. Besides collagens, laminins are 

also essential for the assembly of basal lamina. They are trimeric glycoproteins that form 

independent networks which are then associated with collagen IV networks through small 

connecting proteins. It has been shown that the expression patterns of laminins are altered in 

pathological conditions of the intestine such as IBD and cancer [Teller and Beaulieu, 2001]. 

Interestingly, cysteine cathepsins are identified as important players in ECM remodeling 

since they are able to degrade ECM and basal lamina constituents, such as collagen IV, 

laminin, and fibronectin [Buck et al., 1992; Koblinski et al., 2000; Lombardi et al., 2005; Buth 

et al., 2007]. In the intestine, cathepsins B, K, and L are considered to be involved in ECM 

turnover since the respective cathepsin-deficient mice exhibit significantly elevated levels of 

collagen IV in their intestinal tissue [Vreemann et al., 2009].       
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Figure 7: Overview of brush border enzymes, intercellular junctions, and ECM constituents in 
the intestinal epithelium modified after [Vreemann, 2009]. Schematic drawing illustrating the 
localization of the brush border enzyme APN (red), the tight junction protein occludin (yellow), the 
adherens junction protein E-cadherin (purple) and the ECM constituents collagen IV (orange) and 
laminin (green).  

2.7 Monitoring protease activity with activity based probes 
Proteases represent promising targets for drug development because they are involved in a 

variety of pathologies and disorders. However, successful design of protease inhibitors as 

efficient drugs for the clinics remains still a challenge and the major restraints are low 

specificity and unwanted off-target effects [Vasiljeva et al., 2007; Reiser et al., 2010]. In order 

to overcome these obstacles we need to be able to monitor the activity of proteases and spot 

their scenes of actions in living cells and organisms. The recent development of activity 

based probes (ABPs) has significantly contributed towards this direction over the last years 

[Greenbaum et al., 2002; Kato et al., 2005; Blum et al., 2009; Arampatzidou et al., 2011a; 

Deu et al., 2012]. 

ABPs are small reporter molecules able to penetrate biological membranes thereby reaching 

proteolytically active proteases within cells and tissues. They consist of three parts, the 

warhead that reacts with the active site of the target protease, the spacer (recognition 

element) that directs the probe to the target enzyme, and the tag that is usually a fluorescent 

dye or an affinity handle [Deu et al., 2012].  
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Figure 8: Structural elements of ABPs modified after [Deu et al., 2012]. ABPs are chemical 
probes consisting of three elements: warhead, spacer, and tag. ABPs can bind to specific proteases 
and tag them only when these enzymes are active.  

 

ABPs are substrate analogs. Upon binding they are cleaved and remain covalently attached 

to the target protease. Some ABPs target whole families of proteases, like DCG-04 that 

binds to active cysteine proteases [Greenbaum et al., 2000], while others are designed to 

target a specific protease, like NS-173 that is a cathepsin B-specific ABP [Schaschke et al., 

2000]. The advantage of quenched in comparison to non-quenched ABPs is that the first 

become fluorescent only upon cleavage, thus offering better signal-to-noise ratios [Blum et 

al., 2005; Brix and Jordans, 2005; Blum et al., 2007]. An impressive and highly promising 

application of ABPs is whole-animal non-invasive imaging that has successfully been tested 

in mice and could in the future contribute in human diagnostics [Blum et al., 2007; Blum et 

al., 2009; Deu et al., 2012]. 

 

 
Figure 9: In situ  detection of active cathepsin B by using ABPs. The non-quenched cathepsin B-
specific ABP, NS-173, was applied on cryosections prepared from mouse intestine. Active cathepsin B 
(green) is visualized within endo-lysosomes (arrowheads). Bars: 50 µm. 
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3 Aim of the study 

The main goal of this study was to investigate the contribution of cysteine cathepsins in 

intestinal homeostasis, with a primary interest for cathepsins B, K, and X. Therefore, Ctsb-/-, 

Ctsk-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/- mice were used in order to identify potential alterations and 

differences between these animals and WT controls. The double deficient mice for 

cathepsins B and X represent an ideal model system since these two proteases are known to 

exhibit compensatory functions. Thus, we wanted to analyze Ctsb-/-/Ctsz-/- mice in order to 

detect possible alterations that are latent in single deficient mice due to compensation. 

Indeed, we found that cathepsin X protein levels are elevated in some parts of the small and 

large intestine of Ctsb-/- mice, which are rich in cathepsin B in WT mice. This finding 

demonstrates for the first time that compensatory phenomena of cathepsins B and X occur 

also in intestinal tissue. For these studies we followed an approach in which every part of the 

gastrointestinal tract, e.g. duodenum, jejunum, ileum, and colon was analyzed separately 

although most studies tend to use the whole mouse intestine for analysis. Interestingly, the 

results of this study highlighted the exclusive properties of each intestinal part and 

emphasized the importance of taking into consideration the major functional and structural 

differences observed along the lengths of the gastrointestinal tract. Moreover, our 

biochemical and morphological analyses focused on the expression and localization pattern 

of ECM constituents, intercellular junction proteins, and brush border enzymes in an effort to 

elucidate the effects of cathepsin-deficiency in intestinal function and architecture. This study 

confirmed our initial hypothesis that cathepsins are involved in ECM remodeling since Ctsb-/- 

and Ctsk-/- mice displayed alterations in the protein levels of ECM constituents, such as 

collagen IV and laminin. We concluded that the expression pattern of collagen IV as well as 

its response to cathepsin deficiency varies along the length of the gastrointestinal tract and 

appears to be characteristic for the respective intestinal part. Furthermore, absence of 

cathepsin K led to altered protein levels and distribution patterns of adherens and tight 

junction proteins that are important players in the maintenance of intestinal tightness and 

integrity. These findings made us address the question whether there is a general 

impairment of intestinal barrier function in the intestine of Ctsk-/- mice. For this purpose, we 

used an ex vivo approach developed for the analysis of intestinal mucus organization and 

growth and our results revealed similar properties of mucus layers between Ctsk-/- and WT 

mice. However, since the protein levels of other cysteine cathepsins were found to be 

significantly elevated in the intestine of Ctsk-/- mice, implying compensatory mechanisms, we 

can not exclude the possibility that cathepsin K is involved in mucus processing. It is crucial 

to further investigate the tasks that cathepsin K exerts in the gastrointestinal tract since 

cathepsin K inhibitors are currently in clinical trials and the question whether it is safe to treat 

patients with such inhibitors remains still open. 
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4 Results 

The results of this study are included in three research articles (one published, one 

submitted, and one in preparation) and two review articles that are published in peer-

reviewed journals. A brief description of each article is given below. 

 

1. Arampatzidou M, Rehders M, Dauth S, Yu DMT, Tedelind S, Brix K (2011). Imaging of 

protease functions-current guide to spotting cysteine cathepsins in classical and novel 

scenes of action in mammalian epithelial cells and tissues. Italian Journal of Anatomy and 

Embryology 116:1-19 (published; invited and peer-reviewed review article) 

 

This review article describes in detail the refined methodology needed for visualization and 

localization of proteases in cells and tissues. Apart from localization we are also able to 

detect and image the proteolytic activity of these enzymes. The activity based probes 

represent a great tool for visualizing protease activity both in situ and in vivo.  

Moreover, the use of fluorescent protein tagging enables us to elucidate the transport 

pathways and the trafficking of proteases within cells. Such studies are of great importance 

since in many pathological conditions, like in cancer, the trafficking of specific proteases is 

altered. In addition, this article discusses and compares different fixation procedures and 

protocols for immunolabeling, highlighting the importance of choosing the best and most 

suitable method for each model system.  

This review focuses on cysteine cathepsins that have a great potential as drug targets 

because of their involvement in a variety of disorders and pathological processes. Therefore, 

it is of great importance to spot these enzymes in all possible locations within and outside 

cells in an optimal and precise way. 

 

Contributions: MA carried out the experiments described in Figure 1 (C and C′) and Figure 

4 (C and C′), was involved in discussion and interpretation of data, and participated in 

manuscript writing. 

 

2. Dauth S, Arampatzidou M, Rehders M, Yu DMT, Führer D, Brix K (2011). Thyroid 

cathepsin K - roles in physiology and thyroid disease. Clinical Reviews in Bone and Mineral 

Metabolism 9:94-106 (published; peer-reviewed review article) 

 

Cathepsin K is a cysteine protease mainly known for its bone remodeling tasks. The main 

focus of this review however was on the functions that cathepsin K exhibits in the physiology 

and pathology of the thyroid gland. Initially, the role of cysteine cathepsins in thyroglobulin 

processing is discussed and cathepsin K substrates in bone and thyroid are compared. 
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Immunolabeling experiments demonstrating cathepsin K localization in human and mouse 

thyroid are also included in this article. Furthermore, possible consequences of cathepsin K 

inhibition or deletion for thyroid and thyroid target tissues, such as bone, CNS, skin, and 

intestine are described and discussed. Since cathepsin K inhibitors are in phase III clinical 

trials, the potential off-target effects of their use are speculated and the importance of 

elucidating the roles of cathepsin K in cells and tissues in general is highlighted.  

 

Contributions: MA carried out the experiments described in Figure 4, was involved in 

discussion and interpretation of data, and participated in manuscript writing. 

 

3. Arampatzidou M, Mayer K, Iolyeva ME, Asrat SG, Ravichandran M, Günther T, Schüle 

R, Reinheckel T, Brix K (2011). Studies of intestinal morphology and cathepsin B expression 

in a transgenic mouse aiming at intestine-specific expression of Cath B-EGFP. Biological 

Chemistry. 392(11):983-93 (published; peer-reviewed; selected for cover illustration of the 

November 2011 issue) 

 

Cathepsin B is a ubiquitously expressed cysteine protease, known to be involved in a variety 

of physiological and pathological conditions. Among the various tissues of action, cathepsin 

B has been suggested to play an important role in the gastrointestinal tract which is the 

tissue of interest in this article.  

In an effort to visualize the function and trafficking of cathepsin B in situ, we generated a 

transgenic mouse model that was expected to express cathepsin B-EGFP in an intestine-

specific setting. For this purpose, we used the A33-antigen promoter as a tool for Cdx1-

dependent cathepsin B-EGFP expression, an approach that was successfully used in 

previous in vitro studies. However, in vivo, no expression of chimeric cathepsin B could be 

detected in the intestine of transgenic mice. The investigations revealed that although the 

transgene was maintained over several generations, it was not expressed, suggesting that 

possibly a problem at the transcriptional level had occurred.  

Nevertheless, the overall intestinal phenotype as well as expression and localization patterns 

of various proteins, such as endogenous cathepsin B, APN, and A33 antigen, were not 

altered due to A33-CathB-EGFP transgene integration.  

 

Contributions: MA contributed to the design of the study, carried out the experiments 

described in Figures 1B, 2, 4, 5, 6, 7, and 8, was involved in discussion and interpretation of 

data, and participated in manuscript writing. 
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4. Arampatzidou M, Schütte A, Hansson GC, Saftig P, Brix K. Effects of cathepsin K 

deficiency on intercellular junction proteins, luminal mucus layers, and ECM constituents in 

mouse colon. (Submitted to Biological Chemistry, May 2012) 

 

In this article we investigated the role of cathepsin K in mouse colon by using Ctsk-/- mice. 

Extracellular cathepsin K has recently been identified as an intestinal antibacterial factor with 

anti-inflammatory potential. In order to further investigate the tasks that cathepsin K exerts in 

mouse intestine, we performed a series of biochemical and morphological studies.  

The results of this article showed that absence of cathepsin K leads to alterations in the 

proteolytic network of mouse colon, characterized by elevated levels of cathepsins B, L, and 

X. Moreover, cathepsin K deficiency had an impact on ECM constituents, like collagen IV 

and laminin, as well as on the expression and distribution of intercellular junction proteins. 

For example, mislocalization of occludin was observed in the colon of Ctsk-/- mice when 

compared to WT controls. In addition, this article includes results of an ex vivo method used 

for studying the patterns of mucus organization and growth.  

In conclusion, cathepsin K seems to play an important role in intestinal function and 

homeostasis and the findings highlight the need for cautious assessments regarding the use 

of orally administered cathepsin K inhibitors.  

 

Contributions: MA contributed to the design of the study, carried out the experiments 

described in Figures 1, 2, 3, 4, 5, and 6, was involved in discussion and interpretation of 

data, and participated in manuscript writing. 

 

5. Arampatzidou M, Gerganova V, Schaschke N, Peters C, Reinheckel T, Brix K. The 

activity and localization patterns of cathepsins B and X in cells of the mouse gastrointestinal 

tract differ along its length. (Manuscript in preparation)  

 

The localization and distribution of cysteine cathepsins in the intestine differs, suggesting 

also different functions for these proteases. The scenes of their actions are found not only 

within endo-lysosomes but also in the extracellular space. In this article we focused on 

cathepsins B and X and for the first time we studied each intestinal part, namely duodenum, 

jejunum, ileum, and colon separately. Compensatory effects have been previously shown for 

cathepsins B and X in various tissues, thus in addition to Ctsb-/- and Ctsz-/- mice, we also 

studied the double Ctsb-/-/Ctsz-/- animals.  The results of this article demonstrated that the 

activity and expression pattern of cathepsins B and X are different along the length of the 

gastrointestinal tract and that compensatory functions seem to be segment-specific.  
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Furthermore, we showed that cathepsin-deficiency influences the expression pattern of 

collagen IV and APN in an intestinal segment-specific way.   

Overall, this article highlights the unique features of each intestinal part in terms of function 

and morphology, and highlights that the proteolytic network as well as the expression pattern 

of various proteins differ along the length of the gastrointestinal tract.  

 

Contributions: MA contributed to the design of the study, carried out the experiments 

described in Figures 1, 2, 3, 4, and 5, was involved in discussion and interpretation of data, 

and participated in manuscript writing. 
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4.1 Visualization of protease functions and activity 
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4.2 Cathepsin K in thyroid physiology and disease 
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4.3 Intestine-specific expression of cathepsin B-EGFP 
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4.4 Cathepsin K in mouse colon 
 

Effects of cathepsin K deficiency on intercellular junction proteins, luminal 

mucus layers, and ECM constituents in mouse colon 
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Abstract 

 

Cathepsin K is a cysteine protease expressed in a variety of tissues, including the 

gastrointestinal tract. Recently, it has been shown that cathepsin K can exhibit antimicrobial 

and anti-inflammatory activity in the mouse intestine. In our effort to further elucidate the 

roles of this enzyme in the large intestine, we used Ctsk-/- mice for biochemical and 

morphological studies. We demonstrated that absence of cathepsin K was accompanied by 

elevated protein levels of other cysteine cathepsins, namely cathepsins B, L, and X. 

However, no obvious changes were observed in the sub-cellular localization of these 

proteases indicating that trafficking was unaltered. We observed that cathepsin K deficiency 

had an impact on extracellular matrix constituents, such as collagen IV and laminin. In 

addition, the expression and localization pattern of intercellular junction proteins, like E-

cadherin and occludin were altered in the colon of Ctsk-/- mice, suggesting potential 

impairment of the barrier function. In order to further investigate the properties of the 

intestinal barrier, we used an ex vivo method for measuring the growth of the two colon 

mucus layers. Our findings suggested that absence of cathepsin K had no influence on 

mucus organization or on its growth.   

 

 

 

Keywords: cysteine cathepsins, colon, intestinal barrier, intercellular junctions, mucus 
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Introduction 

 

Cathepsin K is a cysteine protease first recognized for its high expression in ovary and 

osteoclasts [Bromme and Okamoto, 1995]. Cathepsin K of osteoclasts is essential for bone 

remodeling, because it exhibits collagenolytic activity and it has been shown to degrade type 

I collagen during bone matrix removal [Gelb et al., 1996; Saftig et al., 1998]. This cathepsin 

has been in the focus of osteoclast-specific therapeutic strategies, aiming at an effective 

treatment of pathological conditions, such as osteoporosis [Deaton and Tavares, 2005; 

Yasuda et al., 2005; Desmarais et al., 2009; Podgorski, 2009]. Apart from osteoclasts, 

cathepsin K has been found to be present also in other cell types and tissues, such as 

macrophages [Punturieri et al., 2000], thyroid epithelial cells [Tepel et al., 2000; Jordans et 

al., 2009; Dauth et al., 2011a], brain parenchyma with neuronal and non-neuronal cells 

[Dauth et al., 2011b], and cells of the gastrointestinal tract [Haeckel et al., 1999; Mayer et al., 

2006]. In human intestine, we observed brush border localization of cathepsin K, while it was 

also detected in the mucus of goblet cells [Mayer et al., 2006]. This localization suggested 

secretion of cathepsin K and its re-association with the apical plasma membrane of 

enterocytes with potential extracellular functions in the pericellular environment and the 

intestinal lumen.  

Extracellular functions of cathepsin K are conceivable because the proteolytic activity is 

optimal at acidic pH but still detectable even at neutral to alkaline conditions [Tepel et al., 

2000; Jordans et al., 2009]. Extracellular cathepsin K has recently been shown to act as an 

intestinal antibacterial factor with anti-inflammatory potential [Sina et al., 2012].  

In an effort to investigate further the role of this cathepsin in intestinal physiology and 

homeostasis, we focused our studies on cathepsin K-deficient mice. In the present study we 

observed alterations in the intestinal proteolytic network, characterized by up-regulation of 

other cysteine cathepsins, such as cathepsins B, L, and X. Moreover, we demonstrated that 

cathepsin K deficiency has an impact on extracellular matrix constituents in the colon, 

thereby supporting our previous observations of increased collagen IV in the small and large 

intestine of Ctsk-/- mice [Dauth et al., 2011a]. These findings suggested a role of cathepsin K 

in ECM remodeling in the mouse intestine, which has also been shown for other cathepsins, 

namely cathepsins B and L [Vreemann et al., 2009].  

Since cathepsin K inhibitors are already in phase III clinical trials [Lewiecki, 2009; Podgorski, 

2009], it is very important to elucidate the roles and functions of this protease in the intestine, 

which represents one of the major off-target tissues when oral administration routes are 

aimed at. Treatment of mice with inhibitors of cathepsin D and/or cathepsins B and L resulted 

in reduced damage of mucosal tissue in a mouse model of colitis [Menzel et al., 2006].  
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In most cases of intestinal inflammation, impairment of the barrier function is observed. 

Important players in the maintenance of intestinal tightness and epithelial integrity are the 

intercellular junctions [Gibson et al., 1995; Hanby et al., 1996; Karayiannakis et al., 1998; 

Schmitz et al., 1999; Gassler et al., 2001]. Therefore, our studies focused on tight and 

adherens junction proteins in the colonic epithelium, in order to investigate whether cathepsin 

K deficiency has an impact on the expression and localization patterns of these proteins.  

Another important role of the intestinal barrier in orchestrating the symbiosis of commensal 

bacteria with the host, meaning the human body, is the intestinal mucus [Backhed et al., 

2005; Johansson et al., 2011]. The major component of mucus is the gel-forming protein 

mucin 2 (Muc2), which is produced and secreted by goblet cells. In the mouse colon, this 

molecule forms a 50 µm thick, firmly attached network on top of the epithelial cells which is 

converted to a 3 to 4 times thicker looser outer layer towards the intestinal lumen due to 

proteolytic events [Johansson et al., 2008]. The inner mucus layer of the colon is well 

organized and free of bacteria. In contrast, the mucus in the small intestine only consists of a 

single layer which has similar properties as the outer layer in colon [Johansson et al., 2008; 

Johansson et al., 2011b]. For the structural conversion from the inner to an outer loose layer 

and the expansion of the Muc2 protein to a wide and loose network, proteolytic events 

performed by endogenous enzymes are suggested from studies on germ free mice 

[Johansson et al., 2008]. One example of a pathogen-mediated proteolysis of the Muc2 

protein is a cysteine protease secreted by Entamoeba histolytica which leads to the 

disruption of the mucus network and thus to the dissolution of the mucus layer [Lidell et al., 

2006]. Since cathepsin K has recently been found in the goblet cells and the mucus layers 

[Sina et al., 2012] and thus must be colocalized with the Muc2 mucin, we compared the 

colon mucus layers properties of WT and Ctsk-/- mice in this study and observed similar 

patterns of mucus organization and growth in both genotypes. 

 

 

Results 

 

Proteolytic network of cysteine cathepsins in mouse intestine 

Misbalance of proteases and their inhibitors can influence intestinal homeostasis and lead to 

pathological conditions such as inflammation [Medina and Radomski, 2006]. In the colon of 

Ctsk-/- mice, we observed alterations in the proteolytic network due to the absence of 

cathepsin K protein. By immunoblotting analysis, we found that the protein levels of 

cathepsins L, B, and X (Figure 1A, C, and D, respectively) were significantly elevated in the 

colon of Ctsk-/- mice when compared to WT controls. In addition, cryosections prepared from 

WT and Ctsk-/- mice were stained with cathepsin L-specific antibodies and this protease 
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(green signals) was localized at the apical plasma membrane of intestinal cells in both WT 

(Figure 1B, arrows) and Ctsk-/- mice (Figure 1B, arrowheads), without obvious differences in 

its localization. Thus translational regulation or altered turnover rates but not sorting or 

trafficking were affected by the lack of cathepsin K activity in the mouse colon. 

 

Absence of cathepsin K has an impact on the extracellular matrix of mouse colon 

Previous studies of our group have suggested a role of cathepsins B and L in ECM 

remodeling [Vreemann et al., 2009]. Since the protein levels of cathepsins B and L were 

found to be altered in the colon of Ctsk-/- mice (see Figure 1), we wanted to investigate 

whether this alteration in the proteolytic network would influence ECM constituents like 

collagen IV and laminin. Indeed, we found that the protein levels of collagen IV (Figure 2A) 

were significantly elevated in the colon of Ctsk-/- mice (Figure 2B, grey bars) when compared 

to WT controls (white bars). These results were also in line with our previous 

immunofluorescence analysis in both the small and large intestine [Dauth et al., 2011a]. Here 

we conducted immunofluorescence analysis (Figure 2C) for laminin (green signals, 

arrowheads) and we found higher levels of this ECM protein in the colonic muscular part of 

Ctsk-/- mice. These observations suggested a role of various cathepsins, including cathepsin 

K, in the remodeling of ECM and in the integrity of the basal lamina in the mouse intestine.  

 

Comparison of intestinal architecture between WT and Ctsk -/- mice 

Because the ECM serves as an important structural support, our next step was to study 

whether the observed alterations in the proteolytic network and the basal lamina of the colon 

of Ctsk-/- mice had influenced the overall tissue morphology and architecture. We compared 

cryosections prepared from the colon of WT and Ctsk-/- mice and no morphological changes 

were observed regarding the thickness of mucosa, submucosa, and muscle layer (Figure 3A 

and B). After staining with the nuclear marker DRAQ5 (Figure 3A′ and B′) we were able to 

analyze the total cell numbers and we obtained comparable results for both WT and Ctsk-/- 

mice.  

 

Cathepsin K-deficient mice display alterations in the expression and localization 

patterns of intercellular junctions in their colonic epithelium 

Intercellular junctions, such as tight and adherens junctions play a crucial role in the 

maintenance of intestinal integrity and stability. We initially checked for the expression and 

localization pattern of the adherens junction protein E-cadherin. By immunoblotting analysis 

(Figure 4A), we found significantly elevated levels of E-cadherin in the colon of Ctsk-/- mice 

(Figure 4B, grey bars) when compared to WT controls (white bars). By immunofluorescence 

microscopy (Figure 4C) we then analyzed the distribution of E-cadherin (green signals, 
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arrowheads) and we observed localization to cell junctions in WT and Ctsk-/- mice. In 

addition, the stronger immunolabeling of E-cadherin observed in Ctsk-/- mice, confirmed 

higher levels of this protein in their colonic epithelial cells and more abundant adherens 

junctions. 

We then focused on the multispan tight junction protein occludin. Interestingly, when we 

stained colon cryosections from WT and Ctsk-/- mice we observed an altered distribution of 

occludin (Figure 5A, green signals). More precisely, in WT mice occludin was detected as 

expected at the apical poles of the colonic epithelial cells (Figure 5A, arrowheads), whereas 

in the Ctsk-/- mice it was found throughout the cell (Figure 5A, arrows). Several studies have 

demonstrated localization shifts of tight junction proteins, such as occludin and claudin-1, in 

chronically inflamed intestine. Thus, in most cases these alterations have been associated 

with pathological conditions of the intestine, including IBD [Boudreau et al., 2007; Poritz et 

al., 2011; Noth et al., 2011].  

The integrity of intercellular junctions is not only a sign for differentiation of intestinal mucosa 

but, more so, junctional complexes enable and maintain the functional states of intestine 

cells. In order to identify whether the observed changes in the gastrointestinal tract of Ctsk-/- 

mice had an effect on the differentiation process, polarity, and function of intestinal epithelial 

cells, we studied the localization pattern of the differentiation marker and brush border 

enzyme aminopeptidase N (APN). In the small intestine it is found at the apical plasma 

membrane whereas in the colon the cellular polarity is reversed [Arampatzidou et al., 2011b]. 

By immunofluorescence microscopy, we found that APN (Figure 5B, green signals) marked 

the basolateral plasma membrane in both WT and Ctsk-/- mice, and without altered protein 

levels. These results demonstrated that the functional polarity and differentiated states of 

intestinal epithelial cells were not affected by the lack of cathepsin K protein.  

 

Cathepsin K deficiency had no impact on the patterns of mucus organization and 

growth 

To investigate a possible role of cathepsin K on formation or secretion of the mucus layers, 

we performed immunofluorescence microscopy on cryosections of different parts of the small 

and large intestine as well as ex vivo measurements of the mucus in the colon of Ctsk-/- mice. 

With the latter technique we determined the increase of the mucus thickness growth in the 

two mucus layers over the time span of 45 minutes. The secretion rate and the regeneration 

of the mucus layers in the colon of Ctsk-/- mice were comparable to WT animals (Figure 6A). 

Accordingly, no significant deviation was detectable for each time point.  

Immunostaining analysis of the Muc2 mucin, which is the main glycoprotein and structural 

compound of the mucus layers, showed a normal morphology in Ctsk-/- colon like in WT mice 

(Figure 6B). We also observed a well-structured mucus layer in ileum as seen in WT mice 
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(data not shown). Figure 7 shows a schematic representation of the mucosal organization in 

the ileum and colon of WT mice. The ileum contains a loose non-adherent mucus layer, 

which was also observed in the Ctsk-/- mice. The colonic mucus comprises two separate 

layers, an inner and an outer loose adherent layer. Even in the Ctsk-/- mice these two layers 

were readily distinguishable and organized in the same way as in WT animals.  

In summary, we could not observe any specific phenotype in composition and assembly of 

the mucus layers in the ileum and colon of Ctsk-/- mice compared to WT mice. 

 

 

Discussion 

 

Cysteine cathepsins are known to exhibit a variety of functions in diverse tissues, including 

the small and large intestine. The localization pattern of these proteases differs in the 

intestine, suggesting both intra- and extracellular scenes of action [Brix et al., 2008; 

Arampatzidou et al., 2011a]. In human enterocytes, cathepsin B was found to reside within 

endo-lysosomes, whereas procathepsin L and cathepsin K were detected in association with 

the apical plasma membrane, and cathepsin K was also abundant in and secreted by goblet 

cells [Mayer et al., 2006].  

One of the roles that have been suggested for cathepins in the mouse intestine is their 

involvement in the remodeling of extracellular matrix and more precisely in the turnover of 

collagen IV [Vreemann et al., 2009]. Collagenase activity of cathepsin K has also been 

shown to be vitally important in bone and in lung tissue [Gelb et al., 1996; Saftig et al., 1998; 

Srivastava et al., 2008].  

On the other hand, cysteine cathepsins beyond and including cathepsin K have been 

associated with pathological conditions of the intestine, like for example chronic inflammatory 

disease [Medina and Radomski, 2006; Menzel et al., 2006].  Hence, balance and proper 

regulation of the proteolytic network is crucial for maintaining intestinal homeostasis and 

integrity.  

Recently, cathepsin K has attracted special attention since the cathepsin K inhibitor 

Odanacatib, designed for osteoporosis treatment, is in phase III clinical trials [Podgorski, 

2009; Rachner et al., 2011; Dauth et al., 2011a]. However, previous studies on other 

cathepsin K inhibitors revealed off-target effects in various tissues, including the central 

nervous system, kidney, and liver [Desmarais et al., 2008]. Although Odanacatib exhibits 

minimal off-target effects due to its high selectivity for cathepsin K [Gauthier et al., 2008], it is 

still unknown what the long-term effects of cathepsin K inhibition will be in non-targeted 

tissues, such as the intestine. For instance, it has been shown that deficiency or 

pharmacological inhibition of cathepsin K leads to reduced body weight gain and decreased 
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insulin and glucose circulating levels in mice [Yang et al., 2008]. Cathepsin K is also known 

to play a vital role in the liberation of thyroid hormones which are involved in a variety of 

physiological processes, including regulation of metabolic pathways and body weight [Tepel 

et al., 2000; Dauth et al., 2011a]. Moreover, it has been demonstrated that the intestinal 

microbiota is altered in cathepsin K-deficient mice and an antimicrobial role has been 

suggested for cathepsin K [Sina et al., 2012]. Thus, it is important to consider the potential 

consequences that may result from oral drug administration and off-target inhibition of 

cathepsin K that might rely on both, direct and indirect effects of this protease. Consequently, 

it is of great interest to elucidate the roles that cathepsin K fulfils in the intestine and to 

determine potential alterations induced by lack of this cysteine protease.  

Cathepsin K-deficient mice represent a suitable model for this type of studies and the colon 

of these mice was used for both biochemical and morphological analysis. We demonstrated 

that absence of cathepsin K from mouse colon leads to alterations in the proteolytic network, 

with protein levels of specific cathepsins (B, L, and X) being significantly elevated. Our 

results suggest a compensatory effect among cysteine cathepsins in colon, which is already 

known for other tissues. For example, cathepsins K and L are already known to compensate 

the function of each other in the thyroid [Friedrichs et al., 2003]. In addition, it was shown that 

in the thyroid of Ctsk-/- mice the distribution and localization of cathepsin L was altered due to 

absence of cathepsin K. Moreover, previous studies of our group have suggested a role for 

cathepsins B and L in ECM remodeling. More precisely, we found that non-directed, 

traumatic release of cysteine cathepsins resulted in massive ECM damage while cathepsin 

B- and cathepsin L-deficient mice have significantly increased protein levels of collagen IV in 

their intestine compared to WT animals [Mayer et al., 2009; Vreemann et al., 2009]. 

In the present study, we demonstrated that absence of cathepsin K has an impact on ECM 

constituents, such as collagen IV and laminin. In the colon of Ctsk-/- mice the levels of these 

two basal lamina components were significantly higher compared to WT animals, suggesting 

a role for cathepsin K in the remodeling of ECM and basement membrane. The basement 

membrane plays an important role in maintaining intestinal structure and 

compartmentalization, while it is also involved in various cellular processes, including 

adhesion, proliferation, and differentiation [Timpl, 1996; Mahoney et al., 2008]. Hence, 

alterations in the basement membrane components could influence the overall tissue 

architecture and function. Morphological studies enabled us to verify whether this scenario 

was true for the Ctsk-/- mice. Our results revealed no differences between WT and Ctsk-/- 

mice, regarding the colonic epithelial cells, goblet cells, submucosa, and muscularis layer, as 

well as the total cell numbers, in accordance with recent findings [Sina et al., 2012].  

A major function of the intestine is the barrier function. Several studies have shown that 

intercellular junctions contribute in maintaining this intestinal barrier while impairment of their 
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structure and function has been associated with inflammatory responses [Gibson et al., 

1995; Hanby et al., 1996; Karayiannakis et al., 1998; Schmitz et al., 1999; Gassler et al., 

2001]. Therefore, we analyzed the expression and localization pattern of E-cadherin and 

occludin. The adherens junction protein E-cadherin has a pivotal role in cell survival, 

proliferation, and apico-basal polarity [Lien et al., 2006]. Absence of cathepsin K resulted in 

elevated E-cadherin protein levels in the colon of Ctsk-/- mice. Various cathepsins, namely 

cathepsins B, L, and S have been shown to act on E-cadherin as a substrate when the 

proteases are secreted into the extracellular space in tumor conditions [Gocheva et al., 

2006]. Therefore, the elevated levels of E-cadherin in the colon of Ctsk-/- mice could possibly 

be explained by the notion that this protein can be cleaved also by cathepsin K. However, the 

localization of E-cadherin was comparable in WT and Ctsk-/- mice and followed the expected 

basolateral pattern. 

In contrast, the localization pattern of the tight junction protein occludin, serving as molecular 

fence between the apical and the basolateral plasma membrane domains, was altered in the 

colon of Ctsk-/- mice. Cathepsin K deficiency resulted in redistribution of occludin away from 

the tight junctions and towards the cytoplasm. Several studies have demonstrated such 

localization shifts of tight junction proteins, like occludin and claudin-1, and have associated 

them with pathological conditions of the intestine [Boudreau et al., 2007; Poritz et al., 2011; 

Noth et al., 2011]. Interestingly, it was shown that inhibition of cathepsin L promotes nuclear 

localization of claudin-1 in intestinal epithelial cells [Boudreau et al., 2007]. Moreover, 

posttranslational phosphorylation of occludin has also been suggested to mediate the 

function and localization pattern of this tight junction protein [Paris et al., 2008].  

In addition, the integrity of intercellular junctions is also important for proper differentiation 

and maintenance of the functional state of the intestinal epithelium. In an effort to investigate 

whether the observed changes regarding tight junctions had influenced intestinal cell 

differentiation, we studied the localization pattern of APN [Howell et al., 1993; Mina-Osorio, 

2008] in both WT and Ctsk-/- mice. We observed that cathepsin K deficiency induced no 

alterations in the distribution of this differentiation marker.  

Another important determinant of intestinal barrier function is the mucus layer that is mainly 

organized by a single protein, the Muc2 mucin. It has been shown that a cysteine protease 

from Entamoeba histolytica is able to cleave this mucin and disrupt the mucus layers [Lidell 

et al., 2006]. However, the addition of a protease inhibitor cocktail in vivo can inhibit the 

secretion and thereby the increase of mucus thickness in rat colon [Johansson et al., 2008]. 

Furthermore, it has been recently described that cathepsin K can be found inside goblet cells 

and the mucus layers of both man and mouse [Sina et al., 2012]. Thus, it has to be 

colocalized with the Muc2 mucin and could - as an endogenous cysteine protease - likely be 

involved in mucus layer formation or organization. To address possible functions of cathepsin 
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K inside the mucus layers we used a newly established ex vivo method to measure the 

mucus growth in the colon of Ctsk-/- mice  [Gustafsson et al., 2011].  

But the absence of cathepsin K does not seem to have an effect on the growth and 

remodeling of colon mucus layers in the measured time interval of 45 minutes. In addition, 

immunofluorescence analysis of Muc2 in colon cryosections of WT and Ctsk-/- mice 

confirmed the observations from the mucus measurements since no differences were 

demonstrated between the two genotypes. Nevertheless, since other cysteine cathepsins 

were shown to be up-regulated in the colon of Ctsk-/- mice, thus pinpointing to compensatory 

processes, we can not completely exclude that cathepsin K is involved in mucus processing. 

Further research is required in order to investigate the functions of cathepsin K, as well as 

other proteases in the colonic mucus layers. 

In conclusion, our results indicated that the tasks of cathepsin K in the turnover of ECM and 

junctional complex proteins are more important than its extracellular and luminal 

contributions to intestinal homeostasis. Taking this further, one still has to consider potential 

scavenging of orally administered cathepsin K inhibitors by the high amounts of this protease 

on the luminal side of the epithelium, indicating that high inhibitor dosage might be required 

for achieving on-target effects. The question whether it is safe to treat human patients with 

cathepsin K inhibitors remains open, since the complexity of proteolytic networks makes it 

even more difficult to predict what the overall outcome will be after such treatment.   

 

 

Materials and methods 

 

Animals 

Cathepsin K-deficient mice (Ctsk-/-) were generated at the University of Göttingen, Germany, 

and genotyping was performed as described elsewhere [Saftig et al., 1998]. All Ctsk-/- and 

wild type (WT) C57Bl/6J mice were 6 months-old and males. Housing and breeding of 

animals were conducted in accordance with institutional guidelines and took place in the S1-

laboratories of Jacobs University Bremen, Germany, registered as SfAFGJS Az. 513-30-

00/2-15-32 and 522-27-11/3-1, 05-A20 and A21. Mice were housed under standard 

conditions, with a 12 h/12 h light/dark cycle with lights on from 07:00 to 19:00 h, and ad 

libitum water and food. 

 

Tissue sampling and preparation of tissue extracts 

Ctsk-/- and WT mice were anesthetized, the abdominal and thoracic cavities were opened and 

the abdominal aorta was cut. For perfusion via the heart, 0.9% NaCl supplemented with 200 

IU heparin (Braun Melsungen AG, Melsungen, Germany) was used. Subsequently, the colon 
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was isolated and washed with ice-cold 0.9% NaCl solution. Each colon was divided into two 

parts. The anterior part was fixed using 4% paraformaldehyde (PFA) in 200 mM 4-(2-

hydroxyethyl)-1-piperazineethane-sulfonic acid (HEPES), pH 7.4, and used for morphological 

studies while the posterior part was snap-frozen in liquid nitrogen and used for biochemical 

analysis. Total tissue extracts were isolated with lysis buffer PBS containing 0.5% Triton X-

100, and homogenization of the samples was done using a Potter S homogenizer (Sartorius, 

Göttingen, Germany) at 1000 rpm for 5 min on ice. Homogenates were kept in a rotary mixer 

for 45 min while all steps were performed at 4˚C. After centrifugation for 10 min at 10 000 g, 

supernatants were stored at -20˚C. Protein concentration was determined using BSA as a 

protein standard [Neuhoff et al., 1979]. 

 

SDS-PAGE and immunoblotting 

Total tissue extracts were normalized to equal amounts of protein (16 µg each), loaded onto 

8% or 12.5% SDS-polyacrylamide gels and the separated proteins were then semi-dry 

blotted onto nitrocellulose membranes. For detection of collagen IV, gel electrophoresis and 

immunoblotting were performed under native conditions [Vreemann et al., 2009], since the 

collagen IV-specific antibody recognizes only its non-denatured antigen. Blocking was 

performed overnight at 4˚C using 5% milk powder in PBS containing 0.3% Tween-20. After 

blocking, the following primary antibodies were applied: rabbit anti-mouse collagen IV 

(Rockland, Philadelphia, USA), goat anti-mouse cathepsin B (Neuromics, through Acris 

Antibodies, Herford, Germany), goat anti-mouse cathepsin X (R&D Systems, Wiesbaden, 

Germany), goat anti-mouse cathepsin L (Neuromics), and rabbit anti-human E-cadherin 

(Santa Cruz Biotechnology Inc., Santa Cruz, CA USA). Membranes were subsequently 

washed and incubated for 1 h at room temperature with HRP-conjugated antibodies. The 

secondary antibodies used were goat anti-rabbit and rabbit anti-goat (both from Southern 

Biotech, Birmingham, Alabama, USA). Immunoreactions were visualized by using enhanced 

chemiluminescence substrate on CL-XPosure film (both from Pierce through Perbio Science 

Europe, Bonn, Germany).  

 

Densitometry and statistical analysis 

Densitometry analysis of immunoblots was performed using TINA software version 2.09d 

(Raytest Isotopen-Messgeräte GmbH, Straubenhardt, Germany). Background intensity was 

subtracted and all measured optical density/mm2 values were given as mean of intensities 

per area. The results were expressed as percentage of protein expression in WT controls 

using Coomassie-stained protein per lane for normalization to account for differences 

between independent experiments. Two-tailed Student’s t-test of Origin® 7.0 SR0 (OriginLab 

Corp., Northampton, MA, USA) was used in order to assess differences between Ctsk-/- and 
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WT mice and determine levels of significance. All data are shown as mean ± standard error 

of the mean.  

 

Cryosectioning and immunolabeling  

After fixation with 4% PFA in 200 mM HEPES, colon tissue was washed and samples were 

incubated overnight in 200 mM HEPES buffer (pH 7.4). From each colon sample, pieces of 

approximately 1 cm length were cut and incubated in Tissue Freezing Medium (Jung, 

through Leica Microsystems, Nussloch, Germany). After overnight incubation, samples were 

frozen on dry ice and cryosections of 5 µm were prepared by using a Leica CM1900 cryostat 

(Leica Microsystems). Cryosections were mounted on microscope slides, blocked with 3% 

bovine serum albumin (BSA) in calcium-magnesium-free (CMF) PBS, and immunolabeled 

with primary antibodies. Specific primary antibodies were rabbit anti-human cathepsin L (RD 

Laboratories, Diessen, Germany), goat anti-human laminin (Santa Cruz), rabbit anti-human 

E-cadherin (Santa Cruz), goat anti-human occludin (Santa Cruz), goat anti-mouse 

aminopeptidase N (R&D Systems). After several washing steps with 0.1% BSA in CMF-PBS, 

sections were incubated with secondary antibodies for 1 h at 37˚C. Alexa 488 or Alexa 546-

coupled goat anti-rabbit IgG, Alexa 546 donkey anti-goat IgG and Alexa 488 rabbit anti-goat 

IgG secondary antibodies were used (all from Invitrogen through Molecular Probes, 

Karlsruhe, Germany). DRAQ5 (Biostatus Limited, Shepshed Leicestershire, UK) was 

applied together with the secondary antibodies and served as nuclear counter-stain. 

Negative controls were prepared in which the specific primary antibodies were omitted and 

sections were incubated only with secondary antibodies and DRAQ5.  

 

Microscopy 

Immunolabeled colon sections were viewed with a Zeiss LSM 510 META laser scanning 

microscope equipped with Argon and Helium-Neon lasers (Carl Zeiss GmbH, Jena, 

Germany). Optical sections were obtained with a pinhole setting of 1 Airy unit and at a 

resolution of 1,024×1,024 pixels and were further analyzed by using LSM 510 software, 

Release 3.2 (Carl Zeiss).  

 

Mucus mesearuments 

Mucus measurements in Ctsk-/- and  WT mice have been performed as previously described 

[Gustafsson et al., 2011]. The colon was dissected from the mice, opened along the 

mesenteric border and mounted between two acrylic plates in an Ussing type chamber after 

the removal of the longitudinal muscle layer. Inside the basal chamber, oxygenized KREBS’ 

solution (136 mM NaCl, 4. mM KCl, 1.4 mM MgSO4, 1.6 mM KH2PO4, 1.5 mM CaCl2, 27 mM 

NaHCO3, 10 mM D-Glucose, pH 7.4) was applied with a constant perfusion of 5 ml per min 
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(Pump33, Harvard apparatus, USA). The luminal side of the colon sample was directed 

towards the apical, i.e. upper chamber with a fixed surface diameter of 2.5 mm and covered 

with 150 µl of KREBS’ solution, but completed with 10 mM D-mannitol instead of 10 mM D-

glucose. The whole chamber system was heated to 37˚C (dual channel heater TC-344B, 

Warner Instrument Corporation, USA). 

By the addition of charcoal particles to the KREBS’ mannitol-solution in the upper chamber 

the usually transparent mucus was visualized under a stereo microscope (Leica MZ75, 

Leica, Wetzlar, Germany). The actual measuring process was performed with a glass 

micropipette (diameter 5-10 µm), fixed in an angle of 45˚. Attached to a micromanipulator 

with a connected digimatic indicator (Mitutoyo, Japan), the micropipette was used to 

measure the distance between the epithelial surface and the charcoal particles on top of the 

mucus layer. To calculate an average mucus thickness, each measurement comprised five 

data points on both the mucus layer and the epithelial surface. From this data, the actual 

vertical mucus thickness was calculated by multiplying the measured distance with the 

cosinus of 45.  

After the initial measurement, the mucus was removed with a pipet adjusted to a fixed 

volume of 150 µl. To obtain the mucus layer regeneration over 60 min, the measurements 

were repeated every 15 min. After 45 min, the mucus layer was removed again and the 

thickness of the remaining mucus was determined.  
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Figure legends 

 

Figure 1 Alterations in the proteolytic network of Ctsk -/- mouse colon 

 (A, C, D) Densitometry analysis and immunoblots of lysates prepared from the colon of WT 

(white bars) and Ctsk-/- (grey bars) mice. Protein expression is given as percentage of WT 

controls after normalization to total Coomassie-stainable protein as means ± standard error. 

Note that the protein levels of cathepsin L (A), cathepsin B (C), and cathepsin X (D) were 

significantly elevated in the colon of Ctsk-/- mice when compared to WT controls. Molecular 

mass markers are given in the left margin. Levels of significance are indicated as * for 

p<0.05, and ** for p<0.01. 

(B) Confocal laser scanning micrographs of cryosections prepared from WT and Ctsk-/- mice 

after staining with cathepsin L-specific antibodies. Cathepsin L (green signals, lower panels, 

middle) was localized at the apical plasma membrane of intestinal cells in both WT (arrows) 

and Ctsk-/- mice (arrowheads) but Ctsk-/- mice showed stronger immunolabeling, confirming 

higher cathepsin L protein levels. Corresponding phase contrast micrographs are shown in 

lower panels, left. DRAQ5 was used as nuclear counter-stain (blue signals, lower panels, 

right). Bars, 50 µm.  

 

Figure 2 Differences in the extracellular matrix of WT and Ctsk -/- mice 

(A) Immunoblot of lysates prepared from the colon of WT (white bars) and Ctsk-/- (grey bars) 

mice, and (B) densitometry analysis. Protein expression is given as percentage of WT 

controls after normalization to total Coomassie-stainable protein as means ± standard error. 

Note that the protein levels of the ECM constitute collagen IV were significantly elevated in 

the colon of Ctsk-/- mice when compared to WT controls. Levels of significance are indicated 

as ** for p<0.01. (C) Confocal laser scanning micrographs of cryosections prepared from WT 

and Ctsk-/- mice after staining with laminin-specific antibodies. Laminin (green signals, lower 

panels, middle) was present in the colonic ECM (arrowheads) in both WT and Ctsk-/- mice. 

Stronger immunolabeling was observed in the colon of Ctsk-/- mice, indicating higher levels of 

laminin compared to WT controls. Corresponding phase contrast micrographs are shown in 

lower panels, left. DRAQ5 was used as nuclear counter-stain (red signals, lower panels, 

right). Bars, 50 µm.  

 

Figure 3 Comparison of intestinal morphology in the colon of WT and Ctsk -/- mice 

Phase contrast micrographs of cryosections prepared from WT and Ctsk-/- mice (A and B). 

Confocal laser scanning micrographs of cryosections after staining with the nuclear marker 

DRAQ5 (A′ and B′). No morphological alterations, such as total cell numbers, thickness of 
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mucosa, submucosa, and muscularis layers (ML) were observed in the colon of Ctsk-/- mice 

when compared to WT controls. Bars, 100 µm.  

 

Figure 4 Expression and localization of E-cadherin in mouse colon  

(A) Immunoblot of lysates prepared from the colon of WT (white bars) and Ctsk-/- (grey bars) 

mice, and (B) densitometry analysis. Protein expression is given as percentage of WT 

controls after normalization to total Coomassie-stainable protein as means ± standard error. 

Protein levels of E-cadherin were significantly elevated in the colon of Ctsk-/- mice when 

compared to WT controls. Molecular mass markers are given in the left margin. Levels of 

significance are indicated as *** for p<0.001. (C) Confocal laser scanning micrographs of 

cryosections prepared from WT and Ctsk-/- mice after staining with E-cadherin-specific 

antibodies. E-cadherin (green signals, lower panels, middle) exhibited a basolateral 

localization (arrowheads) in both WT and Ctsk-/- mice. Stronger immunolabeling was 

observed in the colon of Ctsk-/- mice, confirming higher E-cadherin protein levels. 

Corresponding phase contrast micrographs are shown in lower panels, left. DRAQ5 was 

used as nuclear counter-stain (blue signals, lower panels, right). N, nucleus; bars, 20 µm.  

 

Figure 5 Localization patterns of occludin and aminopeptidase N in the colon of WT 

and Ctsk -/- mice 

Confocal laser scanning micrographs of cryosections prepared from WT and Ctsk-/- mice after 

staining with occludin and aminopeptidase N-specific antibodies as indicated. (A) Occludin 

(green signals, side panels, middle) showed a labeling typical for tight junctions at the apical 

plasma membrane in the colonic epithelium of WT mice (arrowheads). This localization 

pattern was disrupted in Ctsk-/- mice (arrows), suggesting alterations in the colonic tight 

junctions due to cathepsin K-deficiency. Corresponding phase contrast micrographs are 

shown in side panels, top. DRAQ5 was used as nuclear counter-stain (red signals, side 

panels, bottom). N, nucleus; bars, 20 µm. (B) Aminopetidase N (green signals, side panels, 

middle) was localized at the plasma membrane in the colon of both WT and Ctsk-/- mice and 

no differences were observed in the signal intensity. Corresponding phase contrast 

micrographs are shown in side panels, top. DRAQ5 was used as nuclear counter-stain 

(blue signals, side panels, bottom). Bars, 50 µm. 

 

Figure 6 No changes were induced in the colon mucus layers due to absence of 

cathepsin K  

(A) Mucus growth in the colon of WT and Ctsk-/- mice within 45 minutes. White bars represent 

the regeneration of the mucus thickness in WT mice and grey bars in Ctsk-/- mice. t=0 

determines the measurement after initial removal of the outer mucus layer by aspiration. 
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Likewise, t=45’ defines the second removal of the outer layer after the measurements. The 

dotted line corresponds to the inner mucus layer which is not removable by aspiration. (B) 

Confocal laser scanning micrographs of cryosections prepared from Ctsk-/- mice after staining 

with Muc2-specific antibodies. Muc2 (green signals, lower panels, middle) showed 

comparable localization and signal intensity in the colonic epithelium of WT and Ctsk-/- mice.  

Corresponding phase contrast micrographs are shown in lower panels, left. DRAQ5 was 

used as nuclear counter-stain (red signals, lower panels, right). Bars, 50 µm.  

 

Figure  7  Mucus organization in the small and large intestine  

Schematic view of the organization of the mucus layers in the murine ileum and colon. The 

ileum contains a loosely, non-adherent mucus, whereas the colonic mucus comprises two 

layers: one inner stratified layer (S) and an outer loose layer (O), which is the bacterial 

habitat simultaneously. Mucus is mainly build of the Muc2 mucin, which is solely produced in 

goblet cells. 
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Abstract  

 

Cysteine cathepsins are expressed in a variety of tissues, including the gastrointestinal tract. 

Previous studies of our group revealed an involvement of cathepsin B in turnover of 

extracellular matrix proteins during regeneration of the mouse intestine after traumatic injury. 

In this study, we investigated the expression and localization pattern of cathepin B and its 

closest relative, cathepsin X along the length of the intact, non-traumatized gastrointestinal 

tract, and determined the effects of their absence on this tissue. Initially, we observed that 

cathepsin B protein levels were highest in duodenum and lowest in jejunum of the intact 

gastrointestinal tract of wild type mice. Thus, we then inspected cathepsin X expression 

levels because this enzyme can compensate for the function of cathepsin B, and indeed 

cathepsin X was most abundant in jejunum and detected in decreasing levels in ileum, colon, 

and duodenum. However, our findings further showed elevated levels of cathepsin X in the 

duodenum and colon of Ctsb-/- mice but not in the other intestinal parts, namely jejunum and 

ileum. Therefore, potential compensatory effects of cathepsin X for lacking cathepsin B might 

take place in a segment-specific manner. Intestinal segment-specific expression patterns 

were also observed for collagen IV in the WT mice. We further showed that cathepsin-

deficiency affected the protein levels of collagen IV differently among the various intestinal 

parts. This was also true for the brush border enzyme, aminopeptidase N which exhibited 

enhanced protein levels only in the duodenum of Ctsz-/- and Ctsb-/-/Ctsz-/- mice but not of 

Ctsb-/- animals. In conclusion, we observed different activity levels of cysteine peptidases 

along the length of the small and large intestines in a segment-specific manner. Thus, 

localization and distribution of specific proteases varies significantly in the intestine mucosa, 

suggesting different in situ functions of these enzymes in specific parts of the gastrointestinal 

tract. These findings highlight the notion and importance of a delicate balance of proteolytic 

activities in intact gastrointestinal tissue.   

 

 

Introduction 

 

It has been shown that the expression and proteolytic activity of cysteine cathepsins are 

crucial for a variety of physiological processes and pathological conditions [Riese and 

Chapman, 2000; Turk et al., 2001; Friedrichs et al., 2003; Vasiljeva et al., 2007; Brix et al., 

2008]. The majority of these proteases are ubiquitously expressed, like for example 

cathepsins B and L, whereas some of them are expressed only by specific cell types 

[Deussing et al., 2002; Brix et al., 2008]. Uncovering the roles of cysteine cathepsins in 

different tissues and cell types is of importance since they bear a significant potential as drug 
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targets for novel therapeutic approaches in bone and cartilage disorders, cancer, 

inflammation, and neurodegenerative diseases [Deaton and Tavares, 2005; Mohamed and 

Sloane, 2006; Vasiljeva et al., 2007; Reiser et al., 2010]. For example, cathepsin K inhibitors 

for osteoporosis treatment are currently in phase III clinical trials [Podgorski, 2009; Rachner 

et al., 2011], while cathepsin B inhibitors are assessed for arthritis, osteoarthritis, and 

Alzheimer’s disease treatment [Reiser et al., 2010].  

Cathepsin B is special among the cysteine cathepsins because it exhibits both 

endopeptidase and carboxypeptidase activity [Musil et al., 1991; Nagler et al., 1997; Kos et 

al., 2005]. Cathepsin B has been mainly associated with tumor progression and metastasis 

[Buck et al., 1992; Yano et al., 2001; Mohamed and Sloane, 2006; Vasiljeva et al., 2006; 

Gocheva et al., 2006; Sevenich et al., 2010]. The more recently identified cathepsin X, also 

known as cathepsin Z [Santamaria et al., 1998; Nagler et al., 1999], is a protease very similar 

to cathepsin B, which is also involved in cancer. More precisely, elevated levels of cathepsin 

X were found in prostate and gastric cancers [Nagler et al., 2004; Buhling et al., 2004]. In 

contrast to cathepsin B, cathepsin X exhibits only carboxypeptidase activity and it does not 

act as an endopeptidase [Nagler et al., 1999; Puzer et al., 2005]. Furthermore, the 

procathepsin X is the only cysteine cathepsin that contains an RGD (Arg-Gly-Asp) motif in an 

exposed region of the propeptide. This integrin-binding motif suggests a role of procathepsin 

X in regulating cell adhesion during migration processes [Lechner et al., 2006].  

Previous studies of our group have focused on the roles of cysteine cathepsins in mouse 

intestine [Mayer et al., 2009; Vreemann et al., 2009; Arampatzidou et al., 2011b; Dauth et al., 

2011a]. We have shown that Ctsb-/-, Ctsk-/-, and Ctsl-/- mice exhibit higher levels of collagen 

IV in their intestine when compared to WT controls, therefore suggesting involvement of 

these proteases in extracellular matrix (ECM) remodeling. In addition, we found that absence 

of cathepsin K results in significantly elevated levels of laminin, another basement membrane 

protein, in the mouse colon. Furthermore, we observed that cathepsin K-deficieny has an 

impact on the expression and localization pattern of protein constituents of intercellular 

junctions, such as E-cadherin and occludin [Arampatzidou et al., submitted]. Moreover, 

cathepsin K has been recently shown to exhibit antimicrobial and anti-inflammatory actions in 

the mouse intestine [Sina et al., 2012].    

In the present study, we focused on the functions of cathepsins B and X along the length of 

the gastrointestinal tract. Apart from Ctsb-/- and Ctsz-/- mice, we also studied the double-

deficient Ctsb-/-/Ctsz-/- mouse model. Our interest for the Ctsb-/-/Ctsz-/- mice relies on previous 

studies that have demonstrated compensatory effects of cathepsins B and X in breast 

carcinoma and gastric epithelial cells [Vasiljeva et al., 2006; Bernhardt et al., 2010]. Intestine 

tissue isolated from the various cathepsin-deficient mice was divided into segments 

(duodenum, jejunum, ileum, and colon) and used for both biochemical and morphological 



Results 

95  

analysis. We determined the activity and expression patterns of cathepsins B and X in cells 

of the mouse intestine and we found that these patterns are segment-specific. Segment-

specific expression pattern was also shown for collagen IV and aminopeptidase N. Our 

findings highlight the unique features and functions of each intestinal part, in terms of 

proteolytic events and physiological processes like ECM remodeling. 

 

 

Results 

 

The activity pattern of cathepsin B differs along the length of the mouse 

gastrointestinal tract  

By using a cathepsin B-specific activity based probe (ABP) [Schaschke et al., 2000] we 

wanted to visualize the activity levels of cathepsin B in the various intestinal segments, 

namely duodenum, jejunum, ileum, and colon. We found that the activity of cathepsin B 

(Figure 1, green signals) varied among the different parts of the gastrointestinal tract. More 

precisely, we observed more intense staining representative of active cathepsin B in the 

jejunum of WT mice (Figure 1A, arrowheads) when compared to the duodenum (Figure 1B), 

ileum (Figure 1C), and colon (Figure 1D). When intestinal tissue of Ctsb-/- or Ctsb-/-/Ctsz-/- 

mice was reacted with the ABP no signal was detectable confirming its specificity (data not 

shown). The cathepsin B-specificity of this ABP was further confirmed by incubation with the 

cathepsin B selective inhibitor CA-074 before ABP treatment, because no signal was 

observed in this control (Figure 1E).  

 

Cathepsin X protein levels are elevated in the intestine of Ctsb -/- mice  

By immunoblot analysis we initially studied the expression pattern of cathepsin B in all 

intestinal segments, i.e. duodenum, jejunum, ileum, and colon of cathepsin-deficient mice. 

No alterations in the protein levels of cathepsin B were observed between WT and Ctsz-/- 

mice (Figure 2A). Absence of cathepsin B was confirmed in Ctsb-/- and Ctsb-/-/Ctsz-/- mice 

(Figure 2A). In contrast, elevated levels of cathepsin X were found in the duodenum and 

colon of Ctsb-/- mice when compared to WT controls (Figure 2B). However, no alterations 

were observed in the case of jejunum and ileum, suggesting that the compensatory effects of 

cathepsin X are intestinal segment-specific. The absence of cathepsin X was confirmed in 

Ctsz-/- and Ctsb-/-/Ctsz-/- mice as expected (Figure 2B).  
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The expression pattern of collagen IV varies among the intestinal parts and between 

different genotypes of cathepsin-deficient mice 

By immunoblot analysis we studied the protein levels of the basal lamina constituent collagen 

IV in duodenum, jejunum, ileum, and colon of WT, Ctsb-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/- mice 

(Figure 3A). The protein levels of collagen IV differed among the various intestinal parts, with 

highest protein levels found in the duodenum of WT mice. Interestingly, the levels of collagen 

IV were decreased in the duodenum and elevated in the jejunum of Ctsb-/- mice when 

compared to WT controls (Figure 3A), thereby contrasting the levels of cathepsin X in these 

segments of Ctsb-/- intestines (see Figure 2). However, no alterations were observed in the 

ileum and colon of Ctsb-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/- mice when compared to WT. In order to 

study the tissue distribution of collagen IV, immunofluorescence analysis was conducted and 

collagen IV was detected in the basal lamina (Figure 3B, green signals, arrowheads), as 

expected. Regarding the signal intensity among the various intestinal parts and for different 

cathepsin-deficient mice, our findings were in accordance with the immunoblot results. 

Overall, the findings suggested that the expression pattern of collagen IV depends not only 

on the genotype of the animals inspected, but it is also strictly dependent on the specific 

intestinal segment.  

 

Absence of cathepsins B and X had no impact on the protein levels of E-cadherin  

Cathepsin B has been shown in vitro to cleave E-cadherin [Gocheva et al., 2006]. Therefore, 

we wanted to investigate whether absence of cathepsins B and/or X would influence the 

protein levels of this adherens junction protein in the mouse intestine. By immunoblot 

analysis we found that the protein levels of E-cadherin remained unaltered in Ctsb-/-, Ctsz-/-, 

and Ctsb-/-/Ctsz-/- mice when compared to WT controls, irrespectively of the intestinal 

segments (Figure 4). There were, however, differences in the banding pattern, such that E-

cadherin appeared differently processed or posttranslationally modified in duodenum and 

jejunum versus ileum and colon (Figure 4). The presence of different molecular forms of E-

cadherin was found to be independent of the analyzed genotypes.  

 

Aminopeptidase N exhibits higher protein levels in the duodenum of Ctsz -/- and  

Ctsb -/-/Ctsz -/- mice when compared to WT controls  

The next protein that we studied was the differentiation marker and brush border enzyme 

aminopeptidase N. By immunofluorescence microscopy (Figure 5), it was found that 

aminopeptidase N-specific antibodies (green signals) resulted in stronger staining of the 

duodenum of Ctsz-/- and Ctsb-/-/Ctsz-/- mice when compared to WT controls. No such 

enhancements were observed in signal intensity in the other intestinal segments, namely 

jejunum, ileum, and colon. However, aminopeptidase N was less abundant in the ileum of 



Results 

97  

Ctsb-/- and Ctsb-/-/Ctsz-/- mice. In the small intestine, i.e. duodenum, jejunum, and ileum, 

aminopeptidase N was found at the apical plasma membrane of mucosal cells, whereas in 

the large intestine, i.e. colon, this polarity was reversed. 

 

 

Discussion  

 

Intestinal cathepsins 

The contribution of cysteine cathepsins to intestinal function and homeostasis has been 

highlighted in various studies [Mayer, 2006; Menzel et al., 2006; Mayer et al., 2009; 

Vreemann et al., 2009; Arampatzidou et al., 2011b; Sina et al., 2012; Arampatzidou et al., 

submitted]. Moreover, it has been shown that alterations in the proteolytic network can lead 

to pathological conditions of the intestine such as inflammation [Medina and Radomski, 

2006]. For example, inhibition of cathepsins B and L was found to reduce the mucosal 

damage in a mouse model of colitis [Menzel et al., 2006].  On the other hand, cathepsin K 

has recently been shown to play a protective role against chronic DSS-induced colitis. The 

same study identified extracellular cathepsin K in the lumen of the gastrointestinal tract as an 

antibacterial factor since the microbiota found in the intestine of Ctsk-/- mice was altered 

when compared to WT controls, and because ectopic application of cathepsin K on the colon 

protected from colitis-induced tissue damage [Sina et al., 2012]. Moreover, our previous 

studies on the colon of Ctsk-/- mice showed that absence of cathepsin K has an important 

impact on the distribution and protein levels of ECM constituents and proteins of intercellular 

junctions [Arampatzidou et al., submitted]. Apart from cathepsin K, we have also 

demonstrated the involvement of cathepsin B in ECM remodeling during regeneration of the 

gastrointestinal tract from traumatic injury simulating the life-threatening condition of post-

operative ileus [Vreemann et al., 2009].  

In the current study, we focused on Ctsb-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/- mice in an effort to 

elucidate the roles of cathepsins B and X in the gastrointestinal tract, and to determine 

potential compensatory functions of these two proteases. Such compensatory mechanism 

has been already reported for cathepsins B and X in other tissues [Vasiljeva et al., 2006; 

Bernhardt et al., 2010], and our question in this study was whether this is also true for the 

intestine. Furthermore, this is the first report examining the effects of cathepsin-deficiency 

along the length of mouse intestine in a segment-specific manner. In contrast to other studies 

that focused only on a specific intestinal part or on the whole intestine as an entity, we chose 

to analyze each segment separately. More precisely, our biochemical and morphological 

analysis included duodenum, jejunum, and ileum as representing the small intestine, and the 

large intestine, i.e. colon.  
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Segmental differences of proteolytic enzymes in the mouse intestine 

It is already known that morphological and functional differences occur between different cell 

types and among the various intestinal parts. However, our findings now add another, 

important level to the unique features of each part of the gastrointestinal tract. By using a 

cathepsin B-selective ABP, we demonstrated that the activity of cathepsin B is not the same 

among the different intestinal parts. These findings suggest that the proteolytic network found 

in each intestinal segment is unique and characteristic for the specific region. Interestingly, 

we also found that cathepsin X protein levels were elevated only in the duodenum and colon 

of Ctsb-/- mice, another observation confirming differences in the proteolytic status of each 

intestinal part. If indeed cathepsin X can compensate the function of the lost cathepsin B in 

duodenum and colon, why is it not able to exert the same action in jejunum and ileum as 

well? The answer to this question might reside within the complexity of the proteolytic 

systems that are characterized by both, direct and indirect effects. In other words, it is 

possible that the proteolytic environment as represented by specific proteases and their 

inhibitors allows cathepsin X to exhibit compensatory tasks in mouse duodenum and colon, 

whereas in the jejunum and ileum the conditions are not permissive. We conclude that it is 

important to determine the ratios of specific proteolytic enzymes not only on the cellular or 

tissue levels but also for distinct tissue segments in order to deduce in situ functions of the 

proteases.  

 

Contributions of cathepsins B and X to establishing polarity of intestinal mucosa cells  

We studied the expression and distribution of collagen IV in mouse intestine and found a 

different expression pattern among the various segments. Moreover, we demonstrated that 

the protein levels of collagen IV were decreased in the duodenum and elevated in the 

jejunum of Ctsb-/- mice when compared to WT controls. Combining with the above results we 

concluded that the lower levels of collagen IV in the duodenum of Ctsb-/- mice are found in 

parallel with a dramatic increase in the protein levels of cathepsin X. However, in the case of 

jejunum absence of cathepsin B and unaltered protein levels of cathepsin X resulted in 

elevated levels of collagen IV. Since cathepsin X is lacking endopeptidase activity it is 

unlikely that this protease can play a direct role in ECM degradation [Nagler et al., 1999; 

Lechner et al., 2006]. Therefore, the observation of elevated levels of cathepsin X in the 

duodenum of Ctsb-/- mice as accompanied by decreased levels of collagen IV could only be 

assigned to indirect effects of this cysteine cathepsin, and not to direct degradation 

processes. Maybe cathepsin X is involved in the regulation of other proteases that can 

exhibit collagenase activity in the mouse intestine. Alternatively, the described and quite 

unique feature of secreted procathepsin X to interfere with cell adhesion through regulating 
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interaction of integrins with basal lamina components via RGD motives in focal contacts, 

make it tempting to speculate that cathepsin X together with the ECM-remodeling cathepsin 

B are important for the structural integrity of the intestinal mucosa. Another interesting 

observation in this respect was that the protein levels of aminopeptidase N were found to be 

elevated only in the duodenum of Ctsz-/- and Ctsb-/-/Ctsz-/- mice when compared to WT 

controls. Both aminopeptidase N and cathepsin X are proteins involved in cell adhesion 

[Lechner et al., 2006; Mina-Osorio, 2008], thus it would be interesting to investigate whether 

there is a correlation between these two peptidases in terms of regulation and function.  

 

Conclusions 

Overall, our findings highlight for the first time the major differences of protease distribution 

among various parts of the mouse intestine. We showed that the activity, expression, and 

distribution patterns of cysteine cathepsins B and X, ECM constituents, and brush border 

enzymes differ along the length of the gastrointestinal tract, while E-cadherin remained 

unaffected. Furthermore, the outcomes of cathepsin B and cathepsin X-deficiency depend on 

the specific regions of the small and large intestine, pointing to the importance of further 

studies aiming at more detailed and improved assessments of drug safety when cathepsin 

inhibitors are thought to be orally administered. 

 

 

Materials and methods 

 

Generation of cathepsin-deficient mice 

All cathepsin-deficient mice (Ctsb-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/-) were generated and genotyped 

at Albert-Ludwigs-Universität Freiburg, Germany as described elsewhere [Halangk et al., 

2000; Sevenich et al., 2010]. All wild type (WT) and cathepsin-deficient mice were 4 months-

old and males. The maintenance and breeding of the animals used in this study was 

performed in accordance with the institutional guidelines in the laboratories of TR and CP 

approved by local authorities. Tissue handling in Bremen followed institution guidelines and 

was conducted in S1-certified laboratories.  

 

Tissue samples 

WT, Ctsb-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/- mice were anesthetized, the abdominal and thoracic 

cavities were opened and the abdominal aorta was cut. For perfusion via the heart, 0.9% 

NaCl supplemented with 200 IU heparin (Braun Melsungen AG, Melsungen, Germany) was 

used. Subsequently, the small and large intestines were dissected and kept on ice. The 

mesenteries were removed and the intestines were washed with ice-cold 0.9% NaCl solution. 
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The small intestine was then divided into its three segments, duodenum, jejunum, and ileum. 

Each intestinal segment was divided into two parts. The anterior part was fixed using 4% 

paraformaldehyde (PFA) in 200 mM 4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid 

(HEPES), pH 7.4, and used for morphological studies while the posterior part was snap-

frozen in liquid nitrogen and used for biochemical analysis.  

Total tissue extracts were isolated with lysis buffer, PBS containing 0.5% Triton X-100, and 

homogenization of the samples was done using a Potter S homogenizer (Sartorius, 

Göttingen, Germany) at 1000 rpm for 5 min on ice. Homogenates were kept in a rotary mixer 

for 45 min while all steps were performed at 4˚C. After centrifugation for 10 min at 10 000 g, 

supernatants were stored at -20˚C. Protein concentration was determined using BSA as a 

protein standard [Neuhoff et al., 1979]. 

 

SDS-PAGE and immunoblotting 

Total tissue extracts were normalized to equal amounts of protein, i.e. 16 µg per lane, and 

loaded onto 8% or 12.5% SDS-polyacrylamide gels. The separated proteins were then semi-

dry blotted onto nitrocellulose membranes. In order to detect collagen IV, gel electrophoresis 

was performed under native conditions [Vreemann et al., 2009], since the collagen IV-

specific antibodies recognize only non-denatured antigen. Blocking was performed overnight 

at 4˚C using 5% milk powder in PBS containing 0.3% Tween-20. After blocking, the following 

primary antibodies were applied: rabbit anti-mouse collagen IV (Rockland, Philadelphia, 

USA), goat anti-mouse cathepsin B (Neuromics, through Acris Antibodies, Herford, 

Germany), goat anti-mouse cathepsin X (R&D Systems, Wiesbaden, Germany), and rabbit 

anti-human E-cadherin (Santa Cruz Biotechnology Inc., Santa Cruz, CA USA). Membranes 

were subsequently washed and incubated for 1 h at room temperature with HRP-conjugated 

antibodies. The secondary antibodies used were goat anti-rabbit IgG and rabbit anti-goat IgG 

(both from Southern Biotech, Birmingham, Alabama, USA). Immunoreactions were visualized 

by using enhanced chemiluminescence substrate on CL-XPosure film (both from Pierce 

through Perbio Science Europe, Bonn, Germany).  

 

Morphological analysis-immunofluorescence 

After fixation with 4% PFA in 200 mM HEPES, all intestinal parts (duodenum, jejunum, ileum, 

and colon) from WT, Ctsb-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/- mice were washed and samples were 

incubated overnight in 200 mM HEPES buffer (pH 7.4). From each tissue sample, pieces of 

approximately 1 cm length were cut and incubated in Tissue Freezing Medium (Jung, 

through Leica Microsystems, Nussloch, Germany). After overnight incubation, samples were 

frozen on dry ice and cryosections of 5 µm each were prepared by using a Leica CM1900 

cryostat (Leica Microsystems). Cryosections were mounted on adhesive microscope slides, 
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blocked with 3% bovine serum albumin (BSA) in calcium-magnesium-free (CMF) PBS, and 

immunolabeled with primary antibodies. Specific primary antibodies used in this study were 

goat anti-mouse cathepsin B (Neuromics, through Acris Antibodies, Herford, Germany), goat 

anti-mouse cathepsin X (R&D Systems, Wiesbaden, Germany), rabbit anti-mouse collagen 

IV (Novotec, Saint Martin La Garenne, France), and goat anti-mouse aminopeptidase N 

(R&D Systems). After several washing steps with 0.1% BSA in CMF-PBS, sections were 

incubated with secondary antibodies for 1 h at 37˚C. As secondary antibodies Alexa 488-

coupled goat anti-rabbit IgG and rabbit anti-goat IgG were used (both from Invitrogen through 

Molecular Probes, Karlsruhe, Germany). As nuclear counter-stain DRAQ5 (Biostatus 

Limited, Shepshed Leicestershire, UK) was applied together with the secondary antibodies. 

In negative controls, specific primary antibodies were omitted and sections were incubated 

only with secondary antibodies and DRAQ5.  

 

Direct labeling of active cathepsin B in tissue cryosections  

A cathepsin B-specific activity based probe, i.e. compound NS-173; R = NH-(CH2)6-NH-

rhodamine B was used for detection of active cathepsin B [Schaschke et al., 2000]. 

Cryosections of duodenum, jejunum, ileum, and colon were prepared as described 

elsewhere [Buth et al., 2004; Arampatzidou et al., 2011a]. In brief, the sections were initially 

incubated with freshly prepared L-cysteine for 10 min at 37˚C to reactivate cysteine 

peptidase activities and then the ABP was applied for 30 min at 37˚C. After incubation with 

the ABP several washing steps in CMF-PBS were performed. In controls, cryosections were 

pre-incubated with the cathepsin B-specific inhibitor CA-074 (Merck, Darmstadt, Germany) 

before ABP treatment. Both the ABP and the inhibitor were applied at a concentration of 500 

nM.  

 

Microscopy 

Immunolabeled and ABP-treated cryosections were viewed with a Zeiss LSM 510 META 

laser scanning microscope equipped with Argon and Helium-Neon lasers (Carl Zeiss GmbH, 

Jena, Germany). Optical sections were obtained with a pinhole setting of 1 Airy unit and at a 

resolution of 1,024×1,024 pixels and were further analyzed by using LSM 510 software, 

Release 3.2 (Carl Zeiss).  
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Figure legends 

 

Figure 1 Visualization of cathepsin B activity in the intestine of WT mice 

Confocal laser scanning micrographs of cryosections prepared from jejunum (A), duodenum 

(B), ileum (C), and colon (D) of WT mice after incubation with a cathepsin B-specific ABP 

(green signals). Note that the activity of cathepsin B, shown in a vesicular pattern 

(arrowheads), was higher in the jejunum in comparison to the other segments. In the control 

(E), the cryo-sections were pre-incubated with the inhibitor CA-074 before ABP treatment. No 

activity was detected in this control. Corresponding phase contrast micrographs are shown 

(A′-E′). Asterisks indicate the position of lamina propria of the villi. Bars, 50 µm.  

 

Figure 2 Expression pattern of cathepsins B and X in mouse intestine  

Immunoblot analysis of lysates prepared from the intestine, i.e. D=duodenum, J=jejunum, 

I=ileum, and C=colon of WT, Ctsb-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/- mice as indicated. No 

alterations were observed in cathepsin B protein levels between WT and Ctsz-/- mice (A). 

Note that cathepsin X protein levels were elevated in the duodenum and colon of Ctsz-/- mice 

but not in the jejunum and ileum (B). Molecular mass markers are given in the left margins.  

 

Figure 3 Localization and expression pattern of collagen IV along the length of mouse 

intestine  

(A) Immunoblot analysis of lysates prepared from the intestine, i.e. D=duodenum, J=jejunum, 

I=ileum, and C=colon of WT, Ctsb-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/- mice as indicated. Note that the 

protein levels of collagen IV were decreased in the duodenum and elevated in the jejunum of 

Ctsb-/- mice when compared to WT controls. No alterations were observed in the ileum and 

colon of Ctsb-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/- mice when compared to WT. (B) Confocal laser 

scanning micrographs of cryosections prepared from duodenum, jejunum, ileum, and colon 

of WT and Ctsb-/- mice after staining with collagen IV-specific antibodies. Collagen IV (green 

signals, side panels, middle) was present in the basal lamina (arrowheads), and less intense 

labeling was observed in the duodenum of Ctsb-/- mice when compared to WT controls. In 

the jejunum of Ctsb-/- mice, collagen IV exhibited stronger staining when compared to WT. 

No differences in signal intensity were observed between WT and Ctsb-/- mice in the case of 

ileum and colon. Corresponding phase contrast micrographs are shown in side panels, top, 

or as insets. DRAQ5 was used as nuclear counter-stain (blue signals, side panels, bottom). 

Bars, 50 µm. 
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Figure 4 E-cadherin protein levels in the intestine of WT and cathepsin-deficient mice   

(A) Immunoblot analysis of lysates prepared from the intestine, i.e. D=duodenum, J=jejunum, 

I=ileum, and C=colon of WT, Ctsb-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/- mice as indicated. No 

alterations were observed in the protein levels of E-cadherin in all intestinal segments of 

cathepsin-deficient mice when compared to WT controls. Molecular mass markers are given 

in the left margin.  

 

Figure 5 Distribution and localization of aminopeptidase N in the mouse intestine  

Confocal laser scanning micrographs of cryosections prepared from the intestine, i.e. 

D=duodenum, J=jejunum, I=ileum, and C=colon of WT, Ctsb-/-, Ctsz-/-, and Ctsb-/-/Ctsz-/- mice 

as indicated, after staining with aminopeptidase N-specific antibodies. Note the localization of 

aminopeptidase N (green signals) at the apical plasma membrane in duodenum (A1-A4), 

jejunum (B1-B4), and ileum (C1-C4) that is replaced in the colon (D1-D4) by the reverse 

orientation. Stronger staining of aminopeptidase N was observed in the duodenum of Ctsz-/- 

(A3) and Ctsb-/-/Ctsz-/- (A4) mice when compared to WT (A1), while weaker staining was 

detectable in the ileum of Ctsb-/- (C2) and Ctsb-/-/Ctsz-/- (C4) mice in comparison to WT 

controls. In the other intestinal segments no alterations were observed between WT and 

cathepsin-deficient mice. Bars, 50 µm. 
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5 Discussion 

The results of this study revealed an important contribution of cysteine cathepsins to 

intestinal homeostasis through their involvement in diverse processes. Such physiological 

processes include remodeling of the ECM and turnover of proteins constituting junctional 

complexes that are crucial for intestinal function and integrity of the tissue structure. Further 

studies are required in order to elucidate the molecular mechanisms underlying the actions of 

cysteine cathepsins in the intestine and to determine whether they rely on direct or indirect 

effects. Furthermore, we highlighted major differences along the length of the gastrointestinal 

tract and emphasized the unique morphological, functional, and proteolytic properties of each 

intestinal part.   

5.1 Distribution of cysteine cathepsins in the intestine 
Cysteine cathepsins exhibit different localization and distribution patterns in the intestine 

revealing a variety in scenes of actions for these proteolytic enzymes. In particular, 

cathepsins B and X were localized within endo-lysosomes, but the distribution of cathepsin 

B- and cathepsin X-containing vesicles was quite different. Vesicle populations loaded with 

distinct sets of proteases have been previously described in other cell types such as thyroid 

epithelial cells [Tepel et al., 2000; Jordans et al., 2009; Tedelind et al., 2011]. On the other 

hand, cathepsins K and L were mainly found in association with the apical plasma membrane 

of intestinal epithelial cells and were also detected in the secretions of goblet cells [Mayer et 

al., 2006; Brix et al., 2008]. Therefore, secretion of distinct cysteine cathepsins towards the 

intestinal mucus layer and the luminal space could be foreseen.  

Several studies have contributed in changing our view of cysteine cathepsins as proteases 

exclusively found within the endo-lysosomes. It is now well established that these enzymes 

and their molecular variants exert their tasks in diverse locations, including mitochondria, 

nucleus, and the extracellular space [Muntener et al., 2004; Goulet et al., 2004; Brix et al., 

2008; Tedelind et al., 2011; Sina et al., 2012]. The trafficking and localization patterns of 

cathepsins depend also on the status of the respective cell or tissue since it has been shown 

that in disease states, like for example in malignancies, these patterns can be altered 

[Mohamed and Sloane, 2006; Tedelind et al., 2011]. As far as pathological conditions of the 

intestine are concerned, previous studies demonstrated a non-regulated release of cathepsin 

B after intestinal traumatic injury [Mayer et al., 2009; Vreemann et al., 2009].       

5.2 Cathepsin-deficient mice as valuable model system  
In order to elucidate the roles of cathepsins in a given tissue or cell type it is crucial to 

perform studies with suitable in vitro and in vivo models. A relevant model system to address 

what are the functions of specific cathepsins in vivo is the cathepsin-deficient mouse. In our 
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studies we used Ctsb-/- and Ctsz-/- mice (chapter 4.5) that do not have any overt phenotype, 

as well as Ctsk-/- mice (chapter 4.4). The Ctsk-/- mice are characterized by phenotypic 

alterations and they develop disorders such as osteopetrosis [Saftig et al., 1998]. Although 

cathepsin K is known to be expressed in the intestinal tract, the effects of cathepsin K-

deficiency on this tissue have not been previously studied in detail. Therefore, we compared 

intestinal tissue from WT and Ctsk-/- mice and we observed differences that are associated 

with properties of the ECM and characteristics of intercellular junctions (see chapter 4.4). We 

also studied mice doubly-deficient for cathepsins B and X since compensatory phenomena 

have been shown for these two proteases. Like Ctsb-/- and Ctsz-/- mice, the Ctsb-/-/Ctsz-/- 

animals have a phenotype comparable to WT without any obvious differences. In general, 

the use of double cathepsin-deficient mice could provide a better understanding of complex 

proteolytic networks in which redundancy and compensatory mechanisms exist. However, in 

some cases single or double cathepsin-deficiency can be lethal, like for example the Ctsd-/- 

and the Ctsb-/-/Ctsl-/- animals that die within the first weeks after birth [Saftig et al., 1995; 

Felbor et al., 2002].  

Since cathepsins have been associated with a variety of pathological conditions, cathepsin-

deficient mice are often used in combination with diseased mouse models to address 

whether absence of a specific cathepsin could ameliorate the severity of the investigated 

disease. The cathepsin-deficient mice have significantly contributed in gaining substantial 

knowledge regarding the involvement of cathepsins in health and disease. Nevertheless, 

there are some drawbacks regarding this model system that should be taken into 

consideration. The major problem is that the proteolytic networks of human and mice are not 

identical because each species has a unique set of cathepsins and proteases in general. 

Therefore, it is difficult to predict what the influence of cathepsin-deficiency would be in a 

completely or even in a slightly different proteolytic environment. It is important to keep in 

mind that studies on mouse models, including cathepsin-deficient mice, can give us research 

directions and indications rather than conclusions directly applicable in investigations on 

human tissue from patients.  

5.3 Visualization and trafficking studies enable imaging of 
protease functions in vitro  and in vivo  

A variety of experimental strategies have been developed to enable spotting of proteases in 

classical and novel scenes of action (see [Arampatzidou et al., 2011a], chapter 4.1). Such 

approaches allow visualization and monitoring of proteolytic activity both in vitro and in vivo. 

For instance, fluorescent protein tagging experiments are often used to elucidate trafficking 

and transport pathways of proteases with the aim to reveal unknown biological functions of 

these enzymes. In general, cysteine cathepsins can be tagged by attaching fluorescent 

proteins to the C-terminus via a spacer peptide, in such a way that intrinsic protein 
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sequences essential for proper protein targeting and transport are not affected [Linke et al., 

2002; Katayama et al., 2008; Mayer et al., 2008]. In chapter 4.3 [Arampatzidou et al., 2011b] 

we described the generation of a transgenic mouse model that was expected to express 

cathepsin B-EGFP in an intestine-specific manner. This mouse model would enable us to 

investigate the trafficking and distribution of cathepsin B in situ in order to better understand 

the functional roles of this protease in intestinal homeostasis.  

Apart from studying the localization of proteases, it is also important to monitor their 

proteolytic activity. Recently, small reporter molecules, known as activity based probes 

(ABPs), were developed which are used for studying protease activities and substrate 

cleavage in cells and tissues [Greenbaum et al., 2002; Kato et al., 2005; Blum et al., 2009; 

Deu et al., 2012]. The advantage of ABPs is that these molecules can penetrate biological 

membranes thereby reaching proteolytically active enzymes within living cells and in whole 

organisms [Blum et al., 2007; Deu et al., 2012].   

5.4 Proteolytic network and compensatory effects of cysteine 
cathepsins in mouse intestine 

Cysteine cathepsins are part of a highly complex and dynamic proteolytic network that 

participates in variable processes both in health and disease states. Apart from proteases, 

this proteolytic system includes also their natural counter-parts, namely endogenous 

inhibitors that regulate their enzymatic activity. Proteolytic misbalance has been associated 

with many pathological conditions, including cancer, neurodegenerative disorders, 

osteoporosis, and intestinal inflammation [Medina and Radomski, 2006; Menzel et al., 2006; 

Mohamed and Sloane, 2006; Reiser et al., 2010]. Moreover, the set of proteases and 

inhibitors found in each tissue or cell type is unique because some proteases exhibit tissue 

or cell-specific expression while other proteolytic enzymes are ubiquitously distributed. Thus, 

observations regarding proteolytic events and functions made in a particular tissue should 

not be considered identical in different experimental settings in which other tissues or cell 

types are studied. Additionally, an important characteristic of proteolytic networks is the 

compensatory mechanisms developed to protect overall cellular and tissue homeostasis. 

Compensation, also known as redundancy, has been demonstrated for several cysteine 

cathepsins in a variety of cells and tissues. For example, cathepsins K and L were shown to 

exhibit reciprocal compensation in the thyroid gland [Friedrichs et al., 2003]. Moreover, 

redundancy was shown for cathepsins B and X in breast carcinoma and gastric epithelial 

cells [Vasiljeva et al., 2006; Bernhardt et al., 2010].  

The results presented in chapters 4.4 and 4.5 revealed that cathepsin-deficiency leads to 

altered proteolytic networks in mouse intestine. More precisely, we found significantly 

elevated levels of cathepsins B, L, and X in the colon of Ctsk-/- mice when compared to WT. 

Another interesting finding was that cathepsin X protein levels were elevated in the 
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duodenum and colon of Ctsb-/- mice but not in the other intestinal segments, namely jejunum 

and ileum. In addition, we observed differential expression and activity patterns of cathepsins 

B and X along the length of the gastrointestinal tract (see chapter 4.5). Taken together, these 

observations made us speculate that the proteolytic environment of mouse duodenum and 

colon allows cathepsin X to exert its compensatory tasks in contrast to non-permissive 

conditions found in jejunum and ileum. It is important to note, however, that cathepsin X 

could only partially compensate the function of cathepsin B since it can only act as a 

carboxypeptidase and does not have endopeptidase activity like cathepsin B [Nagler et al., 

1999; Puzer et al., 2005].              

5.5 Involvement of cysteine cathepsins in ECM remodeling 
Various studies have demonstrated the ability of cysteine cathepsins to degrade ECM 

components and promote cell migration. For instance, cathepsin B contributes in remodeling 

of ECM during keratinocyte migration [Buth et al., 2004; Buth et al., 2007]. It has been shown 

that cathepsin B can degrade ECM constituents such as collagen IV, laminin, and fibronectin 

at both acidic and neutral pH [Buck et al., 1992; Kos et al., 2005]. However, the ability of 

cathepsin B to degrade ECM is associated not only with physiological processes but also 

with pathological conditions including tumor invasion and metastasis [Hazen et al., 2000; 

Mohamed and Sloane, 2006; Vasiljeva et al., 2006; Chan et al., 2010]. Moreover, cathepsin 

B has been suggested to play a role in turnover of ECM proteins in traumatized intestinal 

tissue [Vreemann et al., 2009]. In this study we focused on the intact, non-traumatized 

gastrointestinal tract and we showed that cathepsin B is also involved in remodeling of 

intestinal ECM under physiological conditions (see chapter 4.5). In addition, our studies on 

Ctsb-/- mice revealed that absence of cathepsin B has different influence along the 

gastrointestinal tract that is characterized by elevated or decreased protein levels of collagen 

IV.  

Interestingly, the decreased levels of collagen IV in the duodenum of Ctsb-/- mice were 

accompanied by dramatically increased protein levels of cathepsin X. In contrast, the levels 

of cathepsin X in the jejunum of Ctsb-/- mice were not altered while collagen IV protein levels 

were increased in this intestinal part (see chapter 4.5). It is important to note that cathepsin X 

acts as a carboxypeptidase and has no endopeptidase activity hence a direct contribution of 

this cysteine cathepsin in ECM degradation is unlikely [Nagler et al., 1999; Puzer et al., 2005; 

Lechner et al., 2006]. A possible explanation for the simultaneous elevated and decreased 

protein levels of cathepsin X and collagen IV, respectively, could be an indirect involvement 

of cathepsin X through proteolytic regulation of other proteases that are able to degrade 

ECM constituents like the collagenases. Moreover, since procathepsin X is known to be 

important modulator of cell adhesion and migration processes by regulating interaction of 

integrins with basal lamina constituents [Lechner et al., 2006], it is tempting to speculate that 
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together with cathepsin B, these two proteases are crucial for intestinal structure and 

integrity. Further studies are required to investigate in depth such protein functions of 

cathepsin X that are independent of proteolytic activity but still important for tissue 

homeostasis.             

Another cysteine cathepsin with a pivotal role in ECM degradation is cathepsin K, known to 

participate in bone remodeling [Bromme and Okamoto, 1995; Saftig et al., 1998]. The results 

of chapter 4.4 suggested that cathepsin K is involved in turnover of intestinal ECM since we 

found elevated levels of collagen IV and laminin in the colon of Ctsk-/- mice when compared 

to WT controls. Besides colon, Ctsk-/- mice exhibited higher levels of collagen IV also in their 

small intestine (see chapter 4.2) [Dauth et al., 2011a]. Uncovering the roles of cathepsin K in 

intestinal homeostasis is of special importance because inhibitors of this protease are 

currently in clinical trials for treatment of bone disorders [Lewiecki, 2009; Podgorski, 2009; 

Rachner et al., 2011]. Therefore, it is crucial to elucidate the effects of cathepsin K inhibition 

in tissues, like the gastrointestinal tract, that would be primarily influenced by orally 

administered therapeutics.              

5.6 Impact of cathepsin K-deficiency on intercellular junctions of 
the colon  

The results of chapter 4.4 demonstrated that cathepsin K-deficiency is concomitant with 

altered protein levels of ECM components, like collagen IV and laminin. In the same study 

we also investigated the effects of this deficiency on protein constituents of junctional 

complexes because cathepsins are known to exert profound influence on the expression and 

distribution of intercellular junctions [Gocheva et al., 2006; Boudreau et al., 2007]. Our 

findings revealed that absence of cathepsin K resulted in elevated levels of the adherens 

junction protein E-cadherin. In addition, mislocalization of occludin was observed in the colon 

of Ctsk-/- mice since this tight junction protein was found throughout the intestinal epithelial 

cells and away from their apical poles.  

Our observations are consistent with other studies that have demonstrated such localization 

shifts of tight junction proteins associated with altered activities of cysteine cathepsins. In 

particular, absence of cathepsin L was shown to promote distribution of claudin-1 in the 

nucleus of intestinal epithelial cells [Boudreau et al., 2007]. Moreover, in a mouse model of 

intestinal manipulation mimicking the human condition of postoperative ileus, non-

physiological release of cathepsin B resulted in damage of the cell junction proteins E-

cadherin and claudin-1 [Vreemann et al., 2009]. The question that remains elusive is whether 

cathepsins are directly involved in degradation of intestinal intercellular junctions in vivo. In 

vitro studies have shown that specific cysteine cathepsins, namely cathepsins B, L, and S 

are able to act on E-cadherin as a substrate [Gocheva et al., 2006]. We now need to 
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investigate the ability of cathepsin K to degrade E-cadherin, a finding that could then explain 

the elevated levels of E-cadherin in the colon of Ctsk-/- mice.  

It is well established that cell-cell and cell-matrix interactions have pivotal roles in a variety of 

processes such as adhesion, proliferation, differentiation, and migration and they are 

important players in maintaining intestinal barrier function and integrity. Therefore, alterations 

in the expression and localization patterns of ECM and junctional complex proteins are often 

associated with pathologies of the intestinal tract [Gibson et al., 1995; Hanby et al., 1996; 

Beaulieu, 1997; Karayiannakis et al., 1998; Schmitz et al., 1999; Gassler et al., 2001]. The 

involvement of cysteine cathepsins in turnover of ECM components and junctional proteins 

highlights the importance of these proteolytic enzymes in intestinal homeostasis and stability.     

5.7 Intestinal mucus organization and growth in cathepsin K-
deficient mice 

The intestinal barrier function is crucial for the organism and impairment of this barrier can 

lead to pathological conditions of the intestine such as inflammatory bowel disease 

[Einerhand et al., 2002; Hansson, 2011]. The mucus layer covering the intestinal epithelial 

cells and protecting them from the luminal content has profound roles in regulating intestinal 

barrier function. Goblet cells are the intestinal cells responsible for production and secretion 

of Muc2 which is the major component of the mucus layers [Johansson et al., 2011b]. Recent 

studies demonstrated the presence of cathepsin K in murine goblet cells and colonic mucus 

layer [Sina et al., 2012]. Similar localization patterns were also observed in previous studies 

of our group that revealed localization and secretion of cathepsins K and L from human 

intestinal goblet cells and their re-association with the apical plasma membrane domains 

[Mayer et al., 2006]. Moreover, extracellular cathepsin K was recently identified as an 

antibacterial factor with anti-inflammatory potential that can ameliorate the severity of chronic 

DSS-induced mouse colitis [Sina et al., 2012].  

Based on these observations we wanted to investigate whether cathepsin K-deficiency had 

an impact on structural and functional properties of intestinal mucus. In the study described 

in chapter 4.4 we used a newly established ex vivo method [Gustafsson et al., 2011] for 

measuring murine intestinal mucus thickness and growth. Our results revealed that the 

organization and growth properties of intestinal mucus are comparable in Ctsk-/- and WT 

mice without major differences. Moreover, immunofluorescence analysis of Muc2 in intestinal 

cryosections of WT and Ctsk-/- mice did not show any alterations in the expression and 

localization pattern of this mucin. However, since other cysteine cathepsins were found to be 

up-regulated in the colon of Ctsk-/- mice we speculate that compensatory processes might be 

involved that could explain the lack of mucus alterations. Such compensatory functions could 

be suggested for cathepsin L because this protease was found like cathepsin K in human 

goblet cells [Mayer et al., 2006] and in our study it was dramatically increased in the colon of 
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Ctsk-/- mice. Therefore, further research is required with a larger set of cathepsin-deficient 

mice and ideally with the double-deficient Ctsk-/-/Ctsl-/- before we can exclude involvement of 

cathepsin K in mucus processing.       

 

 
 
Figure 10: Schematic overview summarizing the alterations observed in the colon of cathepsin 
K-deficient mice. Our studies revealed alterations in the proteolytic network of Ctsk-/- mice when 
compared to WT, characterized by elevated levels of cathepsins B, L, and X. In addition, absence of 
cathepsin K had an impact on tight and adherens junctions. More precisely, in the colon of Ctsk-/- mice 
we observed redistribution of occludin that was found throughout the cell and not in the tight junctions. 
Moreover, E-cadherin protein levels were elevated in Ctsk-/- mice, although without changes in its 
localization pattern. ECM and basal lamina constituents were also influenced by cathepsin K-
deficiency since we observed elevated levels of collagen IV and laminin in the colon of Ctsk-/- mice.   

 

5.8 Differences in morphology, function, and proteolytic activity 
along the gastrointestinal tract 

The multifunctional gastrointestinal tract is composed of different parts that exhibit 

characteristic structural and morphological features. The individual intestinal parts are 

involved in a variety of processes including digestion, absorption of water and nutrients, 

storage of waste products, and immune defence [Feldman and Schiller, 1997; Schneeman, 

2002; Alberts, 2002]. Because of these established differences observed along the length of 

the gastrointestinal tract, our hypothesis was that the various parts should possess further 

unique characteristics that have not been reported yet. Therefore, we chose to investigate 

the expression and localization patterns of cysteine cathepsins in each part of the small and 

large intestine separately.  
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The results outlined in chapter 4.5 confirmed our initial hypothesis since the protein levels of 

cathepsins B and X were different among the intestinal parts. Interestingly, cathepsin B 

protein levels were highest in duodenum and lowest in jejunum while the opposite expression 

pattern was observed for cathepsin X that exhibited highest protein levels in jejunum and 

lowest in duodenum. Apart from variable protein levels, we also showed segment-specific 

proteolytic activity. By using a cathepsin B-specific ABP we demonstrated highest proteolytic 

activity of cathepsin B in mouse jejunum while in the other segments we observed less 

activity. Our results report for the first time that the localization and distribution of specific 

proteases vary significantly among the intestinal parts, suggesting different functions of these 

enzymes along the gastrointestinal tract. This variable proteolytic network found in each 

intestinal segment could also explain the segment-specific compensatory effects of cathepsin 

X observed in the intestine of Ctsb-/- mice. The notion of an important role of cysteine 

cathepsins in ECM remodeling prompted us to address the status of collagen IV in each 

intestinal part. Our findings indicated segment-specific expression pattern of collagen IV that 

exhibited higher protein levels in duodenum when compared to jejunum, ileum, and colon. 

We suggest that the observed differences in collagen IV protein levels are associated with 

specific requirements of ECM composition that is crucial for the structural and functional 

properties of each intestinal part.  

Overall, our findings presented in chapter 4.5 highlight the major differences along the 

gastrointestinal tract in terms of morphology, structure, function, and proteolytic activity. This 

study also emphasizes the importance and necessity to consider the intestinal tract not as an 

entity but rather as a set of diverse tissue parts exhibiting unique properties and 

characteristic features. This last notion is particularly important for development of orally 

administered drugs that would probably have different outcomes on the various intestinal 

parts.
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6 Conclusion 

Overall, our findings suggest that cysteine cathepsins exert diverse tasks in the 

gastrointestinal tract that are important for proper structural and functional states of this 

tissue. Cathepsin-deficient mice appear to be a suitable in vivo model for elucidating the 

contributions of multifunctional cysteine cathepsins in tissue homeostasis. Our studies 

revealed that cathepsin K is involved in turnover of ECM components and proteins of 

junctional complexes in mouse colon since Ctsk-/- mice exhibited major alterations in the 

expression and localization patterns of these molecules. Moreover, we showed that each 

part of the intestinal tract has unique properties and is characterized by distinct proteolytic 

profiles that contribute to the development of segment-specific compensatory mechanisms. 

Taken together, these observations highlight the complexity of proteolytic networks found in 

diverse tissues and suggest that special caution is required regarding inhibitor-based 

treatments.  

 

 
Figure 11: Schematic overview summarizing the involvement of cysteine cathepsins in 
intestinal homeostasis. 
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7 Perspectives 

Our studies on cathepsin-deficient mice enabled us to gain further knowledge regarding the 

role of cysteine cathepsins in intestinal homeostasis. Our results on Ctsk-/- mice revealed 

involvement of cathepsin K in regulation of cell-cell and cell-matrix interactions through 

profound roles in turnover of ECM and intercellular junction proteins. However, since the 

protein levels of other cysteine cathepsins were found to be elevated in the colon of Ctsk-/- 

mice it remains questionable whether the observed alterations are due to direct actions of 

cathepsin K or if they occur through indirect mechanisms. For example one could speculate 

that maybe one of the elevated enzymes, namely cathepsins B, L, and X is responsible for 

the described changes in the intestine of Ctsk-/- mice or even another protease that has not 

been analyzed yet. Therefore, further studies should be performed with a larger set of 

cathepsin-deficient animals and in particular with double-deficiencies in order to maximize 

the chances to detect alterations and phenotypes that could be rescued by compensatory 

phenomena. An interesting model system would be the double-deficient Ctsk-/-/Ctsl-/- mouse 

since cathepsins K and L have been shown to exhibit reciprocal compensation in various 

tissues, including the thyroid gland [Friedrichs et al., 2003]. Moreover, since both these 

proteases were found localized and secreted by goblet cells [Mayer et al., 2006], the Ctsk-/-

/Ctsl-/- mouse model would be ideal for analysis of intestinal mucus properties. Although our 

current results did not show alterations in assembly and composition of colonic mucus layers 

in Ctsk-/- mice we still can not exclude participation of cathepsin K in mucus processing 

before evaluating results from studies on more cathepsin-deficient animals.  

Furthermore, it would be important to determine whether the elevated protein levels of 

cysteine cathepsins found in the colon of Ctsk-/- mice are concomitant with higher proteolytic 

activity. It is possible that despite the higher protein levels, the activities of these proteases 

are not altered due to regulatory mechanisms that could include up-regulation of endogenous 

inhibitors. Thus, one should also investigate the status of endogenous inhibitors of cysteine 

cathepsins, such as cystatins and stefins in the intestine of cathepsin-deficient mice. 

Additionally, studies at the mRNA level could be performed to find out if the increased protein 

levels of cysteine cathepsins depend on impaired transcriptional regulation. Likewise, such 

studies would be beneficial also for detecting regulatory mechanisms along the length of the 

gastrointestinal tract by comparing the individual segments of the small and large intestine. It 

would be important to further elucidate the proteolytic profiles found in each intestinal part 

and this could be achieved by performing CLIP chip microarray analysis. The CLIP chip is 

the only available microarray that allows to study exclusively the mouse degradome, 

meaning the whole set of proteases and their inhibitors at the transcript level [Kappelhoff and 

Overall, 2007]. Moreover, this microarray represents a valuable tool to compare the 

degradome between WT and various cathepsin-deficient mice as it has been shown by 
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studies conducted in our group [Vreemann, 2009]. However, one should keep in mind that 

the results obtained from such analysis refer only to transcriptional levels and do not apply to 

protein levels. Hence, it becomes clear that multiple approaches must be followed in order to 

better understand the complex proteolytic networks and their interactions.  

Cysteine cathepsins exhibit interesting potentials as drug targets because they are 

associated with diverse pathologies and disorders [Mohamed and Sloane, 2006; Vasiljeva et 

al., 2007; Brix et al., 2008; Reiser et al., 2010]. Several therapeutic strategies are based on 

protease inhibitors and the cathepsin K inhibitors for osteoporosis treatment are currently in 

clinical trials and have gained significant attention [Turk, 2006; Vasiljeva et al., 2007; Stoch 

and Wagner, 2008; Gauthier et al., 2008]. Further research and deeper insights are required 

in order to better predict the outcomes of cathepsin inhibition and determine whether the 

inhibitor-based treatments are safe for the patients. Towards this direction, a suitable 

approach would be to treat WT mice with protease inhibitors and investigate the effects of 

proteolytic inhibition in vivo. Although cathepsin-deficient mice offer an excellent model to 

uncover roles of cysteine cathepsins in various tissues they do not represent ideal systems 

for predicting the effects of inhibitor treatment. That is because the cathepsin-deficient 

animals lack specific cathepsins already during development, a condition completely different 

from temporarily protease inhibition at later adult stages. It is important to note, however, that 

even in the case of treating WT mice with protease inhibitors one should always keep in mind 

the major differences in proteolytic networks between human and mouse species. In other 

words, in vivo studies with mouse models can offer us indications and not conclusions 

regarding the roles of proteases in health and disease.                  
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