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Takao Yasudaa, Chika Saegusab, Sachiko Kamakurac, Hideki Sumimotoc, and Mitsunori Fukudaa

aLaboratory of Membrane Trafficking Mechanisms, Department of Developmental Biology and Neurosciences, 
Graduate School of Life Sciences, Tohoku University, Aobayama, Aoba-ku, Sendai, Miyagi 980-8578, Japan; 
bBiomedicinal Information Research Center, National Institute of Advanced Industrial Science and Technology, 2-4-7 
Aomi, Koto-ku, Tokyo 135-0064, Japan; cDepartment of Biochemistry, Kyushu University Graduate School of Medical 
Sciences, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan

ABSTRACT Most cells in tissues are polarized and usually have two distinct plasma mem-

brane domains—an apical membrane and a basolateral membrane, which are the result of 

polarized trafficking of proteins and lipids. However, the mechanism underlying the cell po-

larization is not fully understood. In this study, we investigated the involvement of synap-

totagmin-like protein 2-a (Slp2-a), an effector molecule for the small GTPase Rab27, in polar-

ized trafficking by using Madin–Darby canine kidney II cells as a model of polarized cells. The 

results show that the level of Slp2-a expression in MDCK II cells increases greatly as the cells 

become polarized and that its expression is specifically localized at the apical membrane. The 

results also reveal that Slp2-a is required for targeting of the signaling molecule podocalyxin 

to the apical membrane in a Rab27A-dependent manner. In addition, ezrin, a downstream 

target of podocalyxin, and ERK1/2 are activated in Slp2-a–knockdown cells, and their activa-

tion results in a dramatic reduction in the amount of the tight junction protein claudin-2. Be-

cause both Slp2-a and claudin-2 are highly expressed in mouse renal proximal tubules, Slp2-a 

is likely to regulate claudin-2 expression through trafficking of podocalyxin to the apical sur-

face in mouse renal tubule epithelial cells.

INTRODUCTION
Cell polarity is a characteristic property of well-differentiated eukary-
otic cells, and the physiological functions of polarized cells depend 

on the asymmetrical organization of cellular components, including 
the plasma membrane, organelles, and cytoskeletons. In epithelial 
cells—one of the most basic types of polarized cells—membranes 
and secretory proteins are delivered to specific regions of the plasma 
membrane, that is, the apical membrane and the basolateral mem-
brane, which are separated by tight junctions, thereby defining and 
maintaining their unique identities and functions (Mostov et al., 
2003; Rodriguez-Boulan et al., 2005; Rodríguez-Fraticelli et al., 
2011). During the past few decades, more and more proteins in-
volved in polarized membrane trafficking have been identified. The 
proteins have included members of the Rab-type small GTPases, 
conserved membrane-trafficking proteins in all eukaryotes (Fukuda, 
2008; Stenmark, 2009), and their effectors, but their precise role in 
polarized trafficking is poorly understood.

The Drosophila synaptotagmin-like protein (Slp) bitesize (Btsz), 
the only homologue of mammalian Slp with C-terminal tandem C2 
domains (Fukuda et al., 2001), has been reported to be localized 
apically (Serano and Rubin, 2003) and to be involved in maintenance 
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of the apical junctional region (AJR) of epithelial cells through re-
cruitment to the AJR of moesin, one of the ezrin/radixin/moesin 
(ERM) family proteins that bind F-actin (Pilot et al., 2006). Because of 
the failure to form a stable, continuous network of actin filaments in 
the absence of Btsz, E-cadherin is not properly stabilized at the AJR 
of Drosophila embryonic epithelia (Pilot et al., 2006). Although there 
is no Btsz orthologue in mammals, since five homologous proteins, 
Slp1–5, have been reported to function as specific Rab27-binding 
proteins in secretory cells (Kuroda et al., 2002; Fukuda, 2005), cer-
tain Slp family members may have functions in mammalian epithelial 
cells that are similar to those of Btsz. However, involvement of mam-
malian Slp family members in polarized trafficking in epithelial cells 
has never been investigated.

In this study, we used Madin–Darby canine kidney (MDCK) II cells 
as a model of polarized cells and investigated the involvement of 
Slp2-a, originally described as a Rab27 effector in melanocytes and 
in particular secretory cells (Kuroda and Fukuda, 2004; Saegusa 
et al., 2006; Yu et al., 2007; Holt et al., 2008), in polarized trafficking. 
The results show that Slp2-a regulates apical trafficking of podoca-
lyxin-containing vesicles in MDCK II cells together with Rab27A and 
that podocalyxin transported to the apical surface transduces intra-
cellular signals to express the tight junction protein claudin-2. We 
discuss the possible function of Slp2-a in claudin-2 expression in 
mouse renal epithelial cells based on our findings.

RESULTS
Slp2-a is specifically localized at the apical membrane in 
polarized MDCK II cells
We first investigated the expression of Slp2-a protein in MDCK II 
cells before and after the establishment of cell polarity. Immunoblot 
analysis with anti-Slp2-a–specific antibody indicated the presence of 
a much higher level of Slp2-a protein expression in confluent MDCK 
II cells than in subconfluent MDCK II cells (Figure 1A, top, and Sup-
plemental Figure S1A, second panel). Furthermore, the level of 
Slp2-a protein expression in confluent MDCK II cells decreased 
when they were incubated with a Ca2+-chelating reagent to disrupt 
cell–cell interaction (Supplemental Figure S1B), suggesting a close 
correlation between the level of Slp2-a protein expression and cell 
polarization. By contrast, the levels of expression of other Slp family 
members in subconfluent and confluent MDCK II cells were similar 
(Supplemental Figure S1A). Next we investigated the subcellular lo-
calization of endogenous Slp2-a protein by performing an immuno-
fluorescence analysis. Although we were unable to detect any spe-
cific immunoreactive signals of endogenous Slp2-a protein in 
subconfluent MDCK II cells, presumably because of its lower expres-
sion level, immunoreactive signals of exogenously expressed en-
hanced green fluorescent protein (EGFP)–tagged Slp2-a were ob-
served in the cytoplasm of subconfluent MDCK II cells, as well as at 
their plasma membrane (Figure 1B). By contrast, in polarized MDCK 
II cells immunoreactive signals of endogenous Slp2-a protein were 
observed specifically at the apical membrane. Moreover, Slp2-a was 
partially colocalized with its ligand Rab27A at the apical plasma 
membrane (Kuroda et al., 2002; Figure 1C, bottom right, arrow-
heads), suggesting that Slp2-a functions together with Rab27A at 
the apical membrane in polarized MDCK II cells.

Slp2-a regulates expression of the tight junction 
protein claudin-2
To investigate the role of Slp2-a in polarized MDCK II cells, we es-
tablished two independent MDCK II cell lines with diminished Slp2-
a expression by RNA interference technology using two different 
Slp2-a short hairpin RNAs (shRNAs; sites 1 and 2), which we named 

FIGURE 1: Slp2-a is localized at the apical membrane in polarized 
MDCK II cells. (A) Up-regulation of Slp2-a protein in confluent MDCK 
II cells. Total cell lysates of subconfluent and confluent MDCK II cells 
were subjected to immunoblot analysis with the antibodies indicated 
on the right. The level of Slp2-a expression in confluent MDCK II cells 
was much higher than in subconfluent MDCK II cells, whereas their 
level of actin expression was similar. The positions of the molecular 
mass markers (in kilodaltons) are shown on the left. (B) Localization of 
Slp2-a at the plasma membrane in a single MDCK II cell. MDCK II cells 
were transfected with pEGFP-C1-Slp2-a and cultured for 48 h. The 
transfected MDCK II cells were seeded on glass-bottomed dishes and 
cultured for 24 h. The cells were fixed, permeabilized, and stained 
with anti-GFP antibody (green) and Texas red–conjugated phalloidin 
(for actin staining; red). Note that Slp2-a dotted signals were 
observed near the plasma membrane, as well as in the cytoplasm of 
subconfluent MDCK II cells. Nuclei were stained with DAPI (blue). 
Scale bars, 10 µm. (C) Localization of Slp2-a together with Rab27A at 
the apical membrane in polarized MDCK II cells. Confluent MDCK II 
cells were fixed, permeabilized, and costained with anti–Slp2-a 
antibody (green), Alexa Fluor 633–conjugated phalloidin (gray), and 
anti–ZO-1 antibody (left; red) or anti-Rab27A antibody (right; red). 
Confocal xy and xz sections are shown. Top, an xy image; middle, an 
xz section at the broken line (xz) shown in the top; bottom, a 
magnified view of the dotted boxed area shown in the middle. Note 
that Slp2-a was localized at the apical membrane of confluent MDCK 
II cells and not at the tight junction labeled with anti–ZO-1 antibody 
(left). Slp2-a and its ligand Rab27A were partially colocalized at the 
apical membrane (yellow dots; arrowheads). Scale bars, 10 µm.
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S2B, xy). Moreover, there was no difference 
in the distribution of the apical marker syn-
taxin-3 or the basolateral marker E-cadherin 
between the control cells and the Slp2-a KD 
cells (Supplemental Figure S2B, xz, third and 
fourth panels), indicating that the steady-
state distribution of polarized membrane 
markers in the Slp2-a KD cells is normal.

We then evaluated the barrier function of 
the Slp2-a KD cells by measuring transepi-
thelial electrical resistance (TER). Of interest, 
confluent monolayers of the Slp2-a KD cells 
had markedly higher TER values than the 
control cells (Figure 2A). Because alteration 
of the pattern of expression of tight junction 
proteins, especially of claudin-2 (Furuse 
et al., 2001), in MDCK cells has been shown 
to be related to different TER values, we in-
vestigated the protein expression of clau-
din-1 and claudin-2 by immunoblot analysis 
with specific antibodies. As expected, the 
level of claudin-2 protein expression was 
dramatically decreased in the Slp2-a KD 
cells, whereas the level of claudin-1 protein 
expression was the same as in the control 
cells (Figure 2B, second and third from top, 
lane 3). The claudin-2-deficiency in the Slp2-
a KD cells is unlikely to have been attribut-
able to off-target effects of the shRNAs, be-
cause a decreased claudin-2 protein level 
was also observed in another Slp2-a KD cell 
line (#1; Figure 2B, top and third from top, 
lane 2), and the level of claudin-2 protein 
expression was up-regulated by reexpres-
sion of an shRNA-resistant form of Slp2-a in 
the Slp2-a KD cells (Supplemental Figure 
S4, A and B). Note that the level of claudin-2 
protein expression was proportional to the 
level of Slp2-a protein expression.

We proceeded to perform a reverse 
transcriptase (RT)-PCR analysis to determine 
whether the cause of the decreased level of 
claudin-2 protein expression was at the tran-
scriptional level or at the translational level. 

As shown in Figure 2C, the level of claudin-2 mRNA expression, but 
not of claudin-1 mRNA expression, was dramatically decreased in 
both Slp2-a KD cell lines, indicating that Slp2-a is required for cor-
rect claudin-2 mRNA expression. Because a small amount of clau-
din-2 protein was still present in the Slp2-a KD cells (Figure 2B), we 
also investigated its localization in the Slp2-a KD cells by an immu-
nofluorescence analysis. To our surprise, claudin-2 protein was cor-
rectly localized at ZO-1–positive and claudin-1–positive tight junc-
tions even in the Slp2-a KD cells (Figure 2D, far upper right, 
arrowheads); however, the intensity of the claudin-2 immunoreactive 
signals in the Slp2-a KD cells was markedly decreased in compari-
son with the control cells. Thus Slp2-a is unlikely to directly regulate 
trafficking of claudin-2 protein to tight junctions in MDCK II cells.

Apical membrane localization of Rab27A 
is Slp2-a dependent
Because Slp2-a and claudin-2 were differentially localized at the api-
cal membrane and at the tight junction, respectively, we hypothesized 

Slp2-a knockdown (KD) #1 cells and #2 cells, respectively. The levels 
of Slp2-a protein expression in Slp2-a KD #1 and #2 cells were 52.6 
and 4.96%, respectively, of the level in parental MDCK II cells ac-
cording to the results of an immunoblot analysis (Supplemental Fig-
ure S2A, lanes 3 and 4), whereas the level of Slp2-a protein expres-
sion in control shRNA MDCK II cells (simply referred to as control 
cells later), which had been stably transfected with an empty shRNA 
expression vector, was similar to the level in the parental MDCK II 
cells (Supplemental Figure S2A, lane 2). Because the level of Slp2-a 
protein expression in the Slp2-a KD #2 cells was reduced much 
more than in the Slp2-a KD #1 cells, we used Slp2-a KD #2 cells for 
the subsequent analyses (unless otherwise specified, “Slp2-a KD 
cells” means Slp2-a KD #2 cells throughout the rest of this article). 
Staining of Slp2-a KD cells with phalloidin and anti–ZO-1 antibody 
revealed the typical cobblestone-like appearance of epithelial cells, 
although the surface area of the cells was slightly increased (control 
cells, 287.3  6.7 µm2; Slp2-a KD cells, 448.4  10.1 µm2; n  70 cells 
from four independent experiments; p < 0.01; Supplemental Figure 

FIGURE 2: Claudin-2 expression in MDCK II cells is decreased in the absence of Slp2-a. 
(A) Increased TER of Slp2-a KD cells. TER was measured in confluent control cells and Slp2-a KD 
cells. The TER value of the Slp2-a KD cells was significantly higher than the TER value of the 
control cells. Data are expressed as the means  SEM of three determinations. *p < 0.01 
(Student’s unpaired t test). (B) Decreased expression of claudin-2 protein in Slp2-a KD #1 and 
#2 cells. Total cell lysates of confluent control cells and Slp2-a KD #1/#2 cells were subjected to 
10% SDS–PAGE, followed by immunoblotting with the antibodies indicated on the right. The 
level of claudin-2 protein expression in Slp2-a KD #1/#2 cells was much lower than in the control 
cells, whereas the level of claudin-1 protein expression appeared to be the same. Actin was used 
as an internal control. The positions of the molecular mass markers (in kilodaltons) are shown on 
the left. (C) Decreased expression of claudin-2 mRNA in Slp2-a KD #1/#2 cells as revealed by 
RT-PCR analysis. Note that the level of claudin-2 mRNA expression in Slp2-a KD #1/#2 cells, but 
not the level of claudin-1 mRNA expression, was also dramatically decreased, the same as 
shown for claudin-2 protein expression in B. GAPDH was used as an internal control. The size of 
the molecular weight markers (kilobase pairs [kbp]) is shown on the left. (D) Correct targeting of 
claudin-2 to the tight junction in Slp2-a KD cells. Confluent control cells and Slp2-a KD cells were 
fixed, permeabilized, and stained with anti–ZO-1 antibody (red) and anti–claudin-1 antibody 
(left, green) or anti–claudin-2 antibody (right, green). Nuclei were stained with DAPI (blue). 
Confocal xz sections are shown. Although the intensity of claudin-2 staining was dramatically 
reduced in the Slp2-a KD cells, even in the absence of Slp2-a both claudin-1 and claudin-2 were 
correctly localized at the tight junction labeled with anti–ZO-1 antibody (yellow dots; bottom, 
arrowheads). Scale bars, 10 µm.
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that Slp2-a is involved in the apical trafficking of signaling molecules 
that induce claudin-2 mRNA expression. Slp2-a has been shown to 
function as a Rab27 effector that mediates specific membrane-traf-
ficking events, including melanosome transport, in particular cell 
types (Kuroda and Fukuda, 2004; Saegusa et al., 2006; Yu et al., 2007; 
Holt et al., 2008), and thus it seemed highly possible that Slp2-a was 
also involved in the trafficking of Rab27-bearing vesicles to the apical 
membrane in MDCK II cells. To investigate this possibility, we per-
formed coimmunoprecipitation assays with anti–Slp2-a (or anti-
Rab27A) specific antibody in MDCK II cells (Figure 3A and Supple-
mental Figure S3A). Consistent with our previous reports (Kuroda 
et al., 2002; Fukuda, 2006b), Slp2-a interacted with Rab27A alone 
and not with any of the other Rab proteins that were tested–for ex-
ample, Rab3, Rab8, or Rab11—in MDCK II cells. The interaction be-
tween Slp2-a and Rab27A was also observed in mouse kidney (Sup-
plemental Figure S3B). To further clarify the relationship between 
Slp2-a and Rab27A, we compared the subcellular localization of en-
dogenous Rab27A protein in control cells and Slp2-a KD cells by an 
immunofluorescence analysis (Figure 3B). The results clearly showed 
that the apical membrane localization of Rab27A protein was dramati-
cally decreased in the Slp2-a KD cells (hardly any green Rab27A sig-
nals were observed in Figure 3B, upper right, xy), whereas the apical 
membrane localization of endogenous syntaxin-3 protein and the in-
tracellular localization of other Rab proteins, which cannot bind Slp2-
a, were unaffected by the Slp2-a KD (Supplemental Figure S2B).

If Slp2-a were actually involved in the apical trafficking of Rab27-
bearing vesicles, exogenously expressed Rab27A in the Slp2-a KD 
cells should not be targeted to the apical membrane. As expected, 
monomeric red fluorescent protein (mRFP)–tagged Rab27A did not 
exhibit apical membrane localization (i.e., scattered dots in the cyto-
plasm) in the Slp2-a KD cells, whereas the same protein clearly tar-
geted to the apical membrane in the control cells (Figure 3C, mid-
dle). By contrast, a Rab27A(L84I/F88Y/D91G) mutant, which lacks 
critical residues for Rab27 effector binding in the switch II region 
(Fukuda, 2002, 2006a; Chavas et al., 2008; Kukimoto-Niino et al., 
2008), was dispersed throughout the cytoplasm in both the control 
cells and the Slp2-a KD cells (Figure 3C, bottom). We also investi-
gated the possible involvement of Rab27A in the regulation of clau-
din-2 expression by using two different Rab27A small interfering 
RNAs (siRNAs). As shown in Supplemental Figure S4, C and D, the 
level of claudin-2 protein expression was significantly decreased in 
Rab27A KD cells. However, the reduction in the amount of claudin-2 
expression in Rab27A KD cells was not as evident (Supplemental 
Figure S4D) as it was in the Slp2-a KD cells (Figure 2B), even though 
there was a dramatic decrease in the level of Rab27A expression in 
Rab27A KD cells (Supplemental Figure S4C). This discrepancy may 
be explained by the compensatory effect of Rab27B, which can also 

FIGURE 3: Slp2-a is required for the apical membrane localization of 
Rab27A in MDCK II cells. (A) Endogenous interaction between Slp2-a 
and Rab27A in MDCK II cells. Total cell lysates of confluent MDCK II 
cells were coimmunoprecipitated with anti–Slp2-a antibody and 
subjected to 10% SDS–PAGE, followed by immunoblotting with the 
antibodies indicated on the right. Note that Slp2-a interacted with 
Rab27A alone and not with any of the other Rabs tested. The 
positions of the molecular mass markers (in kilodaltons) are shown on 
the left. (B) Altered cellular localization of Rab27A in Slp2-a KD cells. 
Confluent control cells and Slp2-a KD cells were fixed, permeabilized, 
and stained with Texas red–conjugated phalloidin (red) and anti-
Rab27A antibody (green). Although Rab27A was preferentially 
localized at the apical membrane in the control cells, the apical 

membrane localization of Rab27A was decreased in the Slp2-a KD 
cells. Nuclei were stained with DAPI (blue). Scale bars, 10 µm. 
(C) Requirement of Slp2-a binding of Rab27A for apical membrane 
localization. Control cells and Slp2-a KD cells were transfected with 
pmRFP-C1, pmRFP-C1-Rab27A(WT), or pmRFP-C1-Rab27A(L84I/
F88Y/D91G). Two days after transfection, the cells were fixed, 
permeabilized, and stained with Alexa Fluor 488–conjugated 
phalloidin (green) and DAPI (blue). Although mRFP-Rab27A(WT) was 
preferentially localized at the apical membrane, the mutant protein 
was dispersed throughout the cytoplasm in the control cells (left, red). 
By contrast, both mRFP-Rab27A(WT) and mRFP-Rab27A(L84I/F88Y/
D91G) were dispersed throughout the cytoplasm in the Slp2-a KD 
cells (right, red). Top, the cytosolic localization of control mRFP alone 
both in the control cells and in the Slp2-a KD cells. Scale bars, 10 µm.
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apical membrane by Rab27-bearing vesi-
cles. We focused on podocalyxin as a candi-
date signaling molecule because podoca-
lyxin had been shown to be endogenously 
expressed (Meder et al., 2005; Cheng et al., 
2005) and to alter TER when overexpressed 
(Takeda et al., 2000) in MDCK II cells. Podo-
calyxin is also known to transduce signals, 
for example, RhoA, Rac, and mitogen-acti-
vated protein kinase (MAPK; Takeda, 2003; 
Schmieder et al., 2004; Sizemore et al., 
2007; Hsu et al., 2010), some of which are 
known to affect claudin-2 expression in 
MDCK II cells (Singh and Harris, 2004; 
Lipschutz et al., 2005; Guillemot and Citi, 
2006; Guillemot et al., 2008; Flores-Benitez 
et al., 2009; Ikari et al., 2011). First, we per-
formed an RT-PCR analysis to compare the 
level of podocalyxin mRNA expression in 
the control cells and the Slp2-a KD cells 
(Figure 4A). The RT-PCR analysis showed 
that podocalyxin mRNA was actually ex-
pressed in both the control cells and the 
Slp2-a KD cells and that the level of podoca-
lyxin mRNA expression was similar in both 
of them. Next, to determine the subcellular 
localization of podocalyxin, we expressed 
C-terminal Venus (a variant of yellow fluores-
cent protein)-tagged podocalyxin in the 
control cells and the Slp2-a KD cells. As 
shown in Figure 4B (top), podocalyxin was 
localized at the apical membrane in the con-
trol cells, whereas the apical membrane lo-
calization of podocalyxin was dramatically 
decreased in the Slp2-a KD cells. Intrigu-
ingly, podocalyxin and Rab27A were colo-
calized in the cytoplasm of both the control 
cells and the Slp2-a KD cells (Figure 4B, 
bottom). The decreased apical membrane 
localization of podocalyxin was further con-
firmed biochemically by surface biotinyla-
tion assays, which showed that the surface 
expression of podocalyxin, but not of syn-
taxin-3, was significantly decreased in the 
Slp2-a KD cells (Figure 4, C and D). These 
results indicated that podocalyxin is the 
most likely candidate for the cargo of 
Rab27-bearing vesicles, whose targeting to 
the apical membrane is mediated by the 
function of the Slp2-a–Rab27A complex.

Ezrin, a downstream target of podocalyxin, is activated 
in the absence of Slp2-a
ERM family proteins act both as linkers between the actin cytoskel-
eton and plasma membrane proteins and as signal transducers in 
response to the stimuli that induce cytoskeletal remodeling 
(Bretscher et al., 2002). Because ezrin has been shown to interact 
with podocalyxin (Takeda et al., 2001; Orlando et al., 2001; 
Schmieder et al., 2004) and to be involved in the regulation of the 
RhoA, MAPK, and phosphoinositide 3-kinase signaling pathways 
(Schmieder et al., 2004; Sizemore et al., 2007), we focused on 
ezrin as a candidate molecule downstream of podocalyxin and 

bind Slp2-a (Fukuda, 2006b), that is, Rab27B contributes to clau-
din-2 expression in Rab27A KD MDCK II cells (Supplemental Figure 
S4E). These results strongly indicated that Slp2-a is involved in the 
apical membrane targeting of Rab27A-bearing (and presumably 
Rab27B-bearing) vesicles in MDCK II cells via a direct interaction 
with Rab27A, as well as in the regulation of claudin-2 expression.

Slp2-a is required for the apical membrane targeting 
of podocalyxin in MDCK II cells
Next we searched the literature for candidate apical membrane pro-
teins that induce claudin-2 expression and are transported to the 

FIGURE 4: Slp2-a is involved in the apical targeting of podocalyxin in MDCK II cells. 
(A) Unaltered expression of podocalyxin mRNA in Slp2-a KD cells as demonstrated by RT-PCR 
analysis. The level of podocalyxin mRNA expression in the control cells and the Slp2-a KD cells 
was the same. GAPDH was used as an internal control. The size of the molecular weight markers 
(kilobase pairs [kbp]) is shown on the left. (B) Colocalization of Rab27A and podocalyxin in the 
intracellular compartment. Control cells and Slp2-a KD cells were transfected with a 
podocalyxin-Venus expression vector and pmRFP-C1-Rab27A, and 2 d after transfection, the 
cells were fixed, permeabilized, and stained with DAPI (blue). Podocalyxin (green) and Rab27A 
(red) were partially colocalized at the apical membrane and in the cytoplasm even in the absence 
of Slp2-a (yellow dots). Although podocalyxin (left, green) was preferentially localized at the 
apical membrane in the control cells, podocalyxin was dispersed throughout the cytoplasm in 
the Slp2-a KD cells (top right, green), the same as Rab27A protein was (middle right, red). Scale 
bars, 10 µm. (C) Reduced surface podocalyxin expression in Slp2-a KD cells. Control cells and 
Slp2-a KD cells were transfected with a podocalyxin-Venus expression vector, and 2 d after 
transfection, total cell lysates and surface biotinylated proteins were subjected to 10% 
SDS–PAGE, followed by immunoblotting with the antibodies indicated on the right. Actin was 
used as an internal control. The positions of the molecular mass markers (in kilodaltons) are 
shown on the left. (D) Quantification of GFP (podocalyxin-Venus) signals shown in C. Note that 
the level of podocalyxin-Venus expression at the apical membrane was significantly decreased in 
the absence of Slp2-a, whereas the level of syntaxin-3 at the apical membrane was about the 
same. Data are expressed as the means  SEM of three independent experiments. *p < 0.01 
(Student’s unpaired t test). a.u., arbitrary units.
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investigated the subcellular localization of endogenous ezrin in the 
Slp2-a KD cells. Although ezrin was predominantly localized at the 
apical membrane in the control cells (Figure 5A, left), reduced im-
munoreactive ezrin signals were evident at the apical membrane, 
and some ectopic ezrin signals were also observed at the basolat-
eral membrane in the Slp2-a KD cells (Figure 5A, right, arrowheads), 
indicating that ezrin fails to accumulate at the apical membrane in 
the Slp2-a KD cells because of the decreased apical membrane lo-
calization of podocalyxin. Because the altered intracellular localiza-
tion of ezrin in the Slp2-a KD cells was assumed to affect its activity, 
we next explored the activity of ezrin, that is, phosphorylation of 
ezrin, by an immunoprecipitation analysis with anti-ezrin–specific 
antibody (Figure 5B). Unexpectedly, phosphorylation of ezrin was 
found to be increased in the Slp2-a KD cells in comparison with the 
control cells. Moreover, an immunofluorescence analysis with anti–
phospho-ERM antibody showed that ERM proteins were phospho-
rylated at the apical membrane in the control cells, whereas they 
were phosphorylated at both the apical membrane and the basolat-
eral membrane in the Slp2-a KD cells (Figure 5C, arrowheads), sug-
gesting that the phosphorylation of ezrin at the basolateral mem-
brane in the Slp2-a KD cells affects intracellular signal transduction.

Epidermal growth factor–independent MAPK signaling 
is activated in the absence of Slp2-a
Because the increased phosphorylation of ezrin has been shown to 
modulate signaling pathways, such as the MAPK pathway (Sizemore 
et al., 2007), we analyzed the activity of the MAPK pathway by mea-
suring the amount of phosphorylated, active ERK1/2. An immuno blot 
analysis showed that ERK1/2 phosphorylation was actually increased 
in the Slp2-a KD cells in comparison with the control cells (Figure 6A, 
middle). Given that it had been reported that activation of the MAPK 
pathway by epidermal growth factor (EGF) receptor (EGFR) activation 
decreases the mRNA and protein levels of claudin-2 (Singh and 
Harris, 2004; Lipschutz et al., 2005; Flores-Benitez et al., 2009; Ikari 
et al., 2011), the increased activity of the MAPK pathway in the Slp2-a 
KD cells might have been attributable to the EGFR activation.

We therefore explored the level of EGFR protein expression by 
an immunoblot analysis with anti-EGFR antibody to investigate the 
involvement of EGF signaling in claudin-2 expression in the Slp2-a 
KD cells. However, both the total level and the surface expression 
level of EGFR protein were unaltered in the absence of Slp2-a 
(Figure 6B), indicating that Slp2-a is not involved in the apical target-
ing of EGFR. Furthermore, EGF treatment increased ERK1/2 phos-
phorylation and additively decreased the level of claudin-2 protein 
expression in both the control cells and the Slp2-a KD cells (Figure 
6C, middle three panels), suggesting that increased ERK1/2 phos-
phorylation in the Slp2-a KD cells is induced by ezrin activation and 
not by activation of EGF signaling.

Slp2-a is expressed in mouse kidney
Claudin-2 is highly expressed in the tight junctions of mouse renal 
proximal tubules and is involved in the reabsorption of NaCl and 

FIGURE 5: Ezrin, a downstream target of podocalyxin, is activated in 
Slp2-a KD cells. (A) Altered cellular localization of ezrin in Slp2-a KD 
cells. Confluent control cells and Slp2-a KD cells were fixed, 
permeabilized, and stained with anti-ezrin antibody (green) and Texas 
red–conjugated phalloidin (red). Ezrin was almost exclusively localized 
at the apical membrane in the control cells, whereas even though 
ezrin was preferentially localized at the apical region in the Slp2-a KD 
cells, ezrin was also localized at the basolateral membrane 
(arrowheads). Nuclei were stained with DAPI (blue). Scale bars, 10 µm. 
(B) Increased phosphorylation of ezrin in Slp2-a KD cells. Total cell 
lysates of confluent control cells and Slp2-a KD cells were 
immunoprecipitated with anti-ezrin antibody and subjected to 10% 
SDS–PAGE, followed by immunoblotting with the antibodies indicated 
on the right. The phosphorylation level of ezrin in the Slp2-a KD cells 
was much higher than in the control cells, whereas the level of 
ezrin expression appeared to be the same. The positions of the 
molecular mass markers (in kilodaltons) are shown on the left. 

(C) Phosphorylation of ERM proteins at the plasma membrane. 
Confluent control cells and Slp2-a KD cells were fixed, permeabilized, 
and stained with anti–phospho-ERM antibody (P-ERM; green) and 
Texas red–conjugated phalloidin (actin; red). Immunoreactive signals 
of phospho-ERM were observed at the apical membrane in the 
control cells, the same as those of ezrin, whereas in the Slp2-a KD 
cells immunoreactive signals of phospho-ERM were also observed at 
both the apical membrane and the basolateral membrane 
(arrowheads). Nuclei were stained with DAPI (blue). Scale bars, 10 µm.
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water (Tsukita et al., 2001; Kiuchi-Saishin et al., 2002; Muto et al., 
2010). If Slp2-a is an upstream regulator of claudin-2 expression in 
mice, Slp2-a should be expressed in mouse renal proximal tubules, 
the same as claudin-2. Thus we stained mouse kidney with specific 
antibodies against Slp2-a, Rab27A, and claudin-2. The results of im-
munohistochemical analyses indicated that Slp2-a immunoreactive 
signals were present only in claudin-2–expressing tissue in mouse 
kidney (Figure 7, top ), whereas Rab27A was expressed in all nephron 
segments (Figure 7, middle and bottom). Their coexpression in 
mouse renal proximal tubules suggested that Slp2-a regulates clau-
din-2 expression in mouse kidney, the same as in MDCK II cells.

DISCUSSION
Most organ systems (e.g., digestive, respiratory, genitourinary, and 
vascular systems) of multicellular animals are lined by a polarized 
monolayer of epithelial cells. The polarized epithelial cells have 
two surfaces—an apical surface that faces the lumen and a baso-
lateral surface that is in contact with adjacent cells and the underly-
ing connective tissue. These two surfaces are morphologically and 
functionally divided by tight junctions, which restrict the lateral dif-
fusion of membrane proteins and lipids and function as a barrier 
between the cell and the extracellular milieu (Tsukita et al., 2001; 
Bryant and Mostov, 2008). Thus elucidation of the polarized tar-
geting machinery is important to understanding how cell polarity 
and morphology are maintained. In the present study, we identi-
fied Slp2-a as a novel apical trafficking protein in MDCK II cells. 
Slp2-a is localized at the apical membrane in polarized MDCK II 
cells (Figure 1C) and together with Rab27A regulates apical 

FIGURE 6: MAPK signaling is activated in Slp2-a KD cells 
independently of EGFR activation. (A) Increased phosphorylation of 
ERK1/2 in Slp2-a KD cells. Total cell lysates of confluent control cells 
and Slp2-a KD cells were subjected to 10% SDS–PAGE, followed by 
immunoblotting with the antibodies indicated on the right. Note that 
the phosphorylation level of ERK1/2 (P-ERK1/2) in the Slp2-a KD cells 
was markedly increased in comparison with the control cells, whereas 
the total level of ERK1/2 expression was the same. (B) Unaltered 
surface EGFR expression in Slp2-a KD cells. Total cell lysates and 
surface biotinylated proteins of confluent control cells and Slp2-a KD 
cells were subjected to 10% SDS–PAGE, followed by immunoblotting 
with the antibodies indicated on the right. Note that the level of 
EGFR expression and level of surface EGFR expression appeared to 
be the same. (C) Effect of EGF-stimulated EGFR activation. Confluent 
control cells and Slp2-a KD cells were treated with EGF for 16 h, and 
total cell lysates were subjected to 10% SDS–PAGE, followed by 
immunoblotting with the antibodies indicated on the right. Note that 
the ERK1/2 phosphorylation level in both the control cells and the 
Slp2-a KD cells was increased by EGF treatment and, as a result, that 
the level of claudin-2 expression was further decreased. Actin was 
used as an internal control. The positions of the molecular mass 
markers (in kilodaltons) are shown on the left.

FIGURE 7: Slp2-a is expressed in mouse renal proximal tubules. The 
kidneys of female ICR mice were fixed, permeabilized, and stained 
with anti–Slp2-a antibody, anti–claudin-2 antibody, and/or anti-Rab27A 
antibody. Note that Slp2-a (red) and claudin-2 (green) were 
coexpressed in only the renal proximal tubules (top), whereas Rab27A 
(red) was expressed in all segments of the renal tubules and in the 
glomerulus (middle and bottom). Nuclei were stained with DAPI 
(right, blue). The asterisks indicate Rab27A-positive and claudin-
2–negative or Slp2-a–negative sites. Scale bars, 50 µm.
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for apical targeting of Slp2-a in MDCK II cells (Supplemental Figure 
S6A). Although the EGFP-tagged, full-length Slp2-a was clearly lo-
calized at the apical membrane, the same as endogenous Slp2-a 
protein (Supplemental Figure S6B, top left, green), the Slp2-a- SHD 
mutant, which lacks an SHD, did not exhibit apical membrane local-
ization, although it is localized at both the apical membrane and the 
basolateral membrane (Supplemental Figure S6B, left, third panel). 
In addition to the SHD, the phospholipid-binding activity of the C2A 
domain of Slp2-a is also required for its apical localization, because 
EGFP-C2AKQ and EGFP-Slp2-aKQ mutants, both of which lack the 
phospholipid-binding activity of the C2A domain as a result of neu-
tralization of key Lys residues (Kuroda and Fukuda, 2004), failed to 
be localized at the plasma membrane (Supplemental Figure S6B, 
right). Another difference between Slp2-a and Btsz lies in their ERM 
recruitment mechanism: Slp2-a recruits ezrin to the apical mem-
brane indirectly through trafficking of podocalyxin, which binds ez-
rin (Figures 5A and 8), whereas Btsz recruits moesin to the AJR di-
rectly (Pilot et al., 2006). Actually, no interaction between mammalian 
Slp2-a and ezrin (or moesin) was observed in MDCK II cells under 
our immunoprecipitation conditions (unpublished data).

Although ezrin was decreased at the apical membrane in the 
Slp2-a KD cells (Figure 5A), we were surprised to find increased 
phosphorylation of ezrin in the absence of Slp2-a (Figure 5, B and 
C). Given that protein phosphatase 2A (PP2A) has been reported to 
be localized at the apical membrane in MDCK II cells (Nunbhakdi-
Craig et al., 2002), PP2A may dephosphorylate ezrin at the apical 
membrane (Zeidan et al., 2008). In fact, when endogenous PP2A 
activity was inhibited by a specific PP2A inhibitor, okadaic acid (OA) 
(Haystead et al., 1989), phosphorylation of ezrin was increased and 
claudin-2 expression was decreased even in the control cells (Sup-
plemental Figure S7). Thus ezrin is likely to have been dephospho-
rylated by PP2A at the apical membrane in the control cells (Figure 
8, control). This scenario seems plausible in the Slp2-a KD cells, be-
cause some ectopic phospho-ezrin immunoreactive signals at the 
basolateral membrane were observed in the Slp2-a KD cells but not 
in the control cells (Figure 5C, bottom right, arrowheads). These 
findings, together with the fact that activated ezrin is involved in the 
regulation of the MAPK pathway (Sizemore et al., 2007), suggest 
that activation of the MAPK pathway (e.g., phosphorylation of ERK) 
by phospho-ezrin at the basolateral membrane inhibits claudin-2 
expression (Figure 8, Slp2-a KD). Consistent with our model of ERK 
activation in Slp2-a KD cells, overexpression of a dominant-negative 
form of ERK(K52R) in Slp2-a KD cells clearly induced up-regulation 
of claudin-2 protein expression (Supplemental Figure S4, A and B). 
We also tried C-terminal–deleted ezrin, which has been reported to 
act as a dominant-negative form of ezrin (Ezrin-N; Bretscher et al., 
2002), but the C-terminal–deleted ezrin had no effect on claudin-2 
expression in Slp2-a KD cells (T.Y. and M.F., unpublished data). 
Given that the phosphorylation level of ERK1/2 in the Slp2-a KD 
cells expressing the C-terminal–deleted ezrin was not significantly 
decreased (T.Y. and M.F., unpublished data), this mutant may not 
simply function as a dominant-negative mutant of ezrin in MDCK II 
cells. Alternatively, other downstream targets of podocalyxin might 
also be involved in the regulation of ERK1/2 phosphorylation.

In addition to MDCK II cells, we found that both Slp2-a and clau-
din-2 are coexpressed in mouse renal proximal tubules (Figure 7), 
and since podocalyxin is also expressed in renal tubules (Cheng 
et al., 2005; Lin et al., 2007), the same molecular mechanism regu-
lated by Slp2-a and podocalyxin is likely to function in mouse renal 
proximal tubules. However, podocalyxin-deficient mice exhibit a se-
verely impaired kidney development and die of anuric failure within 
24 h after birth (Doyonnas et al., 2001), whereas Slp2-a–deficient 

trafficking of podocalyxin-containing vesicles (Figure 4B). Bryant 
et al. (2010) reported that podocalyxin-containing vesicles are 
transported to the apical membrane through post-Golgi trafficking 
and a transcytosis pathway, in both of which Rab8 and Rab11 are 
involved. Given that Rab27A was partially colocalized with Rab8A 
and Rab11A (Supplemental Figure S5), it is tempting to speculate 
that the Slp2-a–Rab27A complex also regulates certain step of the 
post-Golgi trafficking and/or the transcytosis pathway. Because 
Slp2-a has a docking role of Rab27-bearing secretory vesicles (or 
melanosomes) in other cell types (Kuroda and Fukuda, 2004; 
Fukuda, 2006b), the Slp2-a–Rab27A complex is likely to regulate 
recruitment and docking of podocalyxin-containing vesicles to the 
apical membrane in MDCK II cells (Figure 8, control).

What is the function of the podocalyxin transported to the apical 
surface by the Slp2-a–Rab27A complex? Podocalyxin is a transmem-
brane sialomucin and has been shown to be involved in cell polar-
ization and epithelial tubulogenesis (Rodríguez-Fraticelli et al., 
2011). Consistent with the previous reports that podocalyxin associ-
ates with ezrin (Takeda et al., 2001; Orlando et al., 2001; Schmieder 
et al., 2004), apically localized endogenous ezrin was decreased in 
the absence of Slp2-a (Figure 5A). Our findings contrast somewhat 
with the previous finding in regard to the Drosophila Slp homologue 
Btsz, that is, moesin, the only member of the ERM protein family 
expressed in Drosophila, which is recruited to the AJR in a Btsz-
dependent manner (Pilot et al., 2006). Given that mammalian Slp2-a 
is not a direct orthologue of Drosophila Btsz, it is not surprising that 
Slp2-a regulates polarized trafficking in epithelial cells in a different 
manner from Btsz. We especially noted the structural difference be-
tween the two molecules: Slp2-a contains an N-terminal Slp homol-
ogy domain (SHD or Rab27-binding domain) and Btsz does not 
(Fukuda et al., 2001). Although Btsz is capable of being recruited to 
the AJR without an SHD (Pilot et al., 2006), our detailed deletion 
and mutational analyses clearly indicated that the SHD is required 

FIGURE 8: A model of claudin-2 expression in MDCK II cells through 
transport of podocalyxin to the apical surface by the function of the 
Slp2-a–Rab27A complex. In the control cells (left), podocalyxin-
containing vesicles are docked/tethered at the apical membrane by 
the function of the Slp2-a–Rab27A complex. The apical membrane 
localization of Slp2-a is mediated by the phospholipid-binding activity 
of the C2A domain. Phosphorylated ezrin, which activates MAPK 
signals (Sizemore et al., 2007), is recruited to and interacts with 
podocalyxin at the apical membrane, and ezrin is then 
dephosphorylated by phosphatase (e.g., PP2A) at the apical 
membrane (Nunbhakdi-Craig et al., 2002; Zeidan et al., 2008). As a 
result, phosphorylation of ERK1/2 is decreased and claudin-2 is 
expressed. By contrast, in the Slp2-a KD cells phosphorylated ezrin is 
ectopically localized at the basolateral membrane presumably 
because of the defect in podocalyxin trafficking to the apical 
membrane, and elevated ERK1/2 phosphorylation inhibits claudin-2 
expression in the Slp2-a KD cells (right).
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resulting full-length podocalyxin cDNA was subcloned into the pVe-
nus-N1 vector. cDNA encoding ERK2(K52R) was prepared according 
to the procedure described by Robinson et al. (1996) and subcloned 
into the pEF-FLAG tag expression vector (Fukuda et al., 1999).

Cell culture, transfection, and EGF or OA treatment
MDCK II cells were cultured in DMEM (Sigma-Aldrich, St. Louis, MO) 
containing 10% fetal bovine serum, penicillin G (100 U/ml), and 
streptomycin (100 µg/ml). Plasmids were transfected into MDCK II 
cells by using Lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s instructions. For EGF treatment, MDCK II cells were 
cultured in serum-free DMEM medium for 6 h and then treated with 
EGF (100 ng/ml; Invitrogen) for 16 h. For OA treatment, confluent 
MDCK II cells were treated with OA (20 or 100 nM; LC Laboratories, 
Woburn, MA) for 16 h.

Establishment of Slp2-a–knockdown cell lines 
by RNA interference
pSilencer-control plasmids and pSilencer-canine Slp2-a (cSlp2-a) #1 
and #2 plasmids (target site #1, 5 -GGATGAACTCCCACAGATT-3 , 
and target site #2, 5 -CGCTCAGATCCATATGTAA-3 ) were trans-
fected into MDCK II cells (1  105 cells) by using Lipofectamine 2000 
as described. To establish cell lines stably expressing the pSilencer 
vectors, MDCK II cells were grown in DMEM containing 800 µg/ml 
G418 (Invitrogen). Stable MDCK II cells (referred to as control cells, 
Slp2-a KD #1 cells, and Slp2-a KD #2 cells, respectively) were plated 
on culture dishes, cultured for 72 h, and then subjected to immuno-
blotting and immunocytochemistry as described later.

Measurement of transepithelial electrical resistance
Stable MDCK II cells (4  105) were seeded on a Transwell filter 
(0.4-µm pore size; 12-mm diameter; Corning, Corning, NY) and 
grown to confluence in DMEM containing 1.8 mM Ca2+ (normal cal-
cium medium). Cells were washed twice with phosphate-buffered 
saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, and 
1.5 mM KH2PO4, pH 7.4) and incubated for 2 h in S-MEM (Invitro-
gen) containing 2.1 µM Ca2+ (low-calcium medium). TER was moni-
tored with a Millicel-ERS volt-ohm meter (Millipore, Bedford, MA) 
immediately after the addition of the normal calcium medium 
DMEM (time 0) and at 90- to 120-min intervals for up to 26 h. TER 
values were calculated after subtracting the blank value (an empty 
filter) and expressed in ohm cm2, as described by Matter and Balda 
(2003).

Preparation of total RNA and RT-PCR
Total RNA was prepared from stable MDCK II cells with TRI reagent 
(Sigma-Aldrich), and reverse transcription was performed by using a 
ReverTra Ace-kit (Toyobo, Osaka, Japan) according to the manufac-
turer’s instructions. The canine glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), claudin-1, claudin-2, podocalyxin, and Rab27B 
primer pairs were designed to amplify fragments of 989, 307, 670, 
506, and 657 base pairs, respectively. The primers were used for 
GAPDH (forward primer, 5 -ATGGTGAAGGTCGGAGTCAA-3 , and 
reverse primer, 5 -GCCATGTAGACCATGAGGTC-3 ), claudin-1 (for-
ward primer, 5 -ATTCAGTGCAAGGTCTTCGAC-3 , and reverse 
primer, 5 -GCCTGACCAAATTCATACCTG-3 ), claudin-2 (forward 
primer, 5 -TTGTAGGCTACATCCTAGGC-3 , and reverse primer, 
5 -CACACATACCCTGTCAGGCT-3 ), podocalyxin (forward primer, 
5 -CTCAAGATCAGTGCCATATA-3 , and reverse primer, 5 -TTA-
GAGGTGCGTGTCCTCCT-3 ), and Rab27B (forward primer, 5 -AT-
GACCGATGGGGACTATGA-3 , and reverse primer, 5 -CTAACAGC-
CACATTTCTTCT-3 ). cDNAs were amplified by PCR using rTaq DNA 

mice are viable and fertile (Saegusa et al., 2006). This discrepancy 
may be explained by the compensatory effect of Slp2-a-related pro-
teins, such as Slp1, Slp2-b, Slp3-a, Slp4-a, and Slp5 (Fukuda, 2005, 
2006b; Supplemental Figure S1A), in mice. Further work will be 
necessary to determine whether other Slp family members are also 
involved in the polarized trafficking that occurs in epithelial cells.

In conclusion, we demonstrated that Slp2-a is the first Slp mem-
ber involved in polarized trafficking in mammalian epithelial cells, 
and we discovered that Slp2-a regulates apical targeting of podoca-
lyxin and its binding partner ezrin in concert with Rab27A. In the 
absence of Slp2-a, the phospho-ezrin in MDCK II cells is ectopically 
localized at the basolateral membrane and then activates ERK by a 
largely unknown mechanism. The activated ERK then inhibits clau-
din-2 expression in the Slp2-a KD cells (a hypothetical model is sum-
marized in Figure 8). Because previous studies on mammalian Slp 
family members have for the most part been limited to their secre-
tory function—for example, exocytosis of hormones and enzymes—
in secretory cells (Fukuda, 2006b, 2008), the findings in this study 
should provide a new paradigm for the function of Slp protein in the 
polarized trafficking of signaling molecules in epithelial cells.

MATERIALS AND METHODS
Materials
Horseradish peroxidase (HRP)–conjugated anti-GFP antibody was 
purchased from MBL (Nagoya, Japan). Anti-Rab3, anti-Rab8, anti-
Rab11, anti-Rab27A, anti-moesin, and anti–E-cadherin mouse 
monoclonal antibodies were obtained from BD Transduction Labo-
ratories (Lexington, KY). Anti–ZO-1 rat monoclonal antibody was 
from Chemicon International (Temecula, CA). Anti–claudin-1 and 
anti–claudin-2 rabbit polyclonal antibodies were from Invitrogen 
(Carlsbad, CA). Anti–syntaxin-3 rabbit polyclonal antibody was from 
Synaptic Systems (Göttingen, Germany). Anti-ezrin mouse mono-
clonal antibody was from Abcam (Cambridge, MA). Anti–phospho-
ezrin(Thr-567)/radixin(Thr-564)/moesin(Thr-558) (anti–phospho-ERM) 
rabbit polyclonal antibody, anti–p44/42 MAPK (ERK1/2) rabbit poly-
clonal antibody, and anti–phospho-p44/42 (ERK1/2; Thr-202/Tyr-
204) mouse monoclonal antibody were from Cell Signaling Technol-
ogy (Danvers, MA). Anti-EGFR sheep polyclonal antibody was from 
Fitzgerald (Concord, MA). Anti-Slp1, anti–Slp2-a, anti–Slp3-a, and 
anti–Slp4-a rabbit polyclonal antibodies were prepared as described 
previously (Imai et al., 2004). Two siRNAs against canine/human 
Rab27A site 1 (target site #1: 5 -GGAGAGGTTTCGTAGCTTA-3 ) 
and site 2 (target site #2: 5 -CGACAGCGTTCTTCAGAGA-3 ) were 
synthesized by Nippon EGT (Toyama, Japan).

Plasmid construction
pEGFP-C1 vectors (BD Biosciences Clontech, Palo Alto, CA) harbor-
ing mouse Slp2-a mutants or mouse Rab proteins and pmRFP-C1 
vectors harboring mouse Rab27A mutants were prepared essentially 
as described previously (Kuroda and Fukuda, 2004; Fukuda, 2006a; 
Tsuboi and Fukuda, 2006). cDNA encoding human podocalyxin was 
amplified from Marathon-Ready adult human brain and testis cDNA 
(BD Biosciences Clontech) by PCR, with the following pairs of oligo-
nucleotides having a restriction enzyme site (underlined) as de-
scribed previously (Fukuda et al., 1999): an N-terminal fragment 
(podocalyxin forward primer 1, 5 -GGATCCATGCGCTGCGCGCTG-
GCGCTCT-3  and podocalyxin reverse primer 1, 5 -TATCGGTGGG-
TAGTTGATGCCTGCT-3 ) and a C-terminal fragment (podocalyxin 
forward primer 2, 5 -AACGGCATTGAGAACACCTACCCT-3  and 
podocalyxin reverse primer 2, 5 -GTCGACAGGTGTGTGTCTTC-
CTCCT-3 ). To obtain full-length podocalyxin, each fragment was 
digested with appropriate restriction enzymes and then ligated. The 
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with a high-salt wash buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 
and 0.1% Triton X-100), and, finally, once with 50 mM Tris-HCl, pH 
7.5. The proteins were eluted from the beads by boiling in 30 µl of 
the SDS sample buffer, separated by 10% SDS–PAGE, and analyzed 
by immunoblotting with HRP-conjugated anti-GFP antibody, anti–
sytanxin-3 antibody, and anti-EGFR antibody.

Immunoprecipitation assay
Stable MDCK II cells were plated on 10-cm culture dishes at (1–3)  
106 cells and cultured for 48 h. The cells were rinsed with PBS and 
lysed in the lysis buffer containing a protease inhibitor cocktail 
(Sigma-Aldrich). The homogenate was rotated for 30 min at 4°C for 
solubilization, and the insoluble material was removed by centrifu-
gation at 15,000  g for 20 min at 4°C. The supernatant was incu-
bated with 1 µg/ml anti-ezrin antibody for 3 h at 4°C or with 1 µg/ml 
anti–Slp2-a antibody (or anti-Rab27A antibody) for 16 h at 4°C with 
constant rotation and then with protein G–Sepharose beads or pro-
tein A–Sepharose beads (GE Healthcare, Little Chalfont, United 
Kingdom) for 1 h at 4°C. After washing the beads with the lysis buf-
fer, we subjected the immunoprecipitates to 10% SDS–PAGE, fol-
lowed by immunoblotting with anti-ezrin antibody and anti–phos-
pho-ERM antibody. Mouse kidney, including renal epithelial cells, 
was similarly lysed in the foregoing lysis buffer, and the lysates were 
subjected to coimmunoprecipitation assays with anti-Rab27A 
antibody.

Immunohistological analysis
Immunohistochemical staining was performed essentially as de-
scribed previously (Yasuda et al., 2010). In brief, the kidneys were 
removed from female ICR mice and immersion fixed in 4% PFA in 
0.1 M phosphate buffer (pH 7.4) for 16 h at room temperature. The 
fixed kidneys were equilibrated at 4°C in 10% sucrose in PBS for 
8 h and then in 20% sucrose in PBS overnight. They were then 
embedded in Tissue-Tek O.C.T. compound (Sakura, Tokyo, Japan) 
and frozen at 80°C until used. The frozen kidneys were cut into 
10-µm sections in a cryostat (Carl Zeiss, Jena, Germany) and trans-
ferred to microscope slides (Matsunami Glass, Osaka, Japan). The 
samples were permeabilized with 0.3% Triton X-100 for 1 h at 
room temperature and then stained with anti–Slp2-a antibody, 
anti–claudin-2 antibody, and anti-Rab27A antibody. To double 
stain for Slp2-a and claudin-2, we directly labeled Slp2-a antibody 
with Alexa Fluor 594 by using a direct labeling kit (Zenon Alexa 
Fluor 594 rabbit immunoglobulin G labeling kit; Invitrogen). The 
immunostained sections were examined with a confocal fluores-
cence microscope.

polymerase (Toyobo) with 25 or 50 (for Rab27B) cycles of denatur-
ation at 94°C for 0.5 min, annealing at 55°C for 0.5 min, and exten-
sion at 72°C for 1 min.

Immunofluorescence analysis
Stable MDCK II cells were cultured on glass-bottomed dishes 
(35-mm dish; MatTek, Ashland, MA) at (1–3)  105 cells for 72 h and 
then fixed with 4% paraformaldehyde (PFA) for 10 min at room tem-
perature. For immunostaining, cells were permeabilized with 0.3% 
Triton X-100 in PBS for 2 min and blocked with the blocking buffer 
(1% bovine serum albumin [BSA] and 0.1% Triton X-100 in PBS) for 
1 h at room temperature. The cells were then incubated for 2 h at 
room temperature in the same buffer containing primary antibodies 
at the following concentrations: anti–Slp2-a antibody, 3 µg/ml; anti–
ZO-1 antibody, 1/400 dilution; anti-moesin antibody, 1/100 dilution; 
anti–E-cadherin antibody, 1/100 dilution; anti-Rab8 antibody, 
1/100 dilution; anti-Rab11 antibody, 1/100 dilution; anti-Rab27A an-
tibody, 1/100 dilution; anti–claudin-1 antibody, 1/50 dilution; anti–
claudin-2 antibody, 1/200 dilution; anti–syntaxin-3 antibody, 1/100 
dilution; anti-ezrin antibody, 1/100 dilution; and anti–phospho-ERM 
antibody, 1/100 dilution. The cells were then incubated with sec-
ondary antibodies (Alexa 488–conjugated antibodies and Alexa 
594–conjugated antibodies; Invitrogen) and 4 ,6-diamidino-2-phe-
nylindole (DAPI). To stain actin, cells were stained with Texas red–
conjugated phalloidin or Alexa Fluor 488–conjugated phalloidin 
(each 1/100 dilution; Invitrogen). The stained cells were examined 
for immunofluorescence signals with a confocal fluorescence micro-
scope (FluoView 1000; Olympus, Tokyo, Japan).

Immunoblot analysis
MDCK II cells were plated on 10-cm culture dishes at 2  105 cells 
and 2  106 cells, cultured for 48 h, and harvested as subconfluent 
cells and confluent cells, respectively. Parental MDCK II cells and 
stable MDCK II cells were plated on 6-cm dishes at (1–3)  105 cells 
and cultured for 48 h. After rinsing the cells with PBS and lysing 
them in a lysis buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid [HEPES]–KOH, pH 7.2, 150 mM NaCl, 1 mM MgCl2, 
1% Triton X-100, and a protease inhibitor cocktail [Roche, Mannheim, 
Germany]), we subjected the lysates to 10% SDS–PAGE, followed 
by immunoblotting with the antibodies indicated in the figures. The 
intensity of the immunoreactive bands was quantified with ImageJ, 
version 1.44o (National Institutes of Health, Bethesda, MD). The 
blots shown in the figures are representative of three or four inde-
pendent experiments.

Cell surface biotinylation assay
Biotinylation assays were performed essentially as described previ-
ously (Shin et al., 2005). In brief, stable MDCK II cells grown on 
10-cm dishes were transfected with podocalyxin-Venus expression 
vector and cultured for 48 h. Confluent MDCK II cells were washed 
three times with ice-cold PBS (+) (containing 0.1 mM CaCl2 and 
0.1 mM MgCl2, pH 7.4) and incubated with 1 mg/ml Sulfo-NHS-LC-
biotin (Pierce, Rockford, IL) in PBS (+) for 30 min on ice to biotinylate 
cell surface proteins. The reaction was quenched by washing the 
dishes twice with ice-cold PBS (+) containing 100 mM glycine and 
0.3% (wt/vol) BSA, and the dishes were subsequently washed twice 
with PBS (+). The cells were then lysed in 1 ml of the previously de-
scribed lysis buffer, and the lysates were centrifuged at 15,000  g 
for 20 min at 4°C in a microcentrifuge to remove cellular debris and 
insoluble materials. The supernatant was incubated with streptavi-
din-agarose beads (Pierce) overnight at 4°C with constant rotation. 
The beads were then washed three times with the lysis buffer, twice 
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