Rab14 regulation of claudin-2 trafficking
modulates epithelial permeability and lumen
morphogenesis
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ABSTRACT Regulation of epithelial barrier function requires targeted insertion of tight junc-
tion proteins that have distinct selectively permeable characteristics. The insertion of newly
synthesized proteins and recycling of internalized tight junction components control both
polarity and junction function. Here we show that the small GTPase Rab14 regulates tight
junction structure. In Madin-Darby canine kidney (MDCK) Il cells, Rab14 colocalizes with junc-
tional proteins, and knockdown of Rab14 results in increased transepithelial resistance. In
cells without Rab14, there are small changes in the trafficking of claudin-1 and occludin. In
addition, there is substantial depletion of the leaky claudin, claudin-2, but not other tight
junction components. The loss of claudin-2 is complemented by inhibition of lysosomal func-
tion, suggesting that Rab14 sorts claudin-2 out of the lysosome-directed pathway. MDCK |
cells lack claudin-2 endogenously, and knockdown of Rab14 in these cells does not result in a
change in transepithelial resistance, suggesting that the effect is specific to claudin-2 traffick-
ing. Furthermore, leaky claudins have been shown to be required for epithelial morphogen-
esis, and knockdown of Rab14 results in failure to form normal single-lumen cysts in three-
dimensional culture. These results implicate Rab14 in specialized trafficking of claudin-2 from
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the recycling endosome.

INTRODUCTION

Epithelial cells form a barrier between the outside world and the in-
terior of the organism. To establish this barrier, the cells develop dis-
crete apical and basolateral membrane domains separated by spe-
cialized junctions. These junctions are selectively permeable, allowing
some ions and macromolecules to pass through the epithelial barrier
but excluding pathogens. Normal morphogenesis of epithelia de-
pends on an array of interacting machineries: 1) the extracellular ma-
trix, which provides directionality signals (O'Brien et al., 2001; Yu
et al., 2005; Akhtar and Streuli, 2013); 2) the polarity complexes,
comprising the Par3/Par6/aPKC complex, the Crumbs complex,
and the Scribble/Lgl/Dlg complex, which promote separation of
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membrane domains and the establishment of tight junctions (Schluter
et al., 2009; Pieczynski and Margolis, 2011; Thompson, 2013); 3) the
tight junctions, which serve as organizing and signaling centers both
through the action of polarity complexes and their own structural
components (Shin et al., 2006); and 4) targeted membrane trafficking
to both apical and basolateral domains, as well as to the tight junc-
tion (Apodaca et al., 2012). These domains are not static, and our
understanding of the dynamic nature of polarity and tight junctions
has been enhanced by the recognition that these complexes undergo
constant remodeling. In particular, tight junction proteins continu-
ously cycle through endosomal compartments to maintain epithelial
integrity (Marzesco et al., 2002; Ivanov et al., 2005; Morimoto et al.,
2005; Marchiando et al., 2010; Shen, 2012).

Both polarized targeting of membrane proteins and recycling of
tight junction proteins are regulated, in part, by the Rab family of
small GTPases. Rab14 targets molecules to the apical plasma mem-
brane (Kitt et al., 2008), and Rabs 8, 11, and 13 regulate trafficking
of junctional and adhesion molecules (Marzesco et al., 2002; Kohler
et al., 2004; Lock and Stow, 2005; Morimoto et al., 2005; Yamamura
et al., 2008; Roeth et al., 2009; Momose et al., 2011; Lapierre et al.,
2012). In addition, Rabs 8, 11, and 25 target vesicles to forming
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luminal membranes, and disruption of these molecules results in
aberrant morphogenesis in three-dimensional culture.

In addition to polarity and tight junction complexes, morphogen-
esis of epithelial organs requires that the epithelium be selectively
permeable to ions and macromolecules. Selective permeability of
the epithelium is essential for the function of the established epithe-
lium (Anderson and Van ltallie, 2009) and also for initial lumen forma-
tion (Bagnat et al., 2007). In particular, the presence of a class of
claudin molecules that promote paracellular permeability is essential
for normal lumen formation both in vitro and in vivo (Bagnat et al.,
2007; Galvez-Santisteban et al., 2012), and regulation of levels of
other claudins also plays a role in the regulation of lumen size (Senga
etal., 2012). However, how these claudins are regulated to promote
normal epithelial morphogenesis is not known. Here we show that
knockdown of Rab14 results in loss of the “leaky” claudin, claudin-2,
decreased paracellular permeability, and failure of normal epithelial
morphogenesis.

RESULTS

Rab14 knockdown results in higher transepithelial resistance
MDCK I cells were infected with lentiviral vectors expressing two
independent short hairpin RNAs (shRNAs) within the Rab14 coding
sequence (E9 and E11) and selected to generate stable knockdown
cell lines. Both shRNAs provided knockdown of Rab14 protein
(Figure 1, A and B), with clone E9 providing >60% knockdown. This
clone was used for the present experiments, and knockdown was
reconfirmed throughout the course of the experiments. Of interest,
knockdown of Rab14 resulted in higher transepithelial resistance
(TER) at steady state, and increase in TER was correlated with de-
gree of Rab14 knockdown (Figure 1C). Furthermore, expression of
the GTP- or GDP-locked forms of Rab14 (Rab14-Q70L or Rab14-
S25N) also resulted in increased steady-state TER (Supplemental
Figure S1). These results are consistent with other junction-associ-
ated small GTPases, where fine control of activation/inactivation is
required for normal junction assembly and function (Rojas et al.,
2001; Bruewer et al., 2004; Yamamura et al., 2008; Elbediwy et al.,
2012). These results suggest that Rab14 regulates tight junction
function.

Rab14 colocalizes with tight junction proteins

In polarized epithelial cells, Rab14 is localized to the apical endo-
somes but is not concentrated at the lateral membrane or at tight
junctions (Kitt et al., 2008). To assess the relationship between
Rab14 and tight junction proteins, we studied the localization of
endogenous Rab14 and claudin-2, claudin-4, and occludin in
MDCK cells by confocal microscopy. In addition, due to antibody
incompatibility, we localized claudin-1 in cells expressing Rab14-
green fluorescent protein (GFP). There is colocalization of Rab14
and claudin-2 and -4 in intracellular puncta (Figure 1D, top) and
Rab14-GFP with claudin-1 (Figure 1D, bottom). However, colocal-
ization of occludin and Rab14 was not detected. In addition, there
is colocalization of Rab14-GFP and claudin-1, -2, and -4 near the
lateral membranes in cells grown on Transwell filters (Supplemental
Figure S2). It is important to note that, even under overexpressed
conditions, Rab14-GFP constitutes <30% of the total Rab14 ex-
pressed in these cells (Supplemental Figure S3). Both Rab13 and
Rab11 were implicated in the trafficking of tight junction and adhe-
rens junctions proteins (Marzesco et al., 2002; Lock and Stow, 2005;
Morimoto et al., 2005; Desclozeaux et al., 2008; Roeth et al., 2009;
Lapierre et al., 2012), but limited colocalization of claudin-1 was
observed with either Rab11-GFP or Rab13-GFP (Supplemental
Figure S1).
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Rab14 modulates assembly of tight junctions

To determine whether Rab14 modulates assembly of tight junctions,
we subjected cells plated on Transwell filters to calcium switch by
incubation in calcium-free medium overnight, followed by replace-
ment with normal calcium-containing medium (Gumbiner et al.,
1988). Monolayers were fixed at intervals and labeled with antibod-
ies against junction proteins, followed by imaging through the en-
tire monolayer. The formation of junctions occurs through well-char-
acterized stages of adhesion and maturation, and a continuous,
compact line around the cell perimeter characterizes mature junc-
tions (Wallace et al., 2010; Iden et al., 2012). To quantify junction
assembly, we measured the width of labeling at the junction (clau-
din-1) or the percentage of lateral membrane occupied by tight
junction label (occludin) as detailed in Materials and Methods. Of
interest, cells with depleted Rab14 had accelerated restoration of
claudin-1 distribution to the junction, as mature junctions formed
more quickly than control cells (Figure 2A). This difference was most
apparent 2 h after calcium switch. In addition, junctional labeling of
occludin was largely restored within 1 h after the switch to normal
growth medium in Rab14-knockdown (KD) cells but was slower in
control cells (Figure 2, D and E). E-cadherin labeling was also re-
stored at earlier time points than for control cells (Figure 2F). These
results suggest that, in addition to modulating adherens junction
formation (Linford et al., 2012), Rab14 modulates trafficking of tight
junction proteins through either decreased internalization or in-
creased recycling of these components. To test this, we performed
cell surface biotinylation internalization and recycling assays. For
these experiments, cells were biotinylated and warmed for 10 min
to allow internalization and cooled, and cell surface label was re-
moved with 2-mercaptoethane sulfonate (MESNA). NeutrAvidin
precipitation brings down label that is protected from MESNA and
thus is the internalized pool. As shown in Figure 3, there is no differ-
ence in the amount of occludin internalized in Rab14-KD and con-
trol cells (Figure 3, A and B). However, less claudin-1 is internalized
in Rab14-KD cells (Figure 3, A and C). To measure recycling, we re-
warmed cells after MESNA treatment for an additional 10 min, fol-
lowed by MESNA treatment to remove recycled biotin. NeutrAvidin
precipitation retrieves the remaining biotinylated proteins, and
these biotinylated proteins were subtracted from the internalized
pool to quantify recycled occludin and claudin-1. As shown in Figure
3, B and C, both occludin and claudin-1 were recycled slightly but
significantly faster in Rab14-KD cells.

Rab14 depletion decreases the protein levels of the tight
junction protein claudin-2

Although the calcium switch and biotinylation assays suggested
small changes in trafficking of junctional proteins, it seems unlikely
that these changes account for the increased TER observed in
Rab14-KD cells. To determine whether Rab14-KD affects the steady-
state distribution of tight junction proteins, we labeled MDCK cells
grown on Transwell filters with antibodies against the tight junction
membrane proteins occludin and claudin-1 and -4, as well as against
the adhesion junction protein E-cadherin. As shown in Figure 4, the
distribution of E-cadherin, occludin, claudin-1, and ZO-1 is not al-
tered with Rab14 knockdown. To determine whether the protein
level of any of these junctional components is changed after Rab14-
KD, we analyzed cell lysates by Western blotting to assess total lev-
els of junction proteins. The amounts of claudin-1 and -4, occludin,
and ZO-1 are unchanged (Figure 5A). However, the level of clau-
din-2 is significantly decreased (Figure 5, A and B). Immunolabeling
of Rab14-KD cells shows a substantial loss of claudin-2 labeling at
the junctions (Figure 5C). To confirm that the loss of claudin-2 is due
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Rab 14 knockdown results in higher transepithelial resistance. (A) MDCK Il cells were infected with lentiviral
vectors encoding two independent shRNA sequences (Rab14shRNAF’ or Rab14shRNAF") or scrambled sequence. Cell
lysates were analyzed by Western blotting and probed with Rab14 antibody. B-Actin was used as a loading control.

(B) Quantification of Rab14 levels shows knockdown, with E9 providing greater knockdown (n = 5). (C) The TER of
monolayers is increased with Rab14 knockdown, with cells with greater knockdown exhibiting a greater increase in TER
(n=2in triplicate, mean + SEM, **p < 0.001). (D) Endogenous Rab14 (top) or Rab14-GFP (bottom) colocalizes with
claudins. Rab14 and claudin-1, -2, and -4 colocalize in intracellular vesicles (arrows), but there is limited colocalization
with occludin. Claudin-2 at the lateral membrane is indicated by arrowheads. Scale bar, 10 pm; inset, 2 ym.

to Rab14 knockdown, we overexpressed an shRNA-resistant form of
Rab14 and quantified the level of claudin-2. As shown in Figure 5D,
reexpression of Rab14 largely complemented the loss of claudin-2.

To determine whether decreased claudin-2 is a result of increased
lysosomal degradation, we incubated Rab14-KD cells with ammo-
nium chloride for 24 h, as this lysosomotropic agent raises the pH of
lysosomal compartments, inhibiting the action of the acid proteases.
Under these conditions, claudin-2 levels increased (Figure 6, A and
B). Of interest, control cells show a substantial increase in claudin-2,
indicating that it is normally rapidly trafficked to lysosomes.
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Immunolabeling of these cells with claudin-2 and Lamp1 antibodies
shows that some claudin-2 colocalizes with Lamp1-positive puncta
(Figure 6C). Given that claudin-2 acts to increase permeability across
epithelia, these results suggest that the higher TER observed in
Rab14-KD cells is due to loss of claudin-2 and that Rab14 normally
functions to sort claudin-2 out of the lysosomal pathway.

To further test whether the effects of Rab14 knockdown on TER
are due to claudin-2 loss, we next overexpressed human claudin-2
in Rab14-KD cells. As shown in Figure 7A, we can overexpress
claudin-2 in the Rab14-KD background and restore claudin-2
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(A) Rab14-KD cells form junctions more rapidly after calcium switch. Cells on Transwell filters were incubated
in calcium-free medium overnight, and then normal growth medium was replaced for the indicated intervals followed by
fixation and labeling with the antibodies indicated. Cells were imaged through the Z-axis, and the images presented are
projections of the Z-stack. Quantification was performed as described in Materials and Methods. Rab14-KD cells had
faster maturation of claudin-1 labeling when compared to control cells, as assessed by the width of labeling, with
mature junctions exhibiting compact, continuous labeling (A-C). In B, pixel intensity of 50 was used as baseline, and
higher pixel values were considered part of the junction. Values were graphed across the junction width, and a
representative profile is shown. In C, junction thickness was measured across pixel intensity values above 50 and
resulting widths were averaged. (D, E). Occludin is targeted back to the lateral membrane more quickly in Rab14-KD
cells as measured by percentage of the lateral membrane occupied by occludin labeling (n = 250 cells, mean + SEM).

(F) E-cadherin is also targeted to the lateral membrane more quickly in Rab14-KD cells. Scale bar, 10 pm.
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FIGURE 3: Surface biotinylation internalization and recycling assays
of Rab14 knockdown cells. (A) Cells were biotinylated and
immediately lysed (lanes 1 and 4) or incubated at 37°C for 10 min
(lanes 2 and 5), followed by cell surface stripping with MESNA and
NeutrAvidin precipitation. In lanes 3 and 6, cells were warmed for an
additional 10 min after MESNA stripping to allow recycling, followed
by MESNA stripping. Internalization was quantified by calculating the
ratio of internalized (lanes 2 and 5) over total (lanes 1 and 4).
Recycling was calculated by subtracting the biotinylated protein
remaining after rewarming (lanes 3 and 6) from the internalized pool
(lanes 2 and 5). (B) Quantification shows that occludin is taken up
similarly in knockdown and control cells. However, recycling of
occludin is faster in Rab14-KD cells. (C) Claudin-1 is internalized more
slowly and recycles more quickly in Rab14-KD cells. **p < 0.001; n=3,
mean = SEM.

expression. Under these conditions, the TER is complemented,
bringing it down to control levels (Figure 7B). In addition, imaging
shows that overexpressed human claudin-2 localizes to junctions
(Figure 7C). Normal initial targeting of claudin-2 under these condi-
tions suggests that Rab14 regulates endosomal recycling of clau-
din-2 rather than targeting from the trans-Golgi network. Further-
more, overexpression of an shRNA-resistant form of Rab14-GFP
results in complementation of the increased TER and claudin-2 pres-
ence at junctions (Figure 7, B and C).
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To further test whether the observed change in TER is due to loss
of claudin-2, we used MDCK | cells. Claudin-2 is not expressed in
MDCK | (Furuse et al., 2001), which is believed to contribute to the
high TER of this strain. MDCK | cells were infected with the two len-
tiviral vectors used in Figure 1 and selected to generate stable lines.
Both shRNAs provided knockdown of Rab14 (Figure 8A). Of impor-
tance, knockdown of Rab14 does not result in a significant change
in TER (Figure 8B), and there was no change in the subcellular distri-
bution of claudin-1 or -4, occludin, or ZO-1 (Figure 8C). This result is
consistent with the conclusion that the increase of TER in Rab14-KD
MDCK Il cells is due to the loss of claudin-2.

Rab14 regulates formation of epithelial cysts

Loss of claudin-2 has been shown to disrupt the development of
epithelial cysts in three-dimensional (3D) culture (Galvez-Santisteban
etal., 2012), and a related claudin, claudin-15, is essential for lumen
formation in zebrafish intestine (Bagnat et al., 2007). To test whether
Rab14-KD disrupted epithelial polarity or morphogenesis, we plated
cells in 3D culture and analyzed the formation of epithelial cysts.
Rab14-KD results in the formation of multilumen cysts (Figure 9, A
and B), suggesting that epithelial morphogenesis is disrupted. Of
interest, even with the multilumen phenotype, apical and basolat-
eral markers are targeted to the correct membrane domain, and the
Golgi apparatus maintains its supranuclear localization (Figure 9A).

DISCUSSION

Regulation of the internalization and recycling of tight junction pro-
teins is essential to control of paracellular permeability and polarity.
In this study, we sought to understand how the small GTPase Rab14
modulates tight junction structure and function through control of
the trafficking of integral membrane components of these special-
ized domains. Rab14 is involved in multiple membrane-trafficking
pathways, including targeting to the apical plasma membrane (Kitt
et al.,, 2008), phagolysosome biogenesis (Kyei et al., 2006; Kuijl
et al., 2007), insertion of the glucose transporter GLUT-4 into the
plasma membrane (Ishikura et al., 2007), trafficking of the FGF re-
ceptor (Ueno et al, 2011), and trafficking of ADAM proteases
(Linford et al., 2012). These reports, together with our finding that
Rab14 selectively inhibits lysosomal targeting of claudin-2, suggest
that Rab14 regulates trafficking of a subset of membrane proteins
between specialized membrane domains.

Multiple Rab proteins have been shown to regulate both tight
and adherens junctions. For example, Rab13 regulates trafficking of
tight junction proteins (Marzesco et al., 2002; Morimoto et al., 2005),
and knockdown of Rab13 decreases recycling of occludin and clau-
din-1, as does knockdown of the Rab13 effector JRAB/MICAL-L2
(Yamamura et al., 2008). Rab25 depletion causes small effects on
the expression of tight junction proteins (Krishnan et al., 2013), and
Rab8 and Rab11 regulate trafficking of E-cadherin (Lock and Stow,
2005; Yamamura et al., 2008). Although Rab14 has been implicated
in adherens junction assembly, this is due to effects on trafficking of
ADAM proteases (Linford et al., 2012) rather than on the trafficking
of N-cadherin. We find that Rab14 colocalizes with several claudin
proteins, and Rab14-KD results in faster reassembly of junctions af-
ter calcium switch. However, the effects of Rab14 knockdown on
internalization, recycling, or steady-state distribution of claudin-1
and occludin were relatively small, in contrast to the nearly complete
loss of claudin-2 expression. In addition, the lack of a phenotype
after Rab14 knockdown in MDCK | cells, a strain that lacks endoge-
nous claudin-2, suggests that Rab14 primarily controls claudin-2
trafficking rather than affecting the trafficking of tight junction
proteins generally. These results suggest that Rab14 selectively
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FIGURE 6: Ammonium chloride treatment restores claudin-2 protein levels. (A) Cells were incubated in medium
containing 20 mM NH,4Cl and analyzed by Western blot. (B) Quantification of claudin-2 protein level shows that NH,Cl
treatment partially restores claudin-2 protein levels. Representative experiment performed three independent times.
(C) Immunofluorescence of control and Rab14-KD cells shows that claudin-2 labeling is substantially increased after
NH4Cl incubation. In addition, some claudin-2 colocalizes with the lysosomal marker LAMP1 (arrows). Scale bar, 10 ym;

inset, 5 pm.

membrane proteins (Datta et al., 2011). Rab 27 and Rab3 initiate a
single lumen to form cysts (Galvez-Santisteban et al., 2012), and
early events in cyst morphogenesis require Rab11a, Rab8a, and
Rab25 (Bryant et al., 2010). Loss of claudin-2 disrupts the develop-
ment of epithelial cysts in 3D culture (Galvez-Santisteban et al.,
2012), and a related claudin, claudin-15, is essential for lumen for-
mation in zebrafish intestine (Bagnat et al., 2007). We show here
that Rab14-KD results in the formation of multilumen cysts. Of inter-
est, even with the multilumen phenotype, apical and basolateral
markers are targeted to the correct membrane domains. Whereas

1750 | R.Luetal

Rab14 has been implicated in apical targeting of VIP/Mal, gp135/
podocalyxin is normally targeted when Rab14 activity is disrupted
(Kitt et al., 2008). For cyst morphogenesis, it may be that the aber-
rant targeting of apical proteins and loss of claudin-2 expression
combine to disrupt cyst formation.

We find that depletion of Rab14 causes a selective loss of clau-
din-2 from epithelial cells. We propose that Rab14 normally acts to
retain claudin-2 in the recycling pathway, and failure of Rab14 to sort
claudin-2 from endosomes to the junctional region results in target-
ing to lysosomes. We do not know whether Rab14 binds directly to
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claudin-2 or whether the effects of Rab14 are mediated through
other effectors, such as motor proteins. Future work will determine
whether phosphorylation or other posttranslational modifications of
claudin-2 modulate the effect of Rab14 on this trafficking.

MATERIALS AND METHODS

Materials

Cell culture reagents were obtained from Mediatech (Manassas,
VA). The following antibodies were used: rabbit anti-Rab14 (AVIVA,
San Diego, CA), rabbit anti-Rab14 (Sigma-Aldrich, St. Louis, MO),
rat anti-E-cadherin (DECMA; Sigma-Aldrich), mouse anti-gp135
(gift from K. Matlin, University of Cincinnati, Cincinnati, OH), and
rabbit anti—claudin-1, rabbit and mouse anti—claudin-2, mouse anti—
claudin-4, and rabbit and mouse anti-occludin (all from Invitrogen,
Grand Island, NY). Alexa Fluor secondary antibodies were also from
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shRNA Control

shRNA Rab14

Depletion of Rab14 in high-TER MDCK | cells does not
increase TER. (A) MDCK | cells were infected with the same lentiviral
vectors as in Figure 1A. Cell lysates were analyzed by Western
blotting and probed with Rab14 antibody. B-Actin was used as loading
control. (B) Control and knockdown cells were plated on Transwell
filters, and the TER was measured 7 d after plating. The TER is not
significantly changed in Rab14-knockdown cells. Graph represents
a single experiment performed in triplicate. n.s., not significant.

(C) MDCK | control and Rab14-KD cells were fixed and labeled with
tight junction markers. The distributions of occludin, claudin-1 and -4,
and ZO-1 appear normal. Scale bar, 10 pm.

Invitrogen. All other chemicals and reagents were from Sigma-
Aldrich unless otherwise specified.

Plasmid/lentivirus constructs

pLKO-shRNAs Rab14 were a gift from the Broad Institute, Harvard
Medlical School. The following sequences are used for the knock-
down of Rab14:
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Rab14 knockdown impairs cyst formation. (A) Rab14-KD and control cells were plated in Matrigel and grown
for 4 d, followed by labeling for apical and basolateral markers. The basolateral and junctional markers E-cadherin and
claudin-1 maintain the correct localization, and the apical marker gp135 (podocalyxin) is targeted to the apical plasma
membrane. However, knockdown of Rab14 results in the formation of multiple-lumen cysts. (B) Quantification of the
percentage of single lumen cysts (n > 200, **p < 0.001, mean + SEM). Scale bar, 10 pm.

E9: GAAGCCAAACAGTTTGCTGAA
E11: GGTGTTGAATTTGGTACAAGA

Knockdown was confirmed and quantified by immunoblotting
using anti-Rab14 antibody (see later description). Rab14-GFP plas-
mids were previously described (Kitt et al., 2008). Relative expres-
sion levels of Rab14-GFP plasmids compared with endogenous
Rab14 are illustrated in Supplemental Figure S3.

Cell culture

MDCK cells were used in all experiments, and the low-resistance
MDCK |l strain was used for the majority of experiments unless oth-
erwise indicated. Cells were cultured in DMEM-High glucose (Medi-
atech) supplemented with 10% fetal bovine serum (FBS; Atlanta Bio-
logicals, Lawrenceville, GA), 1% nonessential amino acids
(Mediatech), and 1% Pen/Strept/L-Glut (Sigma-Aldrich) under 5%
CO, at 37°C.

Cells were transfected using the Amaxa nucleofection system
using solution T and setting P-029. Cells were selected with
400 pg/ml G418. For lentiviral transduction to knock down
Rab14 expression, cells were infected in the presence of 6 ug/ml
Polybrene (Sigma-Aldrich) overnight followed by selection in
growth medium containing 2 pg/ml puromycin. Cells were
maintained in growth medium with 2 pg/ml puromycin, and
knockdown was confirmed throughout the course of the
experiments.

For TER measurements, cells were plated at a density of 1.3 x
10° cells/cm? on filter inserts (3460; Corning, Corning, NY) and cul-
tured for 4-5 d. TER was measured with a Millicell ERS-2 epithelial
volt-ohm meter (Millipore, Billerica, VA). TER measurements are
expressed as ohms-centimeter squared (Q-cm?). TER measurements
were performed in triplicate.

For calcium switch experiments, cells were plated at 1 x 10%/well
on coverslips in a 24-well plate and grown to confluence. Cells were
incubated in calcium-free medium (Spinner plus 10% dialyzed FBS)
for 18-20 h, and loss of cell—cell contact was confirmed by phase
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microscopy. Regular calcium-containing medium was added, and
cells were fixed at time points after medium change as indicated in
the figures.

For ammonium chloride treatment, control and knockdown cells
were incubated in medium containing 20 mM NH4Cl for 24 h before
lysis for Western blotting or fixation for immunofluorescence.

Immunofluorescence labeling and fluorescence microscopy
Cells were cultured on sterilized coverslips or Transwell filters as de-
scribed. For imaging cells on filters, cells were plated at confluent
density (2 x 10° cells/cm?) cultured for 3-5 d. For immunofluores-
cence labeling, cells were fixed in 4% paraformaldehyde, permeabi-
lized with 0.2% saponin/phosphate-buffered saline (PBS), and incu-
bated in primary antibodies overnight at 4°C, followed by incubation
with fluorescent secondary antibodies. Images were acquired using
an Olympus FluoView confocal microscope (Olympus, Tokyo,
Japan) with a 60x (numerical aperture 1.4) oil immersion objective.
Excitation wavelengths of 488, 568, and/or 633 nm were used for
simultaneous two- or three-channel recording. Images were pro-
cessed and merged using Photoshop (Adobe, San Jose, CA) or
ImageJ (National Institutes of Health, Bethesda, MD). For compari-
son, identical imaging and processing parameters were used in
each experiment.

Tight junction quantification

For each sample, images were obtained at 60x magnification and
tight junction formation quantified using ImageJ. For claudin-1
labeling, lines were drawn through the junction perpendicular to the
lateral membrane and pixel intensity quantified. A pixel intensity of
50 was used as baseline, and higher values were considered part of
the junction. Values were graphed across the junction width. Junc-
tion widths were then averaged. Maturation of occludin labeling
was measured by percentage of the lateral membrane occupied by
occludin labeling. By use of ImageJ, cell junctions were traced, and
the ratio of occludin-positive junction over total junction length was
calculated. Error bars are SEM.
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Internalization and recycling assays

Cell surface biotinylation was accomplished using a reversible bioti-
nylation kit (89881; Thermal Scientific, Rockford, IL). Cell surface
proteins were biotinylated with 0.25 mg/ml Sulfo-NHS-SS-Biotin on
ice for 30 min. Unbound biotin was quenched according to manu-
facturer instructions, and cells were then incubated at 37°C for
10 min to allow internalization of cell surface proteins. Cells were
cooled to 4°C and washed three times with 100 mM MESNA in PBS
and quenched with 5 mg/ml iodoacetimide. For internalization
assays, cells were immediately lysed in RIPA buffer (20 mM Tris,
100 mM NaCl, 1% Triton, 1% Na-deoxycholate, 0.1% SDS). For re-
cycling assays, cells were incubated at 37°C for 10 min, reduced,
and lysed as described. Clarified cell lysates were incubated with
NeutrAvidin agarose for 60 min at room temperature. Beads were
washed with RIPA buffer before heating to 95°C for 5 min in SDS-
PAGE sample buffer (62.5 mM Tris-HCl, pH 6.8, 1%SDS, 10% glyc-
erol, 50 mM dithiothreitol [DTT]). Recycled proteins were deter-
mined by subtracting remaining biotinylated protein from
biotinylated protein detected after 10-min internalization.

Western blot analysis

After lysis, protein concentrations were analyzed with the Pierce
(Rockford, IL) protein assay reagent. Samples were solubilized with
LiCor sample buffer (LiCor, Lincoln, NE) with 400 mM DTT. Blots
were blocked with LiCor blocking buffer and then probed with
primary antibodies diluted in 0.05% Tween LiCor blocking buffer.
Secondary antibodies were rabbit or mouse IR-Dye 680 or 800 in
LiCor blocking buffer. Membranes were imaged using a LiCor Odys-
sey scanner. Boxes were manually placed around each band of inter-
est, which returned near-infrared fluorescence values of raw inten-
sity with intralane background subtracted using Odyssey 3.0
analytical software. The fluorescence value for each protein of inter-
est was normalized to the in-lane value of B-actin, and this normal-
ized ratio from duplicate or triplicate lanes was averaged. Data were
analyzed using an unpaired t test. Measures were considered signifi-
cant when p < 0.05. Error bars are SEM.

Cyst culture

Eight-well chamber slides were coated with 10 pl/well Matrigel, and
cells (1000 cells/well) were added. Added to each well was 200 pl of
media with 2% Matrigel. For quantification of lumen formation, cysts
were fixed and labeled with antibodies against gp135 (podocalyxin)
and E-cadherin after 4 d in culture. Cysts were quantified using a
20x objective and counted as single-lumen or multilumen cysts.

Statistical analysis

Western blots, TER, and morphological data were quantified as de-
scribed. Data are presented as mean + SEM. Graphical presentation
of results and statistical analysis were carried out using Excel (Micro-
soft, Redmond, WA). Error bars are SEM, and significance values
were calculated using a two-tailed unpaired t test at a 95% confi-
dence interval.
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