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1. Abstracts

Two dominant mouse skin mutants, Recombinant-induced mutation 3 (Rim3) and Rex

denuded (Reden), arose spontaneously in different inbred strains, but exhibit very similar

phenotype of hyperkeratosis and alopecia. Both mutants have a genetic alteration in

GasderminA-3 (GsdmA-3), which is a member of novel gene family, Gsdm. The Gsdm

family commonly share unique leucine-rich C-terminus domain, but the functions of

GsdmA-3 and Gsdm family are largely unknown.

In this study, to elucidate the function of GsdmA-3 in the epidermal

morphogenesis, I conducted analysis of spatiotemporal expression patterns of GsdmA-3

and the related genes. In addition, I carried out in-depth characterization of the Rim3

phenotype. The results indicated that GsdmA-3 is specifically expressed in differentiated

keratinocytes in epidermis after postnatal stage, but not in proliferating epidermal cells.

Immunohistochemical analysis of BrdU-labeled epidermis revealed hyperproliferation

and misdifferentiation of the upper follicular cells and the epidermis in the Rim3 mutant.

All the results suggested that GsdmA-3 is involved in downregulation of cell-

proliferation and differentiation of the epidermal stem cells.

As collaboration with a research group of National Cancer Institute, Tokyo, it

was demonstrated that a human homologue GSDMA has a tumor suppressor activity.

Mice heterozygous for Trp53 knockout (Trp53-) allele are known to frequently develop

lymphomas, but never develop skin tumors. Although mice heterozygous for the Rim3

mutation alone develop no skin tumors, I examined whether GsdmA-3 is involved in

tumor suppression in the Trp53- genetic background. To do this, I generated mice
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heterozygous for both of the Rim3 and Trp53- alleles. As a result, the double

heterozygous mice (GsdmA-3Rim3/+; Trp53+/+) developed multiple metastatic squamous

cell carcinomas (SCC) as early as 7 months of the age. In conjunction with the data that

a human homologue GSDMA is a tumor suppressor for gastric cancer in human, this

result suggested that GsdmA-3 has a function to prevent tumor development in the

mouse skin as well.
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2. Introduction

Skin is the largest organ in the body. One of the key functions of skin is to serve a

physical barrier, which protects internal organs from infections of many pathogens and

from external environment. Skin, composed of epidermis and dermis, has appendages

such as hair follicles, sebaceous and sweat glands. The barrier function is maintained by

functions of these appendages, and its homeostasis is maintained by the balance

between proliferation of stem cells and cell death following terminal differentiation.

The epidermal stem cells reside in both basal layer and bulge of hair follicles.

While the stem cells in the basal layer differentiate into epidermal keratinocytes, those

in the bulge give rise to not only hair follicles but also interfolliculer epidermis and

sebocytes in sebaceous glands (Cotsarelis et al., 1990, 1999; Fuchs and Segre, 2000;

Watt and Hogan, 2000; Lavker and Sun, 2000; Oshima et al., 2001) (Figure 1A). Hair

follicles undergo cycles of hair growth (anagen), regression (catagen) and quiescent

(telogen) in adult stage (H�a�r �d�y, 1992; Muller-Rover et al., 2001) (Figure 1B). It is

known that derangements of proliferation and differentiation of stem cells lead to cancer.

It has been reported that β-catenin/Lef signaling controls differentiation of the bulge

stem cells (Huelsken et al., 2001). It is, however, poorly understood what molecular

mechanism regulates the proliferation and differentiation of the stem cells.

Mutant mice are powerful tools to study molecular mechanisms of

development and morphogenesis at whole body level. To elucidate how proliferation

and differentiation of epidermal stem cells are regulated, I analyzed several mouse

mutants that show abnormal epidermal morphogenesis. Recombination-induced
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mutation 3 (Rim3) spontaneously arose in National Institute of Genetics, and it exhibits

dominant phenotype of hyperkeratosis and hair follicles degeneration. Another mutant

Rex denuded (Re den) shows phenotype very similar to Rim3. These two mutations were

mapped to the same critical region in the mouse chromosome 11 (Sato et al., 1998). It is

already known that the two mutations have a genetic alteration in the C-terminus of the

GsdmA-3 gene. Rim3 has a single base substitution, which leads to amino acid

substitution, alanine to threonine. Reden has 6 bases duplication, which leads to two

amino acids apposition in the GsdmA-3 protein (paper in preparation). Now, it is

established that GsdmA-3 is a member of the gene cluster referred to as GsdmA, which

consists of direct tandem repeats of three homologous genes, GsdmA-1, GsdmA-2 and

GsdmA-3 (paper in preparation). In the human syntenic region, there is only one

homologous gene, GSDMA, and a structurally related GSDMB in the proximity of

GSDMA (Figure 2A). Furthermore, GsdmA cluster is a member of novel gene family,

Gsdm/GSDM. The Gsdm family is composed of GsdmA/GSDMA, GSDMB,

GsdmC/GSDMC and GsdmD/GSDMD groups in mouse and human (Figure 2B, 2C)

(paper in preparation). The Gsdm/GSDM family members commonly share unique

leucine-rich C-terminus domain. The function of Gsdm/GSDM family as well as the

novel leucine-rich motif is largely unknown.

In this study, to elucidate the function of GsdmA-3 in the epidermal

morphogenesis, I conducted expression analysis of GsdmA-3 and in-depth

characterization of the Rim3 phenotype. The results indicated that GsdmA-3 is expressed

only in skin, and that Rim3 mice showed hyperproliferation and misdifferentiation of
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epidermal stem cells. Furthermore, I carried out genetical analysis of another mouse

mutant, M00745, which was generated by the RIKEN ENU-mutagenesis project and

exhibits phenotype resembling the Rim3 and Reden mutants. As a result, it appeared that

M00745 has a nonsense mutation that causes truncation of the very end of the conserved

C-terminus of the GsdmA-3 protein. All the result suggested that GsdmA-3 is involved

in a genetic pathway that regulates proliferation and differentiation of mouse epidermal

cells.

GSDMA, a human homologue of GsdmA cluster, is located at the human

chromosome 17q12 region. That region is frequently amplified in human gastric cancer

and breast cancer (Bieche et al., 1996; Kokkola et al., 1997), and is called 17q12

amplicon. Amplification of ERBB2 in the amplicon was observed in different kinds of

cancers (Stein et al., 1994), and thought to be a cause of tumor development (Xie et al.,

1999; Kiguchi et al., 2000). In contrast, it is known that tumor suppressor genes are

frequently deleted or silenced by methylation of the promoter in many cancers

(Merajver et al., 1995; Li et al., 2002). As collaboration with Dr. H. Sasaki of National

Cancer Institute, Tokyo, it was demonstrated that the human homologue GSDMA was

silenced by DNA methylation in gastric cancers (paper submitted). Furthermore, it

appeared that over-expression of the GSDMA leads growth inhibition and apoptosis of

cancer cells, indicating that GSDMA is a tumor suppressor (paper submitted).

There are several lines of evidence that model mice harboring oncogenic

transgenes commonly developed tumors in non-hairy skin. For example, transgenic

mice with over expression of the Gli2 gene in skin, which encodes a key transcription
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factor in the Shh signaling, spontaneously develop basal cell carcinoma in non-hairy

skins such as ear, tail and dorsal paws (Grachtchouk et al., 2000). Likewise, transgenic

mice with constitutive expression of the stabilized β-catenin develop trichofolliculomas

and pilomatricomas in non-hairy skins (Gat et al., 1998). Since mutations of GsdmA-3

cause hyperproliferation of epidermis and the expression of GsdmA-3 is restricted to

hairy skin, we hypothesized that the function of the wild-type GsdmA-3 gene is

involved in tumor suppression in vivo. Tumorigenesis is multistep process with

accumulating genetic alterations (Wu and Pandolfi, 2001). It is known that mutations of

Trp53 are an early event of skin tumors, and Trp53 mutated cells are precancerous

(Jonason, et al., 1996; Delfino, et al., 2002). Therefore, I generated mice heterozygotes

for both Rim3 and Trp53- alleles. As a result, the double heterozygous mice (GsdmA-

3Rim3/+; Trp53+/+) showed significantly high incidence of metastatic squamous cell

carcinomas (SCC). I also found that the expression of GsdmA-3 is diminished or lost in

the skin tumors. These results suggested that GsdmA-3 is involved in a pathway that

downregulates proliferation of epidermal stem cells and regulates tumor suppression in

the mouse skin.
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3. Materials and methods

Mice

Recombination-induced mutation 3 (Rim3) arose spontaneously in C57BL/10J strain

harboring a recombinant MHC. The mutant strain, C57BL/10J-Rim3, has been

maintained in Mammalian Genetics Laboratory of National Institute of Genetics (NIG,

Mishima, Japan), and maintained in NIG by repeating backcrosses to C57BL/10J strain

that was originally purchased from the Jackson Laboratory (Bar Harbor, Maine, USA).

M00745 mutant was generated in C57BL/6J by N-ethyl-N-nitrosourea (ENU)

mutagenesis in RIKEN Genomic Sciences Center (RIKEN GSC) (Yokohama, Japan).

Trp53 knockout mouse was originally produced by Dr. Aizawa of RIKEN Life Science

Center (Tsukuba, Japan) (Tsukada, et al., 1993), and was obtained through Dr. Kyoji

Hioki of Central Institute for Experimental Animals (Kawasaki, Japan). The mice were

maintained by repeating backcrosses to C57BL/6J strain in NIG.  Japanese Fancy

mouse-1 (JF1) strain was established and maintained in NIG.

RT-PCR

Samples from various organs were homogenized in Isogen (Nippon gene, Tokyo, Japan),

and total RNA was extracted following the manufacturer’s recommendations. cDNAs

were synthesized from the total RNA according to the manufacturer’s manual (GIBCO-

BRL, Superscript kit). The cDNAs of GsdmA-1, GsdmA-3 and glyceraldehyde-3-

phosphate dehydrogenase (Gapdh) were amplified by the polymerase chain reaction

(PCR) with following primer pairs, GsdmA-1 (forward, 5’-
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CACCCTTCCCTGAGACAATG-3’; Reverse, 5’-CACACCATAACCACCACCAT-3’),

GsdmA-3 (forward, 5’-CCAAACACCTGCTGCTGAACA-3’; reverse, 5’-

ACTTTTACTCCCTGCCATTAG-3’) and GAPDH (forward, 5’-

TGAAAGGTGAGTGGGAGGAAT-3’; reverse, 5’-

GATGTAGGCCATGAGGTCCACCAC-3’). These primers were purchased from

RIKAKEN Co. Ltd. (Nagoya, Japan).

Sample preparation for histological analysis

Samples for histological analysis were prepared essentially following the method of

Paus et al. (1999). Back skin was isolated from wild-type and Rim3/+ litter mates, and

fixed in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) at 4℃ for

over night. The skin was minced into rectangle pieces (5×10 mm), replaced in either

70% ethanol for paraffin section or 30% sucrose in RNase-free distilled water (DW) for

cryosection. In paraffin sections, samples were embedded in paraffin by FTP-150C

(Sakura Finetechnical Co. Ltd., Tokyo, Japan), and sectioned at 5 µm using rotary

microtome 2065 Supercut (Leica microsystems Co. Ltd., Tokyo, Japan). For

cryosections, samples were embedded in Optimal Cutting Temperature (O.C.T)

compound, (Sakura Finetechnical Co. Ltd., Tokyo, Japan), frozen in liquid nitrogen and

sectioned at 25 µm by CM1510 (Leica microsystems Co. Ltd., Tokyo, Japan).

Cryosections were preserved at -20℃.
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In situ hybridization

To detect the expression of GsdmA-1 and GsdmA-3, in situ hybridization was performed

on skin cryosections. Sampling procedure was as described above. Cryosections were

hybridized with digoxigenin-labeled riboprobes transcribed in vitro according to the

manufacturer’s manual (Roche, Tokyo, Japan). GsdmA-1 cRNA probe that has high

homology to GsdmA-3 was used in hybridization.

Antibody

Following primary antibodies, Anti-Keratin 6 (K6) (1:50, BAbCO), anti-Keratin 10

(K10) (1:50, BAbCO), and anti-Keratin 14 (K14) (1:50, BAbCO) were purchased from

Covance Research Products Inc. (Denver, U. S. A). Chicken polyclonal anti-GsdmA

antibodies were produced for following two peptides. Anti-GsdmA-1 (37) was raised

for a peptide CLVLRKRKSTLF of GsdmA-1, and Anti-GsdmA-3 (246) was raised for a

peptide QMISEEPEEEKLIG of GsdmA-3 (Figure 2C, Magenta boxes). These

antibodies were made by Asahi Technoglass Co. Ltd. (Funabashi, Japan). As the

secondary antibodies, Alexa Fluor 488-conjugated anti-mouse IgG (1:500) (Moleculer

Probes), fluorescein isothiocyanate (FITC)-conjugated donkey anti-chicken IgY (1:500)

(Jacson ImmunoReseach), peroxidase-conjugated donkey anti-chicken IgY (1:500)

(Jacson ImmunoReseach), were purchased and used in this study.
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Histological analysis and immunohistochemistry

Hematoxylin and Eosin (HE) staining: Back skin of wild-type, Rim3/+ and

M00745/+ mice of the same litter mates were prepared as described above. Paraffin was

removed from the sections by rinse in 100% xylene for 5 minutes at three times, and the

sections were hydrated progressively in 100%, 90%, 80%, 70% ethanol series for 5

minutes at each step. The sections were stained with hematoxylin (Wako, Japan) for 5

minutes. After washing with running water for more than 30 minutes, stained with eosin

(Muto Pure Chemicals Co. Ltd, Japan) for 1 minute. Then the sections were dehydrated

progressively in 70%, 80%, 90%, 100% ethanol series for 5 minutes at each steps, and

dehydrated in 100% xylene for 5 minutes at three times. These procedures were done at

room temperature.

Immunofluorescence: Skin samples were fixed with 4% PFA and embedded in paraffin.

Paraffin was removed from section, and the sections were hydrated with same

conditions as described above. Paraffin sections were microwaved in 10 mM sodium

citrate buffer (pH 6) for 5 minutes to unmask the antigen. After washing in water, the

sections were blocked in 5% bovine serum albumin (BSA) in PBS for 1 hour at 4℃,

and were washed in PBS for 5 min at three times. Then the sections were hybridized

with the primary antibodies at 4℃ for over night. After washing in PBS, the sections

were hybridized with secondary antibodies for 1 hour at room temperature and

counterstained with 4,6-diamino 2-phenylindole (DAPI). These sections were analyzed

and photographed using fluorescence microscope BX51 (OLYMPUS, Tokyo, Japan), or
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a confocal fluorescence microscope FV500 (OLYMPUS, Tokyo, Japan) or a LSM510

(Carl Zweiss, Germany).

DAB staining: Paraffin was removed from sections, and the sections were hydrated

with same conditions as described above. The paraffin sections were treated with trypsin

(1 mg/ml) for 5 minutes at 37℃ to unmask the antigen. After washing in water,

endogenous peroxidase activity was quenched with 0.3% hydrogen peroxide in

methanol for 30 minutes. After washing in PBS, the sections were blocked in 5% BSA

in PBS for 1 hour at 4℃, and were incubated with the primary antibodies at 4℃ over

night. After washing in PBS, the sections were incubated with primary antibodies at 4℃

over night. After washing in PBS, the sections were incubated with the secondary

antibodies at room temperature for 1 hour. The antibody-antigen reaction was visualized

by DAB staining. Following solution was used in DAB staining: 1 mg/ml 3’3-

diaminobenzidine-4HCl (DAB) (Wako, Japan) in 0.02% hydrogen peroxide and 0.1 M

Tris-HCl (pH 7.2).

BrdU labeling

For proliferation assay, wild-type and Rim3/+ mice of the same litter mates were

injected with 50 mg/g body weight 5-Bromodeoxyuridine (BrdU) (Sigma, Japan), and

the skin samples were recovered 2 hours after injection, and processed as described

above. Paraffin sections were incubated with mouse monoclonal anti-BrdU antibody

(1:500) (Sigma, Japan). Signals of anti-BrdU antibodies were detected by ABC method

using Mouse IgG VECTASTAIN ABC kit (Vector Laboratories, U. S. A), following the



14

manufacturer’s recommendations and by DAB staining as described above. I made

following modification. Before trypsin treatment, sections were washed in 2N HCl in

PBS at 37℃ for 20 minutes to denature DNA, and rinsed in 0.1 M Tris-HCl (pH7.5) for

5 minutes at two times.

Oil Red O staining

Frozen sections were prepared as described above. They were washed in distilled water

and stained by Oil Red O staining solution (300 mg Oil Red O, SIGMA O-0625, in 100

ml isopropanol) for 15 minutes at room temperature. The sections were then washed in

60% isopropanol in distilled water and in PBS, and counter-stained with hematoxylin.

Immunoelectron microscopy

Back skins from 12 days-old wild-type and Rim3/+ mice were minced into 2 mm square

pieces. These samples were left in the fixative solution (4% paraformaldehyde, 0.1%

glutaraldehyde, 0.1 M cacodylic acid) at 4℃ for 2 hours. The samples were dehydrated

progressively in 50–100% ethanol for 30 minutes at –20℃ at each step. Then samples

were embedded in Lowicryl K4M, and dissected by ultramicrotome. The thin sections

were blocked with 1% BSA in PBS, and 1.5% goat serum at room temperature for 15

minutes, and then incubated with the primary antibody (chicken polyclonal anti-

GsdmA) at 4℃ for overnight. The sections were then stained with the secondary

antibodies, gold particle (10 nm) conjugated anti-chicken IgG (1/20, 1%BSA-PBS), at

4℃ overnight. Ultra-thin sections were contrasted with uranyl acetate and lead citrate,
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and analyzed and photographed by a JEOL JEM2000EX at 120kV (J. E. O. L., Tokyo,

Japan). Observation by immunoelectron microscopy was done by Hanaichi

UltraStructure Research Institute (HUSRI, Okazaki, Japan).

Linkage analysis of the M00745 mutation

Heterozygotes of M00745 were mated with JF1 mice, and the F1 progeny with the

phenotype were backcrossed to JF1 mice. For mapping of the phenotype, the backcross

progeny were phenotyped, and genomic DNA was prepared from their tails. GsdmA

linked four microsatellite markers, D11MIT236, D11MIT70, D11MIT124, D11MIT132,

and GsdmC and GsdmD-linked two markers, D15MIT11, D15MIT73, were used for

genotyping for the DNAs of the backcross progeny.

Sequencing of coding regions of the GsdmA-1 and GsdmA-3 genes of M00745

mutant

To analyze sequence of GsdmA-1 and GsdmA-3 in the M00745 mutant, full length

cDNA of GsdmA-1 and GsdmA-3 were cloned into pGEM-Teasy Vector (Promega,

Tokyo, Japan). Following primers were used for sequencing:

T7: (5’-GTAATACGACTCACTATAGGGCGA-3’);

Sp6: (5’-TATTTAGGTGACACTATAG-3’);

GDA1Seq341F: (5’-GCTCGAGTAGAGGGAGATGT-3’);

GDA1Seq731F: (5’-GATGAGTGGGGCATTCCACA-3’);

GDA1Seq1310R: (5’-GGCCGCTTAGTCCCACCAGT-3’);



16

GDA1Seq1610R: (5’-TTAGTGGGTGCTGAGCTGGA-3’);

GDA3Seq301F: (5’-GACAGACAGTGGCAACTTTA-3’);

GDA3Seq701F: (5’-CGAGTGAGACTACTGAGAGT-3’);

GDA3Seq1440R: (5’-CTGCTTAGCAGGTGAAGGAG-3’).

These primers were purchased from RIKAKEN Co. Ltd. (Nagoya, Japan) and

Invitrogen (Tokyo, Japan).

Generation of mice heterozygous both for Rim3 and Trp53 KO (p53-) alleles

To generate mice double heterozygous for Rim3 and Trp53- alleles, I crossed Rim3

heterozygotes (GsdmA-3Rim3/+) to Trp53- heterozygoutes (Trp53-/+).

Genotyping of Trp53 knockout (Trp53-) allele

To genotype Trp53 alleles, I used following primer pairs, neo (forward, 5’-

CTTGGGTGGAGAGGCTATTC-3’; reverse, 5’-AGGTGAGATGACAGGAGATC-3’)

and Trp53 (forward, 5’-ATAGGTCGGCGGTTCAT-3’; reverse, 5’-

CCCGAGTATCTGGAAGACAG-3’). The information of the primer sequences and the

PCR condition were obtained from the database of Jackson Laboratory

(http://www.jax.org/). These primers were purchased from Invitorogen (Tokyo, Japan).

Localization of GSDMA protein in human samples

Human normal skin sections and human SCC skin sections were purchased from

BioChain Institute Inc. (Hayward, U. S. A.). These sections were stained with anti-
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GsdmA as described above.
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4. Results

4.1 Phenotype characterization of GsdmA-3 mutant mice

4.1.1 Rim3 mutant

4.1.1.1 GsdmA-3 is expressed in supra basal cell layer of epidermis, and the

expression starts at postnatal stage

It was reported that GsdmA-1 is expressed in skin and stomach (Saeki et. al., 2000).

Expression pattern of GsdmA-3 had been, however, unknown until this study. Therefore,

I first examined spatiotemporal expression patterns of GsdmA-3 in wild-type mice by

reverse transcription-PCR (RT-PCR). The result clearly showed that GsdmA-3 is only

expressed in skin, but not other organs (Figure 3A). The expression of GsdmA-1 starts

from E15.5, whereas the expression of GsdmA-3 starts from postnatal stage, and its

expression level gradually increased thereafter (Figure 3B).

I also carried out in situ hybridization with the probe that detects both GsdmA-

1 and GsdmA-3 mRNA. In wild-type mice, GsdmA-1 and/or GsdmA-3 are expressed in

supra basal cell layer of epidermis (black arrows, Figure 4A and 4C), sebocytes in

sebaceous glands (white arrows, Figure 4A and 4E) and inner root sheath (IRS) of hair

follicles (arrowheads, Figure 4A and 4G). In Rim3/+ mouse, GsdmA-1 and/or GsdmA-3

are similarly expressed in the supra basal cell layer of epidermis (black arrows, Figure

4B and 4D), and inner root sheath (IRS) of hair follicles (arrowheads, Figure 4B and

4H). Because the sebaceous glands were degenerated (Figure 4F), I could not observe

the expression of GsdmA-1 and/or GsdmA-3 in the sebocytes in Rim3/+ mouse.
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4.1.1.2 Abnormal hair follicle development and disturbed hair cycle

I examined whether degeneration of the hair follicles in Rim3 depends on the hair cycle.

Sagital sections of the dorsal skin of wild-type and the Rim3/+ mice at 1 month, 3

months and 10 months of age were stained with hematoxylin and eosin. The result

showed that developmental stage of the hair follicle is synchronized in the wild-type

mouse through all the ages (arrowheads in Figure 5A, 5D and 5G). The gross phenotype

of the Rim3/+ mouse at different age is shown in the right side in Figure 5. In the

Rim3/+ mouse at 1 month of age, the dermal papillas were formed in different

directions (arrowheads in Figure 5B), and keratins were accumulated in the upper hair

follicles (arrows in Figure 5B). Anagen phase and abnormal catagen phase coexisted in

the Rim3/+ mouse at 3 months of age (arrowhead and asterisk in Figure 5E,

respectively). Finally, all hair follicles were completely lost in the Rim3/+ mouse at 10

months of age (Figure 5H). These results suggest that the hair cycle is disturbed in the

Rim3/+ mice.

4.1.1.3 Misdifferentiation of the epidermis and the hair follicles

To analyze how the epidermal cells in Rim3/+ mice differentiate, I carried out

immunohistochemical analysis using the epidermal layer-specific antibodies. Sagital

paraffin sections of the dorsal skin of wild-type and the Rim3/+ mice at 3 months of age

were stained with anti-keratin antibodies. Staining with anti-K14 antibody detected

basal cell layer and outer root sheath (ORS) in the wild-type skins (arrows in Figure 6A).

In Rim3/+, I observed hyperplasia of epidermal and follicular cells (arrows in Figure
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6B). Keratin 10 (K10) is an epidermal marker of terminal differentiation. Staining with

anti-K10 antibody detected only granular layer in the wild-type mouse, but ectopic

expression of K10 was observed in the upper hair follicles in the Rim3/+ mouse (arrow

in Figure 6D). Keratin 6 (K6) is a marker of ORS and wounding epidermis (Mansbridge

and Knapp, 1987). In the Rim3/+ mouse, K6 expression was observed in hair follicles

and epidermis (arrows in Figure 6F). Thus, it appeared that Rim3/+ mice showed

hyperproliferation and misdifferentiation of epidermis and hair follicular cells.

4.1.1.4 Hyperproliferation of the upper hair follicular cells and interfollicular

epidermis

To characterize the proliferation of epidermal cells, the proliferating cells in the basal

layer and the hair follicles were labeled by BrdU labeling (arrows in Figure 7A and 7B).

In the Rim3/+ mouse at 3 months of age, an increased number of the BrdU-positive

cells was observed in the upper hair follicles and the interfollicular epidermis near the

hair follicles, as compared with those of the wild-type mouse (arrows in Figure 7A and

7B). The result showed hyperproliferative nature of the upper hair follicular cells and

the interfollicular epidermis in Rim3/+ mice.

4.1.1.5 Atrophic Sebaceous glands

Expression of GsdmA-1 and/or GsdmA-3 was observed in sebaceous glands. Therefore,

to analyze whether sebaceous glands are affected in Rim3/+ mice, I examined

sebaceous glands by Oil Red O staining. I found that there were almost no sebocytes in
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the Rim3/+ mouse at 3 months of age (Figure 8B). This suggested that the progeny cells

do not differentiate into sebocytes in Rim3/+ mice, after moving out of the bulge.

4.1.1.6 Localization of the GsdmA proteins to plasma membrane

To analyze localization of GsdmA proteins, I generated polyclonal antibodies against to

GsdmA-1 and GsdmA-3 by immunizing chicks with synthesized peptides of each

protein. The produced polyclonal antibodies, however, cross hybridize with each other,

and I couldn’t distinguish the GsdmA-3 from the GsdmA-1 by the antibodies. The result

of hybridization with the antibodies indicated that GsdmA-1 and/or GsdmA-3 are

expressed in epidermis, sebaceous glands and hair follicles of wild-type and Rim3/+

mouse (Figure 9A and 9B). In the epidermis of the wild-type and Rim3/+ mice, dotted

signals of GsdmA proteins are localized to cytoplasm and plasma membrane of supra

basal layers (arrow, Figure 9C and 9D). GsdmA proteins are not localized to cell

membrane that contacted with basal cells (Figure 9C and 9D). In the Rim3/+ mouse,

dotted signals of GsdmA proteins tends to be localized to cytoplasm (Figure 9F),

whereas in the wild-type mouse, the signals are mostly localized to cell membrane

(Figure 9E). In sebocytes of the wild-type mouse, the GsdmA proteins were rather

uniformly scattered in cytoplasm (Figure 9G).

To examine relationship between the localization of GsdmA proteins and

proliferation activity of cells, I carried out double staining of the BrdU-labeled wild-

type and Rim3/+ skin with anti-GsdmA and anti-BrdU antibodies. The result clearly

showed that GsdmA-positive cells do not overlap BrdU-positive proliferating cells,
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indicating that proliferative cells don’t possess GsdmA proteins (Figure 10A and 10B).

In electron microscopic observation, the plasma membrane of all layers in the

inner root sheath (IRS), especially in Henle’s (He) layer, was labeled with gold particles

in the wild-type mouse (arrows in Figure 11B). In the high magnification, the particles

were observed in the vesicles (arrowheads in Figure 11B) and organelles (arrows,

Figure 11C). In sebocytes, the particles were specifically detected in unknown high-

density granules (arrow in Figure 11D and 11E).

4.1.2 M00745 mutant

4.1.2.1 M00745 has a point mutation in GsdmA-3

A dominant skin mutant M00745 was generated by the ENU-mutagenesis project of

RIKEN Genomic Sciences Center, and it exhibits scarring alopecia resembling the

phenotype of Rim3 and Re den. First, I carried out linkage analysis based on totally 70

backcross progeny generated from a backcross of (M00745/+ X JF1) F1 to JF1. This

inter-subspecific backcross revealed tight linkage of the M00745 mutant gene to a

marker D11Mit124 and the GsdmA cluster (Figure 12A). Sequencing of the M00745

mutant revealed a point mutation in GsdmA-3, but not in GsdmA-1. This single base-

substitution T1408A in exon 11 of GsdmA-3 changes the codon442 for Tyrosine to the

Stop codon (Figure 12B). The amino acid sequence A-L-Y including the Tyrosine442 is

conserved among all members of the Gsdm family (Figure 2C). The M00745 mutation

gives rise to truncated GsdmA-3 protein that lacks 22 amino acids of the very end of the

C-terminus.
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4.1.2.2 Corneal opacity correlates to misdifferentiation of meibomian glands

To elucidate phenotypic difference of two mutations, Rim3 and M00745, I employed

histological analysis of the two mutant mice. Degenerated hair follicles, atrophy of

sebaceous glands, hyperproliferation of epidermis and hair follicles were observed in

the both mutants, but epidermis of M00745/+ mice was much thicker than that of the

Rim3/+ mouse (Figure 13). Another difference observed between Rim3/+ and

M00745/+ mice was late-onset corneal opacity. Rim3/+ mice exhibited corneal opacity

after 3 months of age (Sato, et al., 1998) (Figure 14D and 14F), whereas M00745/+

mice did not even after 10 months of age (Figure 14G). Eyelids have modified

sebaceous glands, referred to as meibomian glands, which secrete meibum, the oily

material, which prevents corneal surface of eyes from drying out (Tiffany, 1985). I

found that meibomian glands of the Rim3/+ mouse were cystic and seemed to be

dysfunctional, but M00745/+ mouse has cells containing meibum (Figure 15E, 15F and

15G). It suggested that meibum lipid is depleted in Rim3/+, but not in M00745/+. The

affected structure of the meibomian glands may explain the late-onset corneal opacity

specifically observed in Rim3/+ mice (Figure 14 and 15).

A higher magnification of the meibomian glands of the M00745/+ mouse at 10

months of age showed an ectopic hair-like structure in the meibomian glands (white

arrowheads in Figure 15H), suggesting abnormal differentiation of the stem cells in the

meibomian glands in M00745 mutant mouse. Difference of the phenotypes between

Rim3/+ and M00745/+ mice may be attributable to difference of the mutation type in
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GsdmA-3. It is also possible that different genetic background of the Rim3/+ and

M00745/+ is responsible for the difference.

4.2 Functional analysis of GsdmA-3 using mice double heterozygous for Rim3 and

Trp53- mutant alleles

4.2.1 Generation of double heterozygotes of Rim3 and Trp53 mutations

As collaboration with Dr. H. Sasaki of National Cancer Institute, Tokyo, it was

demonstrated that a human homologue of GsdmA cluster genes, GSDMA, has a tumor

suppressor activity (paper submitted). Furthermore, this study indicated that mutations

of GsdmA-3 results in hyperproliferation of epidermal cells. Therefore, I intended to test

whether GsdmA-3 has tumor suppressor activity or whether it is involved in a pathway

of tumor suppression. In human, several skin tumors frequently have mutations in

Transformation related protein 53 (Trp53) gene (Giglia-Mari and Sarasin, 2003). Mice

heterozygous for Trp53 knockout allele (Trp53-) are known to predominantly develop

lymphomas, but never develop skin tumors without chemical or physicochemical

induction (Donehower, et al., 1992). Rim3/+ mice scarcely develop skin tumors except

that they are over 20 months of age (data not shown). To examine whether GsdmA-3

deficient mice are susceptible to skin tumor induction, I generated mice heterozygous

both for Rim3 and Trp53- alleles. As GsdmA-3 and Trp53 are linked on the mouse

chromosome 11, the Rim3/+ mice were crossed to Trp53- heterozygotes, and the

progeny mice that harbored both mutant alleles were used in the later experiment.
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4.2.2 Incidence of spontaneous skin tumors in the double heterozygotes

The tumor incidence was assessed by monitoring spontaneous skin tumor development

��in mice generated from the cross of Rim3/+ and Tr53-/+ �mice. � Cumulated incidence of

skin tumors in the mice with each of the four different genotypes was obtained by

observation for 12 months of time course after birth (Figure 16). The double

heterozygous mice (GsdmA-3Rim3/+; Trp53-/+) began to develop grossly visible skin

tumors around 7 months of age. The tumors were multiple and predominantly observed

in the head and neck, but merely observed in the trunk and buttock (Table 1, Figure 17C

and 17D). By 12 months, 80 % (17 of 21) of the double heterozygous mice developed

tumors. In contrast, mice heterozygous for single Trp53- mutation never develop skin

tumors (0 of 20), although they developed a few non-skin tumors. The frequency of the

visible skin tumors developed in the double heterozygous mice was remarkably higher

than those in the two other single heterozygous mice, Rim3/+ and Trp53-. This result

suggested that function of GsdmA-3 is involved in tumor suppression in mouse skin.

4.2.3 Pathological analysis of the skin tumors developed in the double

heterozygotes

Pathological analysis was carried out for the skin tumors developed in the double

heterozygotes of Rim3 and Trp53- mutations. Macroscopic observation indicated that

some tumors were grossly similar to human keratoacanthoma (KA) with characteristics

of hemispheric and smooth tumor and a horny plug in the center (Figure 17A and 17B).

The KA-like mouse tumors included keratinized cells surrounded by low atypical
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squamous cells. Invasion of tumor cells into dermis was not seen in these KA-like

tumors. The double heterozygotes also develop multiple tumors, histology of which was

very similar to human squamous cell carcinoma (SCC). These SCC-like tumors were

developed in the head and neck (Figure 17C, 17D and 17E). They exhibited

dyskeratosis and proliferation of squamous cells with various size of nuclear and

formed many horn pearls (arrows in Figure 17I). I observed invasion of the tumor cells

into deeper structures. Furthermore, lymph nodes at the periphery of the SCC-like

tumors included well-differentiated metastatic squamous cell carcinoma (Figure 17J).

4.2.4 Mouse GsdmA-1 and GsdmA-3 and human GSDMA proteins are

downregulated in skin tumors

To elucidate relationship between the expression of GsdmA-3 and tumor development, I

examined localization of GsdmA-3/GSDMA proteins in the skin tumors. Skin tumors

developed in the double heterozygous mice and sections of human SCC were stained

with anti-GsdmA antibody. At the same time, I examined the expression pattern of the

GsdmA-3/GSDM proteins in normal skins of mouse and human as control experiment.

The localization of the GsdmA-3 proteins in normal mouse skin was already described

in this thesis (see section 4.1.1.5). In human normal skin, GSDMA protein is intensely

localized in granular layer, and weekly detected in plasma membrane of spinous layers

(black arrows in Figure 18B). The GsdmA-1 and/or GsdmA-3 proteins were localized in

sebaceous glands in mouse skin, but human GSDMA was not detected in sebaceous

glands (white arrows in Figure 18C). It may indicated that GsdmA-3, but not GsdmA-1,
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is expressed in mouse sebaceous glands, because the amino acid sequence of human

GSDMA is much more similar to the mouse GsdmA-1 than to GsdmA-3.

In human, ductal epithelium (arrows in Figure 18D and 18E) and intra-ductal

component of sweat glands (white arrows in Figure 18E) were also densely stained by

anti-GsdmA antibody. In mouse, sweat glands only exist in foot pads. The expression of

GsdmA-1 and/or GsdmA-3 in mouse sweat glands is not examined in this study.

In the double heterozygous mouse that developed SCC, the supra basal layers

in the hyperplastic epidermis adjacent to the SCC were stained with anti-GsdmA

antibody (Figure 19A). Neoplastic cells in the SCC are not stained (Figure 19B), but

keratinized cells (arrowheads in Figure 19B) are weekly stained. Likewise, in human

SCC, supra basal layers in the hyperplastic epidermis adjacent to the SCC were stained

with the same antibody (Figure 19C). Localization of GSDMA shows polarity; the

signals of the antibodies become stronger toward the superficial layer (arrowheads in

Figure 19C). In human SCC that is invading dermis, neoplastic cells are not stained

with the anti-GsdmA antibody (Figure 19D).

Serial sections of the hyperplastic epidermis in the double heterozygous mouse

with SCC were stained with HE or the anti-GsdmA antibody. Notably, localization of

GsdmA proteins was changed depending on stages of epidermis differentiation, which

can be monitored by the nuclear staining with HE. The GsdmA protein(s) was absent in

the basal layer (white arrowheads in Figure 20A and 20B). The proteins appeared in the

membrane of cells during differentiation stage (asterisk in Figure 20A and 20B), and in

the cytoplasm of the terminal differentiated cells (arrowheads in Figure 20A and 20B).
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5. Discussion

5.1 GsdmA-3 controls proliferation and differentiation of bulge stem cells

Previous study of our group had shown that the two mouse mutations, Rim3 and Reden,

are mapped to the same region in chromosome 11, and that they exhibit similar

phenotype such as hyperkeratosis and corneal opacity (Sato et al., 1998). Before I

started this study, it was revealed that Rim3 and Reden have a missense mutation and an

apposition of two amino acids in the GsdmA-3 gene, respectively. However, the function

of GsdmA-3 had been largely unknown, because in-depth characterization of the

phenotype of the two mutants had not been done until this study. In a separate study of

our group, it was also established that GsdmA-3 is a member of novel gene family,

Gsdm (Tamura et al., paper in preparation). The Gsdm family commonly share unique

leucine-rich C-terminus domain. Again, the function of the motif and the function of the

member of the Gsdm family were unknown.

I have extended the previous studies of our group in order to elucidate the

biological function of the GsdmA-3 gene. I took two approaches to reveal the function

of GsdmA-3. First, I carried out thorough characterization of the phenotype of the

GsdmA-3 mutants. Second, I analyzed detailed expression pattern of the mouse GsdmA-

3 and the human homologue GSDMA both in normal skins and skin tumors. The present

studies showed that mouse GsdmA-3 and human homologue GSDMA are expressed in

differentiated keratinocytes in supra basal cell layer of epidermis and in hair follicles,

but not in proliferating cells in basal cell layer, as well as neoplastic cells. The

expression of GsdmA-3 starts at postnatal stage, and thereafter increased gradually.
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Since the three mouse mutants of GsdmA-3 similarly exhibit hyperplastic epidermis and

misdifferentiation of the epidermal cells, GsdmA-3 likely functions to downregulate

proliferation of epidermal stem cells, and to regulate differentiation of epidermal cells.

I found that BrdU positive cells reside in the basal layer from the upper

follicular to interfollicular epidermis in Rim3/+ mice at 3 months of age. (Figure 6H). It

is known that bulge stem cells migrate bi-directionally; upward to epidermis and

downward to lower follicular epidermis. Therefore, the Rim3 phenotype was likely

caused by unidirectional upward migration of proliferating cells from the bulge to the

epidermis (Figure 21). Since in Rim3/+ mice BrdU positive cells are less frequently

observed in the center of the interfollicular epidermis, but more frequently in the

epidermis closer to the follicles, it is conceivable that the Rim3 mutation affects

property of the bulge stem cells in hair follicles, but not property of the stem cells in

basal layer of epidermis. I observed ectopic expression of K10, which is an

interfollicular epidermal marker, in the follicular epidermis of Rim3/+. The hair follicles

no longer maintain the tubular structure by switching of morphogenetic program from

follicular epidermis to interfollicular epidermis. Finally, the hair follicles are

degenerated in Rim3/+ mice. All the results in this study, thus, suggested that GsdmA-3

regulates cell lineage from bulge stem cells.

It was reported that Wnt signaling regulates cell lineage of bulge stem cells

(Merrill, et al., 2001; Huelsken, et al., 2001; DasGupta, et al., 2002; Niemann, et al.,

2002). When function of β-catenin is conditionally knockout in mouse epidermis from

postnatal stage, the bulge stem cells can only differentiate into the epidermal lineage
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(Huelsken, et al., 2001). It was reported that over-expression of delta-N Lef1 that lacks

β-catenin binding sites in the epidermis leads to hair loss from 6 weeks of age and

developed spontaneous tumors (Niemann, et al., 2002). That report indicated that hair

follicular keratinocytes undergo differentiation into interfollicular epidermis. The

phenotype of the above knockout mutant mice closely resembles that of Rim3 in that

differentiation of the bulge stem cells into the epidermis is affected. Therefore, it is

possible that GsdmA-3 is involved in inhibition of β-catenin signaling via Lef1 in

epidermis.  

5.2 The C-terminus domain is essential for the function of Gsdm/GSDM proteins

Each member of the Gsdm family, except for GSDMB, shows a characteristic expression

pattern in epithelial tissue. GsdmA/GSDMA is expressed in the stratified squamous

epithelium from skin to stomach. GsdmC/GSDMC and GsdmD/GSDMD are expressed

in the gastrointestinal epithelium. In human, GSDMB is expressed in many kinds of

tumor tissues and cancer cells (data unpublished). GSDMA and GSDMB are mapped to

human chromosome 17q21, and GSDMC and GSDMD are mapped to 8q24, these two

gene clusters reside in the vicinity of amplicon, which is frequently amplified in tumor

cells (Bieche, et al., 1996; Feo, et al., 1996). This fact also supports that the common

function of Gsdm/GSDM family is related to regulation of proliferation and

differentiation of epithelial cells.

It was reported that GSDMC/MLZE, which is expressed in human melanoma,

has a leucine-zipper motif (Watabe, et al., 2001). However, it appeared in the separate
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study of our group that this motif is not conserved among the Gsdm/GSDM family, but

the motif found in the N-terminus and the unique leucine-rich C-terminus domain are

highly conserved in the all family members. Besides Rim3 and Reden, in this study I

identified a third mutation in GsdmA-3. This mutation M00745 has a single base

substitution, T1408A, which leads to nonsense mutation, Tyr442Stop. The tyrosine was

included in the triplet amino acid sequence A-L-Y, which is conserved among all of the

Gsdm/GSDM family (Figure 2C). In the Rim3 mutation, the conserved Alanine is

changed to Threonine (Ala348Thr). In the Reden mutation, the length of interval of two

conserved leucine residues, Leu399 and Leu413, is expanded by apposition of the two

amino acids Glu-Ala. Thus, all three mutations occurred in the leucine-rich C-terminus

domain of GsdmA-3. This fact suggests that the conserved C-terminus domain has

essential role in the function of the Gsdm/GSDM family, possibly in regulation of

proliferation and differentiation of epithelial cells.

5.3 GsdmA-3 regulates differentiation of sebaceous glands and meibomian glands

In this study, I couldn’t distinguish the expression pattern of GsdmA-3 from that of

GsdmA-1 by in situ hybridization and immunohistochemistry, because of cross-

hybridization of the cRNA probes and antibodies. The expression pattern of the

GsdmA-3 protein was, however, inferred from the immunohistochemical analysis with

human and mouse skins. As mentioned earlier in this thesis, there are two related genes,

GsdmA-1 and GsdmA-3, in mouse genome, but there is only one gene GSDMA in the

human genome. The amino acid sequence of the mouse GsdmA-1 is much closer to that
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of human GSDMA than to the mouse GsdmA-3. I found that the anti-mouse GsdmA-

1(37) antibody produced in this study reacts with both mouse and human samples, but

the same antibody gives strong signals for mouse sebocytes in sebaceous gland, but not

for human sebocytes. All these data suggest that GsdmA-3, but not GsdmA-1, is

expressed in mouse sebocytes.

I found that Rim3/+ mice have abnormal meibomian gland. The meibomian

gland is secretary organ in eyelids, as is the sebaceous glands associated with hair

follicle. It is holocrine gland and secretes contents by burst of the terminally

differentiated cells. Developmental origin of meibomian gland, however, is different

from sebaceous gland. The progenitor cells of meibomian gland have different lineage

from bulge stem cells (Olami, et al., 2001). Notably, the phenotype of meibomian

glands was different between Rim3/+ and M00745/+ mutant mice, although both

mutations affect the sebaceous gland associated with hair follicles. The M00745/+ mice

possess sebocytes in the meibomian glands, but showed abnormal differentiation such

as formation of ectopic hair-like structure and hyperplasia of the ductal epithelium. On

the other hand, in Rim3/+ mice the meibomian glands are cystic and hyperplastic, and

no sebocytes were observed. Both Rim3/+ and Reden/+ mice exhibited corneal opacity at

3 months of age (Sato et al., 1998), but not M00745/+mice. The phenotype of the

meibomian glands in Rim3/+ mutants is much more sever than that of the

M00745/+mice. The difference of these phenotypes may be attributable to the

difference of the mutation-types of GsdmA-3. The results suggested that the conserved

C-terminus and/or A-L-Y sequence have a function to regulate sebocyte differentiation,
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regardless of cell lineage of the sebocytes.

5.4 GsdmA-3 is involved in suppression of skin tumors development

This study clearly showed that the double heterozygotes of Rim3 and Trp53- mutations

developed multiple skin tumors. Thus, the mice represent a new animal model of

spontaneous squamous cell carcinoma (SCC). The GsdmA-3 and GSDMA proteins are

absent in proliferating cells in basal layer and dermal papilla of mouse and human

normal skins. I found that these proteins are completely diminished or downregulated in

skin tumors of both mouse and human. All the results suggested that GsdmA-3 and

GSDMA play a key role in suppression of tumor development. This is supported by the

data obtained from collaboration with Dr. H. Sasaki of National Institute of Cancer,

Tokyo, that colony formation of gastric tumor cells was suppressed by transfection with

the wild-type GsdmA-3 and GSDMA genes, and that the suppression was significantly

reduced by transfection with the Rexden-type mutant GSDMA gene (paper submitted).

There are many lines of evidence that function of tumor suppressor genes is

inactivated in tumors. For example, PTEN/Pten, as known tumor suppressor of prostate

cancer (Nelson and Carducci, 2000), is frequently inactivated by methylation of the

promoter (Goel, et al., 2004). Loss of heterozygosity (LOH) of PTEN/Pten is also

shown in hereditary cancer syndrome Cowden’s disease (Trojan, et al., 2001). In the

skin of Pten deficient mice, hyperkeratosis and spontaneous tumors are observed

(Suzuki, et al., 2003), as is the case of Rim3 and Trp53- double heterozygous mutants.

Methylation of the promoter might be one of mechanism by which the expression of
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GsdmA-3 and GSDMA are downregulated in skin tumors, because it was found that

GSDMA was frequently silenced by DNA methylation in human gastric cancers

(unpublished data). LOH and the methylation of the GsdmA-3/GSDMA promoter remain

to be tested in mouse and human skin tumors in future study.

5.5 Molecular function of GsdmA-3 and other GsdmA/GSDMA proteins in

regulation of proliferation and differentiation of epidermal cells

Although the expression of GsdmA-1 was not distinguished from that of GsdmA-3 in

this study, at least either GsdmA-1 or GsdmA-3 is expressed in differentiated

keratinocytes in supra basal layer, and both genes are not expressed in proliferating cells

in basal layer of interfollicular epidermis and upper follicular epidermis, as well as

neoplastic cells. Then, it is puzzling that GsdmA-3 expressing cells are physically

distant from basal cell layer, which is affected in the GsdmA-3 mutations. One may

interpret this by a model as shown in Figure 22. In this model, differentiated cells in

supra basal layer may have an activity to suppress proliferation of differentiated cells

and stem cells in basal layer by either direct cellular interaction or secreted signal(s). In

epidermis of GsdmA-3 mutants, the differentiated cells possibly lose the suppressive

activity. This model is supported by following facts: i) Transfection with wild-type

GsdmA-3 and human GSDMA genes suppresses proliferation of human gastric tumor

cells, but the Rexden-type mutant human GSDMA gene showed reduced suppression

activity. Thus, the GsdmA-3 mutation likely decreases or loses the suppressive activity

of the GsdmA-3 and GSDMA genes. ii) It was reported that differentiated cells in supra
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basal layer negatively regulates proliferation of basal stem cells. For instance,

conversion of carcinogen-induced papilloma to malignant SCC is less frequently

observed in transgenic mice, in which α3β1 integrin is overexpressed in the supra basal

layer of epidermis, than in wild-type mice (Owens, et al., 2001). It was also reported

that in the olfactory epithelium, differentiated neurons produce growth and

differentiation factor 11 (Gdf11), which inhibit proliferation of precursor cells as a feed

back system (Wu et al., 2003). Taken together, the model is most likely mechanism by

which physically distant differentiated cells in supra basal layer regulate proliferative

stem cells in basal cell layer.  

At present, it is unclear why the GsdmA-3 mutants show unidirectional

migration of stem cells. The hyperproliferation was initially observed in the

interfollicular and the upper follicular epidermis in Rim3/+ mice (data not shown).

Therefore, it is likely that GsdmA-3 is predominantly expressed in interfollicular and

upper follicular epidermis, and the function of the GsdmA-3 may regulate proliferation

and differentiation of stem cells in the bulge region.

Immunoelectron microscopic observation in this study indicated that GsdmA-

1/GsdmA-3 proteins are localized in cytoplasm and plasma membrane, and localization

of the proteins in undefined vesicles was also observed. The results may imply that the

function of the GsdmA proteins is correlated to the signal transduction from plasma

membrane. It was reported that absence of Caveolin-1, a principal component of

caveolar membrane coat, increases susceptibility to epidermal hyperplasia and skin

tumor by oncogenic stimulus (Capozza, et al., 2003). In other reports, Connexin 26
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(Cx26), which acts to form gap junction, is expressed in suprabasal layer. In human,

mutation of Cx26 is found in the true Vohwinkel syndrome (VS) (Maestrini, et al.,

1999), which is characterized by the hyperproliferation of the epidermis of palms and

soles (Vohwinkel, 1929). Targeted epidermal expression of mutant-type Cx26 in

suprabasal layer mimics the VS (Bakirtzis, et al., 2003). Moreover, it is known that

localization of Cx26 is shifted from intercellular junction to cytoplasm in the case of VS.

Likewise, the localization pattern of GsdmA proteins differs in Rim3/+ and the wild-

type mice. The proteins are accumulated in the cytoplasm in the spinous and the

granular layers in the Rim3/+ mice, but not in wild-type mice. It was also observed in

this study that localization pattern of GsdmA-1 and GsdmA-3 proteins coincide with the

staining pattern of the nuclear by HE. It is possible that the change of intra-cellular

localization of the GsdmA proteins modulates their function related to proliferation and

differentiation of epidermal cells. The GsdmA proteins localized in plasma membrane

may act to downregulate cell proliferation. The proteins localized in the cytoplasm may

facilitate terminal differentiation.

Another possible mechanism by which the GsdmA proteins suppress the

proliferation of basal stem cells may be employed as secreted factors. Terminal

differentiating keratinocytes produce transforming growth factor-β (Tgf-β), which is

known to inhibit epidermal proliferation (Akhurst, et al., 1988). In human, GSDMA is

also localized in intra-ductal component of eccrine sweat glands (Figure 18D and 18E).

Like exocrine glands, eccrine sweat glands secrete sweat including growth factor such

as interleukin-1α (IL-1) (Sato and Sato, 1994) and epidermal growth factor (EGF) (Saga
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and Jimbow, et al., 2001). As GsdmA proteins are localized in plasma membrane and/or

undefined vesicles/organelles, GSDMA proteins are possibly secreted through cell

membranes, and act as a negative regulator for cell proliferation.
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Figure 1. Diagram of epidermal stem cells and hair cycle. (A) Location and migration

of epidermal stem cells. Epidermal stem cells reside in both basal layer and bulge of

hair follicles. While the stem cells in basal layer differentiate into epidermal

keratinocytes, those in bulge give rise to not only hair follicles but also interfolliculer

epidermis and sebaceous glands. (B) Morphological change of hair follicle during hair

cycle. In postnatal stage, hair follicles periodically exhibit growth and regression.

Dermal papilla grows toward to dermis in deep and hair shaft also grows from the

dermal papilla in the anagen phase. In the phase known as catagen, lower hair follicles

are degenerated by apoptosis. This draws the dermal papilla up to the bulge region

(broken line). Following this resting period known as telogen, hair shaft stops the

growth and comes off.





Figure 2. Genomic structure of the GsdmA/GSDMA genes and phylogenic tree of

Gsdm/GSDM gene family. (A) Genomic structure of GsdmA/GSDMA genes. (B)

Phylogenic tree of the Gsdm/GSDM gene family. The tree was constructed by the NJ

method. Multiple amino acid sequences were aligned using CLUSTALW

(http://www.ddbj.nig.ac.jp). (C) Sequence alignment of the Gsdm gene family. Magenta

boxes1 and 2 indicate antigen peptides used for production of anti-GsdmA antibodies:

box1(37CLVLRKRKSTLF) is common among GsdmA-1, GsdmA-2, GsdmA-3 and

GSDMA and used for production of anti-GsdmA antibody; box2

(246QMISEEPEEEKLIG) is specific to GsdmA-3 and used for production of anti-

GsdmA-3 antibody. Green boxes 1, 2 and 3 indicate positions of the Rim3, Reden and

M00745 mutations, respectively. The identical amino acid residues through all the

family members are asterisked below the alignment. A colon and a period indicate

substitutions with highly conserved and less conserved residues, respectively.







Figure 3. Analysis of expression patterns of GsdmA-1 and GsdmA-3 by RT-PCR. (A)

Spatial expression patterns of GsdmA-1 and A-3. GsdmA-1 is expressed in skin and

stomach, and GsdmA-3 specifically in skin. GsdmA-2 is expressed only in stomach (data

not shown). (B) Analysis of temporal expression patterns of GsdmA-1 and A-3 in skin

by RT-PCR. The expression of GsdmA-1 starts at E15.5 and continues through all

embryonic stages to postnatal stage. The expression of GsdmA-3 starts from postnatal

stage in skin.





Figure 4. Expression analysis of GsdmA-1 and GsdmA-3 by in situ hybridization.

Sagital cryosections of dorsal skin of 1 month-old wild-type (A, C, E and G) and

Rim3/+ (B, D, F and H) mice were hybridized with a cRNA probe that hybridize

GsdmA-1 and GsdmA-3. GsdmA-1 and/or GsdmA-3 are expressed in granular layer of

interfolliculer epidermis in wild-type and Rim/3 mice (arrows in A, B, C and D), and are

intensely expressed in sebaceous glands in wild type (white arrows in A and E). In hair

follicles, they are expressed in the inner root sheath (IRS) in wild-type and Rim/3 mice

(arrowheads in A, B, G and H), but are not expressed in the dermal papilla (dp) (G and

H). In Rim3/+ mice, no expression of the genes was observed in the sebaceous glands,

because of abnormal morphology of the glands in Rim3/+ (F). The broken line indicates

basal lamina (C and D). Asterisks are melanin in the hair (A, C, D and H). Scale bar is

50 µm.





Figure 5. Time course of histological change of the hair follicles of Rim3/+ mice.

Sagital sections of dorsal skin of 1 month-old (A and B), 3 months-old (D and E) and 10

months-old (G and H) wild-type and Rim3/+ mice were stained with Hematoxylin and

Eosin. The gross phenotype of 1 month- (C), 3 months- (F) and 10 months-old (I)

Rim3/+ mice. The developmental stages of the hair follicles are synchronized in wild-

type mouse through the all ages (arrowheads in A, D and G). In 1 month-old Rim3/+

mice, the dermal papillas were formed in different directions (arrowheads in B) and

keratins were accumulated in the upper hair follicles (arrows in B). Anagen phase and

abnormal catagen phase coexist in Rim3/+ (arrowhead and asterisk in E). Finally, all

hair follicles were completely lost in Rim3/+ (H). Scale bar is 50 µm.





Figure 6. Immunohistochemical analysis of differentiation of the epidermis in Rim3/+

mouse. Sagital paraffin sections of dorsal skin of wild-type (A, C, E and G) and Rim3/+

mouse (B, D, F and H) at 3 months of age were stained with anti-keratin antibodies. The

green signal depicts the staining of the antibodies, and the red DAPI DNA staining (A-

F). Staining with anti-K14 antibody (A and B), which recognizes basal layer and outer

root sheath (ORS) in wild-type skins, revealed hyperplasia of epidermal and follicular

cells in Rim3/+ (arrows in A and B). Staining with anti-K10 antibody (C and D), which

detects granular layer in the wild-type mouse and is an epidermis marker of terminal

differentiation, showed ectopic expression in the upper hair follicles in Rim3/+ (arrow

in D). K6 is a marker of ORS and wounding epidermis in wild-type mouse (E). K6 was

expressed in the hair follicles and the epidermis of Rim3/+ (arrows in F). Scale bar is 50

µm.





Figure 7. Proliferation of the epidermal cells in Rim3/+ mouse. To analyze of

proliferation of epidermal cells, incorporation of BrdU in basal layer and hair follicles

was assayed with anti-BrdU antibody. In 3 months-old Rim3/+ mouse, an increased

number of BrdU-positive cells were observed in the upper hair follicles and the

interfolliculer epidermis (arrows in B), as compared with that of the wild-type mouse

(arrows in A). Scale bar is 50 µm.





Figure 8. Detection of sebocytes in sebaceous glands by Oil Red O staining.

Cryosections of dorsal skins of the wild-type (A) and Rim3/+ mice (B) at 3 months of

age were stained with Oil Red O and Hematoxylin. Sebaceous glands reside in the

upper portion of bulge in the wild-type mouse (arrows in A). No sebocyte was observed

in Rim3/+ mouse (B). Scale bar is 50 µm.





Figure 9. Localization of GsdmA-1 and/or GsdmA-3 proteins revealed by

Immunohistochemical analysis. Sagital paraffin sections of dorsal skin of the wild-type

(A and C) and Rim3/+ mice (B and D) at 9 days after birth were stained with anti-

GsdmA antibody. This antibody recognizes both GsdmA-1 and GsdmA-3 protein. The

green signal depicts the staining of the antibody, and the red DAPI DNA staining (A-D).

High magnification of A and B were shown in C and D, respectively. The results of

analysis using confocal microscopy were shown in E, F and G. The broken line

indicates basal lamina in Figure C and D. Scale bar is 50 µm.





Figure 10. Localization of the GsdmA-1 and /or GsdmA-3 proteins and proliferating

cells. The signals of GsdmA-1 and/or GsdmA-3 proteins (green) were not overlapped

with the signals of BrdU (magenta) in the epidermis of the wild-type (A) and Rim3/+

(B). Scale bar is 50 µm.





Figure 11. Fine analysis of location of the GsdmA proteins by immunoelectron

microscopy. Immunoelectron microscopic horizontal images of hair follicle (A, B and

C) and vertical images of sebaceous gland (D and E) are shown. B, C and E are higher

magnifications of the insets in A and D, respectively. The plasma membrane of Henle’s

(He) layer in the inner root sheath (IRS) is labeled with gold particles (arrows in B).

Particles are observed in vesicles (arrowheads in B) and organelles in the Huxley’s (Hu)

layer (arrows in C). In sebocytes, particles were specifically detected in unknown high-

density granules (arrow in D, E). ORS, outer root sheath; IRS, inner root sheath; He,

Henle’s layer; Hu, Huxley’s layer; HS, hair shaft; Th, trichohyalin granule; Nu, nuclear;

SC, sebocyte.





Figure 12. Gene mapping of M00745 and identification of mutation in GsdmA-3. (A)

Genetic map of M00745. Microsatellite markers used in the linkage analysis are shown

at the right side of the map. M00745 was mapped to the region linked to D11Mit124 and

the GsdmA cluster in chromosome 11. (B) Sequence analysis of GsdmA-3 in M00745

mutant mice. M00745 has a single base substitution, T1408A, which caused nonsense

mutation, 442Tyrosine to Stop codon.





Figure 13. Histological analysis of the epidermis of M00745/+ and Rim3/+ mice.

Sagital sections of dorsal skin of 1 month (A and B) and 10 months (C and D) old

M00745/+ and Rim3/+ mice were stained with Hematoxylin and Eosin. Although

degenerated hair follicles, atrophy of sebaceous glands, and hyperproliferation of

epidermis and hair follicles were commonly observed in the both mutant mice, the

epidermis of the M00745/+ mice was thicker than that of Rim3/+ through the all ages.

Scale bar is 50 µm.





Figure 14. Late-onset corneal opacity in Rim3/+ mouse. Typical gloss phenotype of the

cornea of 1 month (A and B), 3 months (C and D) and 10 months (E, F and G) old wild-

type (A, C and E), Rim3/+ (B, D and F) and M00745/+ (G) mice. At 3 months of age,

the cornea of Rim3/+ mouse showed mild opacity (D). At 10 months of age, the

phenotype became much severe. The corneal epithelium exhibited hyperkeratinaization

(F). M00745/+ mice showed no corneal opacity even at 10 month of age (G).





Figure 15. Histological analysis of meibomian glands in Rim3/+ and M00745/+ mice.

Sagital sections of upper eyelids of 1 month (A and B), 3 months (C and D) and 10

months (E, F, G and H) old wild-type and Rim3/+ and M00745/+ mice were stained

with Hematoxylin and Eosin. In the wild-type mouse (A, C and E), meibomian glands

have lobular cells (black arrows) containing meibum and are separated from hair

follicles. In the Rim3/+ mouse, the ductal epithelium of meibomian glands show

hyperplasia (asterisks in B, D and F). There are few lobular cells at 3 months of age and

no lobular cells except for cysts are observed at 10 months of age (white arrows in D

and F). At 10 months of age, M00745/+ mouse have many lobular cells as the wild-type

mouse (black arrows in G and H), but the morphology of meibomian glands is abnormal

and cysts are observed (white arrows in G). Ectopic hair-like structure is observed in

highly magnified image of the meibomian glands of 10 months-old M00745/+ mouse

(white arrowheads in H). dc, duct; hf, hair follicle. Scale bar is 100 µm.





Figure 16. Cumulative incidence of skin tumors in mice heterozygous both for the Rim3

and Trp53 KO (p53-) alleles. Percentage of mice that developed skin tumors were

monitored from 1 month of age to 12 months of age. Blue line, wild-type mice (GsdmA-

3+/+; Trp53+/+); pink line, Trp53 heterozygous mice (GsdmA-3+/+; Trp53+/-); yellow

line, Rim3/+ mice (GsdmA-3Rim3/+; Trp53+/+); red line, double heterozygous (GsdmA-

3Rim3/+; Trp53+/-) mice. Numbers in the parentheses were mice used in the test.





Figure 17. Macroscopic and histological analysis of skin tumors developed in the

double heterozygous (GsdmA-3Rim3/+; Trp53+/-) mice. The macroscopic views (A-E)

and the histology of skin tumors (F-J) are shown. The section of the SCC (D) is shown

in F. Highly magnified images of the insets in F are shown in G-I. Epidermal layer (e,

darker stain) is thickened and expanded with stratified squamous epithelium that is

covered by massive amounts of dense layered keratin (k in F). The epidermis adjacent

to SCC shows hyperplasia (G). The SSC exhibits dyskeratosis and proliferation of

squamous cells with various size of nuclear (H) and formed many of horn pearls (arrow

in I). Metastasis of SCC is observed in lymph node at the periphery of the SCC (J). In

the lymph node, stratified epithelium (e) is embedded in lymphocytes (ly) and is well

differentiated to keratin (k). White line in D indicates cut line of the section in F. In the

section F, k, keratin; e, epidermis; ly, lymphocytes. Scale bar is 50 µm (G, H and I) and

100 µm (J).





Figure 18. Localization of GsdmA-1/GSDMA and GsdmA-3 proteins in mouse and

human normal tissues. The sections of wild-type mouse skin (A), normal human skin (B,

C, D and E) were stained with Hematoxylin and Eosin (HE), and anti-GsdmA antibody.

Arrowheads in B indicate melanocytes. e, epidermis; sb, sebocytes; hf, hair follicles; sg,

sweat glands. Scale bar is 50 µm.





Figure 19. Localization of GsdmA-1/GSDMA and GsdmA-3 proteins in mouse and

human skin tumors.

The sections of mouse SCC that developed in the double heterozygotes (A and B) and

human SCC (C and D) were stained with Hematoxylin and Eosin (HE), and anti-

GsdmA antibody. Scale bar is 50 µm.





Figure 20. Localization pattern of GsdmA-1 and/or GsdmA-3 proteins in hyperplastic

epidermis. Serial sections of hyperplastic epidermis in the double heterozygous mouse

with SCC were stained with HE or the anti-GsdmA antibody. White arrowheads indicate

basal cell layer. Bar with asterisk indicates differentiated cell layers. Black arrowheads

indicate final differentiated cell layers. The broken line indicates basal lamina. Scale bar

is 50 µm.





Figure 21. Summary of the phenotype of the Rim3 mutant. In wild-type epidermis,

bulge stem cells upwardly migrate to interfollicular epidermis and downwardly migrate

to lower follicular epidermis. In Rim3/+ epidermis, the bulge stem cells predominantly

migrate to the interfollicular epidermis, resulting in abnormal differentiation and

proliferation of the upper follicular epidermis.





Figure 22. Feedback model of proliferation-suppression of stem cells by differentiated

supra basal epidermis. In wild-type mice, differentiated epidermal cells in the supra

basal layer negatively regulate the proliferation of the stem cells in the basal layer. In

Rim3/+ mice, abnormal differentiated cells lose the suppressive activity, resulting in

hyperproliferation of stem cells.




