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ABSTRACT 

 

The role of small GTPase Rab25 in  

physiology, differentiation and carcinogenesis of the skin 

 

Haengdueng Jeong 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Ki Taek Nam) 

 

 

Rab25, a member of the Rab11 small GTPase, is central to achieving 

cellular plasticity in epithelial tissue. Rab25 is dominantly expressed in epithelial 

tissues including skin, intestine and ovary and function as a tumor promoter and 

tumor suppressor depending on tissue context. However, the underlying role of 

Rab25 remain unclear in the skin despite its highest expression. The skin is the 

largest organ in our body and functions as a barrier against water loss, mechanical 

stress and infection. In the present study, we observed that Rab25 exclusively 

expressed in the basal layer of the skin epidermis where stem cell exists and the 

granular layer of the skin epidermis where cornification begins.  

Physiologically, Rab25 KO mice that we constructed showed decreased 

TEWL as indicator of skin barrier dysfunction. We confirmed the disruption of 
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skin barrier in Rsb25 KO mice by transmission electron microscopy and 

histopathological analysis. Although the skin moisture was decreased, the 

epidermal differentiation markers (K1, K5, K10, K14, Involucrin, Loricrin) that 

orchestrated the stratification of keratinocyte were aberrantly increased in Rab25 

KO mice compared to WT mice. Surprisingly, in granular layer, Rab25 

contributes to barrier function by governing filaggrin vesicle formation. Loss of 

Rab25 attenuated filaggrin vesicle formation, and eventually lead to the 

destruction of filaggrin processing and it may contribute to skin barrier 

dysfunction in Rab25 KO mice. Indeed, Rab25 KO mice showed remnant 

keratohyalin granule (KHG) in cornified layer in transmission electron 

microscopy image and immunohistochemistry image. Consistent with our 

observation, clinical data demonstrated that RAB25 mRNA expression has 

negative correlation with FLG mRNA expression in atopic dermatitis patients 

which were well known to related with skin barrier dysfunction.  

Interestingly, as well as aberrant expression of differentiation markers, 

Rab25 KO mice showed increased proliferation in the basal layer where stem 

cell enriched. Several research has revealed that Rab25 performs a dual function 

(oncogene or tumor suppressor gene) in epithelial cell carcinogenesis dependent 

on tissue context. To evaluate the underlying function of Rab25 in skin context, 

we utilized DMBA/TPA-treated skin carcinogenesis model. As a result, the skin 

tumor development was facilitated in Rab25 KO mice, bearing more skin 

squamous cell carcinoma (SCC) in dorsal epidermis where chemical was 

applied. We found that rab25, along with keratinocyte integrin, was gradually 

lost during skin carcinogenesis. Indeed, Rab25 deficiency induced impairment 
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of integrin recycling in basal keratinocyte, leading to the improper expression 

of integrin. In line with this, significant attenuation of integrin β1, β4, and α6 

expression was identified in human skin squamous cell carcinoma where Rab25 

was deficient. Collectively, our results suggest that Rab25 extensively affects 

skin physiology and differentiation and act as a tumor suppressor in skin 

squamous cell carcinoma through dysregulation of integrin trafficking.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key words: rab25, skin differentiation, trafficking, skin carcinogenesis 
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PART1: Rab25 in skin physiology and differentiation 
 

Haengdueng Jeong 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Ki Taek Nam) 

 

 

I. INTRODUCTION 

 

Rab proteins are small GTPase, functioning as critical regulator of 

intracellular trafficking pathways. 66 Rab genes have been identified so far and 

each Rab proteins practically targets to a distinct membrane compartment1. Rab 

proteins are involved in transportation of target molecules through exocytosis, 

endocytosis and recycling pathway2. Also, Rab family have been implicated in 

cellular function including cell proliferation, cell mobility and signal 

transduction3-5, and aberrant expression of Rab protein have been reported to 

association with cancer progression and emergence of various type of disease1,6. 

For this reason, identifying specific pathway and target molecules of Rab family 

is important to understand its biological function and relevance with specific 

disease.  

Rab25, a member of the Rab11 small GTPase family, was first identified 
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by Goldenring et al in 19937. Goldenring et al described that Rab25 which has 

novel GTP-binding sequence, WDTAGLE, compared to other Rab family is 

strongly expressed in epithelial cells8,9. Another study showed that Rab25 was 

exclusively expressed in epithelial tissue including ovary, intestine, skin, kidney 

and stomach10. Several integral membrane proteins having crucial role to 

maintain epithelial cell polarity have been identified as target protein of Rab25. 

In renal context, Rab25 regulates basolateral recycling of transferrin receptor11, 

and previous research elucidated that Rab25 could regulate integrin recycling in 

pancreatic cancer cell and ovarian cancer cell line5,12,13. In vivo data demonstrated 

that dysregulated integrin regulated by Rab25 was associated with intestinal 

neoplasia10. Other research demonstrated that Rab25 regulated vesicle transport 

of EGFR and PI3K in ovary and breast context. In addition to recycling pathway 

of membrane protein, recent study revealed that Rab25 mediated secretion of 

osteoprotegerin which is secreted glycoprotein14. In stomach, Rab25 and Rab11 

localized in gastric acid-secreting parietal cells, and indeed regulated 

physiological function of stomach15,16. 

Despite its well-established role in other organs, little is known about role 

of Rab25 in the skin context. The skin epidermis, a major epithelial tissue 

separating the external milieu from the inner body, is composed of 4 layers: 

stratum corneum (cornified layer), stratum granulosa (granular cell layer), 

stratum spinosum (spinous cell layer), and stratum basal (basal cell layer)17. The 

epidermal layer is well organized, with connective tissues and promotes hair 

growth as well as higher collagen density18. The epidermis is composed of 

keratinocytes, proliferating and differentiating outwards from the basal layer. 
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This organized process is known as cornification that keratinocytes move from a 

proliferative cell type in the basal cell layer through the granular layer where the 

cornified envelope is formed. At the terminal phase of keratinocyte differentiation, 

corneocytes form a physical and chemical barrier admixed with lipid such as 

ceramide to protect against foreign substances and water loss19.  

Each layer of the epidermis expresses distinctive markers, such as loricrin, 

involucrin, keratin family members (K1; keratin 1, K5; keratin5, K10; keratin10, 

K14; keratin14), filaggrin, and integrins, which are critical for epidermal 

differentiation and functional maturation of the skin barrier. Meanwhile, integrins 

α6, β4, and β1 are abundantly expressed in the basolateral side of basal cell layer 

bordering the dermis, where keratinocyte proliferation is highly active20, thus 

reflecting the essential roles of integrins in the differentiation and proliferation of 

keratinocytes, and their interaction with extracellular matrices on basal 

membrane.  

Keratins expressed in basal layer, K5 and K14, are initial and essential 

structural protein in proliferating basal cells, bound in the form of keratin 

intermediate filament (KIF)21. Afterwards, K1 and K10 which are initial proteins 

to be expressed during cornification replace the pre-existing KIF (K5 and K14) 

network. At a more advanced stage of cornification, filaggrin are expressed and 

aggregated the KIF, forcing the keratinocyte to become flat shape which is 

characteristics of coenocyte in the cornified layer22. Involucrin is a component of 

cornified envelope and they are produced throughout upper basal layer (supra-

basal layer) in the stage of cornification23. Involucrin is indiscriminately 

crosslinked with a variety of other structural protein and provides scaffold where 
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other proteins subsequently become crosslinked. As cell membranes are replaced 

by cornified envelope, involucrin become the preferred substrate by which 

externalized lipids, mainly ceramides, are covalently attached to form the outer 

surface24. Loricrin is expressed in the granular layer of the late stage of 

differentiation, and is the main component of cornified envelope where the 

loricrin account for 70% of the total structural protein of the cornified layer25. 

This simple structure protein contributes to the protective barrier function of 

cornified layer by reinforcing cornified envelope26.  

Epidermal marker proteins including keratins, loricrin, involucrin, and 

filaggrin are richly expressed and tightly regulated in keratinocyte 

differentiation27. Especially, filament-aggregating protein (filaggrin), is 

synthesized as a very large pro-protein and sequestered in keratohyalin granules 

(KHG) and plays critical role in keratin aggregation, which maintain skin barrier 

function28. The skin barrier dysfunction has been observed in many skin diseases 

like atopic dermatitis and ichthyosis vulgaris. Indeed, in human patients with 

atopic dermatitis, filaggrin mutation induces skin barrier defect and is highly 

associated with severity of the lesion29,30. In animal models, the transgenic mice 

which showed filaggrin deficiency showed phenotype of dried skin and even 

exhibited spontaneous dermatitis on the BALB/c back ground31,32. Although the 

proteolysis process of pro-filaggrin has been well developed through several 

studies33, the regulatory mechanism of KHG still remain obscure. 

Here, we elucidated that Rab25 abundantly expressed in skin epidermis 

involved in the differentiation and physiological maintenance of the skin. Rab25 

controlled filaggrin vesicle (KHG) formation and indeed loss of Rab25 leads to 
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impairment of filaggrin processing. In addition, Rab25 deficient skin showed 

aberrant expression of skin differentiation markers including keratin1, 5, 10, 14 

and involucrin and loricrin. 
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II. MATERIALS AND METHODS 

 

1. Mice 

All animal experiments were conducted in accordance with the Public 

Health Service Policy in Humane Care and Use of Laboratory Animals and were 

approved by the IACUC of the Department of Laboratory Animal Resources of 

Yonsei University College of Medicine, an AAALAC-accredited unit (#001071). 

Five to 9-week-old 129/J background mice, maintained in specific pathogen-free 

conditions (SPF), were used for all experiments. Rab25 knock-out (Rab25 KO) 

mice were genotyped as previously described10. 

 

2. Immunocytochemistry 

For immunocytochemistry, cells were seeded on Poly-L-lysine (Sigma, St. 

Louis, MO, USA)-coated 24-well Chamber slides, grown until 80~90% 

confluence, and fixed with 4% PFA for 15 min. Fixed monolayer cells were 

washed twice with ice-cold PBS and incubated with 0.25% Triton X-100 in PBS 

for 15 min for permeabilization. Cells were incubated with 1% BSA for 30 min 

to block non-specific binding, followed by treatment with primary antibodies at 

4℃ overnight. After two washes in ice-cold PBS, primary antibodies were 

detected with fluorophore-conjugated anti-IgG (Jackson Laboratories, Bar 

Harbor, ME, USA), followed by DAPI staining. Confocal images were acquired 

using Zeiss confocal microscopes and analyzed using Zeiss software (Carl Zeiss 

Micro Imaging, Jena, Germany). The assessment of integrin internalization was 

performed as described below. 
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3. Immunoblotting 

For cell lines, cells were harvested and incubated in protein lysis buffer 

(20 mM Tris [pH 7.4], 0.15 M NaCl, 2.5 mM EDTA, 1% Triton X-100) for 40 

min. For mouse tissue, mice were euthanized in a CO2 chamber. The 20 mg 

specimens were carefully cut and collected in 1.5 ml microtubes. Proteins were 

extracted from sections with protein lysis buffer (20 mM HEPES [pH 7.0], 0.15 

M NaCl, 10% Glycerol, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 10 mM 

β-phosphoglycerate) with protease and phosphatase inhibitor cocktails (Thermo, 

Waltham, MA, USA). All lysates were collected by centrifugation (13,000 rpm, 

15 min) and boiled in 1X SDS-PAGE sample buffer (62.5 mM Tris–HCl [pH 6.8], 

2% SDS, 5% β-mercaptoethanol, 10% glycerol, 0.01% bromophenol blue) after 

measurement of protein concentrations. Then, 20 μg of protein sample was 

separated by SDS-PAGE and transferred to a PVDF membrane (Millipore, 

Billerica, MA, USA). The membranes were incubated overnight at 4℃ with 

primary antibodies. Signal intensities were measured using ImageJ software. 

 

4. Immunohistochemistry  

For immunostaining, samples were de-paraffinized and sequentially 

rehydrated using a descending graded series (100%, 95%, and 70%) of ethanol. 

Afterwards, antigen retrieval (DAKO, Santa Clara, CA, USA) was performed 

using a pressure cooker. After cooling on ice for at least 1 hr, sections were 

incubated in 3% H2O2 for 30 min for blocking endogenous peroxidase. Sections 

were washed twice with PBS and incubated with protein block serum-free 
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(DAKO, Santa Clara, CA, USA) for 1–2 hr at room temperature to reduce non-

specific signals. Treatment with M.O.M (Vector Laboratories, Burlingame, CA, 

USA) reagent for 1 hr was performed with mouse primary antibodies. Primary 

antibodies were incubated overnight at 4℃. After three washes in PBS, sections 

were incubated in HRP-conjugated secondary antibody (DAKO, Santa Clara, CA, 

USA) for 15 min at room temperature. For immunohistochemistry, DAB (DAKO, 

Santa Clara, CA, USA) was used for the development of antibodies, and Mayer’s 

hematoxylin (DAKO, Santa Clara, CA, USA) was used for counterstaining. Each 

experiment was performed using an identical time for DAB development. For 

immunofluorescence, the primary antibodies were detected with fluorophore 

conjugated (Alexa488, Cy3 or Cy5) secondary antibodies. Immunofluorescence 

images were taken with an EVOS-FL or LSM780.  

For BrdU assay, BrdU (Sigma, St. Louis, MO, USA) was dissolved in PBS 

(20 mg/ml) at room temperature and immediately administered to WT and Rab25 

KO mice by intraperitoneal injection (4 mg/20 g). After 48 hr, mice were 

sacrificed, and the skin samples were fixed in 4% paraformaldehyde. The BrdU 

staining was performed following the immunohistochemistry protocol detailed 

above. 

 

5. Transmission electron microscopy (TEM) 

Samples were fixed for 24 hr in 2% glutaraldehyde/paraformaldehyde in 

0.1 M PBS and washing in 0.1 M phosphate buffer (PB). They were post fixed 

with 1% OsO4 dissolved in 0.1 M PB for 2 hr and dehydrated in an ascending 

graded series (50–100%) of ethanol then infiltrated with propylene oxide. 
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Specimens were embedded using a Poly/Bed 812 kit (Polysciences, Warrington, 

PA, USA). After pure fresh resin embedding and polymerization at 65℃ in a 

vacuum oven (TD-700, DOSAKA, Kyoto, JP) for 24 hr, sections of 200~250 nm 

in thickness were initially cut and stained with toluidine blue (Sigma, St. Louis, 

MO, USA) for light microscopy. Sections cut at 70 nm were double stained with 

6% uranyl acetate for 20 min and with lead citrate for contrast staining. Sections 

were cut using a LEICA EM UC-7 (Leica, Buffalo Grove, IL, USA) with a 

diamond knife and transferred onto copper and nickel grids. All the sections were 

examined under transmission electron microscopy (JEOL, Tokyo, JP) at a voltage 

of 80 KV.  

 

6. Quantitative real-time PCR  

RNA was extracted from tissues using TRIzol (Life Technology, Carlsbad, 

CA, USA) in accordance with manufacturer’s protocol. cDNAs were synthesized 

from 1-μg samples after treatment with DNase (Takara, Shiga, JP). It used the 

ImProm-II™ reverse transcription system (Promega, Madison, WI, USA). 

POWER SYBR Green Master Mix from Applied Biosystems (Life Technologies, 

Carlsbad, CA, USA) was used to perform real-time PCR. 

 

7. Establishment of Rab25 knockdown cell lines 

Recombinant lentiviruses were commercially designed and synthesized 

using GIPZ lentiviral shRNA vector (Open Biosystems, Huntsville, USA). 

Lentiviruses were produced by transfection of 293T cells with packaging 
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plasmids PMD2G and psPAX2, using a CalPhosTM Mammalian Transfection Kit 

(Clontech, Mountain View, CA, USA) according to the manufacturer's protocol. 

Knockdown of Rab25 in HaCaT cells was established by infection with 

recombinant lentivirus using a polybrene mixture. Stable clones expressing 

shRNA were selected by further incubation with puromycin (1 µg/ml) and 

fluorescence of GFP.  

 

8. Affymetrix microarray 

Mouse skin was shaved, and specimens were collected, with a biopsy 

punch in a 1.5 ml conical tube. RNAlater (Invitrogen, Waltham, MA, USA) was 

supplemented in the conical tube immediately to stabilize the RNA, followed by 

24 hr incubation in the cold room. Total RNA was extracted with TRIzol (Life 

Technologies, Carlsbad, CA, USA) as described above. GeneChip® Mouse Gene 

2.0 ST Array was used for platform, and microarray was conducted by Macrogen, 

Inc. (Seoul, Republic of Korea). The acquired data were processed by 

Affymetrix® GeneChip Command Console® Software (AGCC).  

 

9. Measurement of skin physiology 

The dorsal skin of mice was carefully shaven, without any injury, just 1 day 

before the experiment. TEWL and moisture content were measured by a 

vapometer (Delfin technologies, Kuopio, Finland) and moisture meter (Delfin 

technologies, Kuopio, Finland), respectively. Measurement was performed in 

SPF condition with identical humidity and temperature to reduce variability, and 

the calculator was perfectly attached to the dorsal skin of mice. 
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10. Kinetics assay of filaggrin  

For kinetics assay of filaggrin trafficking, the cultured HaCaT (70-80% 

confluence) cells were starved with medium A (DEME + 0.3 mM CaCl2 + 0% 

FBS) in 5% CO2
 incubator at 37℃ for 12 hr. Afterwards, culture medium was 

changed to medium B (DMEM + 2.8 mM CaCl2 + 0% FBS) to activate 

keratinization and cells were incubated in 5% CO2
 incubator at 37℃ dependent 

on activation time (15 min, 30 min and 2 hr). To stop keratinization, cells were 

immediately placed on ice, washed with ice-cold PBS for 3 times and incubated 

with 4% PFA for 15 min at room temperature. Immunocytochemistry was 

performed as described in method section. 

 

11. Expression profiling analysis of GEO data 

The Gene Expression Omnibus (GEO) series GSE120721 for atopic 

dermatitis is downloaded from the GEO database. Rab25 mRNA level was 

evaluated in healthy control and non-lesional and lesional atopic dermatitis. 

 

12. Antibodies 

The following primary antibodies were commercially purchased: Rab25 

(3F12, Novus, Rockford, IL, USA), Kertin1 (ab185628, Abcam, Cambridge, UK), 

Keratin 5 (ab52635, Abcam, Cambridge, UK), Keratin 10 (ab76318, Abcam, 

Cambridge, UK), Keratin 14 (ab1851595, Abcam, Cambridge, UK), BrdU 

(Novex, Frederick, MD, USA), Involucrin (MA5-11803, Invitrogen, Waltham, 

MA, USA), Loricrin (ab24722, Abcam, Cambridge, UK), Ceramide (ALX-804-
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196, Enzo, Farmingdale, NY, USA), GAPDH (ab181602, Abcam, Cambridge, 

UK), human FLG (NBP1-87528, Novus, Rockford, IL, USA), mouse FLG 

(905804, Biolegend, San Diego, CA, USA), Ki67 (ab1667, Abcam, Cambridge, 

UK). 

 

13. Statistical analysis 

Statistical analysis was performed using GraphPad Prism software v 7.0. 

All data are presented as mean ± SEM. Statistical significance was determined 

using unpaired Student’s t-test or one-way ANOVA with Dunnett’s multiple 

comparison. P < 0.05 was considered significant. *P < 0.05; **P < 0.01; ***P < 

0.001 
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III. RESULTS 

 

1. Rab25 KO mice have normal skin morphology, but exhibit skin barrier 

dysfunction 

To define the Rab25 expression in mouse skin, we conducted 

immunohistochemistry staining for Rab25 of the dorsal skin of 129/J mice. Rab25 

expression in wild-type (WT) mice was exclusively observed in the epidermis of 

skin; however, no expression of Rab25 was found in the skin dermis or 

subcutaneous. As expected, Rab25 expression was absent in the epidermis of 

Rab25 knock-out (KO) mice (Figure 1A). Interestingly, deficiency of Rab25 did 

not induce notable histopathological differences in the dorsal skin, and Rab25 

KO mice maintained normal skin structure along with intact hair follicles (HF) 

and sebaceous glands (SG), compared to that in the dorsal skin of WT mice 

(Figure 1B). Although abnormal features of epidermis of dorsal skin were not 

distinct in Rab25 KO mice, moisture content and trans-epidermal water loss 

(TEWL) in the dorsal skin of Rab25 KO mice were altered significantly, 

revealing that Rab25 KO mice might have a dysfunctional skin barrier (Figure 

1C). Increased TEWL, with accompanying low skin hydration, is an indicator of 

the dry skin diseases, like diabetes mellitus 34,35 or atopic dermatitis36, reflecting 

that loss of Rab25 might contribute to dry skin.  
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Figure 1. Histopathological and physiological features of skin in Rab25 KO 

mice. (A) Representative immunohistochemistry images for Rab25 in 5-week old 

WT and Rab25 KO mice. Scale bars, 50 μm. (B) Representative hematoxylin and 

eosin (H&E) staining images of WT and Rab25 KO mouse skin (HF: hair follicle, 

SG: sebaceous gland). Scale bars, 50 μm. (C) Skin hydration and epidermal water 

loss were measured by close attachment of Delfin’s vapometer and moisturemeter 

on the dorsal skin of 9-week old mice. Graphs represent mean ± SEM (Unpaired 

student’s t-test, *P < 0.05, **P < 0.01). 
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2. Rab25 KO mice show increased keratinocyte proliferation  

In the initial stage of cornification, the proliferating-basal cells were 

differentiated into coenocyte. To identify the reason behind skin barrier 

dysfunction shown in Rab25 KO mice, we first investigated whether the 

proliferation of epidermal cells was altered in Rab25 KO mice. 

Bromodeoxyuridine (BrdU), an S-phase proliferation marker, was pre-injected 

into Rab25 KO mice 2 hr before sacrifice, and BrdU-positive cells were detected 

in the epidermis of dorsal skin by immunofluorescence staining. BrdU-positive 

cells in the skin epidermis were significantly increased in Rab25 KO mice 

compared to that in WT mice (Figure 2A). Moreover, the majority of BrdU-

positive proliferating cells were progenitor cells of the basal cell layer, where 

keratins5 and 14 were highly positive. As shown in Figure 2C and 2D, the number 

of BrdU- and keratin 5 (K5)-double positive cells was remarkably increased in 

Rab25 KO mice. Taken together, loss of Rab25 promoted proliferation of 

keratinocyte but did not affected its distribution on skin epidermis. 

 

3. Rab25 KO globally increases the expression of keratinocyte 

differentiation markers 

Intercellular lipids in cornified layer play a crucial role in maintaining skin 

barrier function, for the prevention of epidermal water loss and invasion of 

pathogen. Patients with defective skin barrier functions, like atopic dermatitis, 

show altered ceramide composition in the skin36-38. To explore the relation 

between ceramide composition and barrier defects in Rab25 KO mice, we 

performed immunohistochemistry staining for ceramide in WT and Rab25 KO 
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mice. As a result, the staining intensity for ceramide in the epidermis barely 

changed in Rab25 KO mice, and its expression and distribution were 

indistinguishable from that in WT mice (Figure 3A).  

Next, we investigated other components of cornified envelope, such as, 

epidermal differentiation markers in KO mice. Indeed, aberrant or increased 

expression of early differentiation markers like keratins 5 and 14 (Figure 3B), as 

well as of late differentiation markers like keratin 1, keratin 10, involucrin, and 

loricrin (Figure 3C), was found in the epidermis of Rab25 KO mice. Interestingly, 

although these markers increased significantly in content, their distribution was 

not different from that in WT mice.  
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Figure 2. Increment of proliferating cells in Rab25 KO mice skin. (A) 

Representative immunofluorescence images of BrdU-positive cells in the skin 

epidermis of WT and Rab25 KO. White arrow indicated BrdU-positive cells. 

Scale bars, 20 μm. (B) Quantitation of BrdU-positive proliferating cells in 40X-

magnification field of view (Unpaired student’s t-test, **P < 0.01). (C) Dual 

immunofluorescence images of BrdU and keratin 5 (K5) in the epidermis of WT 

and Rab25 KO mice. Scale bars, 20 μm. (D) Quantitation of K5 and BrdU double-

positive cells in 40×-magnification field of view (Unpaired student’s t-test, **P 

< 0.01).  
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Figure 3. Characteristics of skin differentiation markers in Rab25 KO mice. 

(A) Representative immunohistochemistry images for ceramide. Lower panels 

indicate higher magnification of epidermis. Scale bars, 50 μm (upper panels); 20 

μm (lower panels). (B–C) Immunohistochemistry images of representative 

keratinocyte differentiation markers. Both (B) early differentiation markers 

(kerain5 and keratin 14) and (C) late differentiation markers (kerain1, keratin 10, 

involucrin, and loricrin) were exclusively stained in the epidermis of WT and 

Rab25 KO mice. Scale bars, 20 μm. 
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4. Rab25 KO is associated with alteration in differentiation processes in the 

skin of mice and in human keratinocyte cell line HaCaT  

To clarify further the alteration of keratinocyte differentiation in Rab25 KO 

mice, we conducted western blot analysis for the differentiation markers in skin. 

As shown in Figure 4A, early and late differentiation markers were all up-

regulated in the skin of Rab25 KO mice at the protein level, which was in line 

with the immunohistochemistry findings (Figure 3B and 3C). To clarify whether 

this event can occur in human skin as well, Rab25 was knocked down using single 

hairpin RNA (shRNA) in HaCaT cells, a human keratinocyte cell line. Consistent 

with the findings in Rab25 KO mice, all skin markers, including early 

differentiation and late differentiation markers, were found to be up-regulated 

overall (Figure 4B).  

Rab25 appeared to be a key mediator of skin differentiation, as shown 

above. To clarify this finding, we performed transcriptomic analysis using gene-

chip microarray for full dorsal skin specimens of Rab25 KO and WT mice. As 

presented in Figure 4C, considerable differences in gene expression patterns and 

hierarchical clusters were seen. Moreover, significant up-regulation of the genes 

involved in processes such as skin development, epidermis development, 

keratinocyte differentiation, and epithelium development was observed (Figure 

4D), confirming the key role played by Rab25 in epidermal differentiation. For 

the validation of expression data from gene-chip microarray, we investigated the 

mRNA level of representative transcription factors, which were involved in 

keratinocyte differentiation and epithelium development. Importantly, we 

observed a significant up-regulation of Dlx3, Elf5, and Foxn1 expression in 
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Rab25 KO mice compared to skin from WT mice (Figure 4E).  

Taken together, we observed aberrant expression of skin differentiation 

markers in Rab25 KO mice accompanying with skin barrier defect and also found 

the upregulation of skin differentiation-related transcripts which may contribute 

to the increased expression of differentiation marker in KO mice. 
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Figure 4. Alteration of skin differentiation in Rab25 KO mice. (A) Images of 

western blots for representative keratinocyte differentiation markers using skin 

specimens from WT and Rab25 KO mice. GAPDH was used for housekeeping 

control. (B) Images of western blots for representative keratinocyte 

differentiation marker. Knockdown-HaCaT cell (sh1, sh2, and sh3) line was 

constructed by infection with the recombinant pGIPZ vector, using polybrene 

mixture. Expression level of the knockdown cell was compared to that of non-

infected cell (WT) and vector-conveying cell (shCon). GAPDH was used for 

housekeeping control. (C) Schematic image of cluster analysis-hierarchical 

clustering heat map acquired from Affymetrix GeneChip® Mouse Gene 2.0 ST 

Array using skin specimen of WT and Rab25 KO mice. The heat map was 

represented and sorted by the normalized value of expression level using each 

probe. (D) Bar graph indicated top 10 biological processes with the highest p-

value. GO functional analysis was based on gomap_stat. (E) mRNA expression 

was normalized with GAPDH. Graphs represent mean ± SEM (Unpaired 

student’s t-test, n = 4, *P < 0.05, **P < 0.01, ***P < 0.001). 
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5. Filaggrin (FLG) expression in human skin specimen 

Although early and late differentiation markers responsible for organizing 

cornified envelope were increased, the skin barrier defect was clearly shown in 

Rab25 KO mice. Therefore, we investigated what cause those barrier defect as 

determined by the reduced TEWL. Filaggrin (FLG) plays critical role in 

maintaining skin barrier and relates with skin disease33. In normal human skin 

tissue, Rab25 was expressed in the basal layer as well as in the granular layer. 

Immunofluorescence images clearly showed that Rab25 in granular layer was co-

expressed with FLG (Figure 5A). However, the Rab25 in the basal layer was not 

co-expressed with FLG, indicating that Rab25 in granular layer may have 

potential roles in maintaining skin barrier. As filaggrin dysregulation was 

associated with the atopic dermatitis, we analyzed expression level for Rab25 and 

FLG using GEO dataset. The mRNA level of Rab25 and Flg in human patients 

with atopic dermatitis were significantly lower than the healthy groups and the 

decreased expression of Rab25 and FLG were also remarkable in non-lesional 

skin, which were clinically unaffected (Figure 5B and 5C). Indeed, there was 

positive correlation between Rab25 and FLG, implying that Rab25 could regulate 

filaggrin expression (Figure 5D). 

 

6. Remnant keratohyalin granule (KHG) in cornified layer was observed in 

Rab25 KO mice.    

As previous reports discovered, FLG plays critical role in maintaining skin 

barrier and disruption of skin barrier was associated with skin disease like atopic 

dermatitis33. In our transcriptomic data for the dorsal skin of WT and Rab25 KO 
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mice, we found that gene sets related to cornified envelope showed significantly 

enriched (Figure 5E). Although the cornified envelope length was increased in 

Rab25 KO mice compared to WT mice, microscopic appearance of ear epidermis 

clearly shows the flaky morphology and the infiltration of immune cells (Figure 

6A and 6B). Disruption of cornified envelope was also distinct in ultrastructure 

image of Rab25 KO mice (Figure 6C), and keratohyalin granules normally 

disappeared in cornified envelope was still remnant in cornified envelope of 

Rab25 KO mice. Indeed, the number of keratohyalin granules was increased in 

cornified layer in Rab25 KO mice while it was reduced in granular layer in Rab25 

KO mice compared to WT mice (Figure 6D). This result was consistent with the 

decreased of TEWL in our previous report39. Interestingly, accompanying with 

aberrant distribution of keratohyalin granules, number of desmosome and 

expression level of transcripts that constructed corneodesmosome and 

desmosome were significantly reduced in Rab25 KO mice compared to WT mice. 
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Figure 5. Expression of Rab25 and Filaggrin in normal human skin and 

atopic dermatitis skin. (A) Representative immunofluorescence images for FLG, 

Rab25 and DAPI in normal human skin. Scale bar, 100 μm. (B-C) mRNA 

expression value for RAB25 and FLG from lesional atopic dermatitis skin (n=10), 

non-lesional atopic dermatitis skin (n=10) and healthy skin (n=16) using the GEO 

data set GSE120721 (two-tailed unpaired Student’s t-test, *P < 0.05, **P < 0.01, 

***P < 0.001, vs Healthy). (D) Correlation between RAB25 mRNA and FLG 

mRNA in skin specimens (n=36) with atopic dermatitis and healthy skin. 

Correlation was assessed by a two-tailed test using Pearson’s correlation 

coefficients. (E) GSEA graphs for GO_Cornified envelope comparing skin from 

Rab25 KO mice and WT mice. All data are presented as mean ± SEM. 
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Figure 6. Skin barrier disruption in Rab25 KO mice. (A) Representative H&E 

staining images of the ear skin from 10-week-old WT and Rab25 KO mice. Scale 

bars, 100 μm. (B) Graph indicates length of cornified envelope from the H&E 

images of ear skins from WT mice and Rab25 KO mice (n=4 per group, two-

tailed unpaired Student’s t-test, ***P < 0.001). (C) Transmission electron 

microscopy (TEM) images of dorsal skin in 10-week-old WT and Rab25 KO 

mice. Red arrow indicates single keratohyalin granule in granular layer. Scale 

bars, 2,000 nm (top panels); 5,000 nm (bottom panels). (D) Graph represents the 

number of keratohyalin granules in TEM images of 5,000 nm high-power field. 

Granules were quantitated by dividing them into cornified layer and granular 

layer (n=6 per group, two-tailed unpaired Student’s t-test, **P <0.01, ***P 

<0.001). (E) Counts of the desmosome complex in single keratinocyte in TEM 

images. (F) qPCR for desmosome genes. Data represent mean ± SEM (unpaired 

Student’s t test, n=3 ** P < 0.01, *** P< 0.001, vs. WT). All data are presented 

as mean ± SEM. 
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7. Aberrant filaggrin processing was not associated with proteolysis 

Similar to the ultrastructure of Rab25 KO mice, immunohistochemistry 

image for filaggrin also proved the decreased expression in the granular layer of 

Rab25 KO mice while filaggrin vesicles that normally disappear in cornified 

layer still exist in the cornified layer of Rab25 KO mice (Figure 7A). Of note, the 

protein expression of pro-filaggrin as well as its cleavage products was reduced 

in Rab25 KO epidermis compared to WT epidermis (Figure 7B). Surprisingly, 

mRNA level of Flg was not changed even though Rab25 mRNA level was absent 

in Rab25 KO mice (Figure 7C). To find which process contributes to 

dysregulated of filaggrin, we conducted RT-qPCR for filaggrin processing 

components (Asprv1, Capn1, Spink5, Casp14) involved in the proteolysis of 

filaggrin. However, most proteolysis components except Asprv1 was not 

significantly changed in Rab25 KO mice in comparison with WT mice (Figure 

7D).  

We constructed Rab25 knock-down keratinocyte, and confirmed that 

Rab25 mRNA level was significantly reduced in Sh1, Sh2 and Sh3 compared to 

pGIPZ (vector)-transfected HaCaT cell (Con) (Figure 8A). Reduced protein 

expression for filaggrin was also confirmed in Rab25 knock-down HaCaT cell 

line but mRNA level of Flg was not changed in that cell line (Figure 8B). 

Likewise, proteolysis components were not changed regardless of Rab25 

expression (Figure 8C). These results suggested that aberrant filaggrin expression 

was not associated with proteolysis and transcriptional regulation, but other 

factors may contribute.  
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Figure 7. Abnormal filaggrin processing in Rab25 KO epidermis. (A) 

Representative immunohistochemistry images for Flg in the dorsal skin of WT 

and Rab25 KO mice. Scale bars, 50 μm. (B) Representative immunoblot image 

for Flg from the dorsal skin of WT (n=3) and Rab25 KO (n=3) mice. GAPDH 

was used for loading control. (C) RT-qPCR for Rab25 and Flg in the dorsal skin 

from WT and Rab25 KO mice (n=4-6 per group, two-tailed Student’s t-test, **P 

< 0.01). mRNA expression levels were normalized by Gapdh. (D) RT-qPCR for 

filaggrin-processing components (Asprv1, Capn1, Spink5, Casp14) in the dorsal 

skin from WT and Rab25 KO mice (n=8-10 per group, two-tailed Student’s t-test, 

**P < 0.01). mRNA expression levels were normalized by Gapdh. All data are 

presented as mean ± SEM. n.s. means no significant. 
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Figure 8. Aberrant filaggrin expression in Rab25 deficient keratinocyte is 

not related with proteolysis. (A) Representative immunoblot image for Flg from 

HaCaT cells. GAPDH was used for loading control. (B) RT-qPCR for RAB25 

and FLG in the HaCaT cells (n=3 per group, two-tailed Student’s t-test, *** P < 

0.01). mRNA expression levels were normalized by GAPDH. (D) RT-qPCR for 

filaggrin-processing components (ASPRV1, CAPN1, SPINK5, CASP14) in the 

HaCaT cells (n=3 per group, two-tailed Student’s t-test, * P < 0.05). mRNA 

expression levels were normalized by GAPDH. WT indicates untransfected 

HaCaT cell, and Con indicates pGIPZ-transfected HaCaT cell, and Sh1,2 and 3 

indicates HaCaT cells transfected with shRAB25 targeting three different regions. 

All data are presented as mean ± SEM. n.s. means no significant. 



40 

8. Filaggrin vesicle formation was attenuated in Rab25 deficient 

keratinocyte  

     To find out which pathway leads to aberrant filaggrin expression, we 

conducted the immunocytochemistry for FLG and RAB25 using HaCaT cell. The 

immunocytochemistry images showed that RAB25 was co-expressed in FLG 

positive vesicles (Figure 9A). The fluorescence intensity for RAB25 is high 

where the FLG intensity is strong in a single vesicle (Figure 9B). In consistent 

with immunoblot result, both the number of FLG positive vesicle in a HaCaT cell 

and composition of FLG positive cells were reduced in shRAB25-transfected 

cells in comparison with pGIPZ-transfected cell (Figure 9C).  

To further validate whether RAB25-mediated vesicle formation of 

filaggrin in HaCaT cells were attenuated, we analyzed expression patterns for 

filaggrin vesicles dependent on activation time of the keratinization (15 min, 30 

min, 2 hr) using kinetics assay (Figure 10A). Surprisingly, after 12 hr of 

starvation without FBS (0 min), filaggrin vesicle was absent and rather its 

expression was scattered, showing perinuclear morphology in both pGIPZ-

transfected HaCaT cell and shRAB25-transfected HaCaT cells (Figure 10B). 

After activation of keratinization, filaggrin vesicles were gradually formed in 

pGIPZ-transfected HaCaT cell, and the number also increases, exhibiting a time-

dependent manner (Figure 10B and 10C). However, in shRAB25-transfected 

HaCaT cells, the vesicle was rarely observed until 30 min and the number of FLG 

positive vesicles was also reduced after 2 hr of activation as seen in the 

homeostatic condition (Figure 10B and 10C). Moreover, the majority of FLG 

positive vesicle was attenuated in perinuclear region. These results suggest that 
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Rab25 plays critical roles to control vesicle formation of filaggrin and this 

formation was delayed when Rab25 was lost. 
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Fig.5 F ilaggrin ves icle traffick ing is  at tenua ted in Rab2 5- 
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Figure 9. Reduced filaggrin vesicle in Rab25 deficient keratinocyte. (A-B) 

Representative immunofluorescence image for FLG, RAB25 and DAPI in the 

HaCaT cells. Graph shows fluorescence intensity of FLG, RAB25 and DAPI 

from single vesicle indicated by white arrow of image. White star represents 

magnified single filaggrin vesicle in the inset image. Scale bars, 100 μm. (C) The 

graph on the left represents the number of filaggrin vesicles per HaCaT cell. The 

graph on the right means the ratio of filaggrin positive cells to all DAPI positive 

HaCaT cells in 40X high-power field (n=4 per group, two-tailed Student’s t-test, 

**P < 0.01).  
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Figure 10. Attenuation of filaggrin vesicle formation in Rab25 deficient 

keratinocyte. (A) Schematic image shows the method of in vitro activation of 

filaggrin trafficking. Cultured HaCaT cells were starved with DMEM containing 

0.4 mM CaCl2 for 12 hr and subsequently were activated with DMEM containing 

2.8 mM CaCl2. (B) Representative immunofluorescence images for FLG and 

DAPI in HaCaT cells dependent on activation time. (C) Graph indicates the 

number of filaggrin positive vesicles in a HaCaT cell dependent on activation 

time (two-tailed Student’s t-test, **P < 0.01, ***P < 0.001). Con indicates 

pGIPZ-transfected HaCaT cell and shRAB25 indicated shRAB25-transfected 

HaCaT cell. All data are presented as mean ± SEM.  
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IV. DISCUSSION 

 

     The underlying function of Rab25 in the skin context still remain obscure 

despite its strong expression among epithelial tissue10. Our study demonstrated 

that Rab25 plays substantial role in skin differentiation and skin physiology. 

Rab25 deficiency lead to skin barrier dysfunction in KO mice, as determined by 

higher trans-epidermal water loss (TEWL). Although the skin barrier was 

disrupted, aberrantly increased expression of epidermal differentiation markers 

such as loricrin, involucrin, and keratins 5, 14, 1, and 10 was observed in Rab25 

KO mice, which might cause perturbation of epidermal physiology. In line with 

this, depletion of Rab25 with shRNA led to increased expression of 

differentiation markers in the human keratinocyte cell line, HaCaT, reflecting the 

critical role played by Rab25 in epidermal differentiation of human skin. 

Transcriptomic analysis of the skin revealed that Rab25 KO to have increased the 

expression of genes associated with skin development, epidermal development, 

and keratinocyte differentiation, thus suggesting that Rab25 is involved in the 

regulation of epidermal differentiation and proliferation.  

Rodius et al. previously reported that deletion of α6 integrin in 

keratinocytes increases the expression of keratins 1, 10, and 14, and loricrin, 

involucrin, and filaggrin20, which is in good agreement with our findings of 

PART2. Rodius et al. also reported that increased levels of c-Jun, c-Fos, and 

phospho-Jun, which ultimately activate AP-1 transcription factor, are attributable 

to the increased differentiation markers in α6 integrin-deficient keratinocytes.  

Not only AP-1, but also other transcription factors have been reported to 
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play a critical role in regulating skin homeostasis and keratinocyte differentiation 

40-42. Previous reports had shown higher expression of ELF5 and DLX3 to occur 

during Ca2+-induced mouse keratinocyte differentiation in vitro41,42. Moreover, 

Hwang et al. had revealed that deletion of Dlx3 using K14-Cre (Dlx3Kin/f) mice 

leads to abnormal keratinocyte differentiation. Similarly, activation of FOXN1, a 

transcription factor expressed in the suprabasal layer, promoted the expression of 

keratinocyte differentiation markers like involucrin and keratin 10, whereas 

inhibition of PI3K prevented FOXN1-induced differentiation43. Moreover, 

Prowse et al. constructed a transgenic mouse, expressing FOXN1 under the 

involucrin promoter, and substantiated that the proliferation of basal keratinocyte 

was accelerated in the transgenic mice44. These findings on FOXN1 were also 

consistent with our findings in Rab25 KO mice characterized with high 

proliferation rate. In our gene-chip microarray, we found significant changes in 

the mRNA of transcription factors such as Dlx3, Elf5, Foxn1, Hoxc13, while there 

was no alteration for c-Jun or c-Fos. Indeed, we verified the increased mRNA 

expression of these transcription factors in the epidermis of KO mice by RT-qPCR. 

Interestingly, these transcription factors are essential in the hair follicle cycle, 

especially in the period of anagen45, and gene ontology analysis revealed their 

strong association with epithelial development. Although further studies are 

required to clarify the underlying mechanism, it would be interesting to 

investigate the involvement of transcription factors in abnormal epidermal 

differentiation in the skin of Rab25 KO mice. 

     Still, it is hard to explain what drives the skin barrier defect observed in 

Rab25 KO mice, even though skin differentiation markers were aberrantly 
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expressed in that mice. In contrast to differentiation markers, the Dsg2 and Dsc1, 

main substrates of corneodesmosome or desmosome46, were downregulated in 

Rab25 KO mice compared to WT mice, and this change could elicit synergetic 

effect with filaggrin deficiency, resulting in barrier defect.  

Here, we found that filaggrin expression was significantly changed in 

Rab25 KO mice compared to WT mice and this dysregulation may contribute to 

skin barrier defect shown in KO mice. Filaggrin is a pivotal protein of stratum 

corneum which plays a key role in skin barrier function by aggregating keratin 

filament33. It is initially expressed in the form of pro-filaggrin, and stored in 

inactive form within keratohyalin granule (KHG) in granular layer33. A recent 

study highlighted that filaggrin was assembled by liquid-liquid phase separation, 

and act like membranless protein granule47. However, the mechanism of KHG 

formation is still obscure, unlike well-developed post-transcriptional proteolysis 

pathways48-50.  

Pathologically, filaggrin deficiency was closely related with severity of 

atopic dermatitis in human29,30. Likewise, the mice lacking filaggrin mimicked 

atopic-dermatitis and dried skin behavior31,32. Indeed, mRNA expression of 

Rab25 and Flg was significantly lower in atopic dermatitis patients compared to 

healthy control in public GEO data and those genes showed positive correlation. 

Interestingly, while the expression of K1 and K10 aggregated by filaggrin was 

increased in Rab25 KO mice compared to WT mice28, the Rab25 KO mice 

showed attenuation of filaggrin expression, being speculated that this 

phenomenon may be a complementary effect caused by filaggrin deficiency. 

Moreover, we found that Rab25 deficiency impaired the vesicle assembly 
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while the mRNA expression of filaggrin or processing enzymes were largely 

unchanged. Furthermore, Rab25 was co-localized with filaggrin in KHGs and 

Rab25 KO resulted in the disruption of the cytoplasmic formation of KHGs. 

Although the mechanism of how Rab25 contributes to KHG formation requires 

further investigation, we speculate that Rab25-mediated actin remodeling may 

control KHGs assembly, referring to previous studies51-53. Taken together, we 

concluded that abnormal filaggrin expression caused by Rab25 deficiency 

contributes to skin barrier defect and it may be related with the atopic dermatitis.  
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V. CONCLUSION 

In skin physiology, we demonstrated that Rab25 deficiency perturbs 

filaggrin vesicle formation, epidermal differentiation and skin barrier function, 

leading to high trans-epidermal water loss (TEWL) and low skin moisture. It is 

notable that although the expression of epidermal differentiation markers 

increased, skin barrier function was significantly impaired in Rab25 KO mice, 

implying other factors are accountable for the barrier dysfunction. Indeed, 

filaggrin vesicle formation was inhibited by Rab25 deficiency, and this 

appearance was observed in in vitro HaCaT cell line. Moreover, in atopic 

dermatitis skin barrier defect, Rab25 expression level was significantly associated 

with filaggrin deficiency. Collectively, dysregulated filaggrin vesicle formation 

contributes to barrier dysfunction despite high expression of other differentiation 

markers.  
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I. INTRODUCTION 

Rab25 which is a member of Rab small GTPase, was first identified by 

Goldenring et al. in 19937. To date, the increasing reviews have been highlighting 

the role of Rab25 and vesicle trafficking in cancer development54-57. Notably, 

regarding to cancer cell migration and malignancy, Rab25 and Rab11 plays 

crucial role in regulating short-distance and long-distance recycling 

pathways13,53,58.  

As Rab25 shows context dependent manner and has diverse targets, Rab25 

has pivotal role to become tumor suppressor or oncogene. Indeed, Rab25 

deficiency elicits aggressive behaviors and disparate outcomes in epithelial 

cancers, including human colon cancer10,59, triple negative breast cancer60,61, and 

head and neck squamous cell carcinoma (HNSCC)62, supporting that Rab25 may 

work as a crucial tumor suppressor in epithelial cancers. Nam et al. pioneered  
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in vivo study using Rab25 KO mice and revealed that loss of Rab25 promoted 

intestinal and colorectal cancer via integrin trafficking pathway10 

The role of rab25 is much more ambiguous in breast cancer. Opposite to 

the previous studies showing Rab25 exhibited oncogenic function in luminal type 

breast cancer63, Rab25 could act as a tumor suppressor gene in triple-negative 

breast cancer60,61. Indeed, targeting of Rab25 via microRNA suppresses 

epithelial-mesenchymal transition and metastasis of luminal breast cancer64.  

By contrast, in some human cancers, including liver cancer65, specific 

subtype of breast cancer, and ovarian cancer6, dysregulated overexpression of 

Rab25 proteins has been observed54. The oncogenic outcome elicited by Rab25 

overexpression may be mediated through the activation of AKT signaling, 

resistance against metabolic stress66, and recycling of receptor tyrosine kinases 

and α5β1 integrins13, engendering cancers more prone to metastasis and invasion. 

The first study on oncogenic function of Rab25 was reported by He et al. in 

ovarian cancer67, and numerous studies have been identified that Rab25 promoted 

ovarian carcinogenesis by increasing anti-apoptotic signaling68, HIF1α 

signalling69 and PI3K/AKT signaling70. These findings contrast with observations 

in colon and breast cancer, where tumor suppressor effects for Rab25 have been 

noted10,59,71, indicating that the role of Rab25 in carcinogenesis may diverge 

across tissues. As such, in various tissue context, the role of Rab25 has been 

elucidated, but the study in skin squamous cell carcinoma (SCC) has not been 

investigated.  

     Skin squamous cell carcinoma (SCC), non-melanoma skin cancer, is one 

of the leading cancers in human72. Current research demonstrates that skin SCC 
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is diagnosed at a rate of 15-35 per 100,000 people and the rate gradually increases 

2-4% per age in population over 75-year-old. The skin SCC rarely metastasizes, 

but poor prognosis (10-20% over 10 years) and immune suppression is the risk 

factor in metastatic patients73. The etiological agents and risk factors for the 

development of SCC are diverse including ultraviolet radiation (UV)74, chronic 

inflammation75, arsenic exposure76 and human papilloma virus77. Actinic 

keratosis and papilloma are benign- and per-malignant lesions which progress in 

to malignant skin SCC characterized with keratin pearl, pleomorphic squamous 

epithelial cells, parakeratosis and aberrant mitosis. DMBA-TPA treatment on 

mice skin is widely utilized to develop skin cancer, and that method could 

simulate histopathological features shown in human SCC78.  

It is believed that basal stem cell is the origin of skin SCC79, and Rab25 

was abundantly expressed in basal cells in human and mice in our observation. 

To understand the role of Rab25 in skin SCC, we performed DMBA-TPA 

administration that is most utilized model to develop skin SCC in WT and Rab25 

KO mice.  

Indeed, we substantiated that Rab25 functions as a tumor suppressor 

affecting skin squamous cell carcinoma development. We confirmed a significant 

negative correlation for Rab25 expression and the severity of skin SCC. The 

tumor suppressive effects of Rab25 in skin tumorigenesis were demonstrated in 

Rab25 KO mice, which showed acceleration of squamous cell-derived tumor 

generation in a DMBA-TPA skin carcinogenesis model. Of note, integrins were 

significantly dysregulated, which coincided with Rab25 deficiency.  

Overall, we investigated the substantial role of Rab25 in skin context where 
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Rab25 was dominantly expressed in epidermis. Physiologically, loss of Rab25 

leads to skin barrier defect, showing aberrant expression of skin differentiation 

markers and impairment of filaggrin processing. In skin carcinogenesis, we 

studied the mechanism underlying the tumor-suppressive effects of Rab25 on 

SCC development to provide important insights into the role of Rab25 in the 

development of skin cancers.  
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II. MATERIALS AND METHODS 

 

1. Mice 

All animal experiments were conducted in accordance with the Public 

Health Service Policy in Humane Care and Use of Laboratory Animals and were 

approved by the IACUC of the Department of Laboratory Animal Resources of 

Yonsei University College of Medicine, an AAALAC-accredited unit (#001071). 

Five to 9-week-old 129/J background mice, maintained in specific pathogen-free 

conditions (SPF), were used for all experiments. Rab25 KO mice were genotyped 

as previously described10. 

 

2. Skin tumorigenesis experiments 

For DMBA-TPA-induced skin carcinogenesis, mice were carefully shaved, 

and a single dose of DMBA (0.1 μmol in 200 μl acetone, Sigma) was applied 

topically to mouse dorsal skin. Application of TPA (20 nmol in 200 μl acetone, 

Sigma, St. Louis, MO, USA) was initiated 1 week after application of DMBA. 

Groups of mice were treated with twice-weekly applications of TPA for the 

duration of the experiment. All carcinogenic chemicals were gently rubbed to 

soak the entire dorsal skin of the mouse. Tumor size and the number of papilloma 

were measured every week under anesthesia. A total of 49 mice were divided into 

four groups (DMBA/TPA treated, DMBA only treated, TPA only treated, Vehicle 

treated).  

 

3. Immunocytochemistry 
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For immunocytochemistry, cells were seeded on Poly-L-lysine (Sigma, St. 

Louis, MO, USA)-coated 24-well Chamber slides, grown until 80~90% 

confluence, and fixed with 4% PFA for 15 min. Fixed monolayer cells were 

washed twice with ice-cold PBS and incubated with 0.25% Triton X-100 in PBS 

for 15 min for permeabilization. Cells were incubated with 1% BSA for 30 min 

to block non-specific binding, followed by treatment with primary antibodies at 

4℃ overnight. After two washes in ice-cold PBS, primary antibodies were 

detected with fluorophore-conjugated anti-IgG (Jackson Laboratories, Bar 

Harbor, ME, USA), followed by DAPI staining. Confocal images were acquired 

using Zeiss confocal microscopes and analyzed using Zeiss software (Carl Zeiss 

Micro Imaging, Jena, Germany). The assessment of integrin internalization was 

performed as described below. 

 

4. Immunoblotting 

For cell lines, cells were harvested and incubated in protein lysis buffer 

(20 mM Tris [pH 7.4], 0.15 M NaCl, 2.5 mM EDTA, 1% Triton X-100) for 40 

min. For mouse tissue, mice were euthanized in a CO2 chamber. The 20 mg 

specimens were carefully cut and collected in 1.5 ml microtubes. Proteins were 

extracted from sections with protein lysis buffer (20 mM HEPES [pH 7.0], 0.15 

M NaCl, 10% Glycerol, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 10 mM 

β-phosphoglycerate) with protease and phosphatase inhibitor cocktails (Thermo, 

Waltham, MA, USA). All lysates were collected by centrifugation (13,000 rpm, 

15 min) and boiled in 1X SDS-PAGE sample buffer (62.5 mM Tris–HCl [pH 6.8], 

2% SDS, 5% β-mercaptoethanol, 10% glycerol, 0.01% bromophenol blue) after 
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measurement of protein concentrations. Then, 20 μg of protein sample was 

separated by SDS-PAGE and transferred to a PVDF membrane (Millipore, 

Billerica, MA, USA). The membranes were incubated overnight at 4℃ with 

primary antibodies. Signal intensities were measured using ImageJ software. 

 

5. Immunohistochemistry  

For immunostaining, samples were de-paraffinized and sequentially 

rehydrated using a descending graded series (100%, 95%, and 70%) of ethanol. 

Antigen retrieval (DAKO, Santa Clara, CA, USA) was performed using a 

pressure cooker. After cooling on ice for at least 1 hr, sections were incubated in 

3% H2O2 for 30 min for blocking endogenous peroxidase. Sections were washed 

twice with PBS and incubated with protein block serum-free (DAKO, Santa Clara, 

CA, USA) for 1–2 hr at room temperature to reduce non-specific signals. 

Treatment with M.O.M (Vector Laboratories, Burlingame, CA, USA) reagent for 

1 hr was performed with mouse primary antibodies. Primary antibodies were 

incubated overnight at 4℃. After three washes in PBS, sections were incubated 

in HRP-conjugated secondary antibody (DAKO, Santa Clara, CA, USA) for 15 

min at room temperature. For immunohistochemistry, DAB (DAKO, Santa Clara, 

CA, USA) was used for the development of antibodies, and Mayer’s hematoxylin 

(DAKO, Santa Clara, CA, USA) was used for counterstaining. Each experiment 

was performed using an identical time for DAB development. For 

immunofluorescence, primary antibodies were detected with fluorophore 

conjugated (Alexa488, Cy3 or Cy5) secondary antibodies. Immunofluorescence 

images were taken with an EVOS-FL or LSM780.  



58 

For BrdU assay, BrdU (Sigma, St. Louis, MO, USA) was dissolved in PBS 

(20 mg/ml) at room temperature and immediately administered to wild-type (WT) 

and Rab25 knock-out (KO) mice by intraperitoneal injection (4 mg/20 g). After 

48 hr, mice were sacrificed, and the skin samples were fixed in 4% 

paraformaldehyde. The BrdU staining was performed following the 

immunohistochemistry protocol detailed above. 

 

6. Quantitative real-time PCR  

RNA was extracted from tissues using TRIzol (Life Technology, Carlsbad, 

CA, USA) in accordance with manufacturer’s protocol. cDNAs were synthesized 

from 1 μg samples after treatment with DNase (Takara, Shiga, JP). It used the 

ImProm-II™ reverse transcription system (Promega, Madison, WI, USA). 

POWER SYBR Green Master Mix from Applied Biosystems (Life Technologies, 

Carlsbad, CA, USA) was used to perform real-time PCR. 

 

7. Establishment of Rab25 knockdown cell lines 

Recombinant lentiviruses were commercially designed and synthesized 

using GIPZ lentiviral shRNA vector (Open Biosystems, Huntsville, USA). 

Lentiviruses were produced by transfection of 293T cells with packaging 

plasmids PMD2G and psPAX2, using a CalPhosTM Mammalian Transfection Kit 

(Clontech, Mountain View, CA, USA) according to the manufacturer's protocol. 

Knockdown of Rab25 in HaCaT cells was established by infection with 

recombinant lentivirus using a polybrene mixture. Stable clones expressing 
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shRNA were selected by further incubation with puromycin (1 µg/ml) and 

fluorescence of GFP.  

 

8. Xenograft experiment 

HaCaT cells and knockdown virus-infected HaCaT cells (PGIPZ control 

and Rab25 shRNA) were re-suspended in 100 µl of serum-free Dulbecco’s 

modified Eagle’s medium (Sigma, St. Louis, MO, USA) with an equal volume of 

matrigel (Corning, NY, USA). The mixture was implanted by subcutaneous 

injection into the flanks of nude mice. Growth was recorded and tumors were 

measured using calipers every 2 days under anesthesia. Animals were sacrificed 

if tumor size reached more than 1,000 mm3 for ethical reasons. 

 

9. Assessment of integrin internalization 

For internalization assays, immunocytochemistry was conducted by the 

protocol described above. Confocal images were captured by LSM780, and the 

degree of colocalization with Rab25 or endosome markers (EEA1, Rab7a, 

Rab11a) was quantified based on Mander’s Colocalization Coefficients (MCC) 

using co-localization module of the black edition of ZEN 2012 software. The 

figures of MCC are represented by ∑ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖 , 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/∑ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖  . 

Pixels above the fluorescence threshold level of both integrin and endosome 

marker channels were defined as overlapping signals. 

 

10. Integrin recycling assay 
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For recycling assay, cells (1x104/ well) were seeded on coverslips and 

serum starved for 2 hr before labeling with antibody. Anti-β1 and -β4 integrin 

antibody was incubated for 2 hr in a cold room with shaking. Unlabeled antibody 

was eliminated by two washes with cold PBS. Integrin internalization was 

triggered by incubation in serum-free DMEM for 2 hr at 37˚C. Afterwards, 

recycling was analyzed by incubation with 15% FBS for 5 and 20 min at 37˚C, 

followed by fixation with 4% PFA. Cells were then proceeded for 

immunocytochemistry as described above. 

 

11. Cell proliferation assay 

For MTT assay, 2 x 103 cells were seeded in 96-well plates with serum-

supplemented DMEM media (200 µl). Cell Titer-Glo® Reagent (Promega, 

Madison, WI, USA) was added directly to DMEM media, and luminescence was 

detected using luminometer after multiple pipetting. Relative values were 

calculated in comparison with Day 0 (D0). For cell counting, 5 x 104 cells were 

seeded in a 35 x 10 mm culture dish (Corning, NY, USA). Cultured cells were 

dissociated with 0.25% Trypsin-EDTA (Gibco, Waltham, MA, USA) and re-

suspended with DMEM media. A 10 µl sample was mixed with 10 µl of 0.4% 

Trypan blue stain using a pipette, and 10 µl of mixture was pipetted into one 

chamber of cell counting slides. Stained cells were measured by an EVE 

automatic cell counter. Two experiments were performed in triplicate for each 

day, and the end point was established before cells reached 100% confluence. 

 

12. Clinical data analysis using human skin tissue microarray 
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For skin tissue microarray, immunohistochemistry was performed as 

described in the immunostaining method. Images were taken using an Aperio 

Versa imager (Vanderbilt Digital Histology Shared Resource). The evaluation of 

staining was conducted using Tissue image analysis software version 2.0 (Leica, 

Wetzlar, Germany). Intensity of DAB positive areas for Rab25 and integrins was 

analyzed by immunohistochemistry staining.  

 

13. Histopathological analysis 

For histopathological examination, all mice were euthanized at 20 wk post-

DMBA treatment, and the skins were fixed in 4% phosphate-buffered formalin 

(PFA) for 24 hr. Skin regions of 1.0 cm in width were paraffin-embedded and cut 

into 5-μm sections, followed by hematoxylin-eosin staining. Samples were 

examined under a light microscope (Olympus, Tokyo, JP) to verify skin pathology. 

All histopathological analysis was based on WHO IARC classification criteria. 

Classification was conducted as follows. Squamous cell hyperplasia: the non-

keratinized epidermis was thickened due to an increased number of epidermal 

cells. This increase involved all three non-keratinized layers (basal, prickle, and 

granular), although the prickle cell layer was the most affected. The normally thin 

epidermis of the mouse, which is 2-3 cells thick and has inconspicuous prickle 

cell layers, increased in thickness by many cells, and the prickle and granular 

layers became prominent. Squamous cell papilloma: a typical circumscribed 

exophytic growth composed of epithelium and supportive connective tissues 

extending above the epidermis. Lesions were diagnosed as squamous cell 

papilloma when distinct characteristics were observed, including an inner 
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proliferative connective tissue vascular core, a middle area of proliferating 

stratified squamous epithelium with well-defined basal cells, and an outer surface 

of keratin. Squamous cell carcinoma (SCC): SCCs were composed of irregular 

masses or cords of squamous epithelial cells that proliferated downward and 

invaded the adjacent dermis and subcutis.  

 

14. Antibodies 

The following primary antibodies were commercially purchased: Rab25 

(3F12, Novus, Rockford, IL, USA), BrdU (Novex, Frederick, MD, USA), 

GAPDH (ab181602, Abcam, Cambridge, UK), Integrin α6 (ab181551, Abcam, 

Cambridge, UK), Integrin β1 (ab179471, Abcam, Cambridge, UK), Integrin β4 

(ab182120, Abcam, Cambridge, UK), Ki67 (ab1667, Abcam, Cambridge, UK), 

EEA1 (14-9114-82, Invitrogen, Waltham, MA, USA), Rab7a (GTX16196, 

Genetex, Irvine, CA, USA) and Rab11a (sc-166523, Santa Cruz Biotechnology, 

Dallas, TX, USA). 

 

15. Statistical analysis 

Statistical analysis was performed using GraphPad Prism software v 7.0. 

All data are presented as mean ± SEM. Statistical significance was determined 

using unpaired Student’s t-test or one-way ANOVA with Dunnett’s multiple 

comparison. P < 0.05 was considered significant. *P < 0.05; **P < 0.01; ***P < 

0.001 
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III. RESULTS 

 

1. Rab25 expression in human skin squamous cell carcinoma 

In PART1, we identified the role of Rab25 in skin physiology and 

differentiation. However, the underlying function of Rab25 was still remain 

unclear in skin carcinogenesis although several reports revealed that Rab25 has 

pivotal roles in epithelial cancer development54.  

Tissue microarrays of human skin precancerous and cancerous lesions 

were examined for Rab25 expression. As shown in Figure 1A, the intensity of 

Rab25 staining was reduced in the full gamut of skin squamous cell carcinoma 

(SCC)-related lesions, including precancerous actinic keratosis, human 

papillomavirus-associated SCC in situ (SCCIS), bowenoid papulosis, and 

invasive SCC. The intensity of Rab25 staining was significantly lower in invasive 

SCC arising within SCCIS (iSCC/SCCIS) than other precancerous lesions 

(Figure 1A), and RNAseq datasets indicated that SCC with clinical perineural 

invasion had significantly lower Rab25 expression (Figure 1B). 

Immunofluorescence staining clearly indicated localization of Rab25 in the 

epidermis. In normal human skin, Rab25 expression was exclusively found in 

cells within the basal and granular layers of the epidermis, where intracellular 

vesicle trafficking and secretion are highly active (Figure 1C). Although SCC 

samples, regardless of differentiation level, exhibited reduced Rab25 expression, 

compared with normal skin, Rab25 expression was preserved in some SCC 

specimens with relatively well-differentiated borders, further substantiating that 

Rab25 is negatively correlated with the development of SCC (Figure 1D).   
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Figure 1. Rab25 expression in human skin tumor. (A) Staining intensity for 

quantitation of Rab25 in a cohort of patients with skin lesions using human skin 

cancer tissue microarray. “n” indicates the number of patients (one-way ANOVA 

with Dunnett’s multiple comparison, ***P < 0.001, vs. Normal). (B) Comparison 

of Rab25 expression in cutaneous SCC based on clinical pathology. GSE86544 

dataset was analyzed for Rab25 expression. Non-invasion (n=9), Incidental PNI 

(n=8), and Clinical PNI (n=7, One-way ANOVA with Dunnett’s multiple 

comparison, **P < 0.01). (C) Representative immunofluorescence image of 

Rab25 (Green) in normal human skin. Scale bar: 100 μm (left panel); 20μm (right 

panel). (D) Representative immunohistochemistry images of Rab25 in normal 

skin and human squamous cell carcinoma (SCC). Red arrow indicates the region 

of higher magnification of normal skin. Scale bar: 100 μm (upper panels); 20 μm 

(lower panels). All data represent mean ± SEM. 
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2. Loss of Rab25 promotes skin-tumor development in a two-stage 

tumorigenesis mouse model 

To further elucidate the role of Rab25 in the development of SCC, we 

employed a DMBA-TPA-induced two stage skin carcinogenesis mouse model 

using wild-type (WT) and Rab25 KO mice. As shown in Figure 2A, macroscopic 

observation revealed that at 10 wk post-DMBA treatment, while no skin tumors 

were generated in WT mice (left panel), Rab25 KO mice developed tumors (right 

panel) (Figure 2A). At 20 wk, Rab25 KO mice (right panel) showed skin tumors 

of larger sizes and in larger numbers, compared with WT mice (left panel) (Figure 

2B). Indeed, Rab25 KO significantly and potently stimulated the development of 

skin tumors with respect to the size and number at terminal observation and the 

latency of first tumorigenesis (Figure 2C and 2D).  

 

3. Loss of Rab25 promotes squamous cell carcinoma in a mouse 

tumorigenesis model 

Skin from all of the mice underwent histopathological examination 

based on WHO IARC classification criteria80. The malignancy was scored by 

categorizing skin lesions or skin tumor into squamous cell hyperplasia, squamous 

cell papilloma, and SCC as diagnosed by pathologists (Figure 3A-D). Most of the 

SCCs were well-differentiated tumors showing ample keratin production, and the 

keratin formed characteristic structures termed keratin pearls (KP) that were 

composed of concentric layers of squamous cells around central layers of keratin. 

(Figure 3D, KP) The basal layers frequently had mitotic figures that were often 

irregular, formed buds and nests, or consisted of few cells. (Figure 3D, insert box)  
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Collectively, in the mouse two-stage skin carcinogenesis model, most 

of the Rab25 KO mice developed more severe forms of skin tumors, namely 

papilloma and SCC, than WT mice (Table 1 and 2). All the Rab25 KO mice 

developed papilloma, and 9/15 mice showed SCC. Only one WT mice (1/10) 

developed SCC. Interestingly, TPA-treatment without DMBA induced papilloma 

development in Rab25 KO mice, while only hyperplasia was observed in WT 

(Table1).  
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Figure 2. Susceptibility of Rab25 KO mice to the two-stage skin 

carcinogenesis model. (A) Macroscopic appearance of the dorsal skin of wild-

type (WT) or Rab25 knock-out (KO) mice at 10 wk post-DMBA treatment. The 

dotted circles indicate tumors. (B) Macroscopic appearance of the dorsal skin of 

wild-type and Rab25 KO mice at 20 wk post-DMBA treatment (terminal stage). 

(C) Skin tumors were counted for WT (red dot) and Rab25 KO mice (blue dot) 

every week after DMBA treatment until 20 wk of tumorigenesis as the number 

of tumors per mouse (unpaired Student’s t test, **P < 0.01; ***P < 0.001, vs. 

WT). (D) The average number of tumors according to diameter (>3 mm: diameter 

over 3 mm, >5 mm: diameter over 5 mm), total number of tumors (tumor 

multiplicity), and the average week of appearance of initial tumor (unpaired 

Student’s t test, *P < 0.05; ***P < 0.001, vs. WT).  

 



70 

 



71 

Figure 3. Histopathological classification of tumors induced by a two-stage 

skin carcinogenesis model. (A) Whole slides spanning the tumors in the dorsal 

skin of Rab25 knock-out (KO) mice treated with DMBA/TPA. All squamous cell 

hyperplasia (red arrowhead), papilloma (blue arrowhead), and carcinoma (SCC, 

black arrowhead) were observed in a single mouse. (B-D) Microscopic features 

of (B) squamous cell hyperplasia, (C) papilloma, and (D) carcinoma (SCC). Scale 

bar: 200 μm (upper panels); 50 μm (left panel of D); 20 μm (right panel of D). 
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Table 1.  Skin lesion incidence in a skin carcinogenesis model 
  No. of skin lesion-bearing mice  

Mice  Group Hyperplasia Papilloma SCC 
WT (n=4) 

TPA treated 
4 - - 

Rab25 KO (n=4) 4 2 - 

WT (n=10) 
DMBA/TPA 
treated 

10/10 10/10 1/10 

Rab25 KO (n=15) 15/15 15/15 9/15** 

unpaired Student’s t test, **P < 0.01  
 
 
 
 
Table 2. Increased malignancy in Rab25 KO mice 
  No. of lesions / mouse  

Mice  Group Hyperplasia Papilloma SCC 
WT (n=4) 

TPA treated 
1.8±0.5 - - 

Rab25 KO (n=4) 4.5±0.3 0.8±0.5 - 

WT (n=10) 
DMBA/TPA treated 

8.0±0.7 7.4±1.0 0.1±0.1 

Rab25 KO (n=15) 9.5±0.8 16.1±1.3*** 1.27±0.3** 

unpaired Student’s t test, **P < 0.01  
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4. Rab25 expression gradually disappears during skin tumorigenesis 

Alterations in the distribution of Rab25 expression in the epidermis were 

investigated over the course of tumor development. As shown in Figure 4A, in 

the untreated normal mice skin, Rab25 was diffusely and strongly expressed 

throughout the epidermis, while no staining was observed in the dermis. In 

contrast, in regions adjacent the tumor where epidermal hyperplasia was observed, 

Rab25 expression was attenuated and detected sparsely around corneal and basal 

cell layers (Figure 4B). Strikingly, in the tumor regions, Rab25 was hardly 

detectable (Figure 4C), strongly reflecting the pivotal association of Rab25 loss 

with skin tumorigenesis. As expected, Ra25 was not detected in untreated and 

DMBA/TPA treated epidermal samples from Rab25 KO mice (Figure 4D). 

 

5. Increased proliferation in the skin epidermis of untreated Rab25 KO mice 

As described above, the skin squamous cell tumor lesions in the two-

stage carcinogenesis model showed significantly more severe and hyperplasic 

features of skin tumor development in Rab25 KO mice. To further assess cell 

proliferation in the Rab25 KO mouse, we performed immunohistochemically 

evaluation of two proliferating cell markers, BrdU and Ki67, in the untreated skin. 

Similar to the previous result, the number of proliferating cells were prominent 

in Rab25 KO mice (Figure 5A-D). Both BrdU+ and Ki67+ cells increased by ~ 3-

fold in Rab25 KO mice, compared to WT mice (Figure 5B and D). Collectively, 

Rab25 deficiency led to hyperproliferation in the basal layer of the epidermis, 

which would promote skin turnover. 
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Figure 4. Rab25 expression during skin carcinogenesis. (A-D) Rab25 

expression in the skin epidermis of untreated and DMBA/TPA treated (end stage) 

WT and Rab25 KO mice. Immunostaining intensity of Rab25 in (A) untreated 

WT mice with 129J background, (B) epidermis of adjacent tumor (squamous cell 

hyperplasia). (C) No staining was observed in the epidermis of the tumor region. 

Lower panels of A-C show higher magnification views. Scale bar: 200 μm (C, 

right panel of D); 100 μm (A, B); 50 μm (lower panel of B, C); 20 μm (lower 

panel of A, left panel of D). 
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Figure 5. Hyperproliferation of untreated Rab25 KO mice skin. (A) 

Representative image of S-phase BrdU-positive cells in the untreated skin 

epidermis. Scale bar: 200 μm (left panels); 20 μm (right panels). (B) Quantitation 

of S-phage proliferating cells. (unpaired Student’s t test, **P < 0.01, vs. WT). (C) 

Representative image of Ki67-positive cells in the untreated epidermis. Scale bar: 

100 μm (left panels); 20 μm (right panels). (D) Quantitation of Ki67-positive cells. 

(unpaired Student’s t test, *** P < 0.001, vs. WT).  
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6. Integrin distribution in the basal layer of WT and Rab25 KO mice 

During epithelial cell carcinogenesis, loss of integrin frequently occurs, and 

integrins are the major target molecules governed by Rab25 regulation. We 

examined the expression of α6, β4, and β1 integrins, all of which are critical in 

the regulation of skin regeneration and skin malignancy81. As shown in Figure 

6A, those integrins were enriched in the basal layer of the epidermis of WT mice: 

β4 and β1 appeared to be dispersed throughout the basal cells, while α6 showed 

a sparse and focal staining pattern in the perinuclear and nuclear region of specific 

groups of basal cells. Integrin expression could be confirmed in the epidermis of 

WT mice, while the expression of all three integrins was substantially attenuated 

and less focused in Rab25 KO mouse epidermis (Figure 6A). Immunoblot assay 

further corroborated the reduced integrin expression in the skin of Rab25 KO 

mice (Figure 6B and 6C). Interestingly, Rab25 deficiency did not affect integrin 

expression in the dermis. Since both Rab25 and integrins were enriched in basal 

cells of the epidermis on immunohistochemistry, we examined whether Rab25 

and integrins existed in the same cellular loci. Immunofluorescence staining 

showed that Rab25, which is highly expressed throughout the entire basal cell 

layer, was co-localized with β4 and β1 integrin in those cells (Figure 6D), but not 

with α6 integrin. We also identified similar appearance of the co-localization 

between Rab25 and integrin in HaCaT cell line (Figure 6E-H). MCC score also 

substantiated that colocalization of β1 and β4 integrin with Rab25 was 

significantly reduced in Rab25 knock-down (KD) cells, compared to WT and 

shCon cells, while α6 integrin did not show any significant change (Figure 6H). 
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Figure 6. Alteration of integrin distribution in Rab25 KO mice and Rab25 

deficient keratinocyte. (A) Integrin localization and expression in the intact skin 

of WT and Rab25 KO mice. Right panel indicates higher magnification of the 

epidermis region. Scale bar: 20 μm. (B) Western blot for integrin β1, β4, and α6 

of the skin of WT and Rab25 KO mice. (C) Densitograms of blots. Data represent 

mean ± SEM (unpaired Student’s t test, n=4 *P < 0.05 **P < 0.01, vs. WT). (D) 

Immunofluorescence image of DAPI (blue), Rab25 (red), and integrin (green) in 

skin of untreated WT mice. Overlapped panel on merge image (bottom right 

corner) shows a higher magnification image of basal cells. Scale bar: 50 μm. (E-

G) Localization and expression of Rab25 and integrin were examined by 

immunocytochemistry staining in WT, control (shCon, pGIPZ expressing), and 

Rab25 knock-down HaCaT cell lines. Yellow-lined panel depicts higher 

magnification of the perinuclear region. All images were captured by LSM800. 

Scale bar: 10 μm. (H) Measurement of colocalization between Rab25 and each 

integrin. Colocalization was analyzed by the module of co-localization assay in 

Zeiss 2012 Black Edition and was calculated by MCC. Data represent mean ± 

SEM (Mander’s Colocalization Coefficients, Unpaired student’s t test, *P < 0.05 

**P < 0.01, vs. Rab25 KD). 
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7. Downregulation of Rab25 in HaCaT cells promotes proliferation and 

integrin deficiency 

To confirm the tumor-suppressive effects of Rab25 in skin tumors, we 

examined the effects of Rab25 deficiency on the tumorigenicity of HaCaT cells, 

a human keratinocyte cell line. Infection of HaCaT cells with lentiviral vectors 

conveying Rab25 KD (sh1 and sh2) led to increased cell proliferation (Figure 7A). 

Consistently, HaCaT cells infected with Rab25 sh1 and sh2 showed complete 

suppression of Rab25 expression, as well as significant downregulation of β1, β4, 

and α6 integrins (Figure 7B and 7C).  

To examine if Rab25 KD may influence tumorigenicity of HaCaT cells, 

xenograft was conducted in nude mice. Inoculation of a large number of HaCaT 

cells can generate tumor-like lesions82,83. We also could observe xenograft tumor 

tissues originating from HaCaT cell in nude mice. Rab25 KD in HaCaT cells led 

to significant increases in the sizes of tumors when compared with wild-type (WT) 

or vector control (shCon) cell lines. (Figure 7D). Interestingly, Rab25 KD cell-

derived tumors also showed down-regulated expression of β1, β4, and α6 

integrins (Figure 7E), confirming that Rab25 deficiency promotes tumorigenicity 

in an integrin-dependent fashion, regardless of experimental model. 

 

8. Altered integrin distribution in Rab25 knock-down HaCaT cells 

Based on our previous data, we postulated that alteration of Rab25-

dependent recycling pathways would be associated with the loss of integrin. To 

clarify this speculation, we examined the distribution of integrins in endosomal 

compartments. Captured confocal images were analyzed using the co-localization 
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evaluation module of the built-in Zeiss software, where co-localizing pixels 

above threshold are calculated. Three representative markers were used for this 

experiment: EEA1 (an early endosome marker), Rab7a (a late endosome marker 

and a pre-requisite for phago-lysosome pathway), and Rab11a (a recycling 

endosome marker). As shown in Figure 8A, the proportion of β1 integrin in 

Rab11a-containing recycling endosomes was significantly decreased in Rab25 

KD cells, compared with WT cells, while the proportion of β1 integrin in late 

endosomes increased conversely. The proportion of β4 integrin in endosomes 

showed a similar pattern as that for β1 integrin (Figure 8B). However, the 

proportion of β1 integrin and β4 integrin in EEA1-positive early endosomes was 

not affected by Rab25 KD (Figure 8A and 8B). To further substantiate whether 

Rab25 deficiency leads to inhibition of β1 integrin and β4 integrin recycling, we 

performed antibody-based recycling assay and found that recycling rate was 

significantly decelerated in Rab25 KD cells (Figure 8C and 8D). These results 

suggest that Rab25 selectively regulates the recycling pathways of β1 and β4 

integrin and that loss of Rab25 facilitates trafficking into late endosomes rather 

than activating recycling. 

 

9. Integrins are markedly reduced in cancer regions of human skin cancer 

Integrin expression appeared to be key to Rab25-mediated tumor 

suppressive effects. To further investigate the integrin expression in SCC, the 

human skin cancer tissue microarray, probing Rab25, was examined for integrin 

expression and distribution. In normal human tissues, all three integrins were 

expressed in basal layer cells, and α6 integrin was strongly stained in a subset of 
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basal cells, as was the cases in mouse tissue (Figure 9A and 9B). In contrast, in 

SCC lesions where Rab25 was downregulated, β1 and β4 integrin nearly 

disappeared in the basal cell layer. Quantitation of staining intensity for integrins 

confirmed that β1 and β4 integrins were significantly lower in SCC than in 

normal human skin (Figure 9C). Interestingly, expression of α6 integrin was 

significantly lower in the early cancer lesion, SCC in situ, although this difference 

dissipated in SCC (Figure 9C). There was a hint of an altered cellular localization 

in some SCCs and certain regions of the epidermis, which is in line with the re-

localization of integrin in the terminal phase of epithelial cell carcinogenesis84. 

Although most of the SCC cells showed reduced or negative expression of Rab25, 

A431 cells, which originate from SCC, showed similar expression as that in 

HaCaT. Moreover, we found that expression levels of β1 and β4 integrins were 

also reduced in Rab25-deficient A431 cells, and these cells showed significantly 

increased proliferation, compared to WT and shControl cells (Figure 10A and 

10B). Taken together, our results demonstrated that Rab25 is highly and 

extensively expressed in human and mouse keratinocytes, especially basal cells, 

helping to maintain keratinocyte integrity and differentiation, which may be 

mediated by regulating proper integrin recycling. Deficiency of Rab25 induces 

an alteration of integrin distribution, ultimately increasing tumorigenicity (Figure 

9D). 
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Figure 7. Downregulation of Rab25 induces loss of integrin and promotes 

malignancy of HaCaT in vitro and in vivo. (A) The proliferation of Rab25 

knock-down HaCaT cells as measured with MTT reagent (upper) and cell 

counting (lower). Rab25 knock-down cells (sh1, sh2) showed significantly 

increased cell proliferation, compared with wild-type (WT) and pGIPZ vector 

(shCon) expressing HaCaT cells. (unpaired Student’s t-test, *P < 0.05 **P < 0.01, 

vs. shCon). (B) Western blot for integrin of Rab25 knock-down HaCaT cells. (C) 

Densitograms of integrin intensity in Rab25 knock-down HaCaT cell lines, 

compared with WT and pGIPZ expressing HaCaT cell line. (unpaired Student’s t 

test, n=3 *P < 0.05 **P < 0.01, vs. shCon). (D) Representative size graph of 

isolated HaCaT xenograft tumor. Tumors derived from WT (n=4), shControl 

(n=4), Rab25 knock-down1 (sh1, n=3), and Rab25 knock-down2 (sh2, n=3) 

(unpaired Student’s t-test, *P < 0.05 **P < 0.01, vs. shCon). (E) Representative 

H&E and IHC image of tumors. Scale bar: 100 μm (top panels); 20 μm (other 

panels). All data represent mean ± SEM 
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Figure 8. Alteration of integrin trafficking pathway in Rab25 deficient 

keratinocytes. Proportion of integrin (red) co-localized with endosome markers 

(green): EEA1, Rab7a, and Rab11a were examined by immunocytochemistry 

staining in WT and Rab25 knock-down HaCaT cell lines. All images were 

captured by LSM780 and were analyzed by the module of co-localization assay 

in Zeiss 2012 Black Edition. (A-B) Representative confocal images and each 

white arrow indicate spots of co-localization. Colocalization was calculated by 

MCC (Mander’s Colocalization Coefficients) (unpaired Student’s t test, * P< 

0.05 ** P < 0.01, vs. WT). Scale bar: 5 μm. (C) Representative 

immunocytochemistry image of antibody-based recycling assay. HaCaT cells on 

coverslips were serum-starved for 2 hr and labeled with anti-β1 and anti-β4 

integrin antibody at 4˚C. Integrin internalization was proceeded for 2 hr at 37˚C 

in serum-free DMEM medium. Recycling was triggered by incubation of 15% 

FBS for indicated time periods. Scale bar: 20μm. (D) Graph shows that the 

percentage of recycled cell per total cells. (unpaired Student’s t test *P < 0.05, 

***P < 0.001, vs. WT). All data represent mean ± SEM. 
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Figure 9. Reduced expression of β1, β4, and α6 integrin in the skin tumor 

region (A) Representative immunostaining image of integrins (β1, β4, α6) in the 

tissue microarray of human skin squamous cell carcinoma. Right panels indicate 

higher magnification of the basal layer. Scale bar: 50 μm (left panel); 10 μm (right 

panel). (B) Representative immunostaining image of integrin (β1, β4, α6) in 

DMBA/TPA treated mice skin. Expression and localization patterns of integrin 

were identical to those in human skin specimens. Scale bar: 20 μm. (C) 

Immunostaining intensity of integrin (β1, β4, α6) in a cohort of patients with skin 

squamous cell carcinoma lesions (unpaired Student’s t test, *P < 0.05 **P < 0.01, 

vs. Normal). (D) Graphical image of the role of Rab25 in keratinocytes. A normal 

keratinocyte of the basal cell layer showed abundant integrin in the cytoplasm 

and membrane compartment, and endosomal distribution of integrin was highly 

focused on recycling endosome, compared with late endosome. A Rab25-

deficient keratinocyte showed a scarcity of integrin, resulting from the increase 

in integrin distribution into late endosomes, along with the marked decrease in 

integrin distribution in recycling endosomes. Cells absent polarity factors are 

vulnerable to tumorigenic conditions and promote SCC. All data represent mean 

± SEM.  
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Figure 10. Alteration of proliferation and integrin expression in Rab25 

deficient A431 cell (A) Proliferation of Rab25 knock-down A431 cells as 

measured with MTT reagent (upper) and cell counting (lower). Data represent 

mean ± SEM (unpaired Student’s t test, * P< 0.05 ** P< 0.01 ***P < 0.001, vs. 

shCon). (B) Western blot for integrin in Rab25 knock-down A431 cells. 
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IV. DISCUSSION 

 

Contradictory reports continue to obscure the role of Rab25 in 

tumorigenesis. Our group previously showed that loss of Rab25 in the intestine 

reduces basolateral presentation of β1 integrin in intestinal enterocytes10, 

suggesting that alteration of Rab25 may disrupt the polarization of epithelial cells, 

as well as induce directional alteration in integrin expression. These findings were 

confirmed in Caco-2 cells with knockdown of Rab25 expression71. In contrast, 

Rab25 is known to function as an oncogene in ovarian and luminal breast 

cancers67,85. Indeed, treatment of stapled peptide, which inhibits interactions 

between Rab25 and its effector, has been found to suppress the proliferation and 

migration of ovarian cancer cells in which Rab25 functions as an oncogene, but 

to augment aggressive phenotype in breast cancer cells in which Rab25 functions 

as a tumor suppressor86. Furthermore, Jeong et al. found that the oncogenic 

activity of Rab25 in ovarian cancer cell lines accrued through Rab25-dependent 

increases in β1 integrin levels, which subsequently activated EGFR, upregulated 

VEGF-A expression, and increased Snail expression, ultimately promoting 

cancer cell invasion87. These data suggested that, while Rab25 regulates 

trafficking in many cells, the actual patterns of integrin regulation are dependent 

on tumor context. In tumors originating from HNSCC52,62, oral 

SCC88 ,oropharyngeal SCC, and esophageal SCC89, tumor suppressor effects of 

Rab25 are well-established. This conclusion is supported by a positive prognosis 

for high Rab25 expression in patients with HNSCC90. However, the role of Rab25 

in the squamous epithelia of the skin has remained unknown. 
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Here, we have demonstrated and clarified the role of Rab25 as a 

significant tumor suppressor in SCC, wherein Rab25 loss was closely associated 

with the promotion of tumor generation from the early phase of squamous cell 

hyperplasia. This pattern was confirmed in Rab25 KO mice and human skin SCC 

in which Rab25 loss was well correlated with increased cell proliferation and poor 

differentiation. Furthermore, we also identified the enrichment of Rab25 

expression in the basal layer of the epidermis, where epidermal stem cells reside 

and where a gamut of integrins govern cell proliferation and cell-ECM 

interactions. However, as with previous reports, Rab25 knock-out alone did not 

induce spontaneous tumorigenesis10,84.  

Integrins exist in epidermal basal cells, interacting with basement ECM 

components, such as laminin and collagens91,92. The basal cells of the epidermis 

are pivotal to the regulation of keratinocyte proliferation and terminal 

differentiation, which is integral to the maintenance of skin integrity93,94. 

Sequential loss of integrin β1 and α6 and subsequent disengagement from cell-

ECM interaction in basal cells is the signature of terminal differentiation20,95. 

Consequently, dysregulation of integrin turnover can lead to various skin 

disorders as evidenced in integrin KO mouse studies96-98. Indeed, we found 

apparent decreases in integrin expression in human SCC that were attributable, at 

least in part, to loss of Rab25. We found that loss of Rab25 in mice and HaCaT 

cells elicited overall decreases in β1, α6, and β4 integrins, consistent with 

increased cell proliferation and the promotion of tumor progression in the skin. 

Interestingly, TEM images revealed abnormal morphology of basal cells in Rab25 

KO mice and the loss of desmosome complexes. While those finding may be 
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related to skin integrity and neoplastic transition, further investigation is needed 

to determine correlations between loss of Rab25 and aberrant basal cell 

morphology, including desmosome deficiency.  

We postulated that loss of Rab25 may impair regulation of cell proliferation 

and differentiation through the dysregulation of integrin, as Rab25 exists in 

recycling endosomes along with other Rab11 family proteins99, which process a 

number of membrane cargoes, including integrins and EGFR5,13. In this study, we 

obtained a high-resolution image of keratinocytes with confocal microscopy, 

which revealed the co-localization of integrins with Rab25 in the basal layer of 

the epidermis. Rab25 exists in abundance around perinuclear regions where 

recycling endosomes are active. In the perinuclear region, we found Rab25 to be 

co-localized with β1 and β4 integrins, suggesting that Rab25 may be involved in 

the recycling of these integrins. Interestingly, depletion or deficiency of Rab25 

resulted in impaired integrin distribution, which we observed in Rab25 KO mice 

and Rab25 KD HaCaT cells. As described above, impairment of integrin 

recycling would lead to dysregulated integrin turnover, which would impair 

proper integrin presentation at the cell membrane and ultimately disrupt epithelial 

polarization, making conditions favorable for tumor malignancy and invasion.  

Interestingly, while α6 integrin was also down-regulated in Rab25 KO 

mice and Rab25 KD HaCaT cells, localization with Rab25, as seen with β1 and 

β4 integrins, was not observed, indicating that α6 integrin may be indirectly 

regulated by Rab25. Meanwhile, ablation of β1 has been found to cause the down-

regulation of α6 and β4 integrins95. In addition, α6 integrins present in the 

nucleus, where Rab25 does not exist, and would have a function distinct from 
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that in the cytoplasm or perinuclear regions. Lathia et al. reported that α6 integrin, 

forming heterodimers with integrin β1 or β4, marks glioblastoma stem cells, 

working as a receptor for the ECM protein laminin100. Of note, α6-positive cells 

mark quiescent stem cells in the human skin epidermis93, and a recent study 

revealed that the existence of a heterogeneous stem cell population in the mouse 

epidermis and some long-lived stem cell populations highly express integrins101. 

We have provided evidence suggesting that α6 integrin may mark quiescent stem 

cells in the mouse epidermis by double staining with BrdU incorporation. 

Although intracellular alteration of α6 integrin may be closely linked with stem 

cell composition and tumorigenesis, further investigation needs to be supported 

using other stem cell markers, such as Lrig1.  

       Collectively, our study provides evidence supporting the tumor 

suppressor effects of Rab25 in SCC, wherein the loss of Rab25 promotes cell 

proliferation and tumor generation. Dysregulated integrins may be closely 

involved in the mediation of enhanced tumorigenesis associated with loss of 

Rab25 expression, which corroborates previous findings in colon cancer. 

Further study is warranted to elucidate the mechanisms regulating integrin 

trafficking by Rab25 and its association with epithelial tumor development in 

various settings. 
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V. CONCLUSION 

 

     In skin carcinogenesis, our study provides evidence supporting the tumor 

suppressor effects of Rab25 in SCC, where the loss of Rab25 promotes cell 

proliferation and tumor generation. Dysregulated integrins may be closely 

involved in the mediation of enhanced tumorigenesis associated with loss of 

Rab25 expression, similar to previous findings in colon cancer. Further study is 

warranted to elucidate the mechanisms regulating integrin trafficking by Rab25 

and its association with epithelial tumor development in various settings. 
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ABSTRACT (IN KOREAN) 

 

피부 생리학, 조직 분화, 암 발달에서의  

Rab25 가 미치는 영향 

 

<지도교수 남기택> 

 

연세대학교 대학원 의과학과 

 

정 행 등 

 

     Rab11 small GTPase 군에 속하는 Rab25는 상피세포 

조직에서 세포 가소성을 조절하는 역할을 한다고 알려져 있다. 

Rab25는 주로 상피 조직 중 피부, 장 및 난소 등에서 높게 

발현되며, 조직 상황에 따라 종양 촉진 유전자 및 종양 억제 

유전자로 기능한다고 알려져 있다. 하지만, 이러한 높은 

발현에도 불구하고 Rab25의 근본적인 역할은 명확하게 알려져 

있지 않습니다. 피부는 우리 몸을 구성하는 기관 중 가장 많은 

면적을 차지하는 기관이며, 기능적으로 수분 손실, 물리적 

스트레스 및 외부 감염에 대한 장벽 역할도 한다. 본 연구에서 
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우리 연구진은 Rab25가 줄기 세포가 존재한다고 알려져 있는 

피부 표피의 기저층과 각질화가 시작되는 피부 표피의 

과립층에서만 독점적으로 발현되는 것을 관찰하였다. 특히 

과립층에서는 Rab25 가 filaggrin 소포 형성을 제어함으로써, 

피부 장벽 기능에 기여한다는 것을 밝혀냈다. 기능적으로, 

Rab25의 소실은 filaggrin 소포 형성을 억제하며, 이러한 현상은 

결국 각질층의 약화로 이어지는 것을 알 수 있었다. 실제로, 

Rab25 소실 마우스는 수분함량이 감소된 피부 생리 상태를 

보였다. 뿐만 아니라 Rab25 결핍은 표피 분화 마커 (K1, K5, K10, 

K14, Involucrin, Loricrin)의 비정상적인 발현 또한 유도했다. 

     놀랍게도 이러한 피부 분화와 생리학적 변화 이외에도, 

우리는 Rab25 소실 마우스에서의 줄기세포가 존재하는 

기저층에서 높은 증식률을 확인 할 수 있었다. 이러한 결과를 

바탕으로 피부암을 유도시키기 위하여, DMBA-TPA 유도 피부 

편평 상피 암 모델을 사용하였고 WT 과 Rab25 소실 마우스 

에서 피부암을 발달시켰다. 마우스 피부 편평 세포 암 모델에서, 

Rab25 결핍은 기저 세포에서의 integrin recycling 경로 장애를 

유발하며, 그 결과 integrin의 부적절한 발현을 유도했다. 이에 

따라 Rab25가 결핍된 편평 세포 암 종에서 β1, β4 및 α6 integrin 

발현의 현저한 저하가 확인되었다. 모든 결과를 종합하였을 때, 
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본 실험에서 우리 연구진은 Rab25가 피부 조직에서 생리적 

기능, 분화에서의 기능에 폭 넓게 관여하며, 피부 암 발달 

과정에서는 암 억제 유전자로 작용 한다는 것을 처음으로 밝혀 

내었다. 
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