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学位論文内容の要旨  

(Summary of Dissertation) 

 

博士の専攻分野の名称  博士（医学）    氏  名  Yunan Wang 

（Degree conferred: Doctor of Philosophy）   （Name）  

学  位  論  文  題  名（Dissertation Title ）  

Type XVII collagen is a deterministic factor of epidermal patterning  

17 型コラーゲンは表皮パターンの決定因子である。  

 

【Background and Objectives】Vertebrates exhibit patterned epidermis. In some 

animals, these are visible through melanin distribution in the skin; in others,  they are 

reflected by the allocation of skin components (e.g. hair follicles and fish scales). 

Human skin is characterized by fingerprints and similar structures, in which cristae cutis 

and sulci cutis are found alternately in the epidermis. Although skin  patterns have been 

described in many creatures, the mechanisms underlying the development of these 

phenotypes are poorly understood. Mouse tail skin serves as a robust model for 

examining pattern formation, because the epidermis consists of scale (paraker atotic) 

areas and interscale (orthokeratotic) areas. Tail scale and interscale are distinguished by 

the expression of keratin 10 (K10) and keratin 31 (K31): scale is K10 -/K31+, whereas 

the interscale epidermis is K10+/K31-. Lineage-tracing experiments have revealed that 

K10+ interscale epidermis is slow-cycling, whereas K31+ scale areas are fast-cycling. 

 The epidermis is maintained by the fine-tuned balance between the proliferation 

and differentiation of epidermal stem cell (SC) progeny. Epidermal SCs nee d niches to 

function properly. Integrins (e.g., 1 and 6) and type XVII collagen (COL17) have 

been implicated as niche proteins for epidermal SCs through colony formation 

experiments, animal studies, and mathematical modeling. In accordance with this, mice 

deficient in 1 integrin or COL17 show transient hyperproliferation in the epidermis. 

Their expression is enriched in human epidermis facing the dermal protrusion but not in 

the epidermal rete ridges. Interestingly, epidermal scale and interscale areas a re not 

apparent in 1 integrin-null tail epidermis. These previous studies have implicated the 

involvement of SC niche proteins in the epidermal pattern formation. However, whether 

these SC niche proteins indeed regulate the epidermal patterns and its unde rlying 

mechanisms are unknown. 

【Materials and Methods】C57BL/6, Col17a1-/-, K14-hCOL17, hCOL17+; Col17a1-/-, 

K5-Cre;aPKCE5/E5 (aPKCλ eKO), and Prkcz-/- (aPKCζ KO) were used in this study. 

Tail samples at the mouse age of 4 weeks were obtained after the mice were euthanized. 

Unstained or stained skin samples were observed by light microscopy or confocal 

microscopy. Immunofluorescence staining was performed to examine the expression of 

keratins, COL17 and proliferation markers. When necessary, the obtained images were 

analyzed by ImageJ software. Quantitative PCR was performed to analyze the keratin 

gene expression levels. For scale regeneration experiments, the surface of the tail skin 

was removed by scalpel from C57BL/6 adults. Healed skin samples were obt ained 4 to 6 

weeks after wounding. Three revertant mosaicism spots and three adjacent diseased skin 

areas from the upper arm of a junctional epidermolysis bullosa patient were analyzed. 

The characteristic direction of the epidermal pattern was analyzed by autocorrelation 

function. 

【Results】1) COL17 is preferentially expressed in tail scale epidermis. At P14 and 1-



3 

month-old (1MO), the K31 pattern in the scale epidermis is apparent, and COL17 

expression extends to both DEJ and K31-positive suprabasal layers. Suprabasal COL17 is 

present in the cytoplasm but not in -catenin-labeled intercellular locations, suggesting 

that suprabasal COL17 is non-functional and possibly degraded. 2) COL17 deficiency 

leads to more slender scales in the tail skin. Transgenic rescue by the expression of human 

COL17 (hCOL17) under the keratin 14 (K14) promoter in Col17a1-/- mice reversed the 

slender scale phenotype. 3) Whole-mount imaging showed that the scale size is smaller in 

aPKCλ eKO than in littermate controls, but its scale proportion (width/length rat io) is 

wider than that of controls, which is in contrast to the slender scales of Col17a1-/- mice. 

aPKCζ knockout (aPKCζ KO, Prkcz-/-) mice, which have no apparent skin phenotype, 

showed slightly larger scales, while the width/length ratio did not exhibit significant 

change. These results show that aPKC deregulation does not phenocopy Col17a1-/- scale 

shape. 4) Expression of wound-induced keratins is pronounced in Col17a1-/- tail 

epidermis. In contrast, normal human epidermal keratinocytes treated with COL17A1 

siRNAs did not result in the expression of wound-induced keratins, suggesting that this 

phenotype is dependent on in vivo settings. 5) Scale shape becomes slender after skin 

regeneration, and hCOL17 overexpression rescues the phenotype.  6) Taking advantage of 

the revertant mosaicism in epidermolysis bullosa (EB), in which the mutated genes are 

corrected spontaneously, COL17-negative (diseased) and COL17-positive (revertant) skin 

are compared from a junctional EB (JEB) patient with COL17A1 mutations. The diseased 

skin surface appears coarse, while the revertant skin is smooth. The autocorrelation 

functions of the skin images show that the diseased skin harbors a distinct pattern from 

the revertant skin. These date demonstrate that COL17 influences human skin 

microtopography. 

【Discussion】COL17 is a hemidesmosomal protein that anchors basal keratinocytes to 

the dermis. As a consequence, COL17 deficiency results in epidermolysis bullosa. 

Recently, COL17 has also been highlighted as an SC niche protein of hair  follicles and 

epidermis, and its deficiency destabilizes epithelial SC maintenance. Our study provides 

new insights into COL17 biology. Col17a1-/- mice have slender tail scales and are 

characterized by the expression of wound-induced keratins in the epidermis. In line with 

this, the regenerated epidermis after wounding shows slender tail scales. hCOL17 

overexpression reverses the alteration of scale shapes upon wounding.  

Although COL17 interacts with the aPKC complex and helps maintain epidermal cell 

polarity, Col17a1-/- does not exhibit proportionally small scales as seen in aPKC eKO 

mice. This phenotypical difference indicates that the slender scale phenotype in Col17a1-

/- mice is independent of aberrant cell polarity. The slender scales in Col17a1-/- mice 

most likely represent wound-related skin changes that involve the expression of wound-

induced keratins in Col17a1-/- epidermis. However, the mechanisms by which wound-

related skin changes affect epidermal patterning need further investigation.   

Our study has also demonstrated that the presence of COL17 alters human skin 

microtopography These facts corroborate the role of COL17 in epidermal patterning and 

highlight COL17 as a therapeutic target for wound-induced skin deformations.  

【Conclusion】Our study suggests that epidermal patterning reflects the behavior of 

epidermal SCs as well as the cellular cytoskeletal organization, both of which might be 

altered by dysfunctional niche proteins and minor injury. Our study sheds light on the role 

of the SC niche in tissue pattern formation. In conclusion, our study highlights the 

unrecognized role of COL17 in epidermal patterning. We propose that COL17 modulation 

can be utilized to prevent epidermal deformation upon wounding. 
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本文中および図中で使用した略語は以下のとおりである。  

   

AP    anterior-posterior  

aPKC    atypical protein kinase C 

aPKCλ eKO   aPKCE5/E5  

aPKCζ KO   Prkcz-/-  

COL17    type XVII collagen  

DAPI    4’,6-diamidino-2-phenylindole  

DEJ    dermo-epidermal junction  

EB    epidermolysis bullosa  

hCOL17   human COL17 

JEB    junctional EB  

K6/K16/K17   keratin 6, 16, and 17  

K10    keratin 10  

K14    keratin 14 

K31    keratin 31  

LM    lateral-medial 

PFA    paraformaldehyde  

RT    room temperature  

SCs    stem cells  

1MO    1-month-old  
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Introduction 

The skin is outermost organ of the body. It protects us 

from microbes, helps regulate body temperature, and permits the 

sensations of touch, heat, and cold. Skin is composed of the 

multilayered epithelium, the epidermis, and the underlying 

dermis. The epidermis serves as a physical barrier to pathogens 

and prevents water leakage from the body (Natsuga, 2014). The 

dermis is tightly connected to the epidermis through basement 

membrane zone proteins. 

The epidermis is maintained by a fine-tuned balance between 

the proliferation and differentiation of epidermal stem cells 

(SCs), which reside in the epidermal basal layer (Moreci and 

Lechler, 2020). In homeostasis, cells lost during turnover will 

be compensated by cells generated in the basal layer. Basal 

layer cells give rise to daughter cells that terminally 

differentiate. During differentiation, the basal cells move 

upwards to form the spinous layer, the granular layer, and the 

https://en.wikipedia.org/wiki/Basement_membrane
https://en.wikipedia.org/wiki/Basement_membrane
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outermost cornified layer. Regulation of cell fate is essential 

in both development and tissue homeostasis. As we mentioned 

before, to maintain the different tissue lineages that arise 

from adult stem/progenitor cells, tissues have to balance self-

renewal with differentiation through oriented cell division. 

There have been many studies that provide models of tissue 

replenishment in the mouse epidermis, in which individual cell 

divisions give rise to either two daughter cells with identical 

fate (either both proliferative or committed to differentiate) 

or different fate in a stochastic manner (Clayton et al., 2007; 

Doupé et al., 2010; Lim et al., 2013; Mascré et al., 2012; Sada 

et al., 2016; Sánchez-Danés et al., 2016). This process is 

regulated by polarity-related proteins. Whereas symmetric cell 

division (SCD) generates two daughters with similar fate (two 

progenitors), asymmetric cell division (ACD) produces daughter 

cells with differential fates (one progenitor and the other 

differentiated cell). In lower organisms, it is well established 
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that ACD promotes tissue differentiation, which is essential 

during development and for tissue homeostasis (Goulas et al., 

2012; Knoblich, 2010). In lower organisms the polarity-related 

protein atypical protein kinase C (aPKC) controls cell fate and 

ACD by coupling the orientation of the mitotic spindle to the 

polarized segregation of cell fate determinants (Knoblich, 2010; 

Lee et al., 2006), resulting in two daughter cells with 

different fates. 
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SC niche refers to a microenvironment, which interacts with 

SCs and fosters their maintenance to regulate cell fate. 

Epidermal SCs need niche proteins such as integrins and type 

XVII collagen (COL17) for their proper function (Natsuga et al., 

2019; Watt and Fujiwara, 2011). Functional loss of these 

proteins leads to transient hyperproliferation of the developing 

epidermis due to disturbed SC maintenance (Brakebusch et al., 

2000; Niculescu et al., 2011; Watanabe et al., 2017). 

COL17 is a transmembranous protein that is mainly expressed 

in the epidermal basal keratinocytes. Epidermal-dermal 

attachment requires COL17 expression at the hemidesmosomes of 

the epidermal basement membrane zone because congenital COL17 

deficiency leads to junctional epidermolysis bullosa and 

acquired autoimmunity to COL17 induces bullous pemphigoid. 

Recently, in addition to facilitating epidermal-dermal 

attachment, COL17 has been reported to serve as a niche for hair 

follicle SCs, to regulate proliferation in the interfollicular 
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epidermis (IFE) and to be present along the non-hemidesmosomal 

plasma membrane of epidermal basal keratinocytes. (Natsuga, 

2014) 

 

 

(Natsuga, 2014) 

 

Vertebrates have distinct skin patterns. In some, the 

patterns are visible through melanin distribution in the skin 
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(e.g., zebra and tiger stripes); in others, the allocation of 

skin components forms patterns (e.g., human microtopography, 

hair follicles, and fish scales). Murine tail skin serves as a 

robust model for examining epidermal pattern formation 

(Dekoninck et al., 2020).

 

In tail epidermis, the hair follicles (HFs) are arranged in 

groups of three (triplets) in staggered rows (Braun et al., 

2003). The IFE adjacent to the HFs is known as the interscale 

IFE, Interscale IFE undergoes orthokeratotic differentiation, 

leading to the formation of a granular layer in the outermost 

viable cell layers and loss of nuclei in the cornified, dead 

cell layers that cover the surface of the skin. Orthokeratotic 

differentiation is also characteristic of dorsal IFE. In 

contrast, tail IFE that is not adjacent to the HFs, known as the 
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scale IFE, undergoes parakeratotic differentiation characterized 

by the lack of a granular layer and retention of nuclei in the 

cornified layers. Scales are regularly spaced and arranged in 

rows that form rings around the tail. The infundibulum of each 

HF connects with the interscale IFE while the hair shafts 

overlie the scales. At birth, the entire tail epidermis is 

orthokeratotic (Didierjean et al., 1983; Schweizer and Marks, 

1977). Scale formation is first detected 9 days after birth 

(Didierjean et al., 1983; Schweizer and Marks, 1977). From this 

time point, the tail epidermis consists of scale (parakeratotic) 

and interscale (orthokeratotic) areas, which are arranged 

alternately. These scale and interscale areas are distinguished 

by the expression of keratin 31 (K31) and keratin 10 (K10), 

respectively (Gomez et al., 2013). Label-retaining and lineage-

tracing experiments have revealed that K10+ interscale epidermis 

is slow-cycling, whereas K31+ scale areas are fast-cycling. Two 

distinct stem cell populations (Dlx1+ and Slc1a3+) give rise to 
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interscale and scale epidermis, respectively (Sada et al., 

2016), although it is unclear how these cell populations are 

arranged into scale/interscale patterns. 

 

 

 

 

(Gomez et al., 2013) 
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The expression of epidermal SC niche proteins, including 

integrins and COL17, shows alternate patterns in the human 

epidermis, where their expression is enriched in the epidermis 

facing the dermal protrusion but not in the epidermal rete 

ridges (Jones et al., 1995; Kobayashi et al., 2018; Wang et al., 

2020). Conversely, the scale/interscale patterns are absent in 

1 integrin-null tail epidermis (López-Rovira et al., 2005). 

These previous studies suggest the involvement of SC niche 

proteins in epidermal pattern formation. However, whether these 

SC niche proteins indeed regulate the epidermal patterns and the 

mechanisms underlying such regulation are unknown.  

 

(Kobayashi et al., 2018) 
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(López-Rovira et al., 2005) 

 

Here, we demonstrate that COL17, an SC niche protein (Liu 

et al., 2019; Matsumura et al., 2016; Tanimura et al., 2011; 

Watanabe et al., 2017), helps in the formation of proper 

epidermal patterns in mice and humans. Interestingly, disturbed 

epidermal patterning through COL17 deletion is independent of 

aberrant epidermal cell polarity, but could involve wound-

related skin changes. 
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Material and methods 

Animals 

C57BL/6 mice were purchased from Clea (Tokyo, Japan). 

Col17a1-/-, K14-hCOL17 (a courtesy gift from Prof. Kim B 

Yancey), hCOL17+; Col17a1-/-, K5-Cre;aPKCE5/E5 

(aPKCλ eKO), and Prkcz-/- (aPKCζ KO) were generated as 

previously described (Hirate Y et al., Curr Biol 2013; 

Nishie et al., 2007; Noguchi N et al., J Dermatol Sci 2019; 

Osada SI et al., J Invest Dermatol 2015). aPKCλE5/E5 and 

Prkcz+/- mice were used as aPKCλ eKO and aPKCz KO controls, 

respectively, and littermate Col17a1+/- or Col17a1+/+ mice 

were used as Col17a1-/- or hCOL17+;Col17a1-/- control. The 

institutional review board of the Hokkaido University 

Graduate School of Medicine approved all animal studies 

described below (17-0013).  

 

Genotyping of mice 
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DNA extraction: Tail samples (5mm) were cut and put into 1.5 ml 

tube (on ice), followed by incubation with 120 l of 50 mM NaOH 

for 30 min at 95℃. 10 l of 1M Tris-HCl (pH 8.0) was added to 

the tube and stored at 4℃. 

Making agarose gel (2%) for PCR: 4 g of agarose was mixed with 

200 ml TBE in conical flask (200 ml). Then the flask was warmed 

with microwave until the agarose was completely dissolved. 

Ethidium bromide (10 mg/ml) was added to the conical flask and 

the agarose solution was poured into a gel tray with well combs.  

Genotyping of Col17a1-/- mutant mice by PCR. Primers: YA1 (5'-

GTGGATTCCCAAAGCCATAC-3'), N1 (5'-TGGATGTGGAATGTGTGCGA-3'), and 

WT1 (5'-ACCTTCCAGTGAAGAGCCAT-3').  

PCR condition: 94℃ 2 min → 98℃ 10 sec, 60℃ 30 sec, 68℃ 45 

sec, 35 cycles →68℃ 1 min → 4℃ hold. 

Genotyping of hCOL17+ mutant mice by PCR. Primer: B6 (5'-

ACCTGGAGTCCCAGGGAAC-3'), F5 (5'- AGACCTGAAGACTGTGTCCA-3'). 
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PCR condition: 94℃ 5 min → 94℃ 1 min, 56℃ 1 min, 72℃ 1 min, 

35 cycles→72℃ 7 min → 4℃ hold. 

Genotyping of K5-Cre mutant mice by PCR. Primers: K5 Cre-1F (5'- 

ATGCCAATGCCCCCTCAGTTCCT-3'), K5 Cre-1R (5'- 

TGCCCCTTTTTATCCCTTCCAGA -3').  

PCR condition: 95℃ 3 min → 95℃ 15 sec, 64℃ 15 sec, 72℃ 30 

sec, 30 cycles → 72℃ 2 min → 4℃ hold. 

Genotyping of aPKCE5/E5 (aPKCλ eKO) mutant mice by PCR. 

Primers: L62 (5'- CATGCAGTGTGCTGGCATAGCCACC-3')， L64 (5'- 

AGAGGCAGCCAAAGCCCTGCTCTCC -3'). 

PCR condition: 95℃ 3 min → 95℃ 30 sec, 60℃ 30 sec, 72℃ 45 

sec, 30 cycles→72℃ 3 min → 4℃ hold. 

Genotyping of Prkcz-/- (aPKCζ KO) mutant mice. Primers: Prckz-1 

(5'- AAAGGGGCACTGGSGSTTAAACCC-3')，Prckz-2 (5'- GGAATTACCACA 

CGACCTAGCAGC -3'), Prckz-5 (5'- GCCGTGTGA AATTGTGCTTCAGTG -3'). 

PCR condition: 95℃ 3 min → 95℃ 30 sec, 60℃ 30 sec, 72℃ 45 

sec, 30 cycles → 72℃ 5 min → 4℃ hold. 
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Antibodies  

The following antibodies were used: anti-K31 (Progen, hHa1, 

Germany), anti-K10 (BioLegend, Poly19054,USA), anti-K6 

(BioLegend, Poly19057,USA), anti--catenin (18, provided by 

Prof. Akira Nagafuchi), anti-cytoplasmic COL17 (Abcam, 

Cambridge, MA, USA, ab186415; 10C1-1, homemade (Watanabe et al., 

2021), and anti-extracellular COL17 (Abcam, ab184996). 

 

Quantitative RT-PCR (qRT-PCR) 

RNA was isolated from the tail epidermis or cultured normal 

human epidermal keratinocytes (NHEKs) using the RNeasy Mini kit 

(QIAGEN, Hilden, Germany), and cDNA was synthesized using the 

SuperScript III First-Strand Synthesis System (Thermo Fisher 

Scientific, Waltham, MA, USA). qRT-PCR was carried out using the 

designated primers and fast SYBR Green (Thermo Fisher 

https://www.biolegend.com/en-us/search-results?Clone=Poly19054
https://www.biolegend.com/en-us/search-results?Clone=Poly19054
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Scientific) in a STEP-One Plus sequence detection system 

(Applied Biosystems, Waltham, MA, USA). 

The following primers were used for the analysis: Forward primer 

and reverse primer are: murine Krt6a, (5'- 

CACGTTAAGAAGCAGTGTGCC-3') and (5'-GCTCTGAGCACGGGATTCT-3'); 

murine Krt6b, (5'-AGGAGTGCAGGTTGAATGGTG-3') and (5'-

AAAAAGAGAAGCGAGAGGACACA-3');  murine Krt16, (5'-

TCCCAGCTCAGCATGAAAG-3') and (5'-GAGCTGTGGATATTCTCGCCA-3'); 

murine Krt17,  (5'-AGACAGAGAACCGCTACTGC-3') and (5'-

CGGGTGGTCACAGGTTCTTTT-3'); murine Cyc1,  (5'-

ATCGTTCGAGCTAGGCATGG-3') and (5'-GCCGGGAAAGTAAGGGTTGA-3'); human 

KRT17, (5'-CAGAGAACCGCTACTGCGTG-3') and (5'-

GTCACCGGTTCTTTCTTGTACTG-3'); human KRT16, (5'-

GCTCAGCATGAAAGCATCCC-3') and (5'-GACCTCGCGGGAAGAATAGG-3'); human 

KRT6A, (5'-AGTGCAGGCTGAATGGCGAA-3') and (5'-

TGGGACCGAGAGCTAGCAGA-3'); human KRT6B, (5'-TTCATCGACAAGGTGCGGT-

3') and (5'-CAGCTCCGAGTCCAGACGAC-3'); human COL17A1, (5'-(5'-
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(5'-TCAACCAGAGGACGGAGTCA-3') and (5'-TCGACTCCCCTTGAGCAAAC-3'); 

human RNA18SN1 (18S), (5'-GGCGCCCCCTCGATGCTCTTAG-3') and (5'-

GCTCGGGCCTGCTTTGAACACTCT-3').     

 

Immunofluorescence staining 

Paraffin sections were deparaffinized and boiled in citrate or 

EDTA buffer for 20 min in a microwave oven. Frozen sections were 

fixed in 4% paraformaldehyde (PFA) for 10 min at room 

temperature (RT), or cold acetone or used without fixation. 

After washing with PBS, sections were treated with blocking 

buffer (0.5% fish skin gelatine, 5% goat serum, 4% BSA in PBS) 

for 1 h. The samples were incubated with primary antibodies at 

4℃ overnight and were subsequently incubated with secondary 

antibodies conjugated with Alexa fluor 488, Alexa fluor 647, or 

FITC (1 in 1000) at RT for 1 h. Nuclei were stained with 4’,6-

diamidino-2-phenylindole (1 in 10000, DAPI). Images were 

obtained using confocal microscopy (FV1000, Olympus, Tokyo, 
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Japan; LSM-710, Zeiss, Germany) or fluorescence microscopy (BZ-

9000, Keyence, Osaka, Japan). 

 

Whole mount staining 

Tail skin was incubated in 5 mM EDTA/PBS on a shaker at 37℃ for 

4 h to separate the epidermis from the dermis. Epidermal sheets 

were fixed in 4% paraformaldehyde (PFA) for 1 h at RT. After 

blocking, epidermal sheets were incubated with primary 

antibodies overnight at RT, and then washed in 0.2% Tween/PBS. 

Samples were subsequently incubated with secondary antibodies. 

After washing, epidermal sheets were mounted on glass slides in 

Mowiol solution. The images of whole-mount stained samples were 

obtained using FV1000 confocal laser scanning microscope 

(Olympus, Tokyo, Japan) or BZ9000 fluorescence microscope 

(Keyence, Osaka, Japan). The size and shape of the scales near 

the midline of the tail epidermis were analyzed using ImageJ 

(NIH, Bethesda, MD, USA). When the scales of the littermates 
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were compared, the area, length, and width of the scales were 

normalized to the whole tail equivalents to exclude the effects 

of the organismal size of each mouse. 

 

Wound healing experiments 

The surface of the tail skin (epidermis and upper dermis, 

approximately 5 × 4 mm in size) was removed using a scalpel 

from 1 month-old(MO) C57BL/6 mice. The wounded skin was 

collected and analyzed when the healing process was complete 

(typically 4–6 weeks after wounding). 

 

JEB skin analysis 

Photographs of the skin of a JEB patient (Nakamura et al., 2006) 

who was compound heterozygous for c.1179del (p.Ala394Leufs*9) 

and c.4159C>T (p.Gln1387*) in COL17A1 (NM_000494.4) were taken 

by TG-5 (Olympus). Three revertant mosaicism spots and three 

adjacent diseased skin areas from the upper arm were further 
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analyzed as described below. The institutional review board of 

the Hokkaido University Graduate School of Medicine approved all 

human studies described above (ID: 13-043). The study was 

conducted according to the principles of the Declaration of 

Helsinki. The participants provided written informed consent. 

 

Quantification of the skin microtopography 

First, the two-dimensional autocorrelation function (right 

panels in Figure 18a and 18c) was calculated for each spot (left 

panels in Figure 18a, 18c). The characteristic direction of the 

epidermal pattern was detected by determining the direction in 

which the autocorrelation in the range of a distance less than 1 

mm is the largest. The one-dimensional autocorrelation function 

was calculated (Figure 18b, 18d) in the direction perpendicular 

to the characteristic direction, represented by the red lines in 

the right panels in Figure 18a and 18c. The peak height (Δ) of 

the one-dimensional autocorrelation function in the range of 
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distance less than 1 mm was adopted to quantify the regularity 

of the pattern. In the case where no peak was detected, the peak 

height was set to zero. 

 

Statistical analysis  

Statistical analysis was performed using GraphPad Prism (GraphPad 

Software, La Jolla, CA, USA). p-Values were determined using 

Welch’s t-test, Student’s t-test, or Mann-Whitney test. p-Values 

are indicated as *0.01<p<0.05, **0.001<p<0.01, ***0.0001<p<0.001, 

****p<0.0001. The values are shown as violin plots.  
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RESULTS 

COL17 is preferentially expressed in tail scale epidermis 

 We first characterized the distribution of COL17 in C57BL/6 (WT) 

tail epidermis (Figure 1). The K31⁺ scale epidermis develops at 

around P2-P9 and matures after P14 (Gomez et al., 2013)   

  

 

 

 

 

 

 

Immunofluorescence studies at P4 showed that COL17 expression was 

confined to the dermo-epidermal junction (DEJ) (Figure 2). At P8, 

when scales were still premature, in addition to COL17 expression 

at the DEJ, the protein unexpectedly colocalized with K31 in the 

suprabasal epidermis (Figure 2, arrowheads). 

P14 P4 

1MO 

a 

P8 

b 

c 

d 
A 

P 

A 

P 

A 

P 

A 

P 

Scale epidermis 

 (K31+) 

Figure 1. Schematic diagrams of scales (K31⁺, green) in mouse tail 

epidermis and representative images of tail skin at P4 (a), P8 (b), 

P14 (c), and 1-month-old (1MO, d). Scale bar: 5 mm. 
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At P14 and 1-month-old (1MO), the K31 pattern in the scale 

epidermis was apparent, and COL17 expression extended to both DEJ 

and K31-positive suprabasal layers (Figure 3).  

 

 

 

 

 

 

 

 

K31  COL17 Merge 

P14 

1MO 

K31  

COL17 

COL17 Merge 

P4 

P8 

Figure 2. COL17 and K31 staining of tail skin (with DAPI nuclear 

counterstain) at P4 (n=3), P8 (n=3). Magnified images are shown in the 

rightmost panels. Scale bar: 60 m. 

. 

Figure 3. COL17 and K13 staining of tail skin (with DAPI nuclear 

counterstain) at P14 (n=3), and 1MO (n=4). Magnified images are shown in 

the rightmost panels. Scale bar: 60 m. 
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COL17 enrichment in K31⁺ suprabasal layers was reproduced by 

multiple COL17 antibodies that react with different regions of 

the protein (Figure 4). 

 

 

 

 

  

 

 

 

Suprabasal COL17 was present in the cytoplasm but not in -

catenin-labeled intercellular locations, suggesting that 

suprabasal COL17 is non-functional and possibly degraded (Figure 

b K31 

c 

Merge 

COL17 

(10c1-1) 

COL17 

(ab184996) 

K31 

K31 a 

COL17 

(ab184615) 

Figure 4. Suprabasal COL17 in tail scale epidermis. (a-c) COL17 and K31 

staining of 1MO tail skin. ab186415 (against intracellular COL17, n=4, 

a), 10C1-1 (against intracellular COL17, n=3, b), and ab184996 (against 

extracellular COL17, n=3, c) are used. Scale bar: 100 µm.  
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5). These results show that COL17 marks not only the DEJ but also 

the K31⁺ suprabasal scale epidermis.  

 

 

 

 

COL17 deficiency alters scale shape in the tail skin  

We then asked if COL17 is a marker of scale epidermis without any 

functional significance or it is involved in the scale/interscale 

patterning of the epidermis. To investigate this, we analyzed tail 

skin samples of Col17a1-/- mice (Nishie et al., 2007) at 1MO when 

the scales became mature (Dekoninck et al., 2020)  

Immunofluorescence of the tail sections showed K10⁺ interscale 

and K31⁺ scale alternate patterns in both Col17a1-/- and controls 

(Figure 6). 

 

COL17 -catenin COL17 

Suprabasal epidermis 

Figure 5. α-catenin and COL17 (ab186415) labeling of 1MO tail skin 

(n=3). Low- (left) and high-magnified (right, only suprabasal epidermis) 

images are shown. Scale bar: 20 m. 
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We further examined the scale shape by whole skin imaging. We 

defined the length and width of a scale as the diameter of the 

anterior-posterior (AP) and lateral-medial (LM) axes, 

respectively (Figure 7). Whole-mount imaging showed that the scale 

size was smaller and the shape was more slender (shorter on the 

LM axis) in the Col17a1-/- tail epidermis than in the littermate 

controls (Figure 7c-7f). 

 

 

 

 

K31 (scale) DAPI K10 (interscale) 

A P 

  Col17a1-/-  Control 

Figure 6. Images showing K31 and K10 staining of Col17a1-/- and control 

tail skin samples at 1MO (n=4). Scale bar: 500 m. 
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Figure 7. (a) Schematic of distribution of scales in mouse tail 

epidermis. (b) K31 whole mount staining images of Col17a1-/- and 

littermate control tail epidermis at 1MO (n=3). Scale bar: 500m. (c) 

Phase-contrast images of Col17a1-/- and littermate control tail 

epidermis at 1MO (n=4). Scale bar: 500 m. (d-e) Quantification of the 

size and shape of tail scales. Scale area (d) and width/length (e) of 

Col17a1-/- and littermate control tail scales at 1MO are shown (n=298 

scales from three control and 413 scales from three Col17a1-/- mice). 
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The shorter scale width in Col17a1-/- explains the smaller size 

of Col17a1-/- scales because their length was comparable to that 

of the controls (Figure 8a, 8b) As the WT scale shape was wider 

at P14 than at 1MO (Figure 8c), the slender scale shape in Col17a1-

/- mice was not due to the delayed development of the mice.  

 

 

 

 

 

 

 

Transgenic rescue by the expression of human COL17 (hCOL17) under 

the keratin 14 (K14) promoter in Col17a1-/- mice (Nishie et al., 

2007) reversed the slender scale phenotype (Figure 9). These data 

indicate that COL17 helps to define the scale proportion. 

 

Figure 8. Quantification of the size and shape of tail scales. Length 

(a), and width (b) of Col17a1-/- and littermate control tail scales at 

1MO are shown (n=298 scales from three control and 413 scales from 

three Col17a1-/- mice). (c) Width/length ratio of tail scales in P14 

and 1MO WT mice (n=148 scales from three P14 WT mice and 123 scales 

from three 1MO WT mice). 
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aPKC deregulation does not phenocopy Col17a1-/- scale shape 

Atypical protein kinase C (aPKC) is a key regulator of 

epithelial polarity (Niessen et al., 2013), and the epidermis 

expresses two aPKC isoforms (aPKC and aPKC) (Helfrich et al., 

Figure 9. (a) Whole mount phase-contrast imaging of hCOL17+; Col17a1-/- 

and littermate control (hCOL17-; Col17a1+/+ or hCOL17-;Col17a1+/-) tail 

epidermis at 1MO (n=3). Scale bar: 500 m. (b, c) Quantification of the 

size and shape of tail scales. Scale area (b) and width/length (c) of 

hCOL17+; Col17a1-/- and littermate control tail scales at 1MO are shown 

(n=266 scales from three control and 359 scales from three 

hCOL17+;Col17a1-/- mice). *0.01<p<0.05, Welch’s t-test. 
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2007). The ablation of aPKC in the epidermis (K5-Cre; 

aPKCE5/E5, aPKCλ eKO) and Col17a1-/- mice share premature aging 

phenotypes such as gray hair and hair loss (Niessen et al., 

2013; Nishie et al., 2007; Osada et al., 2015; Tanimura et al., 

2011). This phenotypic similarity has been proposed to be a 

consequence of the interaction between COL17 and the aPKC 

complex (Watanabe et al., 2021). We asked if the destabilized 

aPKC accounts for the slender scale shape of Col17a1-/- mice 

(Figure 10，11).  

Whole-mount imaging showed that the scale size was smaller in 

aPKCλ eKO than in littermate controls, but its scale proportion 

(width/length ratio) was wider than that of controls (Figure 

10a, 10b, 10c), which is in contrast to the slender scales of 

Col17a1-/- mice (Figure 7). 
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aPKCζ knockout (aPKCζ KO, Prkcz-/-) mice, which have no 

apparent skin phenotype (Noguchi et al., 2019), showed slightly 

larger scales, while the width/length ratio did not exhibit 

significant change (Figure 11). These results indicate that the 

aberrant cell polarity in Col17a1-/- epidermis (Liu et al., 
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Figure 10.(a) Whole mount phase-contrast imaging of aPKCλ eKO and 

littermate control tail epidermis (n=3). Scale bar: 500 m. (b-c) 

Quantification of the size and shape of tail scales. Scale area an d 

width/length of aPKCλ eKO tail scales at 1MO are shown (n=226 scales 

from three control mice and 357 scales from three aPKCλ eKO mice, 

****p<0.0001, *0.01<p<0.05, Welch’s t-test. 
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2019; Watanabe et al., 2021) is not involved in altering the 

scale shape. 
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Figure 11. (a) Whole mount phase-contrast imaging of aPKC KO and 

littermate control tail epidermis (n=3). Scale bar: 500 m. (c-f) 

Quantification of the size and shape of tail scales. Scale area and 

width/length of aPKC KO (b, c) tail scales at 1MO are shown (n=300 

scales from three control mice and 317 scales from three aPKC KO 

mice). ****p<0.0001, *0.01<p<0.05, Welch’s t-test. 
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Expression of wound-induced keratins is pronounced in Col17a1-/- 

tail epidermis 

One of the factors that may affect scale shape is the 

cytoskeleton of epidermal keratinocytes. Keratin 6, 16, and 17 

(K6/K16/K17) are the well-known keratins expressed upon physical 

injury. We reasoned that these wound-induced keratins might be 

enriched in Col17a1-/- epidermis at steady state because COL17 

deficiency leads to epidermolysis bullosa in humans (McGrath et 

al., 1995) and shows skin fragility in mice (Nishie et al., 

2007).  

Quantitative PCR revealed that the gene expression of these 

wound-induced keratins was higher in Col17a1-/- tail epidermis 

(Figure 12).  
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In addition to gene expression, immunofluorescence analyses 

showed ectopic K6 expression in Col17a1-/- tail epidermis at 

1MO. K6 expression in Col17a1-/- tail epidermis was also 

observed during the developmental stages (P1 and P14; Figure 

13a-13b). These data indicate that keratin profiles are skewed 

towards the wound-induced subsets in Col17a1-/- epidermis. 
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Figure 12. Gene expression of Krt6a, Krt6b, Krt16, and Krt17 in the 

tail epidermis of Col17a1-/- and littermate control at 1MO (n = 7). 

*0.01<p<0.05, Student’s t-test. 
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In contrast, normal human epidermal keratinocytes treated with 

COL17A1 siRNAs did not result in the expression of wound-induced 

keratins (Figure 14), suggesting that this phenotype is 

dependent on in vivo settings. 
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  Col17a1-/-  Control 
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1 MO 
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K6 DAPI 

Figure 13. (a-c) K6 staining of Col17a1-/- and littermate control at 

P1 (a, n = 3), P14 (b, n = 3), and 1MO (c, n = 3). Scale bar: 100 m.  
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Scale shape becomes slender after skin regeneration, and COL17 

overexpression rescues the phenotype 

The expression of wound-induced keratins in Col17a1-/- epidermis 

led us to ask whether wounding itself alters the tail scale 

shape upon skin regeneration (Figures 15-16). The regenerated 

tail epidermis (4 to 6 weeks after wounding) exhibited a more 

Figure 14. COL17A1 knockdown on normal human epidermal keratinocytes 

(NHEKs). Expression of COL17A1, KRT6A, KRT6B, KRT16, and KRT17 in 

NHEKs treated with COL17A1 siRNA or mock (n=3). ***p<0.0001. 
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slender scale shape than the non-lesional areas (Figure 15a, 

15b, 15c), recapitulating the Col17a1-/- scale (Figure 7).  
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Figure 15. (a) Whole mount phase-contrast imaging of WT tail epidermis 

after skin regeneration (n=3). Scale bar: 500 m. (b-c) Quantification 

of the size and shape of tail scales. Scale area and width/length of WT 

tail scales after skin regeneration are shown (n=542 scales from three 

unwounded areas, and 467 scales from three regenerated areas from four 

WT mice). ****p<0.0001, Welch’s t-test. 
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To see that additive COL17 prevents the alteration of the scale 

shape in the regenerated epidermis, we utilized K14-hCOL17 

transgenic mice, which overexpress hCOL17 under the K14 

promoter. The scale shape of the regenerated K14-hCOL17 skin was 

not as slender as that of the regenerated WT skin (Figure 15). 

These results suggest that COL17 prevents wound-induced scale 

deformation. 
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Figure 16. (a) Whole mount phase-contrast imaging of K14-hCOL17 tail 

epidermis after skin regeneration (n=3). Scale bar: 500m. (b-c) 

Quantification of the size and shape of tail scales. Scale area and 

width/length of K14-hCOL17 tail scales after skin regeneration are 

shown (n=424 scales from three control mice and 440 scales from six 

K14-hCOL17 mice). 
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COL17 influences human skin microtopography 

We finally asked whether the presence or absence of COL17 also 

affects epidermal patterning in humans. Although 

scale/interscale epidermal patterns in mouse tails are not 

conserved, skin surface patterns consisting of grooves and 

ridges are visible in humans. We took advantage of the revertant 

mosaicism in epidermolysis bullosa (EB), in which the mutated 

genes are corrected spontaneously (Jonkman and Pasmooij, 2009; 

Nomura, 2020).  

We compared COL17-negative (diseased) and COL17-positive 

(revertant) skin from a junctional EB (JEB) patient with COL17A1 

mutations (Nakamura et al., 2006) (Figure 17a-17c). The diseased 

skin surface appeared coarse, while the revertant skin was 

smooth (Figure 17b).  
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We calculated the autocorrelation functions of these skin images 

to quantify the skin microtopography and found that the diseased 

skin shows a distinct pattern from the revertant skin (Figure 

18a-e). These findings demonstrate that COL17 is a deterministic 

factor of epidermal patterning in mice and humans. 
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Revertant 

skin 

Revertant 
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COL17A1 mutations 

a b 
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COL17 DAPI 

Figure 17. (a) The upper arm of a junctional epidermolysis bullosa 

patient who is compound heterozygous for c.1179del (p.Ala394Leufs*9) 

and c.4159C>T (p.Gln1387*) in COL17A1 (NM_000494.4). The revertant skin 

areas are circled by dotted lines. (b) Representative images of the 

diseased and revertant skin. Scale bar: 3 mm. (c) COL17 labeling of the 

diseased and revertant skin. Scale bar: 100 m.  
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Figure 18. (a, c) The position of the spot with a radius of 3 mm for 

quantification. The two-dimensional autocorrelation function for the 

epidermal pattern with the red line perpendicular to the characteristic 

direction. The one-dimensional autocorrelation is calculated along the 

line for the diseased (a) and revertant (c) skin. Scale bars: 3 mm 

(left) and 1 mm (right). (b, d) One-dimensional autocorrelation function 

in the diseased skin (b) and the revertant skin (d). The peak height 

(Δ) is defined as the difference between the first local minimum and 

local maximum in the range of the distance less than 1 mm (e) 

Quantification of skin microtopography (n=75 spots (radius: 3 mm) from 

three skin areas, respectively). The degree of regularity on the 

epidermal pattern was quantified by the peak height of the 

autocorrelation function (a-d). ***0.0001<p<0.001, Mann-Whitney test. 

e  
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Discussion 

COL17 is a hemidesmosomal protein that anchors basal 

keratinocytes to the dermis. COL17 stabilizes hemidesmosomes by 

binding to various basement membrane zone proteins including 

BP230 (Hopkinson and Jones, 2000; Koster et al., 2003), 6 

integrin (Hopkinson et al., 1995), 4 integrin (Aho and Uitto, 

1998; Hamill et al., 2011; Koster et al., 2003; Schaapveld et 

al., 1998), plectin (Koster et al., 2003; Natsuga et al., 2017), 

laminin-332 (Nishimura et al., 2016; Tasanen et al., 2004), and 

type IV collagen (Kamaguchi and Iwata, 2019; Nishie et al., 

2011).As a consequence, COL17 deficiency results in 

epidermolysis bullosa (McGrath et al., 1995; Nishie et al., 

2007). Recently, COL17 has also been highlighted as an SC niche 

protein of hair follicles and epidermis, and its deficiency 

destabilizes epithelial SC maintenance (Liu et al., 2019; 

Matsumura et al., 2016; Tanimura et al., 2011; Watanabe et al., 

2017).  
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Epidermal cell polarity regulates symmetrical and 

asymmetrical cell division of basal keratinocytes (Morrow et 

al., 2019; Muroyama and Lechler, 2012; Poulson and Lechler, 

2012) and is regulated by the aPKC complex (Niessen et al., 

2012; Tellkamp et al., 2014; Vorhagen and Niessen, 2014). 

Increased asymmetrical cell division in aPKC eKO epidermis 

(Niessen et al., 2013) and possible stem cell depletion explain 

the smaller scales in aPKC eKO mice (Figure 10). Although COL17 

interacts with the aPKC complex (Watanabe et al., 2021) and 

helps maintain epidermal cell polarity (Liu et al., 2019; 

Watanabe et al., 2021), Col17a1-/- did not exhibit 

proportionally small scales as seen in aPKC eKO mice. This 

phenotypical difference indicates that the slender scale 

phenotype in Col17a1-/- mice is independent of aberrant cell 

polarity. 

There are several aspects of polarization in different cell 

types and tissues. In addition to the ubiquitous epithelial cell 
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polarity along the apical-basolateral axis, many epithelial 

tissues and organs are also polarized within the plane of the 

epithelium. This is generally referred to as planar cell 

polarity (PCP; or historically, tissue polarity). PCP is not 

restricted only to epithelial tissues but is also found in 

mesenchymal cells, where it can regulate cell migration and cell 

intercalation. Moreover, particularly in vertebrates, the 

conserved core PCP signaling factors are associated with the 

orientation or formation of cilia. (Simons and Mlodzik, 

2008)(Matias Simons and Marek Mlodzik Rev. Genet. 2008). We are 

wondering if the PCP of the epidermal basal cells could account 

for the slender scale phenotype of Col17a1-/- mice. We are going 

to determine the cell division direction in the plane of scale 

basal cell layers in Col17a1-/- tail skin and hCOL17+; Col17a1-

/- tail skin by using survivin/keratin 14 staining. Through 

these analyses, we would be able to see whether the altered PCP 

could explain the Col17a1-/- phenotype, in that cell division 
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along A-P axis rather than L-M axis might be pronounced in 

Col17a1-/- compared with control mice. 

Among various skin patterns, fingerprints, also called 

dermatoglyphics, are the most well-characterized in humans. 

Fingerprints show an alternate pattern of epidermal ridges and 

grooves. Loss of fingerprints has been described in EB patients, 

including Kindler syndrome (Almeida et al., 2015; Has et al., 

2010) and junctional EB with COL17A1 p.Arg1303Gln mutation 

(Nishimura et al., 2016; Stouthamer et al., 2001; Yuen and 

Jonkman, 2011). Our study has also demonstrated that the 

presence of COL17 alters human skin microtopography (Figure 17). 

These facts corroborate the role of COL17 in epidermal 

patterning and highlight COL17 as a therapeutic target for 

wound-induced skin deformations.  

To further confirm the role of COL17 in the epidermal 

patterning, it is plausible to look into Col17 knock-down 

zebrafish skin (Kim et al., 2010)  Unfortunately, the skin 
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pattern of the Col17 knock-down zebrafish has not been 

investigated. This is partly because the zebrafish injected 

either with col17a1a or col17a1b morpholinos die at 6–8 days 

after birth (Kim et al., 2010). 

Hemidesmosomes are complex junctions that anchor epithelial 

cells to the basement membrane and are composed of adhesion 

proteins such as COL17. The role of COL17 in cell adhesion and 

migration is supported by the genetic evidence derived from JEB, 

a disease with skin fragility and blistering. The altered 

epidermal patterning in COL17 deficiency might be also related 

to cell migration because the absence of COL17 results in Rac1 

activation and aberrant directed cell migration. (Löffek et al., 

2014).  

Wound repair in mouse back skin requires wound contraction 

(Grada et al., 2018); however, the contribution of wound 

contraction has been regarded as minimal in the tail skin 

(Falanga et al., 2004). Recent studies suggest that two-thirds 
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of tail wound healing is due to epithelial regeneration, while 

wound contraction explains the remainder (Aragona et al., 2017). 

We believe that wound contraction does not play a major role in 

the slender scale phenotype in the regenerated tail skin (Figure 

15) because of the following reasons: 1) the scale shape in the 

regenerated skin would become proportionally small rather than 

slender if the wound contraction affected this phenotype, and 2) 

the slender scale phenotype in the regenerated skin is rescued 

by K14-driven human COL17 overexpression, which might not 

influence wound contraction because the transgene expression is 

confined to the epidermis. The slender scales in Col17a1-/- mice 

most likely represent wound-related skin changes that involve 

the expression of wound-induced keratins in Col17a1-/- epidermis 

(Figure 12-13). However, the mechanisms by which wound-related 

skin changes affect epidermal patterning need further 

investigation.   
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Conclusion 

1. COL17 is preferentially expressed in tail scale epidermis.  

2. COL17 deficiency alters scale shape in the tail skin. 

Transgenic rescue by the expression of human COL17 (hCOL17) 

under the keratin 14 (K14) promoter in Col17a1-/- mice reversed 

the slender scale phenotype  

3. aPKC deregulation does not phenocopy Col17a1-/- scale shape. 

4. Expression of wound-induced keratins is pronounced in 

Col17a1-/- tail epidermis. 

5. Scale shape becomes slender after skin regeneration, and 

COL17 overexpression rescues the phenotype. 

6. COL17 influences human skin microtopography. 

 

Our study provides new insights into COL17 biology. 

Col17a1-/- mice have slender tail scales and are characterized 

by the expression of wound-induced keratins in the epidermis. In 

line with this, the regenerated epidermis after wounding shows 

slender tail scales. hCOL17 overexpression reverses the 
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alteration of scale shapes upon wounding. Although COL17 

interacts with the aPKC complex (Watanabe et al., 2021) and 

helps maintain epidermal cell polarity (Liu et al., 2019; 

Watanabe et al., 2021), Col17a1-/- did not exhibit 

proportionally small scales as seen in aPKC eKO mice. This 

phenotypical difference indicates that the slender scale 

phenotype in Col17a1-/- mice is independent of aberrant cell 

polarity. These facts corroborate the role of COL17 in epidermal 

patterning and highlight COL17 as a therapeutic target for 

wound-induced skin deformations. In conclusion, our study 

highlights the unrecognized role of COL17 in epidermal 

patterning. We propose that COL17 modulation can be utilized to 

prevent epidermal deformation upon wounding. 
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