
 

Instructions for use

Title Study on the Endocytic Pathway in Cell Competition-Based Apical Elimination of Transformed Cells from the
Epithelium

Author(s) 齋藤, 沙弥佳

Citation 北海道大学. 博士(理学) 甲第12826号

Issue Date 2017-06-30

DOI 10.14943/doctoral.k12826

Doc URL http://hdl.handle.net/2115/66509

Type theses (doctoral)

File Information Sayaka_Saitoh.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


 

 

 

 

Study on the Endocytic Pathway in  

Cell Competition-Based Apical Elimination of 

Transformed Cells from the Epithelium 
 

 

 

 

 

 

 

 

 

Sayaka Saitoh 

 

 

Division of Molecular Oncology 

Institute for Genetic Medicine 

 

Graduate School of Chemical Sciences and Engineering 

Hokkaido University 

 

 

 

 

 

 

 

 2017  



2 
 

 

 

 

 

Study on the Endocytic Pathway in  

Cell Competition-Based Apical Elimination of 

Transformed Cells from the Epithelium 
 

細胞競合による変異細胞の上皮層 

頂端側排除におけるエンドサイトーシス経路の研究 

 

 
齋藤 沙弥佳 

 
 
 

分子腫瘍分野 
遺伝子病制御研究所 

 
 

北海道大学大学院総合化学院 
 

 

 

 

 

 

 
 

２０１７年 



3 
 

TABLE OF CONTENTS 

 

LIST OF FIGURES ......................................................................................................................... 5 

LIST OF TABLES ........................................................................................................................... 8 

ABBREVIATIONS ......................................................................................................................... 9 

CHAPTER 1: GENERAL INTRODUCTION .................................................................................. 11 

  1.1 THE CONCEPT OF THIS STUDY ................................................................................................................................................ 12 

  1.2 OVERVIEW OF ONCOGENES THAT THIS THESIS DEALS WITH ........................................................................................ 12 

    1.2.1. Ras .......................................................................................................................................................................................... 12 

    1.2.2. Src ........................................................................................................................................................................................... 14 

  1.3 CELL COMPETITION .................................................................................................................................................................... 15 

    1.3.1. Cell competition in Drosophila ...................................................................................................................................... 15 

      1.3.1.1. Minute ........................................................................................................................................................................... 15 

      1.3.1.2. dMyc .............................................................................................................................................................................. 17 

      1.3.1.3. Scribble ......................................................................................................................................................................... 17 

    1.2.2. Cell competition in vertebrates..................................................................................................................................... 17 

      1.3.2.1. Ras .................................................................................................................................................................................. 18 

      1.3.2.2. Src ................................................................................................................................................................................... 21 

      1.3.2.3. ErbB2 ............................................................................................................................................................................. 21 

      1.3.2.4. Scribble ......................................................................................................................................................................... 22 

      1.3.2.5. Epithelial defense against cancer (EDAC) .......................................................................................................... 22 

  1.4. ENDOCYTOSIS ............................................................................................................................................................................ 23 

    1.4.1. Cargo trafficking and Rab proteins .............................................................................................................................. 23 

    1.4.2. Endocytosis and Cell competition................................................................................................................................ 23 

  1.5. AIMS OF THIS THESIS ................................................................................................................................................................ 24 

  1.6. REFERRENCES .............................................................................................................................................................................. 25 

CHAPTER 2: UPREGULATION OF RAB5-MEDIATED ENDOCYTOSIS IN CELL COMPETITION . 28 

  2.1. ABSTRACT .................................................................................................................................................................................... 29 

  2.2. INTRODUCTION .......................................................................................................................................................................... 29 

  2.3. EXPERIMENTAL PROCEDURES ................................................................................................................................................ 30 

    2.3.1. Antibodies and Materials ................................................................................................................................................ 30 

    2.3.2. Cell Culture .......................................................................................................................................................................... 30 

    2.3.3. Immunofluorescence and Western Blotting ............................................................................................................. 32 

    2.3.4. Transferrin-Uptake Assay ................................................................................................................................................. 33 

    2.3.5. Microinjection and Confocal Imaging of Zebrafish Embryos .............................................................................. 33 



4 
 

    2.3.6. Flow Cytometry .................................................................................................................................................................. 34 

    2.3.7. Data Analyses ..................................................................................................................................................................... 35 

  2.4. RESULTS ........................................................................................................................................................................................ 35 

    2.4.1. Rab5 Accumulates in Ras- or Src-Transformed Cells That Are Surrounded by Normal Cells. ..................... 35 

    2.4.2. Rab5 Plays a Positive Role in the Apical Extrusion of RasV12-Transformed Cells........................................... 42 

    2.4.3. Rab5 Plays Important Roles in Apical Elimination of Zebrafish as Well. ........................................................... 42 

    2.4.4. Vesicle Transport Through Late Endosomes Is Also Involved in Apical Extrusion of Transformed Cells. 58 

  2.5. DISCUSSION ................................................................................................................................................................................ 73 

  2.6. REFFERENCES .............................................................................................................................................................................. 75 

CHAPTER 3: DOWNSTREAM AND UPSTREAM PATHWAYS OF RAB5-MEDIATED ENDOCYTOSIS  

           IN CELL COMPETITION ........................................................................................ 77 

  3.1. ABSTRACT .................................................................................................................................................................................... 78 

  3.2. INTRODUCTION .......................................................................................................................................................................... 78 

  3.3. EXPERIMENTAL PROCEDURES ................................................................................................................................................ 78 

    3.3.1. Antibodies and Materials ................................................................................................................................................ 78 

    3.3.2. Cell Culture .......................................................................................................................................................................... 79 

    3.3.3. Immunofluorescence ....................................................................................................................................................... 80 

    3.3.4. Super-Resolution Microscopy ........................................................................................................................................ 80 

    3.3.5. Data Analyses ..................................................................................................................................................................... 81 

  3.4. RESULTS ........................................................................................................................................................................................ 81 

    3.4.1. Rab5-Regulated Endocytosis Acts Upstream of EPLIN in the Interaction Between Normal and 

          Transformed Epithelial Cells.  ..................................................................................................................................... 81 

    3.4.2. Catalase accumulated in RasV12 cells surrounded by normal cells, in Rab5 and EPLIN dependent  

          manner. .............................................................................................................................................................................. 98 

    3.4.3. EDAC from the Surrounding Normal Cells Induces Rab5 Accumulation in RasV12-Transformed Cells.105 

  3.5. DISCUSSION ............................................................................................................................................................................. 108 

  3.6. REFFERENCES  ........................................................................................................................................................................ 116 

CHAPTER 4: GENERAL CONCLUSION ..................................................................................... 119 

  4.1 CONCLUSION ............................................................................................................................................................................ 120 

 ACKNOWLEDGEMENTS ........................................................................................................ 123 

 

  



5 
 

LIST OF FIGURES 

 
Figure 1-1. A schematic model of concepts of this thesis ........................................................................................  ..... 13 

Figure 1-2. Variations of cell competition. ....................................................................................................................  ..... 16 

Figure 1-3. A schematic view of cell competition model using MDCK mammalian epithelial cells. ..........  ..... 19 

Figure 2-1. Rab5 is accumulated in Ras-transformed cells when they are surrounded by normal epithelial 

cells. .....................................................................................................................................................................  ..... 37 

Figure 2-2. Accumulation of Rab5 also occurs in a single RasV12 cell surrounded by normal cells. ..........  ..... 38 

Figure 2-3. The number and total immunofluorescence intensity of intracellular Rab5 puncta were 

significantly increased in RasV12 cells surrounded by normal cells. ..............................................  ..... 39 

Figure 2-4. Exogenously expressed Rab5 also accumulates in RasV12 cells that are surrounded by normal 

cells......................................................................................................................................................................  ..... 40 

Figure 2-5. Rab5 is accumulated in Src-transformed cells when they are surrounded by normal epithelial 

cells......................................................................................................................................................................  ..... 41 

Figure 2-6. EEA1 is accumulated in Ras--transformed cells when they are surrounded by normal epithelial 

cells......................................................................................................................................................................  ..... 42 

Figure 2-7. Quantification of fluorescence intensity of EEA1. .................................................................................  ..... 43 

Figure 2-8. Immunofluorescence intensity of GM130 is not elevated in RasV12-transformed cells that are 

surrounded by normal epithelial cells. .....................................................................................................  ..... 44 

Figure 2-9. Immunofluorescence intensity of Rab11 is not elevated in RasV12-transformed cells that are 

surrounded by normal epithelial cells. .....................................................................................................  ..... 45 

Figure 2-10. Internalization of Alexa-Fluor-647-conjugated transferrin into MDCK-pTR GFP-RasV12 cells that 

are cultured alone or mixed with normal MDCK cells. ........................................................................  ..... 47 

Figure 2-11. Quantification of Alexa-Fluor-647-conjugated transferrin into MDCK-pTR GFP-RasV12 cells that 

are cultured alone or mixed with normal MDCK cells. ........................................................................  ..... 48 

Figure 2-12. Alexa-Fluor-647-conjugated transferrin into MDCK-pTR GFP-RasV12 cells that are cultured alone 

or mixed with normal MDCK cells..............................................................................................................  ..... 49 

Figure 2-13. Rab5-regulated endocytosis plays a positive role in the apical extrusion of RasV12-transformed 

cells......................................................................................................................................................................  ..... 50 

Figure 2-14. Effect of chlorpromazine or Rab5DN co-expression on co-localization between EEA1 and 

internalized transferrin. .................................................................................................................................  ..... 51 

Figure 2-15. Validation of inhibitory effect of Chlorpromazine and Rab5DN-expression by transferrin-uptake 

assay. ...................................................................................................................................................................  ..... 52 

Figure 2-16. Effect of expression of Rab5DN on apical extrusion of MDCK-pTR GFP-RasV12 cells................  ..... 53 

Figure 2-17. Effect of expression of Rab5DN on apical extrusion of MDCK-pTR GFP-RasV12 cells................  ..... 54 



6 
 

Figure 2-18. Expression of Rab11DN does not suppress apical extrusion of RasV12-transformed cells. ....  ..... 55 

Figure 2-19. Rab5 plays a crucial role in apical extrusion of v-Src-expressing cells in the enveloping layer of 

zebrafish embryos. .........................................................................................................................................  ..... 56 

Figure 2-20. Effect of expression of Rab5DN on apical extrusion of v-Src-expressing cells. ...........................  ..... 57 

Figure 2-21. Vesicle transport through late endosomes is involved in apical extrusion of transformed cells. 60 

Figure 2-22. Vesicle transport through late endosomes is involved in apical extrusion of transformed cells. 61 

Figure 2-23. Effect of co-expression of Rab5DN on the accumulation of Tsg101. ..............................................  ..... 62 

Figure 2-24. Accumulation of Rab7 in RasV12 cells surrounded by normal cells................................................  ..... 63 

Figure 2-25. Rab7 is accumulated in Src-transformed cells when they are surrounded by normal epithelial 

cells......................................................................................................................................................................  ..... 64 

Figure 2-26. Effect of co-expression of Rab5DN on Rab7 accumulation in RasV12 cells surrounded by normal 

cells......................................................................................................................................................................  ..... 65 

Figure 2-27. LAMP1 is accumulated in Ras--transformed cells when they are surrounded by normal epithelial 

cells......................................................................................................................................................................  ..... 66 

Figure 2-28. LAMP1 is accumulated in Src-transformed cells when they are surrounded by normal epithelial 

cells......................................................................................................................................................................  ..... 67 

Figure 2-29. Effect of co-expression of Rab5DN on LAMP1 accumulation in RasV12 cells surrounded by 

normal cells. ......................................................................................................................................................  ..... 68 

Figure 2-30. Effect of bafilomycin on apical extrusion of RasV12-transformed cells surrounded by normal 

epithelial cells. .................................................................................................................................................  ..... 69 

Figure 2-31. Establishment of MDCK-pTR GFP-RasV12 cells stably expressing Tsg101 shRNA. ......................  ..... 70 

Figure 2-32. Effect of Tsg101 knockdown on Vps28 accumulation in RasV12 cells surrounded by normal cells.    

 ..............................................................................................................................................................................  ..... 71 

Figure 2-33. Effect of Tsg101 knockdown on apical extrusion of RasV12 cells. ...................................................  ..... 72 

Figure 3-1. Rab5-mediated endocytosis of E-cadherin is enhanced in RasV12-transformed cells surrounded 

by normal cells. ................................................................................................................................................  ..... 84 

Figure 3-2. Quantification of the intracellular fluorescence intensity of E-cadherin. ......................................  ..... 85 

Figure 3-3. Endocytosis is enhanced for E-cadherin. .................................................................................................  ..... 86 

Figure 3-4. Endocytosis is not enhanced for occludin and integrin αVβ3. .........................................................  ..... 87 

Figure 3-5. Super-resolution microscopic analyses of intracellular E-cadherin puncta.  ..............................  ..... 88 

Figure 3-6. Detailed analyses of E-cadherin localization at the interface between normal and 

RasV12-transformed cells. ............................................................................................................................  ..... 89 

Figure 3-7. Intracellular puncta of E-cadherin are occasionally observed in the neighboring normal cells. . 90 

Figure 3-8. Rab5-regulated endocytosis acts upstream of the EPLIN/PKA pathway in the interaction between 

normal and transformed epithelial cells. .................................................................................................  ..... 91 

Figure 3-9. Quantification of the intracellular fluorescence intensity of EPLIN. ................................................  ..... 92 



7 
 

Figure 3-10. Effect of chlorpromazine on EPLIN accumulation. ...............................................................................  ..... 93 

Figure 3-11. Effect of co-expression of Rab5DN on PKA-catalyzed phosphorylation in RasV12 cells surrounded 

by normal cells. ................................................................................................................................................  ..... 94 

Figure 3-12. Quantification of the fluorescence intensity of pPKAsub. .................................................................  ..... 95 

Figure 3-13. Quantification of the effect of the PKA inhibitor KT5720 on apical extrusion of RasV12 cells .... 96. 

Figure 3-14. Rab5 accumulation is not suppressed by expression of shRNA for EPLIN. ...................................  ..... 97 

Figure 3-15. Catalase accumulates Rab5-dependent manner in RasV12 cells surrounded by normal epithelial 

cells......................................................................................................................................................................  ..... 99 

Figure 3-16. Quantification of the fluorescence intensity of catalase. ...................................................................  .. 100 

Figure 3-17. Co-localization of catalase and PMP70. ...................................................................................................  .. 101 

Figure 3-18. Effect of 3-AT on apical extrusion of RasV12 cells surrounded by normal cells. ..........................  .. 102 

Figure 3-19. Catalase acts downstream of Rab5-EPLIN. ..............................................................................................  .. 103 

Figure 3-20. Effect of KT5720 on catalase accumulation. ...........................................................................................  .. 104 

Figure 3-21. EDAC from the surrounding normal cells induces Rab5 accumulation in RasV12-transformed cells.

 ..............................................................................................................................................................................  .. 106 

Figure 3-22. Effect of E-cadherin knockdown in normal cells on Rab5 accumulation in the neighboring 

RasV12 cells. .....................................................................................................................................................  .. 107 

Figure 3-23. Schematic models of switching localization and function of EPLIN in cell competition..........  .. 109 

Figure 3-24. Schematic models of novel cancer remedy based on cell competition. .......................................  .. 115 

Figure 4-1.     A schematic model of the molecular regulation at the interface between transformed and the 

neighboring normal cells.  ............................................................................................................................. 122 

 

  



8 
 

LIST OF TABLES 

 
Table 3-1.  Effect of various inhibitors on apical extrusion and Rab5 accumulation in RasV12-transformed cells 

that are surrounded by normal cells. .................................................................................................................. 114 

  



9 
 

ABBREVIATIONS 

 

3-AT  3-amino-1, 2, 4-triazole 

Akt  protein kinase B (PKB) 

Ala  alanine 

Asp  aspartic acid 

BSA  bovine serum albumin 

cDNA complementary deoxyribonucleic acid 

Csk  c-terminal src kinase 

Cdc42 cell division cycle 42 

CMFDA 5-chloromethylfluorescein diacetate 

DMEM Dulbecco’s modified Eagle’s medium 

DN  dominant negative 

DNA deoxyribonucleic acid 

EDAC epithelial defense against cancer 

EEA1 early endosome antigen 1 

EPLIN epithelial protein lost in neoplasm 

EM-CCD electron multiplying-charge coupled device 

ESCRT endosomal sorting complexes required for transport 

EVL  enveloping layer 

F-actin filamentous actin 

FAK  focal adhesion kinase  

FBS  fetal bovine serum 

FLN  filamin 

GAP  GTPase-activating protein 

GAPDH  glyceraldehyde-3-phosphate dehydrogenase 

GFP  green fluorescent protein 

GTP  guanosine triphosphate 

HA  hemagglutinin 

JNK  jun amino-terminal kinase 

LAMP1 lysosomal associated membrane protein 1 

MAPK mitogen-activated protein kinase 

MDCK Madin-Darby canine kidney 

mTOR mechanistic target of rapamycin 

NA  numerical aperture  



10 
 

PBS  phosphate buffered saline 

PFA  paraformaldehyde 

Phe  phenylalanine 

PI3K phosphoinositide 3-kinase 

PKA  protein kinase A 

pPKAsub phospho-PKA substrate 

PMP70 70-kDa peroxisomal membrane protein 

RFP  red fluorescent protein 

SD  standard deviation 

Ser  serine 

shRNA small hairpin RNA 

SIM  structured illumination microscopy 

Tet  tetracycline 

Tf  transferrin 

Thr  threonine 

TNF  tumor necrosis factor 

Trp  tryptophan 

Tsg101 tumor susceptibility gene 101 

VASP vasodilator-stimulated phosphoprotein 

Vps  vacuolar protein sorting 

WT  wild type 

YFP  yellow fluorescent protein 

 

  



11 
 

 

 

 

 

 

 

 

CHAPTER1: 

GENERAL INTRODUCTION 

  



12 
 

1.1. THE CONCEPT OF THIS STUDY 

 In recent years, intense cancer research has promoted our understanding of the 

pathogenesis of cancer. Nevertheless, worldwide, there were 14.1 million new cancer cases, 

8.2 million cancer deaths in 20121. These facts imply that further study to generate more 

effective therapy for cancer is required. 

According to past reports of cancer research, cancer develops a multistep with accumulation 

of mutation in oncogenes2. At the initial stage of carcinogenesis, transformation occurs in a 

single cell within the epithelium. However, it is not clearly understood what happens at the 

interface between normal epithelial cells and the newly emerging transformed cells (Figure 

1-1). This study focuses on what happen at the early stages of carcinogenesis, using MDCK 

cells in vitro model system and zebrafish in vivo model system.  

 

 

1.2. OVERVIEW OF ONCOGENES THAT THIS THESIS DEALS WITH 

 During carcinogenesis, oncogene provides common properties of cancer such as 

unlimited proliferation potential, anchorage independency, and resistance to proliferative 

and apoptotic stress.  

 

1.2.1. Ras 

 RAS proteins are the founding members of the RAS superfamily of small GTPases3, play 

crucial roles of highly complicated signaling network. The RAS proteins have common-core 

mechanisms of activation signaling. It consist four main regions: the phosphate-binding 

loop(P-loop, residues 10-17), switch I (residues 30-38, switch II (residues 60-76) and the    
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Figure 1-1.  A schematic model of concepts of this thesis.  
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base-binding loops (residues 116-120 and 145-147). The one of frequent sites of oncogenic 

mutation in RAS proteins are residues 12 and 13 in P-loop. Particularly, point mutations of 

codon 12 that change glycine to any other amino acid but proline result in cellular 

transformation, due to the reduced GTP hydrolysis rate4 and the inhibition of the 

physiological deactivation of Ras proteins by GAPs5, leading activation of MAP kinase 

signaling6. In addition to canonical RAF-MEK-ERK pathway, activated RAS proteins transmit 

signals to PI3K-AKT-mTOR kinase cascades, among others that control many aspects of 

fundamental normal cellular processes, including cell differentiation, survival and 

proliferation. In human oncogenesis, RAS proteins are mutationally activated and are critical 

oncogenic drivers in nearly 30% of all human cancers7. From these aspects, it is worth 

investigating the behavior of Ras-deregulated cells in early stage of carcinogenesis. 

 

 

1.2.2. Src 

 Src protein was first purified from homogenates of sarcoma-causing virus (Rous sarcoma 

virus) and first identified as an oncoprotein. The responsible oncogene, v-Src was 

deregulated form of cellular Src (c-Src). Src protein is non-receptor tyrosine kinase, and 

effects on cell morphology, adhesion, migration, invasion, proliferation, and survival. There 

are several regulatory mechanisms of Src, for example, phosphorylation of Tyr527 residue in 

C-terminal regulatory domain by c-Src kinase (Csk). Thus, a point mutation that changes 

Tyr527 into Phe in the c-src gene product has constitutive-activated kinase activity (reviewed 

in Ref.8). Although activating mutations and genomic amplifications of src are very rare, Src 

kinase activation is common in various types of cancers. Therefore, Src deregulation often 

causes by structural alteration mediated by upstream kinases or phosphatases. 
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1.3. CELL COMPETITION 

 To explore the interactions between normal and transformed cells, it is helpful to 

consider about “cell competition”. Cell competition is one of cell fitness-mechanism that 

winner cells eliminate neighboring less fit cells called as losers. This process was first 

published by Gines Morata and Pedro Ripoll9 from the experiments using Drosophila wing. So 

far, intensive studies with genetically mosaic animals have revealed that this 

context-dependent elimination is conserved from insects to mammals.  

 

1.3.1. Cell competition in Drosophila 

1.3.1.1. Minute 

 Cell competition was first described when studying a group of mutation called Minute, 

later shown to encode ribosomal proteins10. Homozygous animals of Minute mutant die due 

to cell lethality, but heterozygous animals are viable even though slow growing. 

Nevertheless, when these Minute heterozygous cells are induced in a wild-type background, 

these cells are excluded from tissues. Further studies showed that slower growing Minute 

cells are eliminated more rapidly than other Minute cells that grow faster, and that starved 

animals result in the suppression of competition between Minute cells and wild-type cells11,12. 

From the findings, cell competition was proposed to be a homeostatic mechanism that 

senses distinct growth speed and eliminates the slower-growing population in flies (Figure 

1-2, top). 
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Figure 1-2.  Variations of cell competition 

 

 

  



17 
 

1.3.1.2. dMyc 

 In contrast with Minute as losers, dMyc (Drosophila Myc) was identified as a 

super-competitor. Myc is a conserved transcription factor regulating cell growth and 

ribosome biogenesis13,14 therefore known as a proto-oncogene. Similar to Minute mutant 

cells, mutant cells that express sole dMyc, are outcompeted in wild-type background. By 

contrast, clones expressing high levels of dMyc overgrow at the expense of the surrounding, 

normal-growing, wild-type cells until they filled in compartment15,16. These findings were first 

demonstration of super-competitors, which wild-type cells become loser and expanding 

mutant cells (Figure 1-2, bottom). 

 

1.3.1.3. Scribble 

In addition to proliferation-associated genes, some tumor suppressor genes are reported as 

inducers of cell competition. Scribble (Scrib as gene) is known as conserved PDZ-domain 

tumor suppressor protein regulating apico-basal polarity. Scrib mutant cells are eliminated 

by wild-type neighbors through activation of JNK kinase signaling-mediated apoptosis17,18. 

 

1.3.2. Cell competition in vertebrates 

 One intriguing question is whether this cell competition occurs in vertebrates as well. 

From 1960s-1970s, several studies using mammalian cell culture systems have revealed that 

interactions between transformed cells and the neighboring wild-type cells induce cell 

competition, and profoundly affect their signaling pathways and cellular behaviors, often 

resulting in elimination of transformed cells in a variety of ways. 
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1.3.2.1. Ras 

 To understand early stages of carcinogenesis, Hogan and colleagues established MDCK 

in vitro systems mimicking the first cellular transformation in normal epithelium, using MDCK 

cells expressing GFP-RasV12 in tetracycline-inducible manner (hereafter referred as Ras cells). 

At first, Ras cells and wild-type MDCK cells are mixed at the ratio of 1:100 and seeded on 

collagen gel under tetracycline-free condition. After forming the mosaic monolayer, cells are 

incubated in tetracycline-containing medium to induce expression of GFP-RasV12 

oncoprotein, which generates minority of Ras-transformed cells from normal epithelial 

monolayer (Figure 1-3). Using this system, they demonstrated that when RasV12-transformed 

cells are surrounded by normal epithelial cells, the majority of RasV12 cells are apically 

eliminated from a monolayer of wild-type-epithelial cells19. Comparable with cell 

competition in Drosophila, when RasV12 cells are cultured alone, the apical extrusion does 

not occur, indicating that not only activation of the cell-autonomous RasV12 but also the 

presence of surrounding normal cells is required to induce apical extrusion. However, 

non-extruded RasV12 cells frequently form basal protrusion between adjacent normal cells 

and underling matrix. Under this basal delamination, transformed cells migrate in metastatic 

orientation, thus this event is potentially harmful for physiological condition. 

 As to apical extrusion of Ras-transformed cells, several studies report its molecular 

dynamics. Hogan et al.19 have demonstrated that prior to apical extrusion, RasV12 cells  

increase its cell height, and accumulate intercellular F-actin and show higher activity of 

Myosin-II and Cdc42, indicating that the presence of the neighboring normal cells affects the 

cytoskeleton property of RasV12 cells. The author have further showed that overexpression 

of a dominant negative mutant of Cdc42 or Rho kinase in RasV12 significantly represses their 

apical extrusion instead promotes basal protrusion formation, suggesting that activity of  
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Figure 1-3.  A schematic view of cell competition model using MDCK mammalian epithelial 

cells. 
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these signaling pathways plays vital role in these processes. Anton et al.20 addressed this issue 

using stable isotope labeling by amino acids in cell culture (SILAC)-based quantitative mass 

spectrometry, they have identified multiple proteins of which phosphorylation is elevated in  

RasV12-transformed cells surrounded by normal cells. VASP is one of identified proteins, and 

phophorylation in Ser239 residue is significantly enhanced in RasV12 cells when they are 

surrounded by wild-type cells. Knockdown of VASP causes promoted apical extrusion of 

RasV12 cells that interact with normal cells. This phenotype is rescued by expression of 

wild-type or non-phosphorylatable mutant (Ser239Ala) of VASP, but not by that of 

phosphomimetic mutant of VASP (Ser239Asp), indicating that VASP plays inhibitory roles in 

the apical extrusion of RasV12 cells and that phosphorylation of VASP at Ser 239 attenuates 

its suppressive effect. Moreover, in RasV12 cells surrounded by normal cells, PKA is activated 

leading to promoted VASP phosphorylation. Ohoka et al.21 showed that membrane 

microdomains are also involved in apical extrusion. Caveolin-1 which is a major component 

of caveolae, is specifically accumulated at lateral and apical membranes of RasV12 cells when 

they are surrounded by normal epithelial cells. Disruption of lipid rafts by chemical 

compounds or Caveolin-1 knockdown results in significant suppression of apical extrusion of 

RasV12 cells. Additionally, the authors have identified epithelial protein lost in neoplasm 

(EPLIN), a crucial regulator of actin dynamics and cell-cell adhesions, as a Caveolin-1 

interacting protein and demonstrated that EPLIN functions upstream of Caveolin-1 in this 

process. EPLIN also regulates myosin-II and PKA independent with Caveolin-1. 

 In the aspect of physical forces, Wu et al.22 have demonstrated that the defect of integrity 

of apico-basal tension induces apical extrusion. At the steady mode, cell cortical tension is 

significantly higher at the zonula adherence than lateral cell-cell contact sites. To enhance 

apical junctional tension, N-WASP accumulates at zonula adherences and stabilizes local 
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F-actin networks. Intriguingly, at the interface between RasV12 transformed cells and normal 

cells, N-WASP is re-distributed into lateral junctions, therefore increases lateral tension. This 

re-distribution of N-WASP alters patterning of intra-junctional tension, which facilitates apical 

extrusion of RasV12-expressing cells from the epithelial cell-monolayer. 

 

1.3.2.2. Src 

 Similar to RasV12 cells, Src-activated cells are apically extruded when surrounded by 

wild-type epithelial cells23. In zebrafish enveloping layer, apical extrusion of Src-transformed 

cells is observed as well, indicating that this process is evolutionally conserved. By contrast 

with Ras-transformed cells, non-extruded Src-transformed cells do not form basal 

protrusions. 

 Compared to RasV12-transformed cells, some of the common signaling pathways are 

upregulated in Src-transformed cells surrounded by normal epithelial cells. For instance, 

EPLIN is accumulated specifically in Src-transformed cells that interact with normal cells, 

which acts upstream of Caveolin-1 accumulation and myosin-II activation21. In addition, focal 

adhesion kinase (FAK) is also activated in the Src cells, and both FAK and myosin-II mediate 

activation of mitogen-activated protein kinase (MAPK) 23. 

 

1.3.2.3. ErbB2 

 ErbB2 is oncoprotein which function as a receptor tyrosine kinase and its gene is 

amplified in 30% of breast tumors24. In the 3D organotypic culture of MCF10A, 

non-transformed human breast epithelial cells, ErbB2-overexpressing cells are translocated 

into the apical lumen of epithelial cyst25. These results indicate that apical extrusion is a 

general mechanism of the elimination of transformed cells in epithelia. 
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1.3.2.4. Scribble 

 Scribble plays crucial roles in polarity regulation and tumor suppression also in 

mammals. Norman et al26. have demonstrated cell competition phenomena with mammalian 

cell culture system; when Scribble-knockdown cells are surrounded by wild-type epithelial 

cells, Scribble-knockdown cells are eliminated by apoptosis and leave from the epithelial 

monolayer. Unlike Scribble-mediated cell competition in Drosophila, not JNK pathways but 

p38 MAPK activation is required for apoptosis of the Scribble-knockdown cells, suggesting 

the other molecular mechanisms distinct with Drosophila. 

 

1.3.2.5. Epithelial defense against cancer (EDAC) 

 In the previous studies, several groups have demonstrated that when cells with an 

oncogenic mutation such as RasV12 or v-Src are surrounded by normal epithelial cells, the 

transformed cells are apically extruded from the epithelial monolayer19,22,23,25,27. From these 

findings, one conceptual question is whether surrounding normal cells generate vigilance 

committee or are just informer: it remained unclear whether and how normal cells actively 

influence the fate of neighboring transformed cells. 

 Kajita et al.28 first reported notable evidences of apical extrusion focused on normal 

epithelial cells. They performed biochemical screening that tyrosine-phosphorylated protein 

specifically upregulated when Src-transformed cells and normal epithelial cells are 

co-cultured, which they identified filamin and vimentin in surrounding normal cells. 

During the process of apical extrusion, normal epithelial cells can recognize and actively 

eliminate the neighboring transformed cells through dynamic regulation of the cytoskeletal 

protein filamin, a phenomenon called EDAC (Epithelial Defense Against Cancer)28, implying a 

notion that the normal epithelium has anti-tumor activity that does not involve immune 
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systems. In addition, EPLIN is accumulated in transformed cells when they are surrounded by 

normal epithelial cells, and the EPLIN accumulation plays a crucial role in apical extrusion of 

the transformed cells21. However, the molecular mechanisms of elimination of transformed 

cells still remain largely unknown, including the link between EDAC and EPLIN accumulation. 

 

 

1.4. ENDOCYTOSIS 

 Endocytosis is a process by which cells take up macromolecules from the plasma 

membrane and extracellular space. Through endocytosis, internalized molecules are first 

transported into early endosomes and often further targeted into late endosomes and 

lysosomes, leading to degradation of the cargo molecules. This endocytic event is involved in 

various cellular processes, such as cell motility, cell proliferation, and oncogenesis29-32.  

 

1.4.1. Cargo trafficking and Rab proteins 

 In eukaryotic cells, the utilization or degradation of membrane components are 

precisely controlled by Rab GTPases, one of the largest families of small GTPase family 

(reviewed in ref. 33). At the early stage of endocytosis, Rab5 is localized to early endosomes 

and mediates recruiting a group of Rab5 effector proteins that controls membrane 

docking/fusion. Rab7 is a late endosome-associated protein which mediates maturation of 

late endosomes and their fusion with lysosomes that discriminated with presence of LAMP1 

glyco-protein protecting the limiting membrane against hydrolases34. 

 

1.4.2. Endocytosis and Cell competition 

 Previous studies in Drosophila have demonstrated that endocytosis also plays a crucial 
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role in cell competition where cells with different properties compete with each other for 

survival35-37. For example, using the imaginal disc epithelium in Drosophila, Igaki’s group 

showed that endocytosis of Eiger, a Drosophila TNF homologue, is enhanced in 

Scribble-mutant cells that are surrounded by wild-type cells, leading to the increased JNK 

activation and induction of apoptosis of Scribble-mutant cells36; although the molecular 

mechanisms of endocytosis was not studied in depth, and it was not clear whether 

endocytosis of Eiger was specifically elevated. But, it is not known whether and how 

endocytosis is involved in the interaction between normal and transformed epithelial cells in 

vertebrates. 

 

 

1.5. AIMS OF THIS THESIS 

 In this study, using mammalian cultured cells and zebrafish embryos I have 

demonstrated that Rab5-mediated endocytosis is enhanced in Ras-transformed cells that are 

surrounded by normal epithelial cells, which positively regulates the elimination of the 

transformed cells from epithelia by linking EDAC and EPLIN. 
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2.1. ABSTRACT 

 Newly emerging transformed cells are often eliminated from epithelial tissues. Recent 

studies have revealed that this cancer preventive process involves the interaction with the 

surrounding normal epithelial cells, however the molecular mechanisms underlying this 

phenomenon remain largely unknown. In this study, using mammalian cell culture and 

zebrafish embryo systems, I have elucidated the functional involvement of endocytosis in the 

elimination of RasV12-transformed cells. First, I show that Rab5, a crucial regulator of 

endocytosis, is accumulated in RasV12-transformed cells that are surrounded by normal 

epithelial cells, accompanied by upregulation of clathrin-dependent endocytosis. Addition of 

chlorpromazine or co-expression of a dominant negative mutant of Rab5 suppresses apical 

extrusion of RasV12 cells from the epithelium. I also show in zebrafish embryos that Rab5 

plays an important role in the elimination of transformed cells from the enveloping layer 

epithelium.  

 

 

2.2. INTRODUCTION  

 To explore the involvement of endocytosis in the interaction between normal and 

transformed epithelial cells, I first examined the localization of Rab5 that plays a crucial role 

in the internalization and transport of endocytic vesicles to early endosomes and in the 

endosomal fusion1-3. To this end, I used Madin-Darby canine kidney (MDCK) cells stably 

expressing GFP-tagged oncogenic Ras (RasV12) in a tetracycline-inducible manner4. 
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2.3. EXPERIMENTAL PROCEDURES  

2.3.1. Antibodies and Materials  

 Rabbit anti-Rab5 (ab18211), rabbit anti-Rab7 (ab77993), mouse anti-Vps28 (ab139345), 

and rat anti-E-cadherin (ab11512) antibodies were purchased from Abcam. Mouse anti-EEA1 

(610456) and mouse anti-GM130 (610822) antibodies were from BD Biosciences. Mouse goat 

anti-Tsg101 (sc-6037) antibody was from Santa Cruz Biotechnology. Mouse anti-GAPDH 

(MAB374) and mouse anti-HA (05-904) antibodies were from Merck Millipore. Rabbit 

anti-Rab11 (715300) antibody was from Life Technologies. Alexa-Fluor-568- or 

-647-conjugated phalloidin (Life Technologies) was used at 1.0 U/ml. Alexa-Fluor-568- and 

-647-conjugated secondary antibodies were from Life Technologies. Hoechst 33342 (Life 

Technologies) was used at a dilution of 1:5,000. For immunofluorescence, all primary 

antibodies were used at 1:100 and all secondary antibodies were used at 1:200. For western 

blotting, peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies were from 

GE Healthcare and Jackson ImmunoReseach, respectively. Transferrin Alexa Fluor 647 

conjugate (T23366) and Alexa Fluor 568 conjugate (T23365) were from Life Technologies. To 

fluorescently stain living MDCK-pTR GFP-RasV12 cells or MDCK-pTR cSrcY527F-GFP cells, 

CMFDA (green dye) (Life Technologies) was used according to the manufacturer’s 

instructions.  

 Where indicated, the following inhibitors were used: bafilomycin A1 (5 nM, Calbiochem), 

chlorpromazine (Sigma-Aldrich), 10 µg/ml was used. 

 

2.3.2. Cell Culture 

 MDCK cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 

10% fetal bovine serum (FBS) and penicillin/streptomycin at 37ºC in ambient air 
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supplemented with 5% CO2. MDCK-pTR GFP-RasV12 cells and MDCK-pTR cSrcY527F-GFP cells 

were cultured in the medium containing 10% FBS, 5 μg/ml of blasticidin (Invivogen), and 400 

μg/ml of zeocin (Invivogen) (1, 7). To establish MDCK-pTR GFP-RasV12 cells stably expressing 

HA-Rab5S34N, MDCK-pTR GFP-RasV12 cells were transfected with pCIneo-HA-canine 

Rab5S34N (a kind gift from Dr. Akira Kikuchi, Osaka University, Japan) using Lipofectamine 

2000 (Life Technologies), followed by selection in the medium containing 800 μg/ml of G418 

(Gibco), 5 μg/ml of blasticidin, and 400 μg/ml of zeocin. I established two independent 

MDCK-pTR GFP-RasV12-HA-Rab5S34N cell lines (clone 1 and clone 2). The two clones have 

given comparable phenotypes, and I mainly showed data using clone 1. Construction of 

PB-EF1-FLAG-Rab5aWT-IRES-Neo and PB-EF1-HA-Rab11WT/S25N-IRES-Neo, and 

establishment of MDCK-pTR GFP-RasV12 cells stably expressing FLAG-Rab5aWT or 

HA-Rab11WT/S25N were performed by Dr Takeshi Maruyama. To construct 

PB-EF1-FLAG-Rab5aWT-IRES-Neo and PB-EF1-HA-Rab11WT/S25N-IRES-Neo, the cDNAs of 

canine Rab5aWT and rat Rab11WT/S25N were amplified from pCIneo-HA-Rab5WT and 

pCIneo-HA-rat Rab11WT/S25N (both constructs are gift from A. Kikuchi) by PCR and inserted 

into the EcoRI/BamHI and BamHI/NotI site of PB-EF1-IRES-Neo, respectively. To establish 

MDCK-pTR GFP-RasV12 cells stably expressing FLAG-Rab5aWT or HA-Rab11WT/S25N, 

MDCK-pTR GFP-RasV12 cells were transfected with PB-EF1-FLAG-Rab5aWT-IRES-Neo or 

PB-EF1-HA-Rab11WT/S25N-IRES-Neo respectively using nucleofection (nucleofector 2b Kit L, 

Lonza), followed by selection in the medium containing 800 μg/ml of G418 (Gibco), 5 μg/ml 

of blasticidin, and 400 μg/ml of zeocin. MDCK-pTR GFP-RasV12 cells stably expressing 

EPLIN-shRNA were cultured as previously described (7). MDCK-pTR GFP-RasV12 cells stably 

expressing Tsg101-shRNA were established by Mr Yuta Yako and as follows. Tsg101-shRNA 

sequences (Tsg101-shRNA 1,  
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5’-GATCCCCGCAACAGGGCCACCAAATATTCAAGAGATATTTGGTGGCCCTGTTGCTTTTTC-3’ and 

5’-TCGAGAAAAAGCAACAGGGCCACCAAATATCTCTTGAATATTTGGTGGCCCTGTTGCGGG-3’ or 

Tsg101-shRNA 2, 

5’-GATCCCCGAGTAATAGATCTGGATGTTTCAAGAGAACATCCAGATCTATTACTCTTTTTC-3’ and 

5’-TCGAGAAAAAGAGTAATAGATCTGGATGTTCTCTTGAAACATCCAGATCTATTACTCGGG-3’) were 

cloned into the BglII/XhoI site of pSUPER.neo+gfp (Oligoengine). MDCK-pTR GFP-RasV12 cells 

were transfected with pSUPER.neo+gfp Tsg101-shRNA using Lipofectamine 2000, followed 

by selection in the medium containing 800 μg/ml of G418, 5 μg/ml of blasticidin, and 400 

μg/ml of zeocin. All inhibitors were added together with tetracycline. For 

immunofluorescence, cells were plated onto collagen gel-coated coverslips. Type-I collagen 

(Cellmatrix Type I-A) was obtained from Nitta Gelatin and was neutralized on ice to a final 

concentration of 2 mg/ml according to the manufacturer's instructions. 

 

2.3.3. Immunofluorescence and Western Blotting 

 For immunofluorescence, MDCK-pTR GFP-RasV12 cells or MDCK-pTR cSrcY527F-GFP cells 

were mixed with MDCK cells at a ratio of 1:50 and cultured on the collagen matrix as 

previously described4. The mixture of cells was incubated for 8-12 h, followed by tetracycline 

treatment for 15-20 h for immunofluorescence analyses, or for 24 h for analyses of apical 

extrusions. Cells were fixed with 4% paraformaldehyde in PBS and permeabilized as 

previously described4. Immunofluorescence images were analyzed at 0.5-μm xz-intervals by 

a scanning confocal microscope (FV1000 or FV1200 system; Olympus) equipped with a 60x 

oil immersion objective (1.35 NA). For the images of Rab11, z-stacked images are presented. 

Acquisition software was Olympus FV10-ASW. For Figures 2-10 and 11, fluorescence images 

were acquired using an inverted microscope (IX71; Olympus) on 60x oil immersion objective 
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(1.35 NA) and charge-coupled device camera (EXi Aqua; QImaging) with Metamorph 

software. Images were quantified by MetaMorph software (Molecular Devices).  

 Western blotting was performed as previously described5. Primary antibodies were used 

at 1:1,000 except anti-GAPDH antibody at 1:2,000. Stained gels and western blotting data 

were analyzed using ImageQuant™ LAS4010 (GE Healthcare). 

 

2.3.4. Transferrin-Uptake Assay 

 For transferrin-uptake assay in Figures 2-10 and 11, cells were pre-incubated in 

serum-free DMEM for 3 h, then incubated in serum-free DMEM containing 50 µg/ml of 

transferrin-Alexa-Fluor-647 for 1 h at 4°C for binding and for 3 min at 37°C for internalization, 

then washed three times with ice-cold PBS (pH 3.0), followed by fixation with 4% 

paraformaldehyde (PFA) in PBS. For transferrin-uptake assay in Figure2-15, cells were treated 

as described above except that they were incubated with chlorpromazine for the last 30 min 

of pre-incubation where indicated, followed by incubation with transferrin-Alexa-Fluor-568 

for 1 h at 4°C for binding and for 20 min at 37°C for internalization. 

 

2.3.5. Microinjection and Confocal Imaging of Zebrafish Embryos 

 The transgenic lines I used were as follows: krt18:KalTA4-ERT26 and krt18:Rab5-Venus 

(YFP) generated in this study using the Tol2 system7. I employed mosaic expression in the EVL 

using the bi-directional promoter, dUAS, which allows us to express two different effectors or 

fluorescently labeled markers from a single unit of 5xUAS in a tamoxifen-inducible manner8. 

For Figure 2-19, dUAS:Cherry-v-Src was co-injected with 20 pg of Tol2 RNA at the one- to 

two-cell stage in embryos obtained from crossing between krt18:KalTA4-ERT2 and 

krt18:Rab5-Venus fish, as previously described6. For Figure 2-20, embryos were treated as 
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described above, except that either dUAS:GFP-v-Src or dUAS:GFP-v-Src; Rab5S36N was 

co-injected into embryos obtained from crossing between krt18:KalTA4-ERT2 and wildtype 

AB strain fish. The injected embryos were bathed in 0.5 μM Z-4-hydroxytamoxifen 

(Sigma-Aldrich H7904: a stock of 5 mM in ethanol) starting at 60% epiboly and were fixed in 

4% PFA at 1-2 somites stage (3 h after tamoxifen treatment) for whole-mount antibody 

staining. Whole-mount immunohistochemistry was performed as previously described with 

a minor modification9. Stained embryos were mounted in 1% low-melting agarose 

(Sigma-Aldrich) in PBS. Confocal images were taken using a 20x or 40x water-immersion lens 

on Leica DM2500 microscope with the TCS SPE confocal system. The xy and xz projection 

images were produced using the Volocity software.  

 This work was corroborated with Dr. Masazumi Tada and Dr. Katarzyna A Anton. 

 

2.3.6. Flow Cytometry 

 MDCK-pTR GFP-RasV12 cells were alone or mixed with MDCK cells at a ratio of 1:10 and 

cultured on the collagen I-P coated 60 mm dishes, at a density of 3.4 x106 cells. The mixture of 

cells was incubated for 8-12 h, followed by tetracycline treatment for 16 h. Cells were 

pre-incubated in serum-free DMEM for 3 h, then incubated in serum-free DMEM containing 

50 µg/ml of transferrin-Alexa-Fluor-647 for 3 min at 37°C for internalization, then washed 

three times with ice-cold PBS (pH 3.0), followed by trypsinization and fixation with 4% 

paraformaldehyde (PFA) in PBS. Fixed cell pellets were resuspended by seath solution and 

analyzed by flow cytometer (BD bioscience, FACS Canto). The data were produced using the 

FlowJo (Tree Star, Inc.) software. 
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2.3.7. Data Analyses 

 For data analyses, two-tailed Student’s t-tests were used to determine P-values. For 

quantification of apical extrusion or fluorescence intensity, more than 50 or 25 cells were 

analyzed for each experimental condition, respectively. 

 

 

2.4. RESULTS 

2.4.1. Rab5 Accumulates in Ras- or Src-Transformed Cells That Are Surrounded 

by Normal Cells.  

To explore the involvement of endocytosis in the interaction between normal and 

transformed epithelial cells, I first examined the localization of Rab5 that plays a crucial role 

in the internalization and transport of endocytic vesicles to early endosomes and in the 

endosomal fusion1-3. To this end, I used Madin-Darby canine kidney (MDCK) cells stably 

expressing GFP-tagged oncogenic Ras (RasV12) in a tetracycline-inducible manner4. I found 

that Rab5 was substantially accumulated in RasV12-transformed cells when they were 

surrounded by normal epithelial cells (Figure 2-1 and 2). The accumulation of Rab5 was not 

observed when normal cells or RasV12-transformed cells were cultured alone, or expression 

of RasV12 was not induced in the absence of tetracycline (Figure 2-1). The analyses of 

confocal images at higher magnification showed that the number and total 

immunofluorescence intensity of intracellular Rab5 puncta were significantly increased in 

RasV12 cells surrounded by normal cells, compared with those in RasV12 cells cultured alone 

(Figure 2-3). Comparable non-cell-autonomous accumulation was also observed for 

exogenously expressed Rab5 (Figure 2-4). These data indicate that the presence of 

surrounding normal epithelial cells induces accumulation of Rab5-positive vesicles in 
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RasV12-transformed cells. In addition, the non-cell-autonomous Rab5 accumulation also 

occurred in Src-transformed cells that were surrounded by normal epithelial cells (Figure 2-5). 

Furthermore, I found that immunofluorescence intensity of the early endosomal marker EEA1 

was enhanced in RasV12 cells surrounded by normal cells (Figure 2-6 and 7), suggesting that 

endosomal formation is elevated in a non-cell-autonomous fashion. By contrast, the Golgi 

marker GM130 or the recycling endosome marker Rab11 was not accumulated in 

RasV12-transformed cells that were surrounded by normal cells (Figure 2-8 and 9), indicating 

the specific accumulation of Rab5.  
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Figure 2-1.  Rab5 is accumulated in Ras-transformed cells when they are surrounded by normal 

epithelial cells. (A and B) Immunofluorescence of Rab5 shown by confocal images of xy (A) or xz 

(B) sections. MDCK-pTR GFP-RasV12 cells were mixed with normal MDCK cells or cultured alone 

on collagen gels. Cells were fixed after 16 h incubation with tetracycline and stained with 

anti-Rab5 antibody (red) and Hoechst (blue). For Tet (-), MDCK-pTR GFP-RasV12 cells were 

pre-stained with CMFDA (green) (asterisks), and the mixture of cells was incubated without 

tetracycline. Scale bars, 10 µm. (C) Quantification of the fluorescence intensity of Rab5 for Figure 

2-1 A. Data are mean ± SD from four independent experiments. *P<0.05; n=156, 147, 156, and 155 

cells. Values are expressed as a ratio relative to MDCK cells. 
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Figure 2-2.  Accumulation of Rab5 also occurs in a single RasV12 cell surrounded by normal 

cells. Accumulation of endogenous Rab5 in an extruding single RasV12 cell that is surrounded by 

normal cells. Immunofluorescence of endogenous Rab5 shown by confocal images of xy or xz 

sections. MDCK-pTR GFP-RasV12 cells were mixed with normal MDCK cells or cultured alone on 

collagen gels. Cells were fixed after 16 h incubation with tetracycline and stained with anti-Rab5 

antibody (red) and Hoechst (blue). Scale bar, 10 μm.  



39 
 

 

Figure 2-3.  The number and total immunofluorescence intensity of intracellular Rab5 

puncta were significantly increased in RasV12 cells surrounded by normal cells. 

(A) Fluorescence images of intracellular Rab5 puncta. Cells were fixed after 16 h incubation with 

tetracycline and stained with anti-Rab5 antibody (red) and Hoechst (blue). Scale bar, 10 μm. 

(B) Quantification of intracellular Rab5. The number of Rab5 granules (left) or the total 

fluorescence intensity (right) in each RasV12 cell was depicted as a dot. The red bars indicate the 

m e a n  o f  t h e  r e s u l t s .  * P < 0 . 0 5 ,  * * P < 0 . 0 0 1 ;  n = 3 0  c e l l s  f o r  e a c h  c o n d i t i o n .  
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Figure 2-4.  Exogenously expressed Rab5 also accumulates in RasV12 cells that are surrounded 

by normal cells. (A and B) Immunofluorescence of exogenously expressed Rab5 shown by 

confocal images of xy (A) or xz (B) sections. MDCK-pTR GFP-RasV12 FLAG-Rab5wt cells were 

mixed with normal MDCK cells or cultured alone on collagen gels. Cells were fixed after 16 h 

incubation with tetracycline and stained with anti-FLAG antibody (red) and Hoechst (blue). White 

broken lines in the xy panels denote the cross-sections represented in xz panels. Scale bar, 10 μ

m. (C) Quantification of the fluorescence intensity of FLAG-Rab5 for (A). Data are mean ± SD. 

*P=2.8 X 10-6; n=98 and 98 cells from three independent experiments. 
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Figure 2-5.  Rab5 is accumulated in Src-transformed cells when they are surrounded by normal 

epithelial cells. (A and B) Immunofluorescence of Rab5 shown by confocal images of xy (A) or xz 

(B) sections. MDCK-pTR cSrcY527F-GFP cells were mixed with normal MDCK cells or cultured 

alone on collagen gels. Cells were fixed after 16 h incubation with tetracycline and stained with 

anti-Rab5 antibody (red) and Hoechst (blue). For Tet (-), MDCK-pTR cSrcY527F-GFP cells were 

pre-stained with CMFDA (green) (asterisks), and the mixture of cells was incubated without 

tetracycline. Scale bars, 10 µm. (C) Quantification of the fluorescence intensity of Rab5 for Figure 

(A). Data are mean ± SD from three independent experiments. *P<0.05; n=155, 103, 154, and 153 

cells. Values are expressed as a ratio relative to MDCK cells.  
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Figure 2-6.  EEA1 is accumulated in Ras--transformed cells when they are surrounded by normal 

epithelial cells (A) Immunofluorescence of EEA1 shown by confocal images of xz sections. Cells 

were incubated in the same way as described above and stained with anti-EEA1 antibody (red) 

and Hoechst (blue). Scale bar, 10 µm.   
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Figure 2-7.  Quantification of fluorescence intensity of EEA1. The number of EEA1 granules (left) 

or total area (middle) or the total fluorescence intensity (right) in each RasV12 cell or MDCK cell 

was depicted as a dot. The red bars indicate the mean of the results. **P<0.001, *P<0.05; n=30 

cells for each condition. 
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Figure 2-8.  Immunofluorescence intensity of GM130 is not elevated in RasV12-transformed 

cells that are surrounded by normal epithelial cells. MDCK-pTR GFP-RasV12 cells were mixed with 

normal MDCK cells or cultured alone on collagen gels. Cells were fixed after 16 h incubation with 

tetracycline and stained with anti-GM130 antibody (red) and Hoechst (blue). For Tet (-), MDCK-pTR 

GFP-RasV12 cells were pre-stained with CMFDA (green) (asterisks), and the mixture of cells was 

incubated without tetracycline. Scale bars, 10 µm. 
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Figure 2-9.  Immunofluorescence intensity of Rab11 is not elevated in RasV12-transformed cells 

that are surrounded by normal epithelial cells. MDCK-pTR GFP-RasV12 cells were mixed with 

normal MDCK cells or cultured alone on collagen gels. (A) Cells were fixed after 16 h incubation 

with tetracycline and stained with anti-Rab11 antibody (red) and Hoechst (blue). Scale bars, 10 

µm. It should be noted that in MDCK cells Rab11 accumulates around the centrosome 

immediately beneath the apical plasma membrane10. (B) Establishment of MDCK-pTR GFP-RasV12 

cells stably expressing HA-Rab11WT or HA-Rab11DN. Cell lysates were examined by western 

blotting with the indicated antibodies. Established cell lines and Western blotting data were 

provided by Dr Takeshi Maruyama and Mr Nobuhiro Kasai. 
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2.4.2. Rab5 Plays a Positive Role in the Apical Extrusion of RasV12-Transformed Cells.  

I next examined the endocytic uptake by analyzing the incorporation of transferrin. Cells 

were incubated with fluorescence-conjugated transferrin, and intracellularly incorporated 

transferrin was quantified11. I found that both the number and total intensity of transferrin 

granules were significantly elevated in RasV12-transformed cells surrounded by normal cells, 

compared with those in RasV12 cells cultured alone (Figure 2-10 to 12), suggesting that 

clathrin-dependent endocytosis is enhanced under the former condition. I further studied 

whether the non-cell-autonomous upregulation of endocytosis influences the behavior of 

transformed cells. Incubation with chlorpromazine, an inhibitor of clathrin-mediated 

endocytosis, suppressed apical extrusion of RasV12 cells that were surrounded by normal 

cells (Figure 2-13 and 15). In addition, expression of a dominant-negative mutant of Rab5 

(Rab5S34N, hereafter referred to as Rab5DN) in RasV12 cells substantially diminished their 

apical extrusion (Figures 2-14 to 17), whereas expression of a dominant-negative mutant of 

Rab11 did not (Figure 2-18).  

 

2.4.3. Rab5 Plays Important Roles in Apical Elimination of Zebrafish as Well. 

 In the previous studies, our group have demonstrated that Src-transformed cells are 

apically extruded from a monolayer of the enveloping layer (EVL), the outermost epithelium 

of zebrafish embryos6,12. By using this experimental system, I demonstrated that Rab5 was 

accumulated in Src-transformed cells that emerged in a mosaic-manner within the normal 

epithelium (Figure 2-19) and that co-expression of Rab5DN significantly suppressed apical 

extrusion of the transformed cells (Figure 2-20). Collectively, these data suggest that 

Rab5-mediated endocytosis plays a positive role in the elimination of transformed cells from 

epithelia.  
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Figure 2-10.  Internalization of Alexa-Fluor-647-conjugated transferrin into MDCK-pTR 

GFP-RasV12 cells that are cultured alone or mixed with normal MDCK cells. After 16 h of 

tetracycline addition, cells were incubated with Alexa-Fluor-647-conjugated transferrin, followed 

by acid-wash to remove surface-attached transferrin. Fluorescence images of internalized 

Alexa-Fluor-647-conjugated transferrin (Tf ) (red). Scale bar, 10 µm.  
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Figure 2-11.  Quantification of Alexa-Fluor-647-conjugated transferrin into MDCK-pTR 

GFP-RasV12 cells that are cultured alone or mixed with normal MDCK cells. After 16 h of 

tetracycline addition, cells were incubated with Alexa-Fluor-647-conjugated transferrin, followed 

by acid-wash to remove surface-attached transferrin. The number of transferrin granules (left) or 

the total fluorescence intensity (right) in each RasV12 cell was depicted as a dot. The red bars 

indicate the mean of the results. **P<0.001, *P<0.05; n=30 cells for each condition.   
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Figure 2-12.  Alexa-Fluor-647-conjugated transferrin into MDCK-pTR GFP-RasV12 cells that are 

cultured alone or mixed with normal MDCK cells. After 16 h of tetracycline addition, cells were 

incubated with Alexa-Fluor-647-conjugated transferrin, followed by acid-wash, trypsinization, 

and fixation for flow cytometry. 
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Figure 2-13.  Rab5-regulated endocytosis plays a positive role in the apical extrusion of 

RasV12-transformed cells. (A and B) Effect of chlorpromazine on apical extrusion of MDCK-pTR 

GFP-RasV12 cells surrounded by normal MDCK cells. (A) After incubation with tetracycline in the 

presence or absence of chlorpromazine for 24 h, cells were stained with 

Alexa-Fluor-568-phalloidin (red) and Hoechst (blue). Scale bar, 10 µm. (B) Quantification of apical 

extrusion of RasV12 cells. Data are mean ± SD from three independent experiments. **P < 0.001; 

n=280 and 292 cells.  
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Figure 2-14.  Effect of chlorpromazine or Rab5DN co-expression on co-localization between 

EEA1 and internalized transferrin. Establishment of MDCK-pTR GFP-RasV12 cells stably expressing 

HA-Rab5S34N. Cell lysates were examined by western blotting with the indicated antibodies.  
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Figure 2-15.  Validation of inhibitory effect of Chlorpromazine and Rab5DN-expression by 

transferrin-uptake assay. MDCK-pTR GFP-RasV12 cells or MDCK-pTR GFP-RasV12-Rab5DN cells 

(clone 1) were mixed with normal MDCK cells, followed by tetracycline incubation with or without 

chlorpromazine for 16 h. Cells were further incubated with Alexa-Fluor-568-conjugated 

transferrin, acid-washed to remove surface-attached transferrin, and stained with anti-EEA1 

antibody. Fluorescence intensity of transferrin overlapping EEA1 granules was quantified. Values 

are expressed as a ratio relative to Ras (-). Data are mean ± SD from three independent 

experiments. *P<0.01; n=92, 92, and 92 cells. 
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Figure 2-16.  Effect of expression of Rab5DN on apical extrusion of MDCK-pTR GFP-RasV12 cells. 

MDCK-pTR GFP-RasV12 cells or MDCK-pTR GFP-RasV12-HA-Rab5S34N (Rab5DN) cells (clone 1) 

were mixed with normal MDCK cells, and incubated with tetracycline for 24 h. (A) Cells were 

stained with Alexa-Fluor-568-phalloidin (red) and Hoechst (blue). Scale bar, 10 µm. (B) 

Quantification of apical extrusion of RasV12 cells. Data are mean ± SD from four independent 

experiments. *P<0.05; n=230 cells for each condition. As to MDCK-pTR GFP-RasV12-HA-Rab5S34N 

(Rab5DN) cell lines, clone 1 and clone 2 showed comparable phenotypes (e.g. Figure 2-15), thus 

hereafter the data with clone 1 are presented. 

A 
 

B 
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Figure 2-17.  Effect of expression of Rab5DN on apical extrusion of MDCK-pTR GFP-RasV12 cells. 

MDCK-pTR GFP-RasV12 cells or MDCK-pTR GFP-RasV12-HA-Rab5S34N (Rab5DN) cells (clone 2) 

were mixed with normal MDCK cells, and incubated with tetracycline for 24 h. Data are mean ± 

SD from three independent experiments. *P<0.05; n=301 and 307 cells. The two clones have 

given comparable phenotypes, and hereafter I mainly showed data using clone 1. 
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Figure 2-18.  Expression of Rab11DN does not suppress apical extrusion of RasV12-transformed 

cells. Effect of expression of Rab11DN on apical extrusion of MDCK-pTR GFP-RasV12 cells. 

MDCK-pTR GFP-RasV12 cells or MDCK-pTR GFP-RasV12-HA-Rab11S25N (Rab11DN) cells were 

mixed with normal MDCK cells, and incubated with tetracycline for 24 h. (A) Cells were stained 

with anti-HA antibody (red) and Hoechst (blue). Scale bar, 10 µm. (B) Quantification of apical 

extrusion of RasV12 cells. Data are mean ± SD from three independent experiments. n=306, 302, 

and 309 cells. 

 

  

A 
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Figure 2-19.  Rab5 plays a crucial role in apical extrusion of v-Src-expressing cells in the 

enveloping layer of zebrafish embryos. Confocal images of a Rab5-YFP-expressing zebrafish 

embryo (at 10-11 h post-fertilization, 3 h after tamoxifen treatment) with RFP-v-Src in a mosaic 

manner. Embryos from an EVL-specific Rab5-YFP-expressing line were injected with the 

UAS:RFP-Src-expressing vector at the one- to two-cell stage. Scale bar, 10 µm.  
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Figure 2-20.  Effect of expression of Rab5DN on apical extrusion of v-Src-expressing cells. 

Embryos were injected with the v-Src-expressing vector with or without the Rab5DN cassette. 

Representative images were shown in (A). Arrows indicate apically extruded v-Src-expressing cells. 

Scale bar, 10 µm. (B) Quantification of apical extrusion of v-Src-expressing cells. Data are mean ± 

SD from four independent experiments. *P<0.05; n=490 and 364 cells.   

  

A B 
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2.4.4. Vesicle Transport Through Late Endosomes Is Also Involved in Apical 

Extrusion of Transformed Cells.  

Some of the cargo molecules transported into early endosomes are destined for lysosomal 

degradation via vesicle transport through multivesicular bodies/late endosomes13,14. Tsg101 

localizes at the multivesicular body/late endosome and is involved in maturation of late 

endosomes as a component of the ESCRT-I complex15. I found that Tsg101 was accumulated 

in RasV12-transformed cells surrounded by normal epithelial cells, but not in RasV12 cells 

cultured alone (Figure 2-21). Comparable non-cell-autonomous accumulation was also 

observed for another ESCRT-I component Vps28 (Figure 2-22). Expression of Rab5DN 

significantly suppressed Tsg101 accumulation (Figure 2-23), suggesting that accumulation of 

Tsg101 is dependent on Rab5 activity. Rab7 is another late endosome marker, which is 

required for cargo transport from the late endosome to the lysosome13. Rab7 was also 

specifically accumulated in RasV12 or cSrcY527 cells surrounded by normal cells (Figures 2-24 

and 25), and the accumulation was diminished by expression of Rab5DN in RasV12 cells 

(Figure 2-26). Interestingly, similar tendency were observed in immunofluorescence staining 

against LAMP1, a lysosome marker (Figures 2-27 to 29). Bafilomycin inhibits the activity of a 

V-type ATPase in the endosome membrane, thereby increasing pH within endosomal 

compartments. Treatment with bafilomycin blocks the transport of endocytosed cargos from 

early to late endosomes16. I showed that addition of bafilomycin significantly suppressed 

apical extrusion of RasV12-transformed cells that were surrounded by normal cells (Figure 

2-30). Next, I established Tsg101-knockdown RasV12 cells (Figure 2-31). Knockdown of 

Tsg101 strongly attenuated Vps28 accumulation (Figure 2-32)17, and substantially suppressed 

apical extrusion of RasV12-transformed cells (Figure 2-33). Taken together, these data 

suggest that vesicle transport through late endosomes also plays an important role in apical 
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extrusion of transformed cells.  
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Figure 2-21.  Vesicle transport through late endosomes is involved in apical extrusion of 

transformed cells. Accumulation of Tsg101 in RasV12-transformed cells that are surrounded by 

normal epithelial cells. MDCK-pTR GFP-RasV12 cells were mixed with normal MDCK cells or 

cultured alone on collagen gels. Cells were fixed after 16 h incubation with tetracycline and 

stained with anti-Tsg101 antibody (red) and Hoechst (blue). Scale bar, 10 µm.  
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Figure 2-22.  Vesicle transport through late endosomes is involved in apical extrusion of 

transformed cells. Co-accumulation of Vps28 and Tsg101 in RasV12-transformed cells that are 

surrounded by normal epithelial cells. MDCK-pTR GFP-RasV12 cells were mixed with normal 

MDCK cells or cultured alone on collagen gels. Cells were fixed after 6 h incubation with 

tetracycline and stained with anti-Vps28 antibody (white), anti-Tsg101 antibody (red), and 

Hoechst (blue). Scale bar, 10 µm. These data were provided by Mr Yuta Yako.  
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Figure 2-23.  Effect of co-expression of Rab5DN on the accumulation of Tsg101. MDCK-pTR 

GFP-RasV12 cells or MDCK-pTR GFP-RasV12-Rab5DN cells were mixed with normal MDCK cells, 

and incubated with tetracycline for 16 h. (A) Cells were stained with anti-Tsg101 antibody (red) 

and Hoechst (blue). Scale bar, 10 µm. (B) Quantification of the fluorescence intensity of Tsg101 for 

(B). Data are mean ± SD from three independent experiments. *P<0.02; n=104 and 110 cells. 

Values are expressed as a ratio relative to RasV12 cells.  

 

 

 

A B 
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Figure 2-24.  Accumulation of Rab7 in RasV12 cells surrounded by normal cells. MDCK-pTR 

GFP-RasV12 cells were mixed with normal MDCK cells or cultured alone on collagen gels. Cells 

were fixed after 16 h incubation with tetracycline, followed by staining with anti-Rab7 antibody 

(red) and Hoechst (blue). Scale bar, 10 µm.  
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Figure 2-25.  Rab7 is accumulated in Src-transformed cells when they are surrounded by 

normal epithelial cells. Immunofluorescence of Rab7 shown by confocal images of xy sections. 

MDCK-pTR cSrcY527F-GFP cells were mixed with normal MDCK cells or cultured alone on 

collagen gels. Cells were fixed after 16 h incubation with tetracycline and stained with anti-Rab7 

antibody (red) and Hoechst (blue). For Tet (-), MDCK-pTR cSrcY527F-GFP cells were pre-stained 

with CMFDA (green) (asterisks), and the mixture of cells was incubated without tetracycline. Scale 

bar, 10 µm.  
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Figure 2-26.  Effect of co-expression of Rab5DN on Rab7 accumulation in RasV12 cells 

surrounded by normal cells. MDCK-pTR GFP-RasV12 cells or MDCK-pTR GFP-RasV12-Rab5DN cells 

were mixed with normal MDCK cells, and incubated with tetracycline for 16 h. Cells were stained 

with anti-Rab7 antibody (red) and Hoechst (blue). Scale bar, 10 µm.  
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Figure 2-27.  LAMP1 is accumulated in Ras--transformed cells when they are surrounded by 

normal epithelial cells. Immunofluorescence of LAMP1 shown by confocal images of xy sections. 

MDCK-pTR GFP-RasV12 cells were mixed with normal MDCK cells or cultured alone on collagen 

gels. Cells were fixed after 16 h incubation with tetracycline and stained with anti-LAMP1 

antibody (red) and Hoechst (blue). For Tet (-), MDCK-pTR GFP-RasV12 cells were pre-stained with 

CMFDA (green) (asterisks), and the mixture of cells was incubated without tetracycline. Scale bar, 

10 µm. 
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Figure 2-28.  LAMP1 is accumulated in Src-transformed cells when they are surrounded by 

normal epithelial cells. Immunofluorescence of LAMP1 shown by confocal images of xy sections. 

MDCK-pTR cSrcY527F-GFP cells were mixed with normal MDCK cells or cultured alone on 

collagen gels. Cells were fixed after 16 h incubation with tetracycline and stained with 

anti-LAMP1 antibody (red) and Hoechst (blue). For Tet (-),MDCK-pTR cSrcY527F-GFP cells were 

pre-stained with CMFDA (green) (asterisks), and the mixture of cells was incubated without 

tetracycline. Scale bar, 10 µm. 
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Figure 2-29.  Effect of co-expression of Rab5DN on LAMP1 accumulation in RasV12 cells 

surrounded by normal cells. MDCK-pTR GFP-RasV12 cells or MDCK-pTR GFP-RasV12-Rab5DN cells 

were mixed with normal MDCK cells, and incubated with tetracycline for 16 h. Cells were stained 

with anti-LAMP1 antibody (red) and Hoechst (blue). Scale bar, 10 µm. 
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Figure 2-30.  Effect of bafilomycin on apical extrusion of RasV12-transformed cells surrounded 

by normal epithelial cells. MDCK-pTR GFP-RasV12 cells were mixed with normal MDCK cells, and 

incubated with tetracycline for 24 h. (A) Cells were stained with Alexa-Fluor-568-phalloidin (red) 

and Hoechst (blue). Scale bar, 10 µm. (B) Quantification of apical extrusion of RasV12 cells. Data 

are mean ± SD from three independent experiments. *P < 0.002; n=376 and 306 cells.  
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Figure 2-31.  Establishment of MDCK-pTR GFP-RasV12 cells stably expressing Tsg101 shRNA. 

Cell lysates were examined by western blotting with the indicated antibodies.  
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Figure 2-32.  Effect of Tsg101 knockdown on Vps28 accumulation in RasV12 cells surrounded by 

normal cells. MDCK-pTR GFP-RasV12 cells or MDCK-pTR GFP-RasV12 Tsg101-shRNA1 cells were 

mixed with normal MDCK cells, and incubated with tetracycline for 6 h. Cells were stained with 

anti-Vps28 antibody (white), anti-Tsg101 antibody (red), and Hoechst (blue). Scale bar, 10 µm. 

These data were provided by Mr Yuta Yako.  
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Figure 2-33.  Effect of Tsg101 knockdown on apical extrusion of RasV12 cells. MDCK-pTR 

GFP-RasV12 cells or MDCK-pTR GFP-RasV12 Tsg101-shRNA1 or -shRNA 2 cells were mixed with 

normal MDCK cells, and incubated with tetracycline for 24 h. (A) Cells were stained with 

Alexa-Fluor-568-phalloidin (red) and Hoechst (blue). Scale bar, 10 µm. (B) Quantification of apical 

extrusion of RasV12 cells. Data are mean ± SD from three independent experiments. *P < 0.05; 

n=316, 319, and 316 cells. 
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2.5. DISCUSSION   

 In this study, I identified Rab5, endocytosis-associated protein, as accumulating protein in 

Ras-transformed cells when they are surrounded by normal cells. Similarly, Rab5 accumulation 

occurred in Src-transformed cells within normal monolayers, indicating that Rab5 accumulation is 

a common phenotypes in some types of apically extruding cells. As to timing of this event, 16 h 

after tetracycline-induction was most accumulated time-course in RasV12 or cSrcY527F cells 

surrounded by normal cells, suggesting that Rab5 accumulation is relatively later event of apical 

extrusion, considering most cases of apical extrusion is completed in 24 h. 

 One question is which pathways of endocytosis are enhanced in RasV12 cells in 

non-cell-autonomous manner. The combined results from the study with the transferrin, Rab7, 

Tsg101 and LAMP1 towards a clathrin mediated endocytosis-multivesicular body-lysosome 

pathway as one of answer remained to be further elucidated. Consistently, expression of Rab5DN 

attenuated accumulation of Rab7, Tsg101 and LAMP1 in RasV12 cells surrounded by normal cells, 

implicating that a sequential pathway of endocytic trafficking plays an important role for apical 

extrusion. Interestingly, inhibition of endocytic pathway such as Rab5DN, Tsg101 knockdown and 

endocytosis-inhibitors causes suppression of apical extrusion, suggesting that endocytosis and 

lysosomal functions of transformed cells plays a crucial role in apical elimination when they are 

surrounded by normal cells. 

 Cell competition was originally identified and has been intensively studied in Drosophila, 

and it has been previously reported in Drosophila that endocytosis is involved in the interaction 

between normal and transformed epithelial cells and affects the outcome of cell competition 

between them18-20. For example, Igaki et al. reported that in the eye disc epithelium, 

Rab5-mediated endocytosis is enhanced in scribble mutant cells that are surrounded by wild-type 

cells and that co-expression of Rab5DN strongly suppresses apoptosis of scribble mutant cells19. 
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Moreno and Basler showed that overexpression of Rab5 in wild-type epithelial cells diminishes 

their apoptosis at the interface with the neighboring myc-overexpressing cells in the wing discs18. 

In addition, Ballesteros-Arias et al. reported that knockdown of Rab5 can induce cell competition 

in the wing discs in a cell-context-dependent manner20. Recent studies, however, have shown 

that cell competition also occurs in mammals, though the underlying molecular mechanisms of 

cell competition remain largely unknown, especially in mammals. Here I for the first time, 

demonstrate that endocytosis plays an important role in cell competition between normal and 

transformed epithelial cells in vertebrates as well. The data from Drosophila show that the Jun 

N-terminal kinase (JNK) pathway acts downstream of endocytosis19,20, however I have not 

observed the non-cell-autonomous activation of this pathway (data not shown), suggesting the 

involvement of distinct cellular processes and/or signaling pathways in the elimination of 

RasV12-transformed cells.  
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CHAPTER 3: 

DOWNSTREAM AND UPSTREAM PATHWAYS OF 

RAB5-MEDIATED ENDOCYTOSIS IN CELL COMPETITION 
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3.1. ABSTRACT 

 From further investigation of Rab5 pathway, I found that EPLIN functions downstream of 

Rab5 and plays a positive role in apical extrusion of RasV12 cells by regulating catalase and 

protein kinase A. Furthermore, peroxisome is also accumulated in RasV12 cells that are 

surrounded by normal cells and catalase activity plays a role for apical extrusion, which 

regulated by EPLIN but not by PKA activity. Moreover, I have revealed that EDAC (Epithelial 

Defense Against Cancer) from normal epithelial cells substantially impacts on Rab5 

accumulation in the neighboring transformed cells. This is the first report demonstrating that 

Rab5-mediated endocytosis is a crucial regulator for the competitive interaction between 

normal and transformed epithelial cells in mammals. 

 

 

3.2. INTRODUCTION  

 In previous chapter, I demonstrated that Rab5-mediated endocytosis is enhanced in 

Ras-transformed cells when they are surrounded by normal cells. Next, to explore upstream 

or downstream of Rab5 accumulation, I investigated involvement of cell-cell adhesion 

including EPLIN pathway1. In addition, I tested involvement of EDAC pathway2. 

 

 

3.3. EXPERIMENTAL PROCEDURES  

3.3.1. Antibodies and Materials  

 Rabbit anti-Rab5 (ab18211) was purchased from Abcam. Mouse anti-EEA1 (610456) and 

mouse was from BD Biosciences. Mouse anti-EPLIN (sc-136399) antibody was from Santa 
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Cruz Biotechnology. Mouse anti-integrin αVβ3 (MAB1976) antibody was from Merck Millipore. 

Rabbit anti-phospho-(Ser/Thr) PKA substrate (#9621S) antibody was from Cell Signaling 

Technology. Mouse anti-occludin (33-1500) antibody was from Thermo Fisher Scientific. Rat 

anti-E-cadherin (DECMA1; ab11512 and ECCD2; 13-1900) antibodies were from Abcam and 

Thermo Fisher Scientific, respectively. Anti-E-cadherin antibody (ECCD2) was used for 

super-resolution microscopic analyses, whereas anti-E-cadherin antibody (DECMA1) was 

used in the other experiments. Alexa-Fluor-568- or -647-conjugated phalloidin (Life 

Technologies) was used at 1.0 U/ml. Alexa-Fluor-568- and -647-conjugated secondary 

antibodies were from Life Technologies. Hoechst 33342 (Life Technologies) was used at a 

dilution of 1:5,000. For immunofluorescence, primary antibodies were used at 1:100, except 

for anti-phospho-(Ser/Thr) PKA substrate antibody that was used at 1:25, anti-occludin, 

anti-integrin αVβ3, and anti-E-cadherin (ECCD2) antibodies at 1:50, and all secondary 

antibodies were used at 1:200. Where indicated, the following inhibitors were used: 

bafilomycin A1 (5 nM, Calbiochem), KT5720 (4 μM, Calbiochem), (S)-(-)-blebbistatin (30 μM, 

Calbiochem), Cytochalasin D (4 μM, Sigma-Aldrich), Rapamycin (10 μM, Sigma-Aldrich), 

U0126 (40 μM, Promega), Y27632 (20 μM, Calbiochem), and 3-amino-1, 2, 4-triazole (80 mM, 

Tokyo Chemical Industry Co., Ltd.). For chlorpromazine (Sigma-Aldrich), 10 μg/ml was used, 

except for Figure 3-10 where 5 μg/ml was used. 

 

3.3.2. Cell Culture 

 Cells were cultured as described in previous chapter. MDCK-pTR GFP-RasV12 cells stably 

expressing EPLIN-shRNA were cultured as previously described1. MDCK-pTR filamin A-shRNA 

cells and MDCK-pTR E-cadherin-shRNA cells were established and cultured as previously 

described2,3. To induce sufficient knockdown of filamin A or E-cadherin protein, MDCK-pTR 
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filamin A-shRNA cells or MDCK-pTR E-cadherin-shRNA cells were incubated with 2 μg/ml 

tetracycline for 48 h or 96 h, respectively, prior to co-incubation with MDCK-pTR GFP-RasV12 

cells. All inhibitors were added together with tetracycline. Immunofluorescence was 

performed as described in previous chapter. 

 

3.3.3. Immunofluorescence 

 MDCK-pTR GFP-RasV12 cells or MDCK-pTR cSrcY527F-GFP cells were mixed with MDCK 

cells at a ratio of 1:50 and cultured on the collagen matrix as previously described3. The 

mixture of cells was incubated for 8-12 h, followed by tetracycline treatment for 15-20 h for 

immunofluorescence analyses, or for 24 h for analyses of apical extrusions. Cells were fixed 

with 4% paraformaldehyde in PBS and permeabilized as previously described3, except for 

occludin and integrin αVβ3 for which cells were fixed in methanol at -20°C for 3 h, followed 

by blocking in 10% BSA/PBS for 1 h. 

Immunofluorescence images were acquired and analyzed as described previous chapter. 

 

3.3.4. Super-Resolution Microscopy 

 Cells were cultured on collagen-gel-coated coverslips and fixed as described above, 

except using 0.17-mm-thick coverslips. For immunostaining of E-cadherin, cells were 

incubated with anti-E-cadherin antibody (ECCD2) for 2 h, followed by incubation with 

Alexa-Fluor-568-conjugated secondary antibody at a dilution of 1:100 for 30 min. The stained 

samples were mounted onto ProLong Diamond Antifade Mountant (P36965, Thermo Fisher 

Scientific) on a glass slide. For the calibration of multicolor signals, TetraSpeck beads (T7280, 

Thermo Fisher Scientific) were added at a ratio of 1:50 in the mounting medium to generate 
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the channel alignment file. The SIM images were obtained with the Zeiss ELYRA PS.1 system 

on 100× objective (NA 1.46; ZEISS) and EM-CCD camera. SIM images were calculated using 

default settings with theoretically predicted point spread function parameters. Images were 

quantified by the MetaMorph software. 

 

3.3.5. Data Analyses 

 For data analyses, two-tailed Student’s t-tests were used to determine P-values except in 

Figure 3-12 where one-tailed Student’s t-test was used. For quantification of apical extrusion 

or fluorescence intensity, more than 50 or 25 cells were analyzed for each experimental 

condition, respectively. 

 

 

3.4. RESULTS 

3.4.1. Rab5-Regulated Endocytosis Acts Upstream of EPLIN in the Interaction 

between Normal and Transformed Epithelial Cells.  

 In the previous studies, our group has reported that E-cadherin-based cell-cell 

adhesions are dynamically modulated at the boundary between normal and transformed 

cells3,4. Moreover, E-cadherin has been reported to be endocytosed via Rab55-8. Thus, I next 

examined the link between Rab5-mediated endocytosis and E-cadherin. When normal or 

RasV12-transformed cells were cultured alone, E-cadherin mainly localized at cell-cell contact 

sites (Figure 3-1)3. But, when RasV12 cells were surrounded by normal cells, cytoplasmic 

puncta of E-cadherin substantially increased (Figures 3-1 and 2), which partially overlapped 

EEA1 or Rab7 immunofluorescence (Figures 3-3 and data not shown). Cytoplasmic puncta 

were not observed for the tight junction marker occludin or the cell adhesion marker integrin 
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αVβ3 (Figure 3-4), suggesting the specific effect on E-cadherin, at least to a certain extent. By 

super-resolution microscopic analyses, I further demonstrated that the number and total 

immunofluorescence intensity of intracellular E-cadherin puncta were significantly increased 

in RasV12 cells surrounded by normal cells compared with those in RasV12 cells cultured 

alone (Figure 3-5). On the other hand, intracellular localization of E-cadherin was 

substantially suppressed in Rab5DN-expressing RasV12 cells (Figure 3-1 and 2). In addition, 

E-cadherin immunofluorescence became often blurred at cell-cell contact sites between 

normal and RasV12 cells, but remained intact between normal and Rab5DN-expressing 

RasV12 cells (Figure 3-6). These data suggest that E-cadherin undergoes internalization via 

Rab5-mediated endocytosis, which is, at least partly, involved in the dynamic regulation of 

cell-cell adhesions between normal and transformed cells. Intracellular E-cadherin puncta 

were also observed in about 20% of the surrounding normal cells (Figure 3-7), which may be 

passively induced by the loss of E-cadherin from the opposite plasma membranes of the 

transformed cell. 

 Next, I examined EPLIN, which forms a complex with E-cadherin at cell-cell adhesions9. 

EPLIN has also been reported to play an active role in apical extrusion of the transformed 

cells through the activation of protein kinase A (PKA)1,10. When normal or 

RasV12-transformed cells were cultured alone, EPLIN was mainly localized at cell-cell 

adhesions (Figure 3-8 and data not shown)1,9. In contrast, in RasV12-transformed cells that 

were surrounded by normal cells, EPLIN was translocated from cell-cell contacts to the 

cytoplasmic region (Figures 3-8 and 9)1. Intracellularly accumulated EPLIN was only partially 

co-localized with the cytoplasmic E-cadherin puncta (Figure 3-8B). The quantitative 

immunofluorescence analysis showed that 45% of EPLIN-positive vesicles were not 

co-stained with E-cadherin (n=1,800 EPLIN-positive intracellular puncta). In addition, 81 % of 
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Rab7/E-cadherin-double positive vesicles were EPLIN negative (n= 100 Rab7 (+) E-cadherin 

(+) puncta), suggesting that during endocytosis, EPLIN often dissociates from the E-cadherin 

complex. I then found that co-expression of Rab5DN significantly suppressed intracellular 

accumulation of EPLIN in RasV12 cells surrounded by normal cells (Figure 3-8 and 9). 

Addition of chlorpromazine also diminished the accumulation of EPLIN (Figure 3-10). 

Furthermore, PKA activity was elevated in RasV12 cells surrounded by normal cells (Figure 

3-11 and 12)1, which was significantly suppressed by co-expression of Rab5DN (Figure 3-11 

and 12). PKA inhibitor KT5720 significantly suppressed apical extrusion of RasV12 cells 

(Figure 3-13), indicating a crucial role of PKA in this process. In contrast, knockdown of EPLIN 

did not affect Rab5 accumulation (Figure 3-14). Collectively, these data suggest that 

Rab5-regulated endocytosis functions upstream of the EPLIN/PKA pathway.  
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Figure 3-1.  Rab5-mediated endocytosis of E-cadherin is enhanced in RasV12-transformed cells 

surrounded by normal cells. Effect of co-expression of Rab5DN on cytoplasmic E-cadherin puncta 

in RasV12-transformed cells that are surrounded by normal epithelial cells. MDCK-pTR 

GFP-RasV12 cells or MDCK-pTR GFP-RasV12-Rab5DN cells were mixed with normal MDCK cells or 

cultured alone on collagen gels. Cells were fixed after 16 h incubation with tetracycline and 

stained with anti-E-cadherin antibody (red) and Hoechst (blue). Scale bar, 10 µm.  
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Figure 3-2.  Quantification of the intracellular fluorescence intensity of E-cadherin. MDCK-pTR 

GFP-RasV12 cells or MDCK-pTR GFP-RasV12-Rab5DN cells were mixed with normal MDCK cells or 

cultured alone on collagen gels. Cells were fixed after 16 h incubation with tetracycline and 

stained with anti-E-cadherin antibody. Data are mean ± SD from four independent experiments. 

*P<0.05, **P<0.02; n=126, 128, and 127 cells. 
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Figure 3-3.  Endocytosis is enhanced for E-cadherin. Partial co-localization of intracellular 

E-cadherin puncta and the early endosomal marker EEA1. MDCK-pTR GFP-RasV12 cells were 

mixed with normal MDCK cells on collagen gels. Cells were fixed after 16 h incubation with 

tetracycline and stained with anti-E-cadherin (red) and anti-EEA1 (green) antibodies and Hoechst 

(blue). GFP-RasV12 is shown in white. Arrows and arrowheads indicate cytoplasmic E-cadherin 

puncta with or without co-localization with EEA1, respectively. The white dashed line in the xz 

panel denotes the cross-sections represented in the xy panel. The area in the white dashed box is 

shown at higher magnification in the right panels. Scale bar, 10 µm. 
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Figure 3-4.  Endocytosis is not enhanced for occludin and integrin αVβ3. Immunofluorescence 

of occludin (A) and integrin αVβ3 (B) shown by confocal images of xy or xz sections. MDCK-pTR 

GFP-RasV12 cells were mixed with normal MDCK cells on collagen gels. Cells were fixed after 16 h 

incubation with tetracycline and stained with anti-occludin or -integrin αVβ3 antibody (red) and 

Hoechst (blue). Scale bars, 10 µm. These works were provided with Dr Takeshi Maruyama.  

A 

B 
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Figure 3-5.  Super-resolution microscopic analyses of intracellular E-cadherin puncta.  

(A) Fluorescence images of intracellular E-cadherin puncta (red). Cells were fixed after 16 h 

incubation with tetracycline and stained with anti-E-cadherin antibody (red). The area in the 

white dashed box is shown at higher magnification in the right panel. Scale bar, 10 µm.  

(B) Quantification of intracellular E-cadherin. The number of E-cadherin granules (top) or the total 

fluorescence intensity (bottom) in each RasV12 cell was depicted as a dot. The red bars indicate 

the mean of the results. **P<0.01; n=30 cells for each condition. 
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Figure 3-6.  Detailed analyses of E-cadherin localization at the interface between normal and 

RasV12-transformed cells. Disrupted E-cadherin-based cell-cell adhesions between normal and 

RasV12-transformed cells. MDCK-pTR GFP-RasV12 cells or MDCK-pTR GFP-RasV12-Rab5DN cells 

were mixed with normal MDCK cells on collagen gels. Cells were fixed after 16 h incubation with 

tetracycline and stained with anti-EPLIN (red) and anti-E-cadherin (green) antibodies. GFP-RasV12 

is shown in white. Arrows indicate disrupted E-cadherin-based cell-cell contact sites. Scale bar, 10 

µm. 
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Figure 3-7.  Intracellular puncta of E-cadherin are occasionally observed in the neighboring 

normal cells. MDCK-pTR GFP-RasV12 cells were mixed with normal MDCK cells or cultured alone 

on collagen gels. Cells were fixed after 16 h incubation with tetracycline and stained with 

anti-E-cadherin antibody (red) and Hoechst (blue). The area in the white dashed box is shown at 

higher magnification in the right panel. Scale bar, 10 µm. The white line in the right panels 

indicates the contour of a RasV12 cell.  
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Figure 3-8.  Rab5-regulated endocytosis acts upstream of the EPLIN/PKA pathway in the 

interaction between normal and transformed epithelial cells. Effect of co-expression of Rab5DN 

on EPLIN accumulation in RasV12-transformed cells that are surrounded by normal epithelial cells. 

MDCK-pTR GFP-RasV12 cells or MDCK-pTR GFP-RasV12-Rab5DN cells were mixed with normal 

MDCK cells or cultured alone on collagen gels. (A) Cells were fixed after 16 h incubation with 

tetracycline and stained with anti-EPLIN antibody (red), anti-E-cadherin antibody (green), and 

Hoechst (blue). GFP-RasV12 is shown in white. The white dashed line in the xz panel denotes the 

cross-sections represented in the xy panel. Scale bar, 10 µm. The area in the white dashed box is 

shown at higher magnification in (B). (B) Arrows and arrowheads indicate cytoplasmic E-cadherin 

puncta with or without co-localization with EPLIN, respectively.  
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Figure 3-9.  Quantification of the intracellular fluorescence intensity of EPLIN. MDCK-pTR 

GFP-RasV12 cells or MDCK-pTR GFP-RasV12-Rab5DN cells were mixed with normal MDCK cells or 

cultured alone on collagen gels. Cells were fixed after 16 h incubation with tetracycline and 

stained with anti-EPLIN antibody. Data are mean ± SD from four independent experiments. 

*P<0.05; n=137, 133, 138, 134, and 135 cells.  
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Figure 3-10.  Effect of chlorpromazine on EPLIN accumulation. MDCK-pTR GFP-RasV12 cells 

were mixed with normal MDCK cells on collagen gels. After incubation with tetracycline in the 

presence or absence of chlorpromazine for 16 h, cells were stained with anti-EPLIN antibody (red) 

and Hoechst (blue). Scale bar, 10 µm.   
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Figure 3-11.  Effect of co-expression of Rab5DN on PKA-catalyzed phosphorylation in RasV12 

cells surrounded by normal cells. Cells were incubated as described above except tetracycline 

treatment for 20 h, and stained with anti-phospho-PKA substrate (pPKAsub) antibody (red) and 

Hoechst (blue). Scale bar, 10 µm.  
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Figure 3-12.  Quantification of the fluorescence intensity of pPKAsub. Effect of co-expression of 

Rab5DN on PKA-catalyzed phosphorylation in RasV12 cells surrounded by normal cells. Cells were 

incubated as described above except tetracycline treatment for 20 h, and stained with 

anti-phospho-PKA substrate (pPKAsub) antibody. Data are mean ± SD from three independent 

experiments. *P<0.05, **P<0.02; n=103, 101, 101, 101, and 101 cells.  
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Figure 3-13.  Quantification of the effect of the PKA inhibitor KT5720 on apical extrusion of 

RasV12 cells. MDCK-pTR GFP-RasV12 cells were mixed with normal MDCK cells on collagen gels. 

After incubation with tetracycline in the presence or absence of KT5720 for 24 h. Data are mean ± 

SD from three independent experiments. *P<0.01; n=280 and 292 cells.  
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Figure 3-14.  Rab5 accumulation is not suppressed by expression of shRNA for EPLIN. DCK-pTR 

GFP-RasV12 cells or MDCK-pTR GFP-RasV12 EPLIN-shRNA cells were mixed with normal MDCK 

cells on collagen gels. Cells were fixed after 16 h incubation with tetracycline and stained with 

anti-Rab5 antibody (red) and Hoechst (blue), shown by xy (A) or xz (B) sections. Scale bars, 10 µm.  

  

A B 
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3.4.2. Catalase accumulated in RasV12 cells surrounded by normal cells, in Rab5 

and EPLIN dependent manner. 

While extensively analysing various intracellular compartment marker proteins at 

the boundary between normal and transformed cells, I happened to realize that catalase 

which catalyses the reduction of H2O2 was accumulated in RasV12-transformed cells that 

were surrounded by normal cells in a non-cell-autonomous manner (Figures 3-15 and 16). 

Co-immunostaining with PMP70, a marker of peroxisomes, demonstrated that the 

accumulation of catalase occurred in the peroxisomes (Figure3-17). Addition of catalase 

inhibitor 3-amino-1, 2, 4-triazole (3-AT) significantly suppressed apical extrusion of RasV12 

cells (Figure 3-18), suggesting that catalase accumulation plays a positive role in the 

elimination of transformed cells. In addition, co-expression of Rab5DN strongly suppressed 

catalase accumulation (Figures 3-15 and 16).  

Moreover, knockdown of EPLIN substantially suppressed accumulation of catalase 

in RasV12 cells that were surrounded by normal cells (Figure 3-19), but addition of KT5720, an 

inhibitor of PKA, did not (Figure 3-20). Collectively, these data demonstrate that 

accumulation of catalase is one of the cellular processes regulated by Rab5-mediated 

endocytosis and EPLIN. 
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Figure 3-15.  Catalase accumulates Rab5-dependent manner in RasV12 cells surrounded by 

normal epithelial cells. Effect of co-expression of Rab5DN on catalase accumulation in 

RasV12-transformed cells that are surrounded by normal epithelial cells. MDCK-pTR GFP-RasV12 

cells or MDCK-pTR GFP-RasV12-Rab5DN cells were mixed with normal MDCK cells or cultured 

alone on collagen gels. Cells were fixed after 16 h incubation with tetracycline and stained with 

anti-catalase antibody (red) and Hoechst (blue). Scale bar, 10 µm.  
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Figure 3-16.  Quantification of the fluorescence intensity of catalase. MDCK-pTR GFP-RasV12 

cells or MDCK-pTR GFP-RasV12-Rab5DN cells were mixed with normal MDCK cells or cultured 

alone on collagen gels. Cells were fixed after 16 h incubation with tetracycline and stained with 

anti-catalase antibody. Data are mean ± SD from three independent experiments. *P < 0.05; n=92, 

93, 91, 87 and 96 cells.  
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Figure 3-17.  Co-localization of catalase and PMP70. MDCK-pTR GFP-RasV12 cells were mixed 

with normal MDCK cells or cultured alone on collagen gels. Cells were fixed after 16 h incubation 

with tetracycline and stained with anti-catalase antibody (red) and anti-PMP70 antibody (blue). 

Immunofluorescence images of catalase and PMP70 in the white box are shown at higher 

magnification in the right panels. Scale bar, 10 µm. 
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Figure 3-18.  Effect of 3-AT on apical extrusion of RasV12 cells surrounded by normal cells. Cells 

were incubated with tetracycline in the absence or presence of 3-AT for 24 h. Data are mean ± SD 

from three independent experiments. *P < 0.05; n=335 and 310 cells. 
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Figure 3-19.  Catalase acts downstream of Rab5-EPLIN. Effect of EPLIN knockdown on 

accumulation of catalase. MDCK-pTR GFP-RasV12 cells or MDCK-pTR GFP-RasV12 EPLIN-shRNA 

cells were mixed with normal MDCK cells, and incubated with tetracycline for 16 h. (A) Cells were 

stained with anti-catalase antibody (red) and Hoechst (blue). Scale bar, 10 µm. (B) Quantification 

of the fluorescence intensity of catalase in RasV12 cells. Data are mean ± SD from three 

independent experiments. *P<0.02; n=105 and 101 cells.  
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Figure 3-20.  Effect of KT5720 on catalase accumulation. Cells were incubated with tetracycline 

in the absence or presence of KT5720 for 16h. Cells were stained with anti-catalase antibody (red) 

and Hoechst (blue). Scale bar, 10 µm. 
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3.4.3. EDAC from the Surrounding Normal Cells Induces Rab5 Accumulation in 

RasV12-Transformed Cells.  

 Our group has previously reported that normal epithelial cells can recognize and 

actively eliminate the neighboring transformed cells through dynamic regulation of the 

cytoskeletal protein filamin, a process called EDAC2. Accumulation of filamin in normal cells 

at the boundary with the neighboring transformed cells induces upregulation of EPLIN in the 

transformed cells, eventually leading to their apical extrusion1. In addition of filamin, 

E-cadherin in the surrounding normal cells also plays a vital role in apical extrusion of 

transformed cells3. I found that when RasV12-transformed cells were surrounded by 

filamin-knockdown cells, accumulation of Rab5 was significantly suppressed (Figure 3-21). 

Similarly, knockdown of E-cadherin in the surrounding normal cells also substantially 

diminished Rab5 accumulation in RasV12 cells (Figure 3-22). Taken together, these data 

suggest that EDAC from normal epithelial cells plays a positive role in the regulation of 

endocytosis in the neighboring transformed cells.  
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Figure 3-21.  EDAC from the surrounding normal cells induces Rab5 accumulation in 

RasV12-transformed cells. Effect of filamin knockdown in normal cells on Rab5 accumulation in 

the neighboring RasV12-transformed cells. MDCK-pTR GFP-RasV12 cells were mixed with normal 

or filamin-knockdown MDCK cells and incubated with tetracycline for 16 h. (A and B) Cells were 

stained with anti-Rab5 antibody (red) and Hoechst (blue). Scale bars, 10 µm. (C) Quantification of 

the fluorescence intensity of Rab5 in RasV12 cells. Data are mean ± SD from three independent 

experiments. *P<0.05; n=101 and 93 cells. Values are expressed as a ratio relative to 

MDCK:Ras=50:1.  
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Figure 3-22.  Effect of E-cadherin knockdown in normal cells on Rab5 accumulation in the 

neighboring RasV12 cells. MDCK-pTR GFP-RasV12 cells were mixed with normal or 

E-cadherin-knockdown MDCK cells and incubated with tetracycline for 16 h. (A) Cells were 

stained with anti-Rab5 antibody (red) and Hoechst (blue). Scale bar, 10 µm. (B) Quantification of 

the fluorescence intensity of Rab5 in RasV12 cells. Data are mean ± SD from three independent 

experiments. *P<0.05; n=104 and 98 cells. Values are expressed as a ratio relative to 

MDCK:Ras=50:1.  
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3.5. DISCUSSION  

 To identify endocytic cargos of Rab5-mediated endocytosis in RasV12 cells surrounded 

by normal cells, I took candidate approach in aspects of morphological change of extruding 

RasV12 cells whose cell-height and roundness were increased. I chose E-cadherin as a protein 

previously implicated in remodeling of the cell-cell adhesion. Having cytosolic puncta of 

E-cadherin in RasV12 cells surrounded by normal cells in Rab5-dependent manner, 

E-cadherin was intriguing candidate for this study. Indeed, I show that E-cadherin is one of 

the cargo proteins via Rab5-mediated endocytosis, as reported by other groups using the 

different experimental conditions5-8. In addition to E-cadherin, localization of EPLIN is also 

regulated by endocytosis. In a steady status, EPLIN forms a protein complex with E-cadherin 

via β-catenin and α-catenin at cell-cell adhesions9. But, in RasV12 cells surrounded by normal 

cells, EPLIN translocates into the cytoplasm where it just partially co-localizes with 

internalized E-cadherin (Figure 3-8). Together with other data, it is plausible that after 

internalization, EPLIN dissociates from the E-cadherin complex, which is consistent with the 

previous reports that a certain fraction of catenins dissociates from E-cadherin during 

endocytosis11-13. Free EPLIN would then form a complex with other binding partners, thereby 

activating signaling pathways such as PKA and promoting the apical extrusion event (Figure 

3-23). But, it is likely that there are a number of proteins, in addition to E-cadherin, of which 

endocytosis is modulated by Rab5 in transformed cells; there could be additional 

molecules/pathways that are regulated by endocytosis, and the sum of those overall 

orchestrated effects would modulate the behavior of RasV12-transformed cells. 

 

In addition to PKA, EPLIN functions upstream of myosin-II; the activity of myosin-II is 

elevated in RasV12-transformed cells in a non-cell-autonomous fashion, which is regulated  
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 Figure 3-23.  Schematic models of switching localization and function of EPLIN in cell 

competition. 
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by EPLIN1. The activation of myosin-II generates pulling-forces exerted at the interface 

between normal and transformed cells, thereby promoting apical extrusion of the 

transformed cells2. Along the same line, recent studies have revealed that physical forces or 

mechanical tensions can play a crucial role in cell competition between normal and 

transformed epithelial cells,14,15. Thus, the EPLIN-myosin-II pathway could be another 

endocytosis-mediated regulatory mechanism for apical extrusion. Not only lateral adhesion, 

basal attachment of transformed cells could be altered whether endocytic pathways involved 

or not, because transformed cells must detach from basal to extrude from normal epithelia. 

While most of the candidate proteins will be left for future studies due to the time limitation, 

here I and Dr Maruyama concentrated on localization of integrin in Ras-transformed cells 

inducing RasV12-expression for 16 hour. Still I have not revealed the alteration of 

basal-anchoring proteins in this work, further analysis especially in the later time point of 

apical extrusion will lead us to an understanding of molecular basis of apical extrusion.  

 

 Additionally, I have identified catalase as one of the downstream regulators of 

endocytosis and EPLIN. Catalase is an antioxidant enzyme, and its expression can be 

enhanced by oxidative stress16-20. Thus, it is possible that there may be certain oxidative 

regulation at the boundary between normal and transformed cells, though I have not so far 

obtained evidence supporting this notion. In addition, PMP70 mostly coincides with catalase 

accumulation in Ras-transformed cells surrounded by normal cells, indicating that 

peroxisome biogenesis is also activated. The size and number of peroxisome is increased 

responding to an environmental cue such as fatty acids and the control of peroxisome 

dynamics is performed in part at the level of transcription (reviewed in Ref. 21). Interestingly, 

some enzymes contained in peroxisomal matrices could be changed depending on the 
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environment. For instance, ataxia-telangiectasia (ATM), a kinase functions in response to 

DNA-damage, localizes both nuclear and peroxisome22, and a metabolic enzyme 

glycerol-3-phosphate dehydrogenase (Gpd1), redistributes between peroxisomes and other 

compartments in yeast depending on presence of stress23. Therefore, the enhancement of 

catalase and PMP70 demonstrated in this study implicates an involvement of various 

stress-responsible molecules, but further clarification is required to reveal responsive 

mechanism of transformed cells against surrounding by normal cells. 

 

 Another question is what are the molecular mechanisms that induce the 

non-cell-autonomous upregulation of endocytosis. Our results suggest that EDAC from the 

surrounding normal cells regulates the elevation of Rab5-mediated endocytosis, implying 

that transformed cells sense the modulated conditions in the neighboring normal cells and 

accordingly respond to them by activating the endocytic pathways. To explore the molecular 

mechanisms whereby EDAC induces Rab5-mediated endocytosis, I have examined the effect 

of various inhibitors on Rab5 accumulation in RasV12-transformed cells that are surrounded 

by normal cells (Table 3-1). Among the tested inhibitors, only the MEK inhibitor U0126 

diminishes accumulation of Rab5. But, it is not clear at present whether the MAPK pathway is 

also directly involved in the further downstream, non-cell-autonomous processes. The other 

inhibitors have no effect on Rab5 accumulation (Table 3-1); thus so far I have been unable to 

identify a key signaling pathway that plays a direct role in the upregulation of 

Rab5-mediated endocytosis, which needs to be identified in future studies.  

 

 Several studies have reported that Rab5 is involved in cancer development and 

progression. Elevated expression of Rab5 is observed in various types of cancer24-26, and Rab5 
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plays a positive role in tumor invasion/metastasis27-29. Our results demonstrate that 

Rab5-mediated endocytosis is also involved in the apical extrusion of transformed cells from 

the normal epithelium at the initial stage of carcinogenesis. Then, what is the fate of the 

apically extruded transformed cells? For transformed cells to metastasize into distant organs, 

they have to leave the epithelium basally and invade the underlying matrix. In turn, in the 

apical lumen, cells are generally subjected to harsh physical conditions (e.g. stool, urine, 

digestive fluids). Hence, apical extrusion is the opposite direction from metastasis, and thus 

can be regarded as a cancer-preventive process. Indeed, our recent result using a cell 

competition mouse model has demonstrated that apically extruded cells do not form a 

tumorous mass and eventually disappear from the intestine tissues 30(unpublished 

observation), though the pathological consequence of apical extrusion of transformed cells 

still remains controversial at present31. To fully address this issue, the fate of apically extruded 

cells needs to be extensively studied in various epithelial tissues in vivo. By further clarifying 

the functional significance and molecular mechanisms of the Rab5-mediated endocytosis, it 

is expected that I would develop a novel type of cancer preventive medicine that reinforce 

the attacking force of normal cells against transformed cells or weaken defensive force of 

transformed cells to effectively eliminate newly emerged transformed cells from epithelia 

(Figure 3-24).  

 

 Recently, our group has established a screening platform that targets cell competition30. 

Yamauchi et al. adapted experimental condition of MDCK-cell-competition model to 

high-throughput screening system using 96-well plates and identified Rebeccamycin and 

VC1-8 as the promising chemical compound that specifically promote the elimination of 

transformed cells from the monolayer of normal epithelial cells30. So far, our group has 
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succeeded to expand available screening platform into 384-well plates, these achievement 

demonstrated that cell competition can be targeted as novel cancer preventive and/or 

treatment as well as conventional carcinostatic agent invented from pharmaceutical 

companies. Furthermore, Merino et al. demonstrated that cell competition maintains tissue 

health and prolongs lifespan in Drosophila32, indicating that improving the efficiency of cell 

selection is of benefit to not only cancer patients but also healthy people. Collectively, 

further revelation about cell competition will contribute public health in various ways. 
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Table 3-1.  Effect of various inhibitors on apical extrusion and Rab5 accumulation in 

RasV12-transformed cells that are surrounded by normal cells. *: statistically significant; ND: no 

data; Gray box: our published observations. Analyses of the effects of KT5720 and Rapamycin on 

apical extrusion were performed by Dr Takeshi Maruyama. 
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Figure 3-24.  Schematic models of novel cancer remedy based on cell competition. 
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4.1 CONCLUSION 

 In this study, we have presented several lines of evidence indicating that Rab5-mediated 

endocytosis and the following transport to late endosomes are enhanced and play an active role 

in the apical elimination of the transformed cells. First, Rab5 is accumulated in RasV12 cells 

surrounded by normal cells where clathrin-dependent endocytosis is elevated. Second, addition 

of chlorpromazine or co-expression of Rab5DN profoundly suppresses apical extrusion of 

transformed cells. Third, in the EVL of zebrafish embryos, Rab5 is accumulated in v-Src-expressing 

epithelial cells, and co-expression of Rab5DN significantly attenuates their apical delamination. 

Fourth, Tsg101 and Rab7 are accumulated in RasV12 cells surrounded by normal cells. Fifth, 

addition of bafilomycin or knockdown of Tsg101 suppresses the elimination of transformed cells. 

Sixth, Rab5-mediated endocytosis regulates the accumulation of E-cadherin and EPLIN. Seventh, 

EDAC pathway through E-cadherin or filamin in surrounding normal cells is required for Rab5 

accumulation in RasV12 cells that are surrounded by normal cells. Collectively, these data 

demonstrate that endocytosis is a crucial regulator for the interaction between normal and 

transformed epithelial cells, which substantially influences the behavior and fate of transformed 

cells in the cell community (Figure 4-1).  

 

 Here, we have revealed three novel molecular mechanisms whereby endocytosis regulates 

cell competition: 

1) Involvement of EDAC; filamin accumulation in the surrounding normal cells induces elevated 

endocytosis of transformed cells in a non-cell-autonomous fashion. 

2) Dynamic modulation of cell-cell adhesions; endocytosis of E-cadherin is enhanced in 

transformed cells surrounded by normal cells. 

3) Specific upregulation of E-cadherin endocytosis at the interface; endocytosis of other cell 
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adhesion proteins such as occludin and integrin is not enhanced.  

 Hence, these findings provide novel insights into still enigmatic phenomena of cell 

competition in terms of endocytosis and shed light on the unexplored events at the initial stage 

of carcinogenesis. This study will thus contribute to a broad range of researchers studying 

oncology and cell biology as well as developmental biology. By further clarifying the functional 

significance and molecular mechanisms of the Rab5-mediated endocytosis, it is expected that we 

would develop a novel type of cancer preventive medicine. 
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Figure 4-1.  A schematic model of the molecular regulation at the interface between 

transformed and the neighboring normal cells. When transformed cells are surrounded by normal 

cells, Rab5-mediated endocytosis is upregulated in the transformed cells, leading to E-cadherin 

endocytosis, EPLIN accumulation, and PKA activation, thereby inducing apical elimination of 

transformed cells. In addition, EDAC from the neighboring normal cells, via E-cadherin-based 

cell-cell adhesions and filamin accumulation, positively regulates Rab5-mediated endocytosis. 
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