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Abstract 

Cathepsin E (CatE) is predominantly expressed in the rapidly regenerating gastric 

mucosal cells and epidermal keratinocytes, besides the immune system cells. However, 

the role of CatE in these cells remains unclear. Here we report a crucial role of CatE in 

keratinocyte terminal differentiation. CatE deficiency in mice induced abnormal 

keratinocyte differentiation in the epidermis and hair follicle characterized by the 

significant expansion of corium and the reduction of subcutaneous tissue and hair 

follicle. In a model of skin papillomas formed in three different genotypes of syngeneic 

mice, CatE deficiency resulted in the significantly reduced expression and altered 

localization of the keratinocyte differentiation-induced proteins keratin 1 and loricrin. 

The link of CatE to the regulation of the expression of epidermal differentiation-specific 

proteins was corroborated by in vitro studies with primary cultures of keratinocytes 

from the three different genotypes of mice. In the wild-type keratinocytes after 

differentiation-inducing stimuli, the expression profile of CatE gene was compatible 

with those of the terminal differentiation marker genes tested. Over-expression of CatE 

in mice enhanced the rate of keratinocyte terminal differentiation process, whereas CatE 

deficiency resulted in the delayed differentiation accompanying the reduced expression 

or the ectopic localization of the differentiation markers. Our findings suggest that CatE 

in keratinocytes functionally links to the expression of the terminal differentiation 

markers, thereby regulating the formation and homeostasis of the epidermis.  

 

Key words: Aspartic proteinase; Cathepsin E; Keratinocyte; Skin Papilloma; Terminal 

differentiation  
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Introduction 

The epidermis is a stratified and keratinized squamous epithelium mainly composed of 

keratinocytes. Epidermal differentiation results in formation of several distinct cell 

layers characterized by their ultrastructure, mitotic state and expression of specific 

markers. The basal keratinocytes have a high proliferating potential and are 

characterized by specific expression of keratin 5 (K5) and K14, as well as by cuboidal 

structure and attachment to the underlying basement membrane. It has long been 

considered that the basal keratinocytes migrate to the suprabasal layer and directly 

become spinous cells expressing K1, K10 and involucrin when terminal differentiation 

is initiated. However, recent evidence has shown that most of basal keratinocytes do not 

really migrate, but arise from dividing basal layer cells in which the mitotic spindle is 

perpendicular to the basement membrane, so resulting in the development of suprabasal 

cells that commit to enter a program of terminal differentiation (reviewed in Blanpain 

and Fuchs, 2009). The spinous cells concomitantly switch from the expression of such 

differentiation markers as K1, K10 and involcrin to the expression of the late 

differentiation markers loricrin and filaggrin according to the levels of differentiation, 

thereby forming the granular layer characterized by the existence of keratohyalin 

granules. The granular keratinocytes terminally differentiate to form the cornified layer 
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at outmost layer, which consists of extremely flat, keratin-filled and anucleated 

keratinocytes and is believed to be primary responsible for the barrier function of the 

skin. Dermatological disorders ranging from minor cosmetic problems to 

life-threatening conditions are commonly due to abnormal differentiation of the 

keratinocytes. Elucidation of the intracellular molecules involved in the cellular 

differentiation processes and the regulation of epidermal homeostasis is, thus, of special 

importance for the understanding and therapy of these disorders.  

   Recent analyses of patients with defective protease genes (Toomes et al., 1999, 

Chavanas et al., 2000) and mouse mutants with defects in proteases (Roth et al., 2000; 

List et al, 2002; Egberts et al., 2004, Demerjian et al., 2008) have highlighted their 

crucial roles in the regulation of dermal differentiation and the maintenance of 

epidermal homeostasis (reviewed in Ovaere et al., 2009). Several studies have also 

indicated the importance of protease inhibitors in dermal differentiation using mouse 

mutants with their defects (Sundberg et al., 1997; Zeeuwen et al., 2002). Accordingly, it 

is likely that the protease-inhibitor balance is an important factor for normal progression 

of dermal differentiation processes (reviewed in Zeeuwen 2004, Candi et al., 2005).   

We have previously identified two analogous aspartic proteinases of the pepsin 

superfamily, CatE and cathepsin D (CatD), in human and rat epidermis (Igarashi et al., 
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2004; Sakai et al., 1989; Hara et al., 1993). Both enzymes have similar enzymatic 

properties, but their tissue distribution and cellular localization were apparently 

different (reviewed in Yamamoto, 1999). In rat and human skin, CatD was concentrated 

in granular cells, whereas CatE was diffusely detected in the cytoplasm of almost all 

epidermal cells (Hara et al., 1993). Additionally, immunoelectron microscopic studies 

demonstrated that CatD was localized mainly on desmosomes of human stratum 

corneum, whereas CatE was present intracellularly within the squames (Igarashi et al., 

2004). These observations strongly suggest that these enzymes have different functions 

in dermal differentiation processes. Recently, Egberts et al. (2004) demonstrated that 

CatD deficiency in mice resulted in the reduced transglutaminase 1 activity essential for 

the correct cornified-envelope formation and the reduced expression of the cornified 

envelop proteins involucrin and loricrin, thereby suggesting a functional link of CatD to 

the regulation of epidermal differentiation. On the other hand, recent studies have 

demonstrated that CatE-/- mice spontaneously develope atopic dermatitis-like skin 

lesions when reared under conventional conditions, but not under specific pathogen-free 

conditions (Tsukuba et al., 2003), and increase in susceptibility to hapten-induced 

experimental dermatitis (Tsukuba et al., 2003) and to bacterial infection (Tsukuba et al., 

2007), suggesting that CatE plays a crucial role in the protection of against various 
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environmental stresses, such as water loss and microorganism infection. These 

observations also suggest that CatD and CatE are differentially involved in keratinocyte 

differentiation and maintenance of dermal homeostasis. Hence to assess the role of CatE 

in multistage processes important for dermal differentiation, we manipulate this protein 

in both in vivo and in vitro experiments using a model of skin papilloma induced in 

three different genotypes of syngeneic mice, CatE-deficient (CatE-/-), wild-type 

(CatE+/+), and CatE-overexpressing transgenic (CatETg) and primary cultures of 

keratinocytes from each genotype of mice, respectively.   

 

Results  

CatE deficiency induces abnormal differentiation processes in epidermis and hair 

follicle in vivo  

We used three different genotypes of the syngeneic C57BL/6 mice at three weeks of age, 

CatE-/- (n=8), CatE+/+ (n=5), and CatETg (n=5). No significant differences in gross 

appearance and body size were detected between CatE+/+ and CatETg, but CatE-/- mice 

were apparently smaller than other genotypes (data not shown). Also, the epidermis and 

hair follicles of CatE-/- mice showed abnormalities in epidermal differentiation 

processes, which were characterized by the more expanded corium and the significantly 
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reduced subcutaneous tissue and hair follicle compared with those of wild-type 

littermates (Fig. 1A). Given that hair follicles undergo repeated cycles of proliferation 

and differentiation (anagen stage), apoptosis (catagen stage) and resting (telogen stage) 

of epithelial cells (Stenn and Paus, 2001), we performed quantitative evaluation of hair 

follicle stages on the basis of well-defined morphological criteria (Muller-Rover et al, 

2001). As shown in Fig. 1A, the majority of hair follicles in each genotype of mice at 3 

weeks of age were in the telogen stage. We also found that a significant number of hair 

follicles in CatE+/+ mice at this age were in the transitional process making preparations 

for anagen stage, whereas CatE-/- mice had little or no hair follicle in the anagen stage at 

the same age. By contrast, the percentage of hair follicles in the catagen stage was very 

low in CatE+/+ mice, whereas that was high in CatE-/- mice. Notably, little or no 

significant infiltration of effector cells such as neutrophils, macrophages and 

lymphocytes into the epidermis of CatE-/- mice was noted (Fig. 1A). Meanwhile, the 

extent of infiltration of these cells into the dermis of CatE-/- mice was not significantly 

different from that of CatE+/+ mice. These findings indicate that the abnormalities in 

CatE-/- epidermis were not secondary inflammatory responses due to CatE deficiency 

and strongly suggest that CatE may be involved in the formation of epidermal barrier 

and the development of hair follicles. These results thus prompted us to investigate 
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specific functions of CatE in epidermal differentiation. To explore this issue, we first 

determined whether and which cell types in mouse skin express CatE. For this purpose, 

we prepared the primary culture of skin keratinocytes from CatE+/+ mice and analyzed 

the cell extract by Western blotting under reducing conditions. CatE was expressed 

mainly as a 46-kDa proenzyme and slightly as a 42-kDa mature form (Fig. 1B). On the 

other hand, CatE expression in hair follicles was determined by in situ hybridization 

(ISH) and was found to be expressed and localized in close vicinity to the inner root 

sheath (Fig. 1D), which was consistent with the previous observation that CatE was 

expressed in the cuticle of the keratogenous zone (Ishimatsu-Tsuji et al., 2005).   

Characterization of skin papillomas generated in each genotype of mice by 

DMBA/TPA treatment  

The first tumors generated by two-stage mouse skin tumorigenesis protocol using the 

initiater 7, 12-dimethylbenzanthracene (DMBA) and the promoter 12-O- 

tetradecanoylphobol-13-acetate (TPA) have been demonstrated to be premalignant 

lesions, called papillomas (reviewed in Klein-Szanto, 1989), which further progress to 

squamous cell carcinoma at different rates by the continuous TPA application (Aldaz et 

al., 1987; Burns et al., 1976). Histopathological analysis of surgical specimens of tumor 

lesions of each genotype revealed no distinct invasion or intravascular metastasis in 
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tumors generated in each genotype of mice (Fig. 2B, E, H), indicating that most of the 

tumors were premalignant under the conditions employed. All of the CatE+/+ and 

CatETg mice induced multiple skin papillomas, whereas more than 20% of CatE-/- mice 

did not generate the papillomas under the conditions used (Fig. 3A, B). The number of 

papillomas per mouse was positively associated with the expression levels of CatE, 

increasing according to the rank order CatE-/-<CatE+/+<CatETg mice, with the effect of 

CatE expression on the incidence of papillomas per CatETg mice being about 12 times 

that apparent for CatE-/- mice (Fig. 3C). The size of papillomas in CatE+/+ mice was 

smaller than that in CatETg mice (Fig. 3D). CatE-/ mice developed little papilommas, but 

their size was equal to or more than that in CatE+/+ mice, suggesting that papilloma size 

was negatively associated with the expression of CatE, decreasing according to the rank 

order CatE-/->CatE+/+>CatETg mice.  

Histological analysis also revealed that the extent of keratinocyte differentiation, 

called keratinization, was positively associated with the expression levels of CatE, 

increasing according to the rank order CatE-/-<CatE+/+<CatETg mice (Fig. 2A, D, G). 

The papillomas of CatE-/- and CatE+/+ mice contained a significant number of cells 

indicating mitotic divisions, which may be progressing to squamous cell carcinoma (Fig. 

2C, F, I). By contrast, the cells showing mitotic divisions were scarcely found in the 
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papillomas of CatETg mice. It is also noted that papillomas of CatETg mice but not 

CatE-/-and CatE+/+ mice contained a large number of tumor-infiltrating effector cells 

such as neutrophils (Fig. 2I). These results strongly suggest that a significant decrease in 

the number of papillomas in CatE-/- mice is due to altered epidermal differentiation 

processes, whereas the appearance of multiple papillomas in CatETg mice is likely due 

to stimulation of the keratinocyte differentiation rate by the increased expression of 

CatE. Taken together, it is assumed that Cat E is associated with differentiation-leading 

keratinization and enhanced infiltration of inflammatory cells into tumorous 

parenchyma to remove malignant squamous cells, probably developed from occasional 

papillomas. 

Expression of differentiation-specific markers in normal skin and papillomas 

Epidermal differentiation is known to begin with proliferation of basal keratinocytes 

and to end with the formation of the cornified layer. The process of keratinocyte 

proliferation and differentiation is also characterized by the expression of specific 

marker proteins. To determine whether epidermal differentiation was altered by the 

CatE expression level, we thus analyzed the protein expression and localization of 

differentiation-specific proteins in the epidermis of each genotype of mice by 

immunohistochemical studies. K1 is one of the proteins to be expressed during 
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keratinocyte differentiation. Control CatE+/+ mice treated with acetone without DMBA 

and TPA did not result in papilloma formation (Fig. 4 and Table 1). K1 staining in skin 

of the control mice was exclusively confined to the outer cell layer, hair follicles and 

sebaceous glands (Fig. 4A), which was comparable with that reported previously 

(Kartasova et al., 1993). Both horny layer and epidermis of CatE+/+ mice treated with 

DMBA and TPA showed the similar K1 staining patterns to those obtained with the 

control mice. K1 staining was also observed in all the papillimas of each genotype of 

mice (Fig. 4A). No significant differences in the extent of K1 expression in normal skin 

regions and papillomas of both the horny layer and the epidermis were detected among 

genotypes. Notably, CatE-/- mice treated with DMBA and TPA displayed the increased 

ectopic expression and localization of K1 in the muscle layer, implying abnormal 

keratinocyte differentiation by CatE deficiency. Loricrin is a main component of the 

epidermal cornified envelop proteins and localized in the granular layer during 

cornification of human epidermis (Sundberg, JP., 1994; Tiano, HF., 2002). Loricrin 

staining was found in the terminal differentiated horny layer of CatE+/+skin treated with 

acetone alone (Fig. 4B). The expression and localization of loricrin was significantly 

reduced in normal skin regions in the horny layer of CatE+/+mice treated with DMBA 

and TPA (Table 1) and inversely increased in papillomas formed in these mice (Fig. 4B 
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and Table 1). CatE deficiency induced the significantly decreased expression of loricrin 

in both normal and papillomous regions in the horny layer by DMBA/TPA treatment 

and the markedly increased ectopic localization in the muscle layer, also suggesting 

abnormal keratinocyte differentiation by CatE deficiency. These data thus indicate a 

close link of CatE expression to keratinocyte differentiation. K13 expression is known 

to not occur simultaneously with keratinocyte differentiation but follow squamous cell 

differentiation (Sutter, C., 1991). Thus K13 is likely to be expressed and localized 

mainly in differentiating and/or differentiated keratinocytes of non-cornifying squamous 

epithelia. As shown in Figure 4C, K13 expression was found in cells mainly in the 

granular layer and epidermis of CatE+/+ and CatETg papillomas, and partly in the hair 

follicle of the control mice treated with acetone alone. Notably, the extent of K13 

expression in papillomas in the horny layer and epidermis of CatE-/- mice was very low 

compared with that of other genotypes. The expression and localization of K13 in the 

papillomas generated in the horny layer of DMBA/TPA-treated CatE+/+ and CatTg mice 

was significantly reduced by CatE deficiency. Given that K13 is an early marker of 

DMBA/TPA-induced papilloma progression (Robles et al., 1993, Gimenez-Conti et al., 

1990), CatE appeared to be essential for the papilloma promotion step in the process of 

keratinocyte terminal differentiation. The in vivo experiments thus suggest that a 
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significant decrease in the number of papillomas in CatE-/- mice is due to the altered 

expression of the epidermal differentiation proteins, thereby leading to the impaired 

keartinocyte terminal differentiation. 

Correlation of CatE expression and keratinocyte terminal differentiation in 

primary cultures of keratinocytes 

To determine whether or not the pathohistological effects observed in skin papillomas of 

CatE-/- mice using DMBA and TPA was actually related to altered expression of CatE, 

we prepared primary cultures of epidermal keratinocytes from the three different 

genotypes of newborn syngeneic mice. We first examined the survival of these cells in 

response to DMBA treatment, because this carcinogen is known to induce genetic 

defects and aberrant signaling pathways and ultimately apoptosis in the damaged cells 

(Kim et al., 2009). When treated with acetone alone, primary keratinocyte cultures of 

each genotype had only a small amount of annexin V- and/or propidium iodide-positive 

cells and showed no significant differences in the extent of cell viability (Fig. 5). In 

addition, DMBA treatment had little effect on the viability of keratinocytes from each 

genotype at any of the doses used. These data indicate that the DMBA-induced 

initiation step in keratinocyte papillomagenesis is scarcely affected by CatE expression 

levels and that the increased number of papillomas in CatETg-mice induced by 
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DMBA/TPA treatment is unlikely due to either enhancement in DMBA-induced 

keratinocyte proliferation or reduction in the apoptosis. We next examined the 

correlation between CatE expression and keratinocyte differentiation in TPA-treated 

cultured keratinocytes from each genotype. TPA is known to act as an efficient agent 

inducing homogenous proliferation and differentiation of mouse keratinocytes that are 

not treated with DMBA (Leder et al., 1990; Dlugosz et al., 1993). Quantitative RT-PCR 

analysis using TPA-treated primary cultured keratinocytes revealed that, while the 

expression levels of K1 and loricrin was relatively low in untreated CatE-/- keratinocytes, 

the mRNA expression of both genes was strongly stimulated in CatE+/+ keratinocytes 48 

and 72 h after treatment with TPA (Table 2). A strong stimulation of the expression of 

K1 and loricrin was also detected in cultured CatETg keratinocytes 48 and 72 h after 

treatment with TPA. Notably, the mRNA expression of loricrin as a marker of terminal 

epidermal differentiation or keratinization at 48 and 72 h after treatment with TPA was 

significantly higher in CatETg keratinocytes than in CatE+/+ keratinocytes, whereas the 

mRNA expression of K1 as a marker of the spinous and glanular layers of the epidermis 

in CatETg keratinocytes was comparable to that in CatE+/+ keratinocytes. It is worth 

emphasizing that the expression of both genes is strongly inhibited in TPA-treated 

CatE-/- keratinocytes, although their expression profiles in themselves are similar to 
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those of other genotypes of mice. To further prove the correlation between CatE 

expression and keratinocyte differentiation, we determined the expression of K13, a 

TPA-mediated epidermal differentiation marker expressed in differentiating and/or 

differentiated keratinocytes, in each genotype of the cells. K13 expression was 

significantly increased in TPA-treated CatE+/+ keratinocytes in a time-dependent 

manner and reached a plateau value at 48 h after the treatment. A strong stimulation of 

K13 expression was induced in CatETg keratinocytes compared with CatE+/+ 

keratinocytes, with the effect of TPA on K13 expression in the former cells at 48 and 72 

h after the treatment being about 18 times that apparent for the latter cells. Although the 

terminal expression level of K13 mRNA in TPA-treated CatE-/- keratinocytes was 

comparable to that in CatE+/+ keratinocytes, the rate of terminal differentiation of the 

former cells was apparently delayed compared with that of the latter cells, indicating 

that the keratinocyte differentiation process is exacerbated in the absence of CatE. These 

abnormal expression patterns of keratinocyte differentiation markers, K1 and loricrin, 

were also found to be induced when the cells were treated with the classical 

differentiation-inducing reagent, Ca2+ (data not shown). In agreement with RT-PCR 

results, Western blot analysis data revealed that Cat E, particularly the mature enzyme, 

was time-dependently increased in CatE+/+ keratinocytes treated with TPA (Fig. 6). We 
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thus confirmed that the altered expression and localization of keratinocyte 

differentiation markers observed in a model of skin papilloma by DMBA/TPA treatment 

was actually related to altered expression of CatE in epidermis.  

 

Discussion 

It has long been considered that the functions of CatE are confined to terminal and 

non-specific degradation of proteins in endosomal and/or lysosomal compartments. 

Accumulating evidence, however, suggests that this enzyme has additional, more 

specific functions in vivo (Lees et al., 1990; Athauda et al., 1991; Kageyama, 1993; 

Kageyama et al., 1995; Henningsson et al., 2005; Shin et al., 2007). To identify specific 

in vivo functions of this enzyme, CatE-deficient mice were generated by gene-targeting 

and their phenotypic alterations were analyzed (Tsukuba et al., 2003; Tsukuba et al., 

2006; Kakehashi et al., 2007; Kawakubo et al., 2007; Yanagawa et al., 2007). From the 

previous studies, it has been suggested that CatE contributes the maintenance of 

homeostasis through more specific functions in host defense mechanisms. CatE is 

known to be predominantly expressed in the rapidly regenerating gastric mucosal cells 

and epidermal keratinocytes, besides the immune system cells. However, specific 

functions of this enzyme in these cells remain speculative. In this study, we first 
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demonstrate that CatE deficiency leads to some remarkable alterations in the epidermis 

and hair follicle, which were characterized by the moderately expanded corium, the 

reduced subcutaneous tissue, the reduced hair follicle and the dry skin. Pathological 

inflammatory responses were excluded as a putative cause of the observed skin and hair 

disorder. It has previously been shown that defects in the cornified cell envelop proteins 

such as transglutaminase 1 are found in human cornification disorders (Huber et al., 

1995; Russel et al., 1995). In addition, various mouse mutants with defects in not only 

growth factors such as keratinocyte growth factor (Guo et al., 1996; Hebert et al., 1994) 

but also proteases such as cathepsins L (Roth et al., 2000) and D (Egberts et al., 2004) 

have been shown to display the spontaneous development of skin and hair disorders. 

However, the phenotypic alterations found by mutations with these genes were likely to 

be different from those by CatE deficiency. Thus the phenotypic alterations observed in 

the epidermis and hair follicle of CatE-/- mice prompted us to explore specific functions 

of CatE in epidermal differentiation processes. 

In vivo experiments using a model of skin papillomas, we provide evidence that the 

CatE expression is correlated positively with the number of papillomas per mouse and 

negatively with their size. The present results that the sensitivity of DMBA to 

keratinocytes is comparable among the three different genotypes of mice suggest that 
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CatE had little effect on the initiation step in papillomagenesis. Therefore, the 

remarkable resistance of CatE-/- mice to the papilloma development is rather related to 

altered TPA-mediated differentiation and proliferation processes. In an attempt to 

identify the role of CatE in epidermal differentiation, we first determined whether the 

expression of the differentiation-specific marker proteins was altered in papillomas of 

the respective genotypes of mice. The expression and localization of K1, a major 

protein to be expressed during an earlier cornification stage, in the horny layer and 

epidermis was independent of the expression levels of CatE, except that the ectopic 

expression and localization in the muscle layer were induced by CatE deficiency. The 

results strongly suggest that CatE participates in epidermal differentiation at a more 

advanced stage. On the other hand, the expression and localization of loricrin, a major 

cornified cell envelope protein of terminally differentiated epidermal cells, in 

papillomas in the horny layer and epidermis of CatE-/- mice were significantly reduced 

compared with those of other genotypes. Concurrently, a stimulation of the ectopic 

expression and localization in the muscle layer of K1 and loricrin was detected in 

CatE-/- mice. It is also noteworthy that the expression and localization of the terminal 

keratinocyte differentiation marker K13 were more intensely reduced in papillomas of 

CatE-/- mice compared with those of other genotypes. Given that the expression of K13 
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is restricted to differentiating and differentiated keratinocytes, the reduced expression 

and localization of K13 in CatE-/- papillomas shows the functional link between CatE 

expression and epidermal terminal differentiation. In addition, our previous study 

demonstrated that the over-expression of CatE in mice resulted in a marked increase in 

the number and extent of tumor-infiltrating effector cells such macrophages within or 

close to tumors formed by injection of tumor cells, thereby leading to apoptosis in 

tumor cells (Kawakubo, T. et al., 2007). Therefore, an increased number of 

tumor-infiltrating effector cells in papillomas of CatETg mice may serve to eliminate 

transformed cells induced by DMBA/TPA treatment, and concurrently the enhanced 

CatE expression forced keratinocytes to develop benign papillomas. This may be one of 

the reasons for appearance of a small size of papillomas in CatETg mice. Papillomas 

generated in each genotype of mice under the conditions used were shown to be 

premalignant and there were little papillomas progressed to squamous carcinomas. 

However, the incidence of conversion of papillomas to squamous carcinomas was 

increased by prolonged application of TPA (data not shown). This was consistent with 

the previous report that a significant portion of papillomas generated by the 

initiation/promotion protocols progressed to squamous cell carcinoma 24 weeks after 

twice-weekly topical application of TPA (Dhawan et al., 1999; Fu et al., 2009). Together, 
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the present in vivo results strongly suggest that CatE is essential for keratinocyte 

terminal differentiation required for the promotion step of papillomas.   

The functional link of CatE to the expression of terminal differentiation marker 

proteins in vivo was also corroborated by in vitro studies with primary cultures of 

keratinocytes from the three different genotypes of mice. Twice weekly promotion 

treatments with TPA induced terminal differentiation of CatE+/+ keratinocytes 

accompanying the expression of CatE and terminal differentiation marker genes in a 

manner associated with differentiation. The maximal expression of CatE was observed 

at 72 h after TPA treatment, suggesting its predominant expression in differentiating 

and/or differentiated keratinocytes. The expression profiles of K1, Loricrin and K13 

were similar to that of CatE. Together, these results strongly suggest that CatE is 

positively involved in keratinocyte differentiation. The over-expression of CatE led to a 

significantly shortening of the time to reach the maximal expression of K1 and K13. In 

contrast, CatE deficiency resulted in a marked reduction in the expression of K1, 

loricrin and K13, accompanying the impaired differentiation of keratinocytes. The 

present data thus indicate that CatE functionally links to the expression of such 

TPA-mediated keratinocyte terminal differentiation markers as K1, loricrin and K13 and 

thereby regulates the terminal regulation of keratinocytes.  
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Materials and Methods 

Chemicals and Reagents 

DMBA and TPA were purchased from Sigma-Ardrich, Inc. (St. Louis, MO). Rabbit 

polyclonal antibodies against K1 (ab24643), K13 (ab58744) and loricrin (ab24772) was 

purchased from Abcam Inc. (Cambridge, MA). CnT-07 was from CELLnTEC 

Advanced Cell Systems (Bern, Switzerland). TrypLE Express was from GIBCO 

(Gaithersberg, MD). Annexin V-FLUOS Staining Kit and High Pure RNA Isolation Kit 

were from Roch Diagnostics GmbH (Basel, Switzerland). High Capacity cDNA 

Reverse Transcription Kit was from Applied Biosystems (Foster City, CA).    

Mice and Cells 

All animals were maintained according to the guidelines of the Japanese 

Pharmacological Society in a specific pathogen–free facility at the Kyushu University 

Station for Collaborative Research. All animal experiments were approved by the 

Animal Research Committee of the Graduate School of Dental Science, Kyushu 

University. Wild-type and CatE–/– mice on the C57BL/6 genetic background were used 

as described previously (Tsukuba et al., 2003). Transgenic mice overexpressing CatE 

(CatETg) on the C57BL/6 genetic background were generated according to the method 
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as described (Kawakubo et al., 2007). Three different genotypes of the syngeneic mice 

were fertile and exhibited normal bleeding behavior and no obvious phenotypes when 

raised under specific pathogen-free conditions. 

Skin Treatments 

Each genotype of mice at 8-9 weeks of age was assigned to two treatment groups of 

eight mice each. Only those mice were in the resting phase of hair cycle were used. 

Lower dorsal skin of each genotype was shaved with a hair-clipper, and then DMBA 

(400 nmol) in acetone was applied on an approximately 2-cm area. The control group 

was received acetone alone. After 1 week, twice-weekly topical application of 20 nmol 

TPA in 0.1 ml of acetone was begun and continued for 14 weeks. Tumors were defined 

as raised lesions of at least 1 mm diameter that had been present for at least one week. 

The first tumors that appear during a two-stage mouse skin tumorigenesis protocol 

using DMBA and TPA as the initiator and promoter, respectively, are premalignant 

lesions called papillomas (reviewed in Klein-Szanto, 1989). The papillomas that 

initially develop during mouse skin initiation-promotion protocols have long been 

considered heterogeneous in that some will persist, some will disappear or regress, and 

only a small portion will progress to an invasive squamous cell carcinomas (reviewed in 

DiGiovanni, 1992). Indeed, the conversion of papillomas to carcinomas was too 
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infrequent in any genotype to allow meaningful comparisons under the conditions used. 

Papillomas formed were thus mapped and counted weekly.  

In situ hybridization (ISH) for CatE gene 

Skin and stomach of each genotype of C57Bl/6 mice at 12 weeks of age were dissected, 

fixed with Tissue Fixative (Genostaff Co., Ltd., Tokyo, Japan), embedded in paraffin, 

and then sectioned at 4 μm. In situ hybridization was performed on these sections using 

digoxigenin-labeled RNA probes (Roche Applied Science) under contract by Genostaff. 

Probes for a 360-base pair fragment were designed from position 176 to 535 of the open 

reading frame of mouse CatE. Hybridization was carried out as described previously 

(Fujiwara et al., 2004). For probe preparation, a mouse cDNA for CatE was amplified 

by RT-PCR using the gene-specific primer set. digoxigenin-labeled antisense and sense 

RNA probe was prepared by in vitro transcription with T7 RNA polymerase (DIG RNA 

Labeling Kit, Roche), using amplified cDNA of the gene as a template. Targeted mRNA 

sequence position for mouse CatE (NM_00779) was 176-535 (360 nt). The probes were 

hybridized at 60 °C with 60% formamide. Sections were treated with anti-digoxigenin 

antibody at room temperature and visualized with diaminobenzidine.  

Immunohistochemistory 

Surgical specimens were fixed in 10 % neutral formalin for 24 h at room temperature, 
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embedded in paraffin at 55 °C and cut into parallel consecutive 3-μm-thick sections for 

the subsequent immunohistochemical study using Simple Stain Mouse MAX-PO 

(Nichirei Biosciences Inc., Tokyo, Japan). Briefly, following deparaffinized in xylene, 

the sections were pretreated with autoclave for antigen retrieval in TE buffer (10 mM 

Tris-HCl, 1 mM EDTA (pH 9.0)). After washed with PBS, endogenous peroxidase 

activity was then blocked with 3 % H2O2 in methanol for 10 min, and following several 

washes, blocking reagent was applied for 60 min to prevent unspecific reactions. 

Sections were successively incubated with primary antibody against K1, K13, and 

Loricrin (1: 100 dillution) at 4 °C overnight. Especially for K13, CSA II (Dako, 

Glostrup, Denmark), Biotin-Free Catalyzed Amplification System, was performed 

before DAB color development. Following another washes, the bound primary 

antibodies were visualized by peroxidase detection using MAX-PO(R) reagent and 

DAB reagent. All sections were counterstained with hematoxylin. 

Primary cultures of keratinocytes 

Primary cultures of keratinocytes were generated from each genotype of newborn mice. 

Neonatal skin was taken from each genotype and incubated in CnT-07 supplement with 

5 mg/ml dispase at 4 °C overnight. Following several washes with CnT-07, epidermis 

was gently separated from dermis, and then placed on a 500 μl drop of TrypLE Express 
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(GIBCO, Gaithersberg, MD) in petri dishes at room temperature for 25 min. After 

several washes with CnT-07, keratinocytes were collected and centrifuged, and then 

seeded in dishes at 4.0 x 104 cells/cm2, and cultured under humidified 5 % CO2 

environment. Afterwards, unattached cells were removed by washing with PBS and 

attached cells were further cultured in fresh medium, which was replaced every 3 day. 

For analysis of cell proliferation, primary cultures of keratinocytes from each genotype 

were seeded at 3 x 105 cells in 35 mm μ-dish (ibidi GmbH, Martinsried, Germany) and 

cultured to reach at 80% confluence, and then incubated in the presence or absence of 

DMBA (200 and 400 nM) at 37 °C for 24 h under humidified 5% CO2 environment. 

After complete removal of the culture medium, the attached cells were washed with 

PBS. The extent of viability of the remaining cells was assessed by an 

apoptosis/necrosis assay with an Annexin-V-FLUOS Staining Kit (Roche Diagnostics 

GmbH, Mannheim, Germany). The cells treated with the kit in HEPES buffer 

containing propidium iodide (PI) in the dark for 10 min at room temperature were 

analyzed by fluorescence microscopy. For analysis of cell differentiation, primary 

cultures of keratinocytes from each genotype were incubated with TPA (40 nM) for 

various time intervals at 37 °C under humidified 5% CO2 environment. The extent of 

differentiation was assessed by the expression profiles of various differentiation marker 
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proteins by quantitative RT-PCR.  

Real-time RT-PCR 

Total RNA was extracted by High Pure RNA Isolation Kit (Roche), and two-step 

real-time qPCR was carried out using Taqman real-time PCR system on Light Cycler 

480 instrument (Roche). cDNA was prepared from 500 ng total RNA in 20 μl reaction 

volume using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

Foster City, CA). Amplicon sizes were confirmed using RT-PCR, concretely GAPDH 

(75 bp), CatE (61 bp), K1 (127 bp), K13 (99 bp), and Loricrin (76 bp). Primers to 

amplify the following transcripts are as follows: GAPDH: tgtccgtcgtggatctgac (forward), 

cctgcttcaccaccttcttg (reverse), cathepsin E: aacctctgggtcccttctgt (forward), 

ggaatactgggtgtgccttg (reverse), Keratin1: tgagctgaagaacatgcaaga (forward), 

catgtaagctgaatccacatcc (reverse), Keratin13: ggagctccggatcaagatt (forward), 

ttgagcctgaagtcatctgc (reverse), and Loricrin: ggttgtggaaagacctctgg (forward), 

agccgccaccgctataat (reverse). Light Cycler Universal Probe Master (Roche) specific for 

each sequence were applied No.80 (for GAPDH and K13), No.26 (for CatE), No.31 (for 

K1), and No.63 (for Loricrin), respectively. 

Immunoblot analysis 

SDS-PAGE and immunoblot analysis were performed as described previously (Tsukuba 
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et al., 2006).  

Statistical analysis 

The statistical significance was determined by unpaired Student t-test. A p-value of 

<0.05 was considered statistically significant. 
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Figure legends 

Figure 1. Impairment of differentiation in the epidermis and hair follicle in CatE-/- mice 

and CatE expression in these tissues in wild-type littermates. (A) Histological analysis 

of surgical skin specimens from CatE-/- and CatE+/+ mice at 3 weeks of age. The 

paraffin sections were processed for hematoxylin and eosin staining. The skin of CatE-/- 

mice was characterized by the significantly expanded corium and the significantly 

reduced subcutaneous tissue and the hair follicles in the anagen stage. Bars, 100 μm. (B) 

Western blotting analysis of the cell extract of skin keratinocytes, as well as the serum, 

from CatE+/+ mice with antibodies against rat CatE (1/500). Immunocomplexes on the 

nitrocellulose membranes were detected with chemiluminescence reagents. (C) ISH 

analysis of mouse gastric mucosa with DIG-labeled antisense and sense RNA probes for 

mouse CatE. ISH with mouse gastric mucosa was performed for validation of the 

probes used. Prominent expression of Cat E in stomach, especially in epithelial cells 

was observed, as would be expected. (D) ISH analysis of hair follicles of CatE+/+ 

mice.CatE was expressed around inner root sheath of hair follicles.  

Figure 2. Histopathology of skin from each genotype of mice initiated with DMBA and 

promoted with twice weekly treatment of TPA for 14 weeks. The photographs from top 

to bottom in each column represent the representative histological sections stained with 

hematoxylin and eosin of papillomas in CatE-/-, CatE+/+, and CatETg mice, respectively. 
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The photographs from left to right in each column show low and higher magnification 

of the respective histological sections of papillomas in each genotype. The specimens in 

each row are the same magnification. Histological analyses revealed that all tumors 

from each genotype were squamous cell papillomas, but not squamous cell carcinomas. 

Black and white arrowheads indicate mitosis and tumor-infiltrated neutrophils, 

respectively. Data are representative of resultss obtained with eight animals for each 

group.  

Figure 3. Papillomas occurring in the three different genotypes of mice treated with 

DMBA and TPA. Each genotype of skin was initiated with 400 nmol DMBA and 

promoted with twice weekly treatments of 20 nmol TPA. (A) Gross appearance of 

lesions in each genotype. Data are representative of photographs obtained with eight 

animals for each group. (B) Papilloma incidence per mouse was plotted against time. 

The data are means from eight animals for each group. ○, CatE-/- ; ●, CatE+/+; ▲, 

CatETg (C) Number of papillomas per mouse was plotted against time. ○, CatE-/- ; ●, 

CatE+/+; ▲, CatETg (D) Distribution of the size of papillomas generated in each 

genotype at 14 weeks after TPA promotion was plotted as white (CatE-/-). Black 

(CatE+/+) and grey (CatETg) columns. The data are means from eight animals for each 

group. 
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Figure 4. Immunohistochemical detection of K1 (A), loricrin (B) and K13 (C) in 

sections of papillomas generated in each genotype of mice initiated with PMA and 

promoted with twice weekly treatment of TPA for 14 weeks. Sections were stained by 

the avidin-biotin complex method with primary antibodies directed to each marker 

protein and by nuclei-staining hematoxylin. Data are representative of results obtained 

with eight animals for each group. Control indicates the sections from the wild-type 

mice treated with acetone without DMBA and TPA. The photographs in each right 

column represent higher magnification views of the images (squares) in the 

corresponding left column. Arrows and white arrowheads indicate epidermis and muscle 

layer, respectively. 

Figure 5. Effect of DMBA on primary cultures of keratinocytes prepared from the three 

different genotype of syngeneic mice. Cultured keratinocytes from each genotype was 

incubated with acetone alone and DMBA (200 and 400 nM) for 24 h and then subjected 

to an apoptosis/necrosis assay with Annexin-V-FLUOS (green) and PI staining kits. 

Scale bars, 50 μm. 

Figure 6. Western blotting analysis of primary cultures of keratinocytes from CatE+/+ 

mice treated with TPA. The cell extract of keratinocytes at the indicated times after TPA 

treatment were subjected to SDS-PAGE under reducing conditions and followed by 
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immunoblotting with antibodies against CatE or actin. 
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Fig. 1 Kawakubo et al. (continued)
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Fig. 4 Kawakubo et al. 
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Fig. 4 Kawakubo et al. (Continued)
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Fig. 4 Kawakubo et al. (Continued)
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Fig. 6 Kawakubo et al. 
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