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Ezrin, Radixin, Moesin ERM Actin

1) ERM N 300

200 α C 

100
2,3) N Four-point-one, Ezrin, Radixin, 

Moesin (FERM) 85%

FERM Na+, K+, 

2Cl− cotransporter 2 (NKCC2) Na+,H+-exchanger 1 (NHE1) 

CD44 ICAM	2

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) 

Na+,H+-exchanger regulatory factor 

(NHERF) 

Podocalyxin Na -dependent phosphate transporter 2A 

(Npt2a) Cystic fibrosis transmembrane conductance 

regulator (CFTR) 3-5)

ERM C Actin

 (Fig. 1) ERM N

C

 (Fig. 2) 2)  

ERM GTPase Rho GTPase 

ERM Rho GDP/GTP

Dbl Rho GTPase

Rho GTPase Rho-GDP-dissociation inhibitor (Rho 
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GDI) FERM Rho GTPase Rho-GDI

Rho GTPase  (Fig. 3)2,6) ERM

Rho GTPase Rho GTPase

 

ERM Ezrin Radixin Moesin

Ezrin

Ezrin

5% Ezrin  (Vil2kd/kd) 

H+,K+-ATPase
7) Radixin

Radixin   

(Rdx−/−) multi-drug resistant protein 2 (MRP2) 

8) Moesin

Moesin  (Msn−/y) T

B 9) Rho GTPase
10)  

ERM

Ezrin Radixin

Moesin  (TAL) 

 (Fig. 4) Vil2kd/kd

Npt2a

D Ca2+ Transient receptor potential 

vanilloid 6 (TRPV6) 
11)

Moesin Moesin
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12) ERM

 

100

Na+ 65% TAL 25-30%

5%  (Fig. 5)

 

Ezrin

NHERF2 1

Podocalyxin 4 Ezrin

Vil2kd/kd

Ezrin  

TAL

NKCC2

Moesin TAL NKCC2

± LLC-PK1

Moesin cNKCC2 (NKCC1/NKCC2 ) 
13)

Moesin Moesin

Msn−/y Moesin

TAL NKCC2

TAL Moesin
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8-11 Vil2kd/kd Msn−/y Vil2kd/kd

Ezrin 2 3

En2 (Homeobox protein engrailed-2) SA (splicing acceptor) IRES (Internal ribosome 

entry site) lacZ neo (neomycin-resistance gene) PA (polyadenyl site) 

Ezrin 5%
7) Msn−/y X Moesin

3 3’ loxP/

-neo/loxP SA/PA

Moesin 14)

C57BL/6J Jcl ICR

 

12

 

 

3 mm 50 mM 95

10 1 M Tris-HCl (pH 8.0) 

5 12,000 rpm 20

PCR PCR DNA

KOD FX (TOYOBO) Vil2kd/kd Msn−/y

primer Table 1 10 µL PCR

3 step (95 30 65 30 ; 72 1 ) 35
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PCR Vil2kd/kd primer 380 

bp Ezrin 290 bp Msn−/y primer

450 bp Moesin 280 bp

 

 

 (TERUMO) 

 (PBS) 4%

0.1 M  (pH 7.4) 1 4

 (RM2245 Leica) 4 µm

 ( ) 

 

 

0.01 M 121 20 ±

PBS  

(Table 2) 4 0.1% Tween 20 PBS-T

 (Alexa Fluor 488 Alexa Fluor 594

Alexa Fluor 633 ) 1 PBS-

T Mounting Medium (VECTASHIELD Vector Laboratories) 

 (FV-1000D IX-81 Olympus) 

 

 

 (H.E.) 

 (CS-4022 ) 5 20

 (Sigma) 1
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 (Merck) 

 

 

2% 2%

0.1 M  (pH 7.4) 1 4

0.1 M 2% 0.1 M

4

70: 30  (Quetol 812 EM) 1

100% 60 48

± 70 nm

2% 15 lead stain solution 

(Sigma) 3  (JEM-

1200EX JEOL)  

 

Lysis buffer (150 mM NaCl

3 mM KCl 5 mM EDTA 3 mM EGTA 0.1% Triton X-100 60 mM HEPES) 

 (KINEMATICA) 

4 800×g 5 min Total tissue 

lysate  

 

20 mL PBS PBS

2 ×106 /mL  Dynabeads M-450 Tosylactivated (Veritas) 

1 mg/mL Collagenase 

(Sigma) PBS 37 30 100 µm



 8 

70 µm  (BD Biosciences) Dynabeads

Magnetic particle concentrator (DYNAL BIOTECH)  

 

± Pierce BCA Protein 

Assay Kit (Thermo Scientific)  

 

SDS  (2% Sodium Dodecyl 

Sulfate (SDS) 2% 2-mercaptoethanol 20% glycerol 0.01% Bromophenol Blue (BPB)

50 mM Tris-HCl (pH 6.8)) 65 15 Laemmli

SDS-PAGE ( 8-12.5%) 

Polyvinylidendifluoride (PVDF) 5% TBS-T

1 ±  (Table 2) 4

1 Immobilon Western 

Chemiluminescent HRP Substrate (Millipore) LAS-4000mini 

(Fujifilm) 

ImageJ  

 

Adriamycin  (ADR) 50 mg/kg body weight ADR 

(Wako Purechemical) 7

Lipopolysaccharide (LPS) 

200 µg LPS (Escherichia coli O111:B4 strain Invivogen) 

24

3,000×g 15

4 1,000×g 15  
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Rho

RhoA Rac1 Cdc42 G-LISA activation assay 

(Cytoskeleton) G-LISA Cell Lysis 

Buffer 4 3,000×g 15

Rho-GTP affinity G-LISA plate 30

RhoA Rac1 Cdc42 GTP

490 nm

 

 

27G

 (TERUMO) 4 1,000×g 15 

3,000×g 15

DRI-CHEM 4000i (Fujifilm) Na+ K+ Cl−

Na+ K+

Cl−  (ENa EK ECl)  (FENa FEK FECl) 

 

ENa (µmol/100 g BW/day) = UNa (µM) ×V (L/day) ×100 / BW (g) 

FENa (%) = (UNa (mM) / PNa (mM)) / (Ucr (mg/dL) / Pcr (mg/dL)) ×100 

V: 1 BW: UNa: Na+ PNa: Na+ Ucr: 

Pcr:  

HCO3
− pH  (ABL555

Radiometer)  

 

 (glomerular filtration rate: GFR) 

GFR fluorescein isothiocyanate (FITC)-inulin

FITC-inulin (Sigma) 3 10 15 35
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75 100 120 FITC-inulin

2- GFR  (Graph Pad software

GraphPad Prism)  

 

TAL

HEPES

 (130 mM NaCl 2.5 mM NaH2PO4 4 mM KCl 1.2 mM MgSO4 6 mM 

L-alanine 1 mM Na citrate 5.5 mM glucose 2 mM CaCl2 10 mM HEPES (pH 7.4)) 

1 mg/mL Collagenase

HEPES 37 30

HEPES 200 µm

HEPES  

 

TAL 1.2 mg/mL Sulfo-NHS-SS-

HEPES  (L-alanine Na citrate ) 4 30

100 mM glycine Sulfo-NHS-SS-

HEPES Lysis buffer (150 mM NaCl

5 mM EDTA 1% Triton X-100 0.1% SDS 50 mM HEPES (pH 7.5) protease inhibitor 

cocktail (cOmplete Roche)) 200 µg

Streptavidin-coated agarose beads (Sigma) 4

wash buffer (150 mM NaCl 5 mM EDTA 0.1% Triton X-100

50 mM HEPES (pH 7.5)) 2 50 mM dithiothreitol (DTT) 10%

2-mercaptoethanol SDS 65 15

beads

±  
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NKCC2

TAL 37 0 30

60 NKCC2

PBS 50 mM Sodium 2	

mercaptoethane sulfonate (MESNa) MESNa

25 mM iodoacetamide 4 15

500 µg Streptavidin-coated agarose 

beads (Sigma) 4 50 mM DTT

10% 2-mercaptoethanol SDS

±  

 

homogenization buffer (120 mM NaCl 20 mM 

KCl 1 mM EDTA 1 mM EGTA 10 mM Tris-HCl (pH 7.5) protease inhibitor cocktail) 

20,000×g 4 20

500 µg 1 mL OptiPrep 

(Axis Shield) 8-34%  (10 mL) OptiPrep

Gradient Master (SK-bio) 

 (P40ST ) 4 100,000×g 18

1 mL 2 acetone 30

4 10,000×g 15

100 µL SDS ±

 

 

fractionation buffer (10 mM KCl 1.5 mM MgCl2

1 mM EDTA 1 mM EGTA 250 mM sucrose 1 mM DTT 20 mM HEPES (pH 7.4)

protease inhibitor cocktail) 27 G
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10 20 4 10,000×g 5

4 100,000×g 1 fractionation buffer

TN buffer (150 mM NaCl 5 mM EDTA 1% Triton X-100 1 mM DTT

25 mM Tris-HCl (pH 7.4) protease inhibitor cocktail) 

500 µg 1 mL 2 OptiPrep (60%) 

OptiPrep 40% OptiPrep

35% 30% 25% 15% ±

40% ( ) 35% 30%  25% 15% 3 mL 2 mL 2 mL 2 mL 2 

mL P40ST 4 170,000×g 15

1 mL 2 acetone

30 4 10,000×g 15 

100 µL SDS ±

 

 

NKCC2

TAL NKCC2 FluxOR Thalium detection kit 

(Thermo Fisher Scientific) TAL kit

FluxOR Dye loading buffer 37 1 Tl+

FluxOR 2.7 mM probenecid

100 µM ouabain FluxOR assay buffer (135 mM Na-gluconate 1 mM MgCl2

1 mM Na2SO4 1 mM CaCl2 15 mM HEPES (pH 7.4)) 2 100 µM

FluxOR assay buffer 30

37 100 µM

Tl+ uptake buffer (135 mM NaCl 5 mM Tl2SO4 100 µM Ouabain

20 mM HEPES (pH 7.4)) 37 5 Tl+

FluxOR assay buffer 2 Lysis buffer

 (SH-8100Lab Corona Electric) 

490 nm 520 nm FluxOR dye
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Tl+ NKCC2

 

 

3% sucrose 7

 

 

RNA

RNeasy Mini Kit 

(QIAGEN) RNA RNeasy Mini Kit Buffer RLT

1% (v/v) 2-mercaptoethanol 600 µL

16,000×g

3 70% RNeasy

8,000×g 15

Buffer RW1 8,000×g 15 Buffer RPE

2 RNA RNase free NanoDrop 2000 (Thermo) 

260 nm RNA  

 

 Omniscript Reverse Transcription Kit (QIAGEN) 

RNA 20 µL 2 µg Gene Amp PCR 

system 9700 (Applied Biosystems) 37 1  

 

Quantitative Real-time PCR

mRNA SYBR Premix Ex Taq (TaKaRa) 

cDNA 20 Cyclooxygenase-2 (COX-2) 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
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ABI PRISM7000 (Applied Biosystems) PCR

Ct GAPDH

 

 

  2

Student T test Turkey’s post-hoc test

one- way ANOVA p < 0.05  
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ERM

 

70-100 nm

20-50 15)

16) (Fig. 6)

80%

17)
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1 IV collagen

Alport´s

Alport´s
16)  

 (slit diaphragm) 

Actin

±

18) ±

±

23
19)

Adriamycin (ADR) 

in vivo
20)

 

±

Nephrin 21,22)

Nephrin
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NPHS2 Podocin 23)

24) C

CD2-associated protein (CD2AP) 

CD2AP Nephrin
25) (Fig. 6) CD2AP Nephrin Actin

Nephrin 26) Nephrin

IgG-like 1 Neph1

Nephrin
27) (Fig. 6)  

Integrin Tetraspanin

Dystroglycan

Integrin αβ

α3β1 Integrin
28) Tetraspanin 1 CD151

α3β1 Integrin 29) Dystroglycan

Actin 30) (Fig. 6)  

Podocalyxin

Podocalyxin O- 1
31)

Podocalyxin

24 32)

Podocalyxin

Podocalyxin C

PDZ (PSD-95 / Dlg / ZO-1)  ( DTHL) NHERF2

PDZ Podocalyxin NHERF2
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Ezrin Actin

 (Fig. 6)

Podocalyxin

4)  

Podocalyxin/NHERF2/Ezrin

Podocalyxin Ezrin

Ezrin

Vil2kd/kd Podocalyxin

±

Ezrin  
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ERM

ERM

Ezrin

 (Fig. 7) Ezrin

CD34

Ezrin

 (Fig. 8A) Radixin Moesin

 (Fig. 7) Moesin CD34  (Fig. 8B)

ERM Ezrin

 

 

Vil2kd/kd

Vil2kd/kd

Vil2kd/kd H.E.

Vil2kd/kd  (Fig. 9A)

Vil2kd/kd  (Fig. 9B)

 (µm) 

Vil2kd/kd  (Fig. 9C)  

 

Vil2kd/kd

Vil2kd/kd

Vil2kd/kd SDS-PAGE CBB

± BSA

Vil2kd/kd ± 60 

kDa  (Fig. 10)
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Vil2kd/kd  

 

Vil2kd/kd Ezrin  

Ezrin NHERF2

Podocalyxin Ezrin

NHERF2 Podocalyxin  (Fig. 11) Actin

Synaptopodin Podocin

 (Fig. 11)  

Vil2kd/kd Ezrin  (Fig. 

12) NHERF2 Podocalyxin Synaptopodin

Podocin  (Fig. 12)

Ezrin NHERF2 Podocalyxin

Radixin Moesin

Ezrin  (Fig. 

13)  

 

Vil2kd/kd Ezrin  

Vil2kd/kd Ezrin

±

ERM Ezrin

Moesin  (Fig. 14A) Vil2kd/kd

Ezrin Radixin

Moesin  (Fig. 14A) Ezrin

Podocalyxin Rho-GDIα Vil2kd/kd

 (Fig. 14) NHERF2

Vil2kd/kd

 (Fig. 14)  
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Vil2kd/kd

Podocalyxin

Ezrin

 

 

Vil2kd/kd

Ezrin ADR LPS

Vil2kd/kd

ADR 7

ADR

ADR ADR

±  (Fig. 15) LPS

LPS 24

±  (Fig. 16)

ADR ADR 5
33,34) LPS

24 ± 34) ADR

LPS  

Vil2kd/kd ADR

±  (Fig. 15) LPS

±

 (Fig. 16) Vil2kd/kd
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Vil2kd/kd Rho GTPase  

GTPase Rho GTPase

Actin

Rho GTPase Actin
35) Rho GTPase RhoA

Rac1 Cdc42 RhoA Rac1  

(lamellipodia) Cdc42  (filopodia) 
36,37) Ezrin NHERF2

Podocalyxin Actin Rho GTPase
2) GST

Ezrin FERM Rho-GDI
6,38) Rho GTPase Rho-GDI

Rho

Vil2kd/kd Rho GTPase

Vil2kd/kd RhoA

Rac1

Cdc42  (Fig. 17A)  

ADR LPS Rho GTPase

ADR RhoA Vil2kd/kd

 (Fig. 17A) Rac1

Vil2kd/kd  (Fig. 17A) Cdc42

ADR  (Fig. 17A)  

LPS RhoA ADR Vil2kd/kd

 (Fig. 17B) Rac1 Vil2kd/kd

RhoA  (Fig. 17B) Vil2kd/kd

RhoA Rac1
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Cdc42  
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Ezrin  

±

Ezrin Moesin Ezrin

Podocalyxin

Synaptopodin Podocin Table 

3 ERM Moesin Radixin

Podocalyxin Vil2kd/kd

Ezrin

ERM Ezrin

 

 

Ezrin Podocalyxin

Ezrin NHERF2

Podocalyxin C
4)

Vil2kd/kd Podocalyxin

Podocalyxin

32) NHERF2

Podocalyxin/NHERF2/Ezrin

Podocalyxin 39)

Vil2kd/kd NHERF2

Ezrin NHERF2

NHERF2 Podocalyxin
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Ezrin Ezrin

Ezrin Podocalyxin

Ezrin

 

 

Vil2kd/kd

Vil2kd/kd ±

Podocalyxin 32)

40) Podocalyxin

31,32)

Ezrin Podocalyxin

Podocalyxin Ezrin

Vil2kd/kd

 

Podocin CD2AP Neph1
26,41,42) α3 β1 Integrin

CD151
28,29,43) Vil2kd/kd

Ezrin

 

 

Vil2kd/kd
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ADR LPS

Vil2kd/kd ADR

 Vil2kd/kd

LPS

Podocalyxin/NHERF2/Ezrin Podocalyxin Actin

4,44) Ezrin

Vil2kd/kd ADR LPS

Ezrin

Podocalyxin/NHERF2/Ezrin

 

 

Vil2kd/kd Rho GTPase

Ezrin Actin

Rho GTPase Actin
3) Rho GTPase RhoA Rac1 Cdc42

Actin
35,38) Rho GTPase GDP

GTP

Cdc42

Rac1 RhoA
45) Rac1

Rac1
46) Rac1
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EHT1846 Rho  (ROCK) SAR407899
47) Rho 

GTPase Rac1

Vil2kd/kd

Rac1

Ezrin

RhoA
37) Vil2kd/kd

RhoA

Cdc42

45) Vil2kd/kd Cdc42

Vil2kd/kd

Rac1 RhoA  

Ezrin Rho GTPase Rho GDI FERM

Rho GDI Rho GTPase
6) Vil2kd/kd Rac1

Ezrin Rho GDI

Rac1 Rho GDIα

Rac1
48) Rho GDI Rac1

 (Table 4)  

Vil2kd/kd ADR LPS

RhoA  (Table 4) RhoA Rac1

Rac1 RhoA
37,49) Vil2kd/kd Rac1

RhoA  
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Vil2kd/kd Podocalyxin

ADR LPS

±

Vil2kd/kd Rho GTPase

Rac1 RhoA
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ERM  
 

  

ERM Ezrin

Ezrin FERM NHERF1
50) ± LLC-PK1 NHERF1

Npt2a C PDZ Ezrin/NHERF1/Npt2a

Npt2a 50-52)

Vil2kd/kd Npt2a NHERF1

±

11) Vil2kd/kd Npt2a

Ca2+ 11)  

Ezrin ERM 1 Moesin

Na+, K+, 2Cl− 2 (NKCC2) 13)

Moesin FERM NKCC2 C LLC-PK1

Moesin cNKCC2 (NKCC1/NKCC2 ) 
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13)

Msn−/y Moesin

PI(4,5)P2 1 1 

(S1PR1) 

T Moesin S1PR1
53) in vitro

Moesin F-actin PI(4,5)P2

54)  

NKCC2 (SLC12A1) Cl− SLC (Solute carrier) 12

NKCC2 1,099  

( 1,095 ) 120 kDa

12 N C
55) NKCC2

 (Thick ascending limb: TAL) 

Na+ K+ Cl− 1:1:2

 

(GFR) 

TAL

NKCC2

TAL NKCC2

25-30%

NKCC2 Na+ Cl−

Na+,K+-ATPase ClC-Kb

K+ ROMK

 (Fig. 18) NKCC2

I Bartter 56) NKCC

Bartter
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57) NKCC2

black people

NKCC2 Na+

58,59)

NKCC2

NKCC2

 

NKCC2

NKCC2 NaCl

 (PTH)

cAMP/PKA NKCC2
60,61)    (ANP)

 (NO) 

cGMP 62,63) 2 (PDE2) 

cAMP NKCC2
64) (Fig. 19A) cAMP/PKA

NKCC2 N Ser126 C

Ser874 NKCC2
65) cAMP/PKA

NKCC2 VAMP2
66)  

NKCC2
67) Methyl-β-cyclodextrin

NKCC2
68) NKCC2

 (Fig. 19B)  

Moesin NKCC2
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Msn−/y

NKCC2 NKCC2

Moesin  
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Moesin

Moesin

Moesin

 (Fig. 20) Moesin

Megalin TAL Tamm Horsfall 

protein (THP) 

Aquaporin 2 (AQP2) 

Msn−/y Moesin

 (Fig. 20)  

 

Msn−/y

Msn−/y

14) Msn−/y

H.E. Moesin

Msn−/y  (Fig. 21)  

 

Msn−/y

Moesin

Msn−/y

Msn−/y Cl−

 (Table 5) Na+ Cl−

 (ENa ECl) 

 (Table 5)  

Msn−/y

Msn−/y  (GFR) 
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GFR Na+ Cl−  (FENa FECl) 

Msn−/y Cl−

pH

Msn−/y  (Table 5)

Msn−/y Cl−

 

 

Msn−/y TAL NKCC2

Moesin TAL

Msn−/y

± ±

TAL THP Msn−/y

TAL

TAL NKCC2 ROMK

AQP2 Msn−/y

 (Fig. 22A)

Msn−/y TAL NKCC2 ROMK

 (Fig. 22B, C)  

NKCC2 Ares 68) 

TAL

Msn−/y TAL

Sulfo NHS	SS	biotin

	 NKCC2

± NKCC2

Msn−/y NKCC2

THP NKCC2

Msn−/y  (Fig. 

23)  



 35 

 

Msn−/y NKCC2

Msn−/y TAL Moesin

NKCC2

37 30 60 NKCC2

Sodium 2	mercaptoethane sulfonate MESNa

NKCC2

4 30 60 NKCC2

37 NKCC2  (Fig. 24)

Msn−/y Msn−/y

NKCC2

 (Fig. 24)  

 

Msn−/y NKCC2

Koulen 69) Msn−/y

postnuclear fraction Optiprep

NKCC2 Rab5 (

) Rab11 ( ) 

NKCC2 Rab11

Rab5  

(Fig. 25A) Moesin 30-40% Rab5

 (Fig. 25A, C) Msn−/y

Rab5 NKCC2

 (Fig. 25B, C)  

 

Msn−/y NKCC2
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NKCC2 Msn−/y

Optiprep 

Flotillin-2 NKCC2

 (Fig. 26A) Msn−/y NKCC2

Msn−/y NKCC2

 (Fig. 26B)  

 

Msn−/y NKCC2

Moesin NKCC2 NKCC2

Msn−/y TAL

K+ Tl+  (FluxOR)

NKCC2 Tl+

Tl+

 (Fig. 27A, B) NKCC2

 (100 µM) 75% Msn−/y

NKCC2

Tl+  (Fig. 27C, D)  

 

Msn−/y NKCC2

NKCC2

NKCC2

Msn−/y 3%

NKCC2

NKCC2

Msn−/y

NKCC2 Msn−/y

 (Fig. 28)  
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Msn−/y COX-2

Msn−/y GFR

 (Table 5) TAL

GFR -  (TGF) 

TGF

NKCC2

NaCl NaCl

Cyclooxygenase-2 (COX-2) Prostaglandin E2 (PGE2) 

GFR
70,71) TAL

Moesin

Moesin NKCC2

 (Fig. 29A)  

TGF COX-2 real-time 

PCR ± mRNA

Msn−/y

COX-2 mRNA

 (Fig. 29B-D) PGE2 EIA

Msn−/y

 (Fig. 30)  
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Moesin Moesin

Moesin TAL

Msn−/y

TAL

NKCC2 ROMK

 

 

Msn−/y TAL NKCC2

Moesin TAL NKCC2 Msn−/y

Msn−/y 24 Na+ Cl−

Msn−/y Cl−

 

TAL

Msn−/y NKCC2

Msn−/y

K+ Tl+

Moesin NKCC2

 

 

Msn−/y TAL NKCC2

Msn−/y NKCC2

NKCC2
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Msn−/y 37 NKCC2

NKCC2

NKCC2 Rab11

Msn−/y

Rab5  

NKCC2

T

S1PR1 Moesin

S1PR1
53) Moesin S1PR1

NKCC2 S1PR1

Msn−/y

 

HeLa

in vitro Moesin PI(4,5)P2

F-actin
54) Moesin

Msn−/y NKCC2

 

Moesin FERM PI(4,5)P2

C Actin

 

 

Msn−/y NKCC2



 40 

Msn−/y NKCC2

NKCC2

TAL NKCC2
72,73) Ortiz NKCC2

Methyl-β-cyclodextrin

NKCC2
68) Moesin

PI(4,5)P2
2,3) Moesin

PI(4,5)P2 NKCC2

 

 

Msn−/y NKCC2

 

NKCC2

V2

cAMP/PKA NKCC2 N

Ser126 C Ser874

NKCC2 61)

NKCC2

Msn−/y

NKCC2

Moesin

NKCC2

Carmosino LLC-PK1

Moesin cNKCC2
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13) cNKCC2 NKCC1 N HA-tag C

apical sorting information  (930-1,079) 

NKCC2 NKCC1/NKCC2 Carmosino

NKCC2 LLC-PK1

cNKCC2 TAL

NKCC2

TAL NKCC2

Moesin

NKCC2 Moesin

NKCC2

Moesin  

 

Msn−/y - GFR

 

Msn−/y GFR

TGF

NKCC2 NaCl COX-2 70)

NKCC2 NaCl COX-2 PGE2

GFR
70,71,74) Msn−/y COX-2 mRNA

PGE2

Msn−/y NKCC2

NaCl COX-2

PGE2 TGF GFR

Msn−/y TGF
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Msn−/y NKCC2

NKCC2 Msn−/y

NKCC2 NaCl

Na+ Cl− Cl−
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1. Ezrin Ezrin

Podocalyxin Ezrin Vil2kd/kd

Vil2kd/kd

Podocalyxin

±

Vil2kd/kd

Rho GTPase Rac1 RhoA

Ezrin

 

2. Moesin TAL

TAL NKCC2

NKCC2

Msn−/y NKCC2

NaCl Na+ Cl− Cl−

 

 

ERM

Ezrin

TAL

NKCC2
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ERM Actin

Ezrin Radixin Moesin

Ezrin Rho GTPase

Moesin

Ezrin Moesin

Ezrin

Rho GTPase Ezrin

Radixin Moesin

Ezrin Radixin Moesin in vivo
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Fig. 1   Schematic Figure of ERM Proteins. 

The FERM domain and actin–binding domain are located at the amino– and carboxy–

terminal of ERM proteins, respectively. The FERM domain consisted of about 300 amino 

acids binds to membrane proteins such as NKCC2, CD44, ICAM–2 and NHE1, and 

membrane phospholipid PI(4,5)P2. 
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Fig. 2   ERM Proteins Function as Cross-Linkers between Membrane Proteins and 

Actin Filaments Directly or Indirectly via the Scaffold Proteins. 
The interaction between the amino- and carboxy-terminal domains of ERM proteins 

makes them dormant. Phosphorylation of Thr567 in ezrin (Thr564 in radixin or Thr558 in 

moesin) by Rho kinase or protein kinase C, or PIP2 binding to the FERM domain, opens 

up the dormant conformation into the active open conformation. (Left half) ERM proteins 

directly cross-link between ICAM-1 or -2 and actin filaments. (Right half) ERM proteins 

cross-link between the CFTR or NHE3 and actin filaments indirectly via the scaffold 

protein NHERF1. 
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Fig. 3   Regulation of Rho GTPases by Ezrin (ERM Proteins). 

Rho GTPases in the GTP-bound form are active and interact with downstream effectors. 

They have an intrinsic GTPase activity and catalyze the conversion of bound GTP to GDP. 

The GDP-bound Rho GTPases are inactive and have greatly reduced affinity for 

downstream effectors. Rho-GEFs (such as Dbl) induce the exchange of bound GDP for 

GTP and activate Rho GTPases. On the other hand, Rho-GAPs inactivate Rho GTPases 

by increasing their intrinsic GTPase activity, resulting in accelerated hydrolysis of GTP 

to GDP. Rho-GDIs interact to stabilize the inactive GDP-bound Rho GTPases. Ezrin (or 

ERM proteins) promotes the dissociation of Rho-GDI from Rho GTPases. ERM proteins 

also function as a binding protein of GEF (Dbl) to activate Rho GTPases.  
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Fig. 4   Distributions of ERM Proteins in Mouse Kidney. 
In glomeruli, ezrin was exclusively detected in podocytes; radixin and moesin were 

detected in endothelial cells. In addition, radixin and moesin co-localised with ezrin in 

the apical membranes of the proximal tubules (green: radixin, red: ezrin and blue: moesin).  
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Fig.5   Na+ Reabsorption at Different Parts of the Nephron. 
In the renal tubule, 65%, 25–30%, 5% of Na+ filtered through the glomeruli are 

reabsorbed in proximal tubule, thick ascending limb (TAL), and distal tubule, respectively. 
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Table 1   Primer Sequences Used for Genotyping and Real-time PCR. 
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Table 2   Antibodies Used in This Study. 
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Fig. 6   Schematic Figure of Glomerular Structure and Podocyte Foot Process.  
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Fig. 7   Distributions of ERM Proteins in Mouse Glomeruli. 
In WT mouse kidneys, glomerular localization of ERM proteins was investigated by 

immunofluorescence analysis. Ezrin, radixin and moesin showed different localization in 

glomeruli. Ezrin was exclusively detected in podocytes; radixin and moesin were detected 

in endothelial cells, but not podocytes. Radixin and moesin co-localized with ezrin in the 

apical membranes of the proximal tubules (Arrow).  
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Fig. 8   Immunofluorescent Analysis for Ezrin and Moesin in Glomeruli. 
Coimmunofluorescent analysis for ezrin (A) and moesin (B) with CD34, an endothelial 

cell marker, and podocalyxin, a podocyte marker were performed in WT mice kidney.  

Ezrin was detected in podocytes. On the contrary, moesin was detected in endothelial 

cells but not podocytes.  

A 

B 
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Fig. 9   Histological Analysis of Vil2kd/kd Mouse Glomeruli.  

There were no morphological abnormalities in the Vil2kd/kd glomeruli observed by H.E. 

staining (Scale bar: 25 µm) (A) or electron microscopic analysis (magnification × 3,610, 

scale bar: 2 µm) (B). Areas enclosed by dotted lines are magnified, and (magnification × 

19,000) were shown in (C) and the number of foot processes/µm of glomerular basement 

membrane (GBM) was counted right graph).   

A 

B 

C 



 66 

 

 

 
 

 

Fig. 10   Spot Urine was Separated by SDS-PAGE and Stained with CBB.  

As a positive control, BSA (0.5, 1, 2.5 and 5 µg) was loaded. Apparent urinary albumin 

leakage was not observed in WT and Vil2kd/kd mouse urine. 
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Fig. 11   Immunofluorescence Analysis for Proteins Expressed in Glomerular 

Podocytes in WT Mice Glomeruli.  

Immunolocalization of ezrin, other related proteins (NHERF2 and podocalyxin), and 

marker proteins (synaptopodin and podocin) was investigated in WT mouse glomeruli 

(Scale bar: 20 µm).  
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Fig. 12   Immunofluorescence Analysis for Proteins Expressed in Glomerular 
Podocytes in Vil2kd/kd Mice Glomeruli.  

Immunolocalization of ezrin, other related proteins (NHERF2 and podocalyxin), and 

marker proteins (synaptopodin and podocin) was investigated in Vil2kd/kd mouse glomeruli. 
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Fig. 13   Immunofluorescent Analysis for ERM Proteins in WT and Vil2kd/kd Mice 
Glomeruli.  

Localizations of radixin and moesin were also investigated in WT (A) and Vil2kd/kd (B) 

mouse glomeruli. Ezrin, radixin, and moesin were coimmunostained with podocalyxin.  

  

A 

B 
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Fig. 14   Western Blot Analysis of Glomerular Proteins in Isolated Glomeruli from 
WT and Vil2kd/kd Mice.  

Glomerular protein expression levels were investigated by immunoblotting. As a control, 

total kidney cortex lysate from WT mouse was used (A). Densitometric analysis was 

performed (n = 3–5, respectively) (B). *p < 0.05, vs. WT. 

  

A B 
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Fig. 15   Morphological Changes in Podocytes and Functional Changes in 

Adriamycin-induced Glomerulopathy.  

Adriamycin (50 mg/kg) was administrated intravenously. After 7 days, spot urine was 

collected, separated by SDS-PAGE and stained with CBB. As a positive control, BSA 

(0.5 and 1 µg) was loaded. Urinary albumin excretion was increased in WT mice but not 

Vil2kd/kd mice (WT: n = 7, Vil2kd/kd: n = 7) (A). Urinary albumin and creatinine 

concentrations were measured and ACR (mg albumin/mg creatinine) was calculated (B). 

Electron microscopic analysis was performed in these mice (magnification × 19,000, 

Scale bar: 1 µm). Number of foot processes/µm of GBM was measured. Foot process 

effacement was significantly progressed in WT mice, but not Vil2kd/kd mice (C).   

B 

A C 
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Fig. 16   Morphological Changes in Podocytes and Functional Changes in LPS-
induced Glomerulopathy.  

LPS (200 µg) was administrated intraperitoneally. After 24 h, spot urine was collected, 

separated by SDS-PAGE, and stained with CBB (A). As a positive control, BSA (0.5 and 

1 µg) was loaded. Urinary albumin and creatinine concentrations were measured and 

ACR (mg albumin/mg creatinine) was calculated (WT: n = 9, Vil2kd/kd: n = 9) (B). Electron 

microscopic analysis was performed in these mice (magnification × 19,000, Scale bar: 1 

µm). Number of foot processes/µm of GBM was measured (C).  

  

B 
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Fig. 17   Rho-GTPase Activity Assay Using Isolated Glomeruli.  

Rho-GTPase activity—including RhoA, Rac1 and Cdc42—was measured by an ELISA-

based Rho-G-LISA assay. Isolated glomeruli from both untreated and ADR-treated WT 

and Vil2kd/kd mice were used in this study (n = 5–11) (A). Isolated glomeruli from both 

untreated and LPS-treated WT and Vil2kd/kd mice were used in this study (n = 5–8) (B). 
*p < 0.05, vs. WT at the same condition. † p < 0.05, vs. baseline for the same genotype.   

A 
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Table 3   Localization of ERM Proteins in Mouse Glomeruli. 
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Table 4   The Function and Activity Changes of Rho-GTPase in WT and Vil2kd/kd Mice.  
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Fig.18   Electrolytes Reabsorption in TAL. 

In TAL, 25–30% of Na+ filtered through the glomeruli are reabsorbed. TAL plays an 

important role in the maintenance of salt and fluid homeostasis. NKCC2 plays an essential 

role in this process. 
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Fig.19   Schematic Figure on Exocytosis and Endocytosis of NKCC2. 
The hormonal stimulation of the TAL recruits exocytosis of NKCC2. This process is 

promoted by phosphorylation of Ser126 and Ser874 of NKCC2 via the cAMP/PKA pathway. 

Vasopressin binds vasopressin V2 receptor (V2R) and increases intracellular cAMP (A). 

Lipid raft localization of NKCC2 is important for the endocytosis of NKCC2 since this 

process is completely blunted by the disruption of lipid raft by methyl-β-cyclodextrin (B).  
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Fig. 20   Immunofluorescent Analysis of WT and Msn−/y Mice. 
Kidney tissue sections from WT and Msn−/y mice were co-immunostained with moesin, 

and megalin (marker for proximal tubule) (A), or THP (Tamm Horsfall protein: marker 

for TAL) (B). White arrow indicates apical membrane of proximal tubule, in which 

positive immunostaining for moesin is observed (A). Yellow arrowhead indicates apical 

membrane of TAL, in which positive immunostaining for moesin is observed (B). Moesin 

expression was lacked in the collecting ducts (AQP2, as a marker of collecting duct) (C). 

Scale bar: 25 µm (A), (B) and 20 µm (C).    

A 

B 
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Fig. 21   Histological Analysis of WT and Msn−/y Mice.  

Hematoxylin & Eosin staining was performed using the kidney tissue section from WT 

and Msn−/y mice. (Scale bar 25 µm) 

  

WT Msn
-/y
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    Table 5   Biochemical Parameters of Plasma and Urine and GFR in WT and 

    Msn−/y Mice. 
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Fig. 22   Expressions and Localizations of Moesin and Other Proteins (NKCC2, 

THP, and ROMK) in the Kidney. 
Immunoblotting for moesin and other proteins expressed in TAL (NKCC2, THP) using 

mouse renal medulla lysate (A). Densitometric analysis was performed (n = 3, 

respectively) (A). Subcellular localizations of NKCC2, co-stained with THP (B) and 

ROMK (C) were examined in WT and Msn−/y mice by the immunofluorescent analysis. 

(Scale bar 20 µm)   
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Fig. 23   Surface Biotinylation Assay for the NKCC2.  

Surface biotinylation assay was performed using medullary tubular suspensions from WT 

and Msn−/y mice. Surface expression levels of NKCC2, moesin, and THP were compared 

with total expression levels. Densitometric analysis for surface expressions of NKCC2 

and THP was performed as shown in graph (n = 11, respectively). * p < 0.05 vs. WT.  
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Fig. 24   Internalization Assay for the NKCC2.  

Internalization assay was also performed using medullary tubular suspensions. 

Densitometric analysis for internalized NKCC2 was performed. Data are expressed as a 

percentage of basal surface expression of NKCC2. (n = 3, respectively). * p < 0.05 vs. 

WT (37 °C)   
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Fig. 25   Subcellular Fractionation of Renal Medulla Lysate by Density Gradient 
Centrifugation.  

Subcellular fractionation of renal medulla lysate from WT (A) and Msn−/y (B) mice was 

performed by 8%–34% OptiPrep-based density gradient centrifugation method. The 

distribution of Rab5 (endosome) or Rab11 (recycling endosome) was examined. 

Densitometric analysis for moesin, NKCC2, Rab5, and Rab11 was performed. Data are 

expressed as a percentage of total protein expression (n = 3, respectively) (C). Open circle 

(○) represents protein expressions in WT kidney. Closed triangle (▲) represents protein 

expressions in Msn−/y kidney. *p < 0.05 vs. WT  
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Fig. 26   Fractionation of Lipid Raft by Density Gradient Centrifugation. 
Lipid raft fractions were separated by the 10–40% Optiprep-based density gradient 

centrifugation method in WT (A) and Msn−/y (B) mice. The expression of flotillin-2 as a 

marker of lipid raft was examined. The fractions containing flotillin-2 were shown by 

bold lines at the bottom of figures  
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Fig. 27   Analysis for NKCC2 Activity in Medullary Tubular Suspension. 
Time-dependent Tl+ uptake (10 mM Tl+, 37 °C) was examined using medullary tubular 

suspension from WT mice in the presence or absence of Furosemide (100 µM) (n = 3, 

respectively) (A). Concentration-dependent Tl+ (2.5, 5, 10, 30, and 40 mM Tl+) uptake 

(37 °C, 5 min) were examined using medullary tubular suspension from WT mice in the 

presence or absence of Furosemide (100 µM) (n = 3, respectively) (B). Inhibition of 

tubular Tl+ uptake (10 mM Tl+, 37 °C, 5 min) by Furosemide (12.5, 25, 50, 100, and 200 

µM Furosemide) (n = 3, respectively) (C). Furosemide sensitive-tubular Tl+ uptake 

activity (10 mM Tl+, 37 °C, 5 min) was compared between WT and Msn−/y mice (n = 4, 

respectively) (D). *p < 0.05 vs WT. **p < 0.01 vs. WT. Furosemide sensitive-tubular Tl+ 

uptake activity was shown as the black bar  

A B 

C D 
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Fig. 28   Analysis for Surface Expression of NKCC2 and THP in Water Loading 

Condition. 
Surface expressions of NKCC2 and THP in the medullary tubules after water loading 

were examined by surface biotinylation and immunoblotting (A). Densitometric analysis 

was performed for the surface expression levels of NKCC2 in water loading condition (n 

= 5, each, *p < 0.05 vs. WT mice with same condition, †p < 0.05 vs. control mice with 

same genotype) (B).  
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Fig. 29   Analysis for Moesin Expression in the Cortical TAL and Macula Densa 
Cells, and Real-time PCR and Western Blot Analysis for Renocortical COX-2 
Expression. 

Immunostaining for moesin, NKCC2, and THP was performed. In the cortical TAL, all 

of these proteins were expressed. In the macula densa cells (NKCC2+/ THP−: white 

arrow) of WT mouse, moesin was expressed at apical membrane and co-localized with 

NKCC2. G: glomeruli (A). Renocortical mRNA and protein expression of COX-2 was 

examined by real-time PCR (n = 9, respectively) (B) and Western Blot. (n = 11, 

respectively) (C, D), *p < 0.05 vs WT   
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Fig. 30   Assay for Renocortical PGE2 Level. 
Renocortical PGE2 level was examined by EIA assay (WT; n = 8, Msn-/y; n = 5), 

*p < 0.05 vs WT  

 


