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ABSTRACT Uroplakins (UPs) are major differentiation products of urothelial umbrella cells
and play important roles in forming the permeability barrier and in the expansion/stabiliza-
tion of the apical membrane. Further, UPla serves as a uropathogenic Escherichia coli recep-
tor. Although it is understood that UPs are delivered to the apical membrane via fusiform
vesicles (FVs), the mechanisms that regulate this exocytic pathway remain poorly understood.
Immunomicroscopy of normal and mutant mouse urothelia show that the UP-delivering FVs
contained Rab8/11 and Rab27b/Slac2-a, which mediate apical transport along actin fila-
ments. Subsequently a Rab27b/Slp2-a complex mediated FV-membrane anchorage before
SNARE-mediated and MAL-facilitated apical fusion. We also show that keratin 20 (K20),
which forms a chicken-wire network ~200 nm below the apical membrane and has hole sizes
allowing FV passage, defines a subapical compartment containing FVs primed and strategi-
cally located for fusion. Finally, we show that Rab8/11 and Rab27b function in the same
pathway, Rab27b knockout leads to uroplakin and Slp2-a destabilization, and Rab27b works
upstream from MAL. These data support a unifying model in which UP cargoes are targeted
for apical insertion via sequential interactions with Rabs and their effectors, SNAREs and
MAL, and in which K20 plays a key role in regulating vesicular trafficking.
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INTRODUCTION

The targeting of proteins to a particular membrane subdomain,
such as the apical surface of epithelial cells, is a vitally important cel-
lular function. The terminally differentiated superficial umbrella cells
of the multilayered bladder urothelium provide an excellent model
system for the study of apical targeting because they synthesize a
large amount of apically targeted uroplakins, a group of integral
membrane proteins that form two-dimensional (2D) crystalline
“plaques” that cover almost the entire urothelial apical surface (Wu
et al.,, 1990, 1994, 2009; Lin et al., 1994; Yu et al., 1994; Sun et al.,
2013).
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There are four major uroplakins (UPs): UPla and UPlb belong to
the tetraspanin family and have four transmembrane domains
(TMDs; Wu et al., 1990; Yu et al., 1990, 1994), whereas UPIl and llla
have a single TMD and share a juxtamembrane stretch of ~12 amino
acid residues (Wu et al., 1990; Wu and Sun, 1993; Lin et al., 1994).
Although cotransfection studies demonstrated that these can exist
independently as la/ll and Ib/llla heterodimers, they pair to form la/
[I-Ib/1lla tetramers, which then hexamerize to form 16-nm particles
upon exit from the endoplasmic reticulum (Tu et al., 2002; Hu et al.,
2005, 2008). These particles are hexagonally packed to form urothe-
lial plaques that are flattened and rigid looking (Kachar et al., 1999).
Two of these plaques, interconnected by a flexible “hinge,” form a
fusiform vesicle (FV), which deliver the two plaques to the apical
membrane (Kachar et al., 1999; Liang et al., 1999; Hudoklin et al.,
2012). The structure of the uroplakin plagues has been studied by
negative staining, quick-freeze deep-etch, and cryo—electron mi-
croscopy (EM), which yielded a uroplakin structural model at 6-A
resolution (Walz et al., 1995; Min et al., 2003, 2006). Gene ablation
and physiological studies showed that uroplakins have important
biological functions, including the formation of a highly effective
urothelial permeability barrier (Hu et al., 2000, 2002; Kong et al.,
2004), the expansion and stabilization of the apical surface (Hu
et al., 2000; Kong et al., 2004), and the reversible adjustment of the
umbrella cell apical surface area during the micturition cycle (Lewis
and de Moura, 1982; Truschel et al., 2002; Wang et al., 2005; Yu
et al., 2009). In addition, uroplakin la serves as a receptor for type 1
fimbriated uropathogenic Escherichia coli (Wu et al., 1996; Zhou
et al., 2001; Liu et al., 2015).

Regulated exocytosis of the FV is coordinated by Rab GTPases,
a family of proteins that can direct vesicular traffic (Agola et al.,
2011; Hutagalung and Novick, 2011). We showed previously that
Rab27b but not its closely related Rab27a is highly enriched in uro-
thelial umbrella cells, where it localizes to FVs (Chen et al., 2003). In
addition, Khandelwal et al. (2008, 2013) reported that Rab11a is in-
volved in the initial transport of vesicles from the trans-Golgi net-
work (TGN), whereas Rab8a and myosin Vb are responsible for sub-
sequent trafficking of FVs to the cell surface. Beyond this, however,
the precise roles of Rab27b and its relationship with the Rabs11/8
pathway in FV trafficking remain unclear.

Myelin-and-lymphocyte protein (MAL, or VIP17) is another major
component in FV exocytosis and is associated with the FV hinge
(Zhou et al., 2012). Conflicting data exist regarding the role of MAL
in epithelial protein trafficking. Some investigators suggested that
MAL functions in the sorting of apical membrane proteins in the
TGN (Cheong et al., 1999; Puertollano and Alonso, 1999; Puertol-
lano et al., 1999). However, we showed that in Madin-Darby canine
kidney (MDCK) cells, via knockdown experiments, and in mutant
mouse urothelia (MAL knockout and overexpression), MAL plays no
role in apical targeting. Instead, it facilitates the apical fusion of the
uroplakin vesicles (Zhou et al., 2012). Thus the precise roles of MAL
in FV trafficking remain to be established.

It has also been reported that soluble N-ethylmaleimide—sensi-
tive factor attachment protein receptor (SNARE) proteins (Jahn and
Scheller, 2006) are present in FVs and the apical surface in urothelial
umbrella cells in rats, suggesting that these proteins may play a role
in mediating FV fusion (Born et al., 2003). However, which SNAREs
are present and what their role is in the urothelium are poorly
understood.

In this work, we study uroplakin exocytosis by colocalizing uropla-
kins with a number of trafficking molecules in mouse urothelial um-
brella cells. In addition, we examine the phenotypes of several geneti-
cally modified mice, including Rab27b-, VAMP8-, and MAL-knockout
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animals, as well as mice carrying inactivating mutations of the Rab27b
effector, Slac2-a. Our results show that uroplakin vesicles are targeted
to the apical membrane via sequential interactions with Rab11, Rab8,
and Rab27b, and their effectors, culminating in a final step of SNARE-
mediated and MAL-facilitated apical fusion. We also demonstrate
that a dense network of keratin 20 (K20) defines a subapical compart-
ment containing uroplakin vesicles that are primed for apical fusion.
On the basis of these data, we propose a unifying model in which UP
cargoes are targeted for apical insertion via sequential interactions
with Rabs and their effectors, SNAREs and MAL, and in which K20
plays a key role in regulating vesicular trafficking

RESULTS

Rab27b-containing vesicles reside subapically above

a K20 keratin-rich zone

We showed previously that Rab27b localized mainly near the apical
membrane of umbrella cells (Chen et al., 2003). Given that keratin
K20 forms a subapical band in this region (Moll et al., 1990; Veranic
and Jezernik, 2002), we investigated the relationships between K20,
UPllla, and Rab27b by immunostaining (Figure 1). Our data confirmed
those of Veranic and Jezernik (2002), who showed that K20 forms a
subapical, chicken wire-like lattice that partially excludes uroplakins
(Figure 1A) and had holes large enough to permit FV traffic, as shown
by immunostaining of tangential sections (Figure 1B) and whole-
mount preparations (Figure 1C). Rab27b was localized above the K20
zone (Figure 1D) in close association with the apical membrane
(Figure 1E3), as observed after double staining of Rab27b and K20.

Rab27b deficiency reduces the uroplakin content

of umbrella cells

To understand the functional significance of Rab27b, we compared
wild-type (Wt) and Rab27b-null mouse urothelium (Tolmachova
et al., 2007). Immunofluorescence (IF) microscopy revealed that in
normal urothelium, both Rab27b and uroplakin UPllla were enriched
in upper cell layers (Figure 2A; Chen et al., 2003) and that in Rab27b-
knockout mice (Figure 2B1), there was a decrease in uroplakin stain-
ing in umbrella cells (Figure 2B2; cf. Figure 2A2). This decrease was
measured by quantification of the UPllla staining intensity in um-
brella cells outlined by pericellular keratin 8 (K8) staining (Figure 2,
C and D) and corroborated by transmission EM (TEM) results show-
ing diminished FVs (Figure 2, F and G). The decrease in UP was
Rab27b specific. A mouse strain (ashen) carrying an inactivating mu-
tation in Rab27a (Barral et al., 2002; Tolmachova et al., 2007), which
is closely related but not expressed in urothelium (Chen et al., 2003),
had no differences in umbrella cell ultrastructure (Figure 2H) or uro-
plakin staining intensity (unpublished data). In addition, Rab27b
knockout did not induce compensatory Rab27a expression in uro-
thelium (Figure 2E). These data established that deficiency in
Rab27b led to a reduced uroplakin level in umbrella cells.

Rab11 and Rab8 are located primarily on uroplakin vesicles
below the K20 zone

As noted earlier, Khandelwal et al. (2008, 2013) reported that Rab11
and subsequently Rab8 mediate stretch-induced apical uroplakin de-
livery. They also suggested that Rab27b functions in a separate con-
stitutive exocytic pathway (Khandelwal et al., 2013). To determine
the sites of action of these Rabs, we localized all three of them, as
well as several of their effector proteins, in conjunction with UPllla
and K20 (Figure 3). We found that most of the Rab11 was located
below the K20 zone (Figure 3A) and Rab27b (Figure 3B). Of interest,
some of the Rab11 overlapped with Rab27b (Figure 3B) and UPIlla
(Figure 3C), and in these cases, we could show by triple staining the
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E3. Rab27b/UPllla

A subapical keratin K20 band defines a compartment
containing most of the Rab27b-associated FVs in umbrella cells.
Paraffin sections of mouse bladder or a whole-mount (C) of the
urothelium were immunostained for confocal microscopy.

(A1-A3) Double staining of K20 (A1) and UPIlla (A2), showing a
subapical, dense keratin K20 band (brackets) and the partial exclusion
of uroplakins from this band; a merged image is shown in A3. L, lumen
of the bladder. Note that the K20 band was 200 + 100 nm (SD) below
the apical surface and was 1.75 + 0.45 pm thick. (B, C) Double staining
of keratin 20 (red) and uroplakin (green) in a tangential section (B),
showing holes in the K20 (arrows), and in a mouse bladder whole
mount (C), showing an extensive chicken wire-like K20 network with
hole sizes slightly larger than the FVs (0.6-0.8 pm in diameter). (D1-D3)
Double staining of Rab27b (D1) and K20 (D2), showing that Rab27b is
mostly located above the K20 zone (brackets). (E1-E3) Double staining
of Rab27b (red) and UPIlla (green), showing the close association of
Rab27b-containing vesicles with the apical membrane. Bars, 5 pm.

existence of UP vesicles containing both Rab11 (Figure 3D1) and
Rab27b (Figure 3D2). Similarly, Rab8 was mostly located below the
K20 (Figure 4A) and Rab27b zones (Figure 4B). In some areas, Rab8
could be seen to colocalize with UPIlla (Figure 4C) and the Rab27b
effector myosin Va (Figure 4D) in an actin-containing subapical zone
(Figure 4E). We studied myosin Va here, instead of Vb (Khandelwal
etal., 2013), because it specifically interacts with the Rab27b/Slac2-a
complex (Fukuda, 2013). Like myosin Vb, myosin Va also associates
with both Rab11a and Rab8a (Roland et al., 2009; Sun et al., 2014).
Together these results suggest that Rab11 and Rab8 functioned
mainly below the K20 zone (Figures 3 and 4) and upstream from the
apically enriched Rab27b (Figure 1).

Rab27b-associated proteins in urothelial umbrella cells

We determined which Rab27b-binding partners were present in
mouse urothelial extracts by reverse transcription (RT)-PCR
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Rab27b-null mouse urothelium has reduced uroplakin
level. (A, B) Paraffin sections of Wt (A) and Rab27b-KO (B) mice were
double stained for IF microscopy using antibodies to Rab27b (A1, B1)
and UPllla (A2, B2). All images had the same exposure time. Note
decreased UP staining in the Rab27b-KO urothelium (B2 vs. A2).

(C1, C2) Double staining of a section of Wt urothelium using
antibodies to UPllla (C1) and keratin 8 (K8; C2), showing the umbrella
cells (dashed lines). (D) Quantification of IF staining intensities in the
urothelial umbrella cells of Wt and Rab27b KO urothelia. The intensity
of UPllla (mean + SEM) was significantly lower than that of Wt

(*p < 0.0001; n = 6; two images from each section from three
independent experiments; arbitrary units, Wt = 1.0). (E) RT-PCR
detection of hypoxanthine phosphoribosyltransferase 1 (HPRT;
loading controls; lanes 1-4) and Rab27a (lanes 5-8) of mouse pancreas
(P; odd lanes) or bladder urothelium (U; even lanes) from Wt (lanes 1,
2,5, and 6) and Rab27b KO mice (lanes 3, 4, 7, and 8). M, molecular
weight markers. Note that Rab27b KO did not induce the expression
of Rab27a, an isoform of Rab27b. (F-H) TEM of urothelia from Wt (F),
Rab27b-null (G), and Rab27a mutation mice (H; ashen mice). Note that
a representative image of the Rab27b KO urothelium (G) has fewer
fusiform vesicles (arrows) and prominent multivesicular bodies (*),
whereas Rab27a mutant urothelium (H) has normal morphology. Bars,
20 pm (A-C), 1 pm (F-H).

(Figure 5A) and immunoblotting (Figure 5B) and identified Slp1,
Slp2-a, Slp4-a, Slp5-a, and Slac2-a. We next screened our antibodies
and found that those against Slp2-a and Slp4-a worked well in im-
munoprecipitation assays. They pulled down Slp2-a/Rab27b and
Slp4-a/Rab27b complexes, respectively (Figure 5C). Of interest, nei-
ther of these two antibodies pulled down an Slp2-a/Slp4-a/Rab27b
tertiary complex (Figure 5C), indicating that Rab27b bound to Slp2-a
or Slp4-a in a mutually exclusive manner. This is consistent with the
fact that Slp2-a and Slp4-a share a Rab27b-binding site (the SHD
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Rab11 was largely located below the K20 network.
Paraffin sections of mouse bladder were double (A-C) or triple
stained (D) for confocal microscopy using antibodies to (A) Rab11 (A1)
and K20 (A2); (B) Rab11 (B1) and Rab27b (B2); (C) Rab11 (C1) and
UPllla (C2); and (D, triple staining) Rab11 (D1), Rab27b (D2), and
UPllla (D3). Note that in A, most of the Rab11 was below the K20
band; in B, some of the Rab11 overlapped with Rab27b slightly below
the K20 zone; in C, Rab11 was colocalized well (arrows) with uroplakin
Illa; and in D, some uroplakin (UPllla-positive) vesicles contained both
Rab11 and Rab27b (arrows). Bars, 5 pm.

domain; Fukuda, 2006). Finally, in extracts of Rab27b-knockout mice,
we found reduced urothelial levels of some Rab27b-binding part-
ners, including Slp2-a and Slp-5 (Figure 5D; for IF staining of Slp2-a,
also see Figure 8E).

Formation of the Rab27b/Slac2-a/myosin Va/actin complex
on uroplakin vesicles
In melanocytes and other cell types, Slac2-a forms a tripartite com-
plex with Rab27 and myosin Va to mediate vesicle transport along
actin filaments to the cell periphery (Wu et al., 2002). We found in
umbrella cells that Slac2-a was highly concentrated in the K20 zone
(Figure 6, A1 and B1) containing uroplakin-positive FVs (Figure
6B2). Some Slac2-a staining extended above the K20 zone, where
it overlapped with Rab27b (Figure 6C) and myosin Va (Figure 6D).
Slac2-a has an actin-binding domain separate from its myosin
Va-binding site (Fukuda and Kuroda, 2002). Indeed, subapical stain-
ing for Slac2-a overlapped with that of actin (Figure 6E), although, as
previously reported, the actin staining was relatively weak in this re-
gion (Romih et al., 1999; Khandelwal et al., 2013). To understand the
functional importance of Slac2-a, we studied the effects of its inacti-
vation in the umbrella cells of leaden mice, which carry a Slac2-a-in-
activating mutation (Fukuda, 2002; Nagashima et al., 2002). The
results showed that Slac2-a inactivation led to an umbrella cell phe-
notype similar to that observed in the Rab27b-knockout mice,
including a reduced cell height (between arrows in Figure 7, A-C;
quantified in D, top), reduced UP staining (quantified in Figure 7D,
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Rab8 was largely located below the K20 network. Paraffin
(A, B, and D) or frozen (C, E) sections of mouse bladder sections were
double stained for confocal microscopy using antibodies to (A) Rab8
(A1) and K20 (A2); (B) Rab8 (B1) and Rab27b (B2); (C) Rab8 (C1) and
uroplakin llla (C2); (D) Rab8 (D1) and myosin Va (D2); and (E) actin (E1)
and myosin Va (E2). Note that Rab8 is largely located (brackets) below
the K20 network (A) and the Rab27b zone (B), some of the Rab8 is
colocalized (arrows) with UPIlla (C) and myosin Va (D), and actin (E1)
and myosin Va (E2) are present in the subapical zone. Bars, 5 pm.

bottom), and a reduced number of fusiform vesicles by TEM (Figures
2G and 7E).

Formation of the Rab27b/Slp2-a complex

on uroplakin vesicles

Slp2-a, another Rab27b-associated protein that was expressed in
urothelium (Figure 5B), was highly enriched, like Rab27b, in the sub-
apical compartment above the K20 zone (Figure 8, A and B). In tri-
ple-staining experiments, Slp2-a colocalized well with Rab27b
(Figure 8C2) and uroplakin Illa (Figure 8C3). Moreover, we found
that Rab27b knockout selectively and drastically reduced Slp2-a
staining of the umbrella cells (compare Figure 8, D1 vs. E1, and D3
vs. E3). Immuno-EM studies showed that Slp2-a was associated with
fusiform vesicles near the apical surface of Wt umbrella cells and
was absent in the Rab27b-null mice (Figure 8, F and G). These re-
sults indicate that in urothelial umbrella cells, Slp2-a is associated
with, and stabilized by, Rab27b.

Identification of the urothelial SNAREs and effects

of VAMP8 knockout

To understand the possible roles of SNARE proteins in uroplakin
delivery, we identified several SNAREs in mouse urothelium by
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Identification of the mouse urothelial Rab27b-associated
proteins and their interactions with Rab27b. (A) Detection by RT-PCR
of the urothelial mMRNAs encoding Rab27b-binding proteins in RNA
preparations from (lane 1) mouse urothelium, (2) pituitary, (3) brain,
(4) lung, (5) liver, (6) kidney, (7) Melan-A cells, and (8) a no-template
control. (B) Immunoblot detection of the Rab27b-interacting proteins
in the total proteins of (lane 1) mouse urothelium, (2) an insulin-
secreting cell line (Ins-1), (3) Melan-A cells, (4) mouse pituitary, and
(5) liver. (C) Coimmunoprecipitation of Rab27b with Slp2-a and Slp4-a.
Mouse urothelial proteins solubilized with 0.25% Triton X-100 were
resolved by SDS-PAGE either (lane 1) directly or after
immunoprecipitation with antibodies to (2) Slp2-a, (3) Slp4-a, or
(4) control immunoglobulin G (IgG). The resolved proteins were then
immunoblotted using antibodies to Slp2-a (top), Slp4-a (middle), or
Rab27b (bottom). The band below Rab27b represents the IgG light
chain. Note that Rab27b coimmunoprecipitated with both Slp2-a and
Slp4-a in a mutually exclusive manner. (D) Effects of Rab27b KO on
the levels of its associated proteins, as assessed by immunoblotting of
urothelial extracts; actin was used as a loading control.

immunoblotting (Figure 9), including target (t)-SNAREs (syntaxins
2,3,and 11, as well as SNAP23) and vesicle (v)-SNAREs (VAMPs 7
and 8 and Vti1b). Although it had been reported that rat bladder
urothelium expressed syntaxin 1 and VAMP2 (Born et al., 2003), we
could not detect them in either mouse (Figure 9) or rat urothelium
(unpublished data). SNAP23 (Figure 10A) and syntaxin 2 (Figure
10B) appeared to be associated with the apical surface, whereas
syntaxin 11 was mostly on cytoplasmic vesicles (Figure 10C).
VAMP8 was partially colocalized with the UPllla-labeled FVs (Figure
10D) and MAL (Figure 10E), which, we showed earlier, is associ-
ated with the hinge region of FVs (Zhou et al., 2012). By immuno-
EM, we confirmed that VAMPS8 was associated with FVs (Figure 11F).
To understand the functional importance of VAMP8, we examined
the effects of knocking out its gene in mice (Wang et al., 2004,
2007; Figure 11, A and B). VAMP8 knockout led to a dramatic
change in urothelial morphology, that is, the normally three- or
four-layered “stratified squamous” urothelium was replaced by a
much thicker, stratified columnar epithelium with much smaller
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Immunolocalization of Slac2-a and its interacting proteins.
Paraffin (A-D) or frozen (E) sections of mouse bladder were double
stained for confocal microscopy using antibodies to (A) Slac2-a (A1)
and K20 (A2); (B) Slac2-a (B1) and UPIlla (B2); (C) Slac2-a (C1) and
Rab27b (C2); (D) Rab27b (D1) and myosin Va (D2); and (E) Slac2-a (E1)
and actin (E2). Note in A the high concentration of Slac2-a in the K20
zone and slightly above it; in B, the strong Slac2-a staining (arrows)
surrounding the UPllla-containing FV; in C, the colocalization of
Slac2-a with Rab27b (arrows), and in D, with myosin Va (arrows); and
in E, the presence of Slac2-a and actin near the K20 zone (also see
Figure 4E1). Bars, 5 pm.

superficial cells (15-25 instead of 60-90 pm in diameter; Figure 11,
C-E, G and H). TEM images showed that the superficial cells had
more multivesicular bodies (Figure 11H).

Using high-resolution scanning EM, we confirmed that the
VAMP8-null superficial cells were much smaller (15-25 pm; Figure
11K) than normal and observed that their apical surfaces lacked uro-
thelial plaques (Figure 11L). These phenotypes were similar to those
of uroplakin knockouts (KOs; Hu et al., 2000; Kong et al., 2004) but
distinct from those of the Rab27b KO, which had a relatively normal
apical membrane covered with urothelial plaques (Figure 11M; see
Discussion). Of interest, we found many invaginations on the apical
surface of the normal mouse umbrella cells that were in the size
range of uroplakin plaques (Figure 11J, arrows). These invaginations
were present in the Rab27b KO but absent in the VAMP8 KO (see
Discussion).

Phenotype of the urothelium in MAL-Rab27b
double-knockout mice

As noted earlier, MAL is associated with the hinge areas of the FVs
(Zhou et al., 2012). This association could be seen even more clearly
when viewed in tangential tissue sections (Figure 12A) and in whole
mounts in the form of small dots of MAL surrounding the uroplakin
vesicles (Figure 12B). Furthermore, we found that MAL was enriched
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UPllla levels were reduced in umbrella cells of Rab27b-null
and Slac2-a mutant mice. Paraffin sections of Wt (A), Rab27b-KO (B),
and Slac2-inactivating mutant (Slac2*; C) bladders were double
stained for confocal microscopy using antibodies to uroplakin llla (A1,
B1, and C1) and K8 (A2, B2, and C2). Note that the urothelia of both
Rab27b-KO (B) and Slac2* (C) had thinner umbrella cells (with dense
pericellular K8 staining; between arrows) and weaker UPllla IF staining
than the Wt (A). Bar, 10 um. (D) Quantification (as described in
Figure 2C) showed that a decrease in the integrated UPIlla IF staining
intensity in the umbrella cells of the two mutant mice was statistically
significant (*p < 0.0001; Wt and Rab27b data are the same as in
Figure 2D; five images from two separate sections). Cell height
was also markedly reduced (*p < 0.01; same images as top).
(E) Representative TEM image of the Slac2-a mutant mouse
urothelium, showing decreased FVs and increased multivesicular
bodies, similar to the Rab27b-null mice (Figure 1, F and G). Bar, 1 pm.

in the subapical zone (Figure 12C), where it colocalized well with
Rab27b (Figure 12D). To critically test our earlier suggestion that MAL
is involved in FV fusion with the apical membrane (Zhou et al., 2012),
we compared the phenotypes of mouse urothelia that are null in
Rab27b, MAL, or both (double knockout [DKO]; Figure 13). Control
experiments confirmed that the urothelia of the DKO mice were de-
void of both Rab27b and MAL, as assessed by RT-PCR (Figure 13A),
immunoblotting (Figure 13B), and IF staining (Figure 13F, 1 and 2).
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Immunolocalization of Slp2-a and its interacting proteins.
Paraffin sections from Wt or Rab27b-KO (E) bladders were double- or
triple-immunostained for confocal microscopy using antibodies to (A,
B) Slp2-a (A1; triple staining of a single section), Rab27b (A2), UPllla
(A3), or K20 (B; staining of a neighboring section). Note the
enrichment of all four antigens in the subapical zone (thin arrow) and
the enhanced subapical UP accumulation in areas with less K20
staining (thick arrow). (C) Triple staining: Slp2-a (C1), Rab27b (C2), and
UPllla (C3). Note the colocalization of the three antigens on the apical
membrane, with some uroplakin vesicles just underneath it, as well as
in the K20 network (arrows). (D, E) Immunostaining of Slp2-a (D1, E1)
and UPllla (D2, E2). Note, in E, the disappearance of Slp2-a (arrows) in
the Rab27b-KO umbrella cells (brackets). Bars, 10 ym. (F, G). TEM
localization of Slp2-a (arrowheads) in the FVs of Wt (F) but not
Rab27b-KO urothelia (G), consistent with the IF results. Bars, 0.5 pm.

We found that, as was true in the Rab27b KO, the DKO urothelium
had a reduced uroplakin IF staining (Figure 13, F3 vs. C3; quantified
in G), suggesting that Rab27b acted upstream from MAL in the UP
exocytic pathway (see Discussion).

DISCUSSION

Keratin 20 defines a subapical compartment containing
Rab27b-associated FVs primed for apical insertion

Keratin 20 has an relatively narrow tissue distribution (Moll et al.,
1982) and is known to form a dense, subapical band in bladder and
intestinal epithelia cells (Moll et al., 1990, 1993; Veranic and Jezemik,
2002; Zhou et al., 2003). FVs have been detected within this subapical
band, and it has been suggested, based on the finding that stretch-
ing increases the hole size, that K20 might play a role in regulating
vesicle delivery (Veranic and Jezernik, 2002; Kreft et al., 2010). Our
data demonstrate that the fusiform vesicles above and below the K20
band are associated with different sets of Rabs and their effectors
(Figures 3, 4, 6, and 8) and that there is enhanced uroplakin accumu-
lation in the subapical zone in areas with weaker K20 staining (Figure
8, A and B). Overall our results indicate that in mouse urothelial um-
brella cells, the FVs undergo sequential changes in their associated
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Mouse urothelial SNARE proteins. Total protein extracts of
mouse urothelium (odd lanes) and brain (even lanes) immunoblotted
using antibodies to t-SNAREs (left) and v-SNARES (right), as indicated.
Anti-uroplakin Illa was included as a control.

trafficking molecules and that the K20 network forms a boundary
between the subapical FVs that are primed for apical fusion and those
of the cytoplasmic pool below. They further suggest that the K20
network might play a functional role in controlling the passage of FVs
into the subapical compartment (see Figure 14 for a model of uropla-
kin exocytosis).

Rab27b plays a key role in regulating the trafficking

and stability of the uroplakin-delivering vesicles

Even though we have not measured the apical insertion rate of
uroplakin per se, our results strongly suggest that Rab27b plays a
crucial role in uroplakin exocytosis. The importance of Rab27b,
coupled with its binding protein, Slac2-a, is supported by the fol-
lowing data. First, Rab27b is associated with FVs near or at the
apical membrane (Figures 1, 3, 4, 6, 8, and 12), and Rab27b knock-
out led to decreases in the uroplakin content and cellular height
(related to cell volume) of the umbrella cells (Figure 7). Second,
some of the Rab27b-containing FVs are associated with its effector
proteins, Slac2-a and myosin Va (Figure 6). Mice with mutations in
Slac2-a, which, together with myosin Va, is believed to be respon-
sible for tethering secretory vesicles to and transport along the ac-
tin cytoskeletal network (Nagashima et al., 2002; Westbroek et al.,
2004), have a similar umbrella cell phenotype to Rab27b-knockout
mice, including decreased uroplakin content and cell height (Figure
7, C and D). Third, our studies revealed a tremendous accumula-
tion of Slac2-a in the K20 zone (Figure 6, A-C), suggesting that ei-
ther K20 per se or some of its associated proteins have a high affin-
ity for Slac2-a. We hypothesize that the “tunnels” going through
the K20 network must be bathed in a high concentration of Slac2-
a, which may push the equilibrium in favor of replacing the FV-as-
sociated Rab11/8 by the Rab27b/Slac2-a complex. In other words,
the tremendous increase in Slac2-a amounts past the lower K20
boundary may serve as a driving force for a switch of the FV-asso-
ciated Rab from Rab11/8 to Rab27b/Slac2-a, thus facilitating apical
targeting.
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Immunolocalization of urothelial SNAREs. Normal mouse
bladder sections were double-stained for confocal microscopy using
antibodies to (A) SNAP23 (A1) and UPllla; (B) syntaxin 2 (B1) and UPllla
(B2); (C) syntaxin 11 (C1) and UPIlla (C2); (D) VAMP8 (D1) and UPllla
(D2); and (E) VAMPS8 (E1) and MAL (E2). Note that anti-SNAP23 and
syntaxin 2 (STX2) stained apical membranes, anti-SNAP23 also labeled
some cytoplasmic FVs, STX11and VAMP8 are mainly associated with
cytoplasmic vesicles, and VAMP8 was on the periphery of FVs
containing UPllla (D) and colocalized well with MAL (E; arrows), a
marker of the hinge region (Zhou et al., 2012). Bars, 5 pm.

The importance of Rab27b, coupled with Slp2-a, in uroplakin
trafficking is shown by our observations that Slp2-a 1) was highly
expressed in umbrella cells and localized to subapical uroplakin
vesicles and the apical membrane (Figure 8), 2) interacted with
Rab27b (Figure 5C), and 3) almost completely disappeared in the
Rab27b-null umbrella cells (Figures 5D and 8E). Similar destabiliza-
tion of Slp2-a, which also interacts with Rab27a, was observed in
Rab27a-defective T lymphocytes and in transfected Cos7 cells. This
effect is attributed to its multiple PEST-like sequences, which are
generally associated with rapid protein degradation (Holt et al.,
2008). These results strongly suggest that in urothelial umbrella
cells, Rab27b interacts with and stabilizes Slp2-a and that the
Rab27b/Slp2-a complex plays a key role in the apical delivery and
docking of the uroplakin-delivering FVs.

The observed decrease in fusiform vesicles in the Rab27b-defi-
cient umbrella cells (Figures 2 and 7) is likely the result of impaired
exocytosis of uroplakin vesicles that are then shunted to a degra-
dation pathway (Guo et al., 2009; Vieira et al., 2014) rather than to
accelerated exocytosis followed by endocytic degradation. It is
known, for example, that Rab27b knockout results in the inhibition
of exocytosis as well as granule docking to the plasma membrane
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FIGURE 11: VAMPS knockout blocked umbrella cell formation.

(A, B) Immunoblotting and IF staining confirms the absence of VAMP8
protein in the knockout mouse urothelium. (C) UPIlla-staining of the
VAMP8-null urothelium, showing that the UP-stained superficial cells
assumed an elongated, columnar morphology. Bar, 10 pm.

(D, E) Hematoxylin and eosin-stained paraffin sections of (D) Wt and
(E) VAMP8-null bladder, showing that the VAMP8-null urothelium was
greatly thickened (double arrows) with columnar cells instead of the
stratified squamous morphology in Wt urothelium. Bar, 10 ym. (F) EM
localization of VAMP8 on ultrathin cryosections, showing significant
labeling of the hinge areas (arrowheads). Bar, 0.25 ym.

(G, H) Representative TEM images of the VAMP8-null urothelium,
showing the columnar cells (G; a composite of 15 images; two lower
columnar cells are outlined with dashed lines) with increased
multivesicular bodies (H; asterisks). (I-M) Scanning EM of the bladder
urothelial superficial cells of Wt mouse (I, J), VAMP8 KO (K, L), and
Rab27b KO (M). Arrowheads in | and J denote the boundaries
between neighboring cells (labeled 1-3). Note, in Wt (1, J), the apical
plaques (0.6-0.8 pm) covering large cells (70-100 um) and the
occasional small “holes” (arrows in J; see Discussion); in K and L, the
lack of apical plaques on the small VAMP8-null cells; and in M, the
relatively normal apical surface with plaques in Rab27b-KO umbrella
cells. Bars, 10 pm (G, |, K), 2 pm (H, J, L, and M).

in a wide range of secretory cells (reviewed in Fukuda, 2013). Simi-
larly, in lacrimal gland cells, loss of Rab27b led to a decrease in
subapical secretory vesicles and substantially more lysosomes and
autophagosomes (Chiang et al., 2011). Together these data sug-
gest that the failure of uroplakin vesicles to tether onto the actin
cytoskeleton in both the Rab27b-knockout and Slac2-a inactiva-
tion might destabilize them, leading to uroplakin degradation/
depletion and eventually a decrease in cell volume and height
(Figure 7D).
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FIGURE 12: Immunolocalization of MAL in urothelial umbrella cells.
Bladder paraffin sections or whole-mount urothelium (B) were
immunostained for confocal microscopy using antibodies to (A) MAL
(A1) and UPllla (A2), showing MAL localization (arrows) to the edge of
a uroplakin vesicle (*). (B1, B) Staining of Mal and UPllla (B1), with a
higher-magnification image (B2), confirming that Mal forms small dots
(green; arrows), presumably in the hinges surrounding the (red)
uroplakin plaques (Zhou et al., 2012). (C, D) MAL (C1, D1) and Rab27b
(C2, D2). Note, in C, the enrichment of MAL in the subapical zone
above the K20 network, and in D, the colocalization of MAL with
Rab27b (arrows) near the apical surface. Bars, 5 um.

Rab11/8 and Rab27b function in the same pathway:
a unifying concept
In our model of uroplakin exocytosis (Figure 14), Rab11 (stage la) and
Rab8 (stage Ib) are depicted as mediators of the initial steps in uro-
plakin vesicle transport. This is based on the work of Khandelwal et al.
(2008, 2013), who showed that Rab11a and subsequently Rab8a, to-
gether with myosin Vb, sequentially mediate the transport of FV from
the TGN to, and their fusion with, the apical surface in response to
stretch. Our localization data (Figures 3 and 4) support their conclu-
sions. Khandelwal et al. (2013) also suggested that Rab27b regulates
a separate, constitutive exocytic pathway. However, we found that
Rab8a and Rab11a work upstream in the same pathway as Rab27b,
based on the observations that 1) the Rab11/8-containing uroplakin
vesicles are located farther away from the apical membrane than
Rab27b (Figures 3 and 4) and 2) Rab8a and especially Rab11a par-
tially colocalize with Rab27b in or near the K20 zone (Figures 3, B and
D, and 4B). Note that Khandelwal et al. (2013) previously reported
that, unlike our data showing Rab11 and Rab8 were primarily below
the K20 zone, in rat umbrella cells Rab11 and Rab8 are mostly above
the K20 meshwork (Khandelwal et al., 2013). The species difference
might account for this discrepancy between the two sets of data.
The sequential actions of Rab8a and Rab27b in umbrella cells
might be analogous to those of Rab3 and Rab27a, which work in the
same pathway in insulin-secreting pancreatic beta cells during
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The urothelial phenotype of Rab27b-MAL double KO
resembled that of Rab27b KO mice. (A) Detection by RT-PCR of the
mRNAs encoding UPla, UPIlla, Rab27b, MAL, and GAPDH (loading
control) in (lane 1) Wi, (lane 2) Rab27b-KO, (lane 3) MAL KO, and (lane
4) Rab27b-MAL double-KO (DKO) mouse urothelia. (B) Immunoblot
detection of UPIlla, Rab27b, and MAL in urothelial extracts from the
same set of mice as in A. Ponc, Ponceau red staining of a common
40-kD band as a loading control. Note the absence of Rab27b, MAL,
or both in the Rab27b KO, MAL KO, and double knockout,
respectively. (C1-F3) Paraffin bladder sections from different mice (as
indicated) were IF stained using antibodies to Rab27b (C1-F1), MAL
(C2-F2), or UPllla (C3xF3). Some of the samples were serial sections
(C1, C3, E1, E3), and all images for a given antibody had the same
exposure time. Note that the UPIlla level of the Rab27b-MAL DKO
(F3) was comparable to that of the Rab27b-null urothelium (D3).

(G) Quantification of UPllla staining intensity in umbrella cells (same
method as in Figure 2C), showing a decrease in umbrella cell UPllla
levels in the Rab27b-null (*p < 0.025) and DKO mice (*p < 0.001) as
compared with Wt, whereas the UPIlla intensity in the MAL-null
sections did not differ significantly (ns, not significant with p > 0.5;
number of analyzed images, from three independent experiments, are
seven, three, six, and eight for the Wt, Rab27b KO, MAL KO, and
double knockout, respectively; arbitrary units). Bar, 200 pm.

glucose stimulation but overlap in function (Cazares et al., 2014).

Whereas Rab27a controls the rapid exocytosis of insulin granules,
Rab3 family members regulate the subsequent refilling of the re-
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leasable granule pools (Cazares et al., 2014). However, inactivation
of either Rab reduces but does not prevent insulin release, indicat-
ing that the two Rabs are to some extent functionally redundant,
which might also be true of Rab27b and Rab8a in umbrella cells.

VAMP8 plays an indispensable role in uroplakin apical fusion
Our data indicate that SNARE proteins, particularly VAMPS8, play a
critical role in uroplakin trafficking. First, several SNAREs, including
SNAP23, syntaxin 2, syntaxin 11, and VAMPS, are localized to uro-
plakin vesicles by confocal microscopy (Figure 10) and, for VAMPS,
additionally by immuno-EM (Figure 11F). VAMP8 plays an important
role in the regulated exocytosis of secretory granules at the apical
plasma membrane of exocrine cells (Wang et al, 2004, 2007;
Messenger et al., 2014). VAMP8 could play a similar role in umbrella
cells controlling FV insertion into the apical membrane, which is a
signal-mediated process regulated by bladder stretch (reviewed by
Khandelwal et al., 2009). Second, genetic ablation of the mouse
VAMP8 gene led to a dramatic reduction of the diameter of the
urothelial superficial cells, from 60-90 to 15-25 pm (Figure 11, B-K),
and the absence of apical plaques (Figure 11L). These phenotypes
are very similar to those found in uroplakin UPII- and UPIlla-knockout
mice (Hu et al., 2000; Kong et al., 2004). Knockout of either of these
uroplakins prevents the formation of the 2D crystalline plaques, re-
sulting in a failure of umbrella cell enlargement. These results sug-
gest that VAMPS, along with its associated SNARE proteins and
regulators, plays an indispensable role in the apical fusion of the
uroplakin vesicles (stages IV and V in Figure 14) and that failure of
this fusion to occur can potentially lead to the redirection of the FVs
to undergo multivesicular body-mediated degradation. Note, how-
ever, that our data do not rule out the possibility that VAMP8 may
perform additional functions, as it is also known to regulate endo-
cytic vesicle fusion (Wong et al., 1998; Antonin et al., 2000).

Rab27b functions upstream of MAL: resolution

of a controversy

Conflicting data exist regarding the function of MAL in apical mem-
brane trafficking. Cheong et al. (1999) reported that MAL affects api-
cal sorting at the level of the TGN, because MAL-depletion in MDCK
cells impaired the apical transport of several apical proteins, including
clusterin gp80, gp114, a glycophosphatidylinositol-linked protein,
and influenza virus hemagglutinin (HA). Independently, Puertollano
and Alonso (1999) also reported that MAL-depletion in MDCK cells
reduced the raft association of HA. If it is assumed that raft association
leads to apical targeting (see, however, Tall et al., 2003), these data
would suggest that MAL played a role in apical transport. However,
our data are inconsistent with the suggested role of MAL in directing
apical trafficking and instead support a role for MAL in facilitating api-
cal fusion. First, we found that MAL depletion in MDCK cells had no
effect on the apical transport of gp114, gp135, and (transfected) uro-
plakins, based on immunofluorescence staining (Zhou et al., 2012).
Second, in collaboration with Alonso’s group, we confirmed another
set of their data (Puertollano et al., 1999) showing that MAL depletion
reduces the rate by which membrane vesicles are inserted into the
apical surface of MDCK cells (Zhou et al., 2012). Third, we showed
that genetic ablation of the mouse MAL gene led to FV accumulation
in mouse urothelial umbrella cells. Conversely, MAL overexpression
led to increased FV exocytosis accompanied by elevated endocytic
degradation. These data strongly suggest that MAL facilitates, in
both MDCK cells and in umbrella cells in vivo, the apical fusion of the
uroplakin-delivery vesicles (Zhou et al., 2012). Finally, and of most im-
portance, our present data (Figure 13) indicate that double knockout
of Rab27b and MAL genes caused a reduction of fusiform vesicle
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Apical Targeting and Fusion of Uroplakin Vesicles

A

Rab27b/Slp2-a

Syntaxin2
VAMP8

\

Rab8/11

Prefusion SNARE Complex

SNAREs: Syntaxin2, SNAP23, VAMP8

v-SNAREs

MAL-facilitated Fusion

SNAREs/MAL

FIGURE 14: Model showing hypothetical steps by which the fusiform vesicles are transported to and fuse with the
apical surface of urothelial umbrella cells. This model depicts a five-step process in which the uroplakin-delivering
fusiform vesicles are transported via the sequential actions of Rab11, Rab8, and later Rab27 and their associated
proteins, followed by membrane tethering and a final step of SNARE-mediated and MAL-facilitated fusion. The model

is not drawn to scale. See the text for details.

number, that is, a phenotype similar to that seen in Rab27b-knockout
mice (Figure 7, B and D; cf. Figure 2, A, B and D) but opposite to that
of the MAL-knockout (FV accumulation; Zhou et al., 2012). This result
indicates that Rab27b functions upstream from MAL. Taken together,
these data strongly support our suggestion that MAL functions mainly
at the apical fusion step (Zhou et al., 2012) rather than by directing
apical transport at the TGN level (Figure 14).

Urothelial apical surface invaginations: the final step

of FV insertion?

High-resolution scanning EM of the apical surface of normal mouse
urothelium revealed for the first time the existence of many small
"holes” that are actually deep invaginations with a maximal dimen-
sion roughly equal to that of the plaques (Figure 11J). These struc-
tures are scattered over the entire cell surface, with some concentra-
tion along the cell border (Figure 11, | and J). The fact that their
linear diameter is similar to that of the plaque (0.6-0.9 pm) raises the
interesting possibility that they represent the final stage of FV inser-
tion into the apical surface (stage Vb, Figure 14). Note, however,
that it is equally likely that they represent the initial stage of plaque
internalization (Khandelwal et al., 2010). Additional studies are
needed to distinguish between these two possibilities.

The apical targeting and exocytosis of uroplakin vesicles are
mediated via sequential and compartmentalized

interactions with Rabs, SNAREs, and MAL: a unifying model
Taken together, our data suggest that Rab proteins and their effec-
tors play sequential roles in the apical delivery of the uroplakin

1630 | B.Wankel etal.

vesicles, which then fuse with the apical surface via a SNARE-
mediated and MAL-facilitated process. On the basis of these
data, we propose a hypothetical model with the following stages
(Figure 14A):

Stage |. Rab11 and Rab8 function to transport FVs from the TGN
to the K20 zone. This is based on the data of Khandelwal et al.
(2008, 2013), as well as on our data showing that 1) Rab11a
and Rab8a are localized primarily below the Rab27b-enriched
subapical zone, and 2) in the transitional areas, they partially co-
localize with Rab27b (Figures 3 and 4). These data suggest that
Rab11 and Rab8 are involved in transporting the FVs from the
TGN toward the K20-enriched zone, upstream of the Rab27b-
mediated stages (Figure 14A).

Stage Il. The Rab27b/Slac2/myosin Va complex mediates the
tethering of uroplakin vesicles to cortical actin filaments (Figure
14, A and B). Coupled with the known functions of this complex
in other cell types (Wu et al., 2002), our data (Figures 6 and 7)
suggest that in umbrella cells, this Rab27b complex enables
the FVs to bind to, and be transported along, the actin fila-
ments in order to reach the subapical compartment above the
K20 zone.

Stage lll. The Rab27b/Slp2-a complex mediates the docking of
the FV to the apical membrane. We suggest that, above the K20
zone, this complex mediates docking of the FVs to the inner
leaflet of the apical membrane (Figures 1E3, 8, and 14, Aand C).
This suggestion is consistent with data showing that Slp2-a
binds to acidic phospholipids (Kuroda and Fukuda, 2004) and is
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localized to the apical membrane of polarized epithelial cells
(Galvez-Santisteban et al., 2012).

Stage IV. There is formation of a prefusion SNARE complex. Our
data suggest that VAMP8 and some other v-SNAREs and regula-
tors are associated with the hinge region of the plaque (Figure
11F). Their binding to cognate partner t-SNAREs, for example,
syntaxin 2 (Figure 10B1), on the apical hinges (Figure 10, A and B)
would allow them to form a prefusion complex. Our data do not
rule out the possibility that VAMP8, along with syntaxin 11 and
SNAP23, which also localize to FVs (Figure 10, A and C), may also
mediate FV homotypic fusion, as both syntaxins 2 and 11 have
been shown to be in vitro partners of VAMP8 in other cell types
(Fasshauer et al., 1999; Ye et al., 2012).

Stage V. There is MAL-facilitated, SNARE-mediated membrane
fusion. Together with our earlier in vitro transfection and in vivo
MAL-knockout and MAL-overexpression data (Zhou et al., 2012),
our present MAL-Rab27b double-knockout results (Figure 13)
clearly establish that MAL acts downstream of Rab27b, most
likely to facilitate the SNARE-mediated fusion of FVs with the
apical membrane.

Rab27b, VAMPS8, and MAL knockouts yield distinct umbrella
cell phenotypes

An important finding of our work is that knockout of Rab27b,
VAMP8, and MAL, which operate in the same UP delivery pathway
(Figure 14), yielded distinct umbrella cell phenotypes. Most nota-
bly, the Rab27b-null and MAL-null urothelia have relatively large
squamous umbrella cells (>50 um), with an apical surface covered
with plaques (Figure 11M), whereas the VAMP8-null urothelium
has small columnar superficial cells (15-25 um; Figure 11, D, E, G,
and H) devoid of apical plaques (Figure 11L). These results can be
explained by the following considerations. 1) Genetic ablation of
Rab27b, which mediates two early steps of FV delivery (stages I
and Ill, Figure 14), reduces the efficiency of apical UP delivery but
allows the "leakage” of up to 30-40% of UPs (Figures 2D and 7D)
to be apically delivered, possibly due to functional redundancies
between Rab27b and Rab11/8 (or other Rabs; see earlier discus-
sions on the functional redundancies between Rab27a and Rab3
in insulin delivery; Cazares et al., 2014). This allows a sufficient
amount of uroplakin plaques to reach the apical surface (Figure
11M) to sustain umbrella cell formation and enlargement (see
later discussion). Thus Rab27b facilitates, but is not required for,
the apical delivery of FVs (Figure 14). 2) Ablation of VAMPS8, which
is an integral component required for SNARE-mediated mem-
brane fusion (stage Va, Figure 14), leads to the complete block-
age of apical fusion of FVs, thus explaining the absence of apical
plaques (Figure 11L) and the formation of small superficial cells
(15-25 pm; Figure 11, K and L). 3) Ablation of MAL, which in-
creases the efficiency of, but is not required for, the final step of
SNARE-mediated fusion (stage Vb, Figure 14), leads to cytoplas-
mic accumulation of FVs (Zhou et al., 2012). 4) Some of these pro-
teins might have additional functions that can affect the pheno-
type. Overall our KO data revealed a high level of functional
specialization in the individual protein components involved in UP
exocytosis and provide in vivo functional data in support of our
model (Figure 14). Moreover, the fact that VAMP8-null urothelium
has small superficial cells, which are remarkably similar to those of
the uroplakin knockouts, supports our earlier suggestion that ad-
equate apical insertion of uroplakin plaques is required for the
expansion and stabilization of the umbrella cell surface (Hu et al.,
2000; Kong et al., 2004).
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Unique features of fusiform vesicular exocytosis in urothelial
umbrella cells

Taken together, our data suggest that the uroplakin-delivering FVs
are transported toward, and fuse with, urothelial apical surface via
the sequential action of several Rabs, SNAREs, and MAL (Figure
14). Whereas Rabs and SNAREs are involved in vesicle targeting
and fusion in all cell types, the exocytic pathway of FVs has several
unique features. First, unlike most other secretory vesicles that
contain a flexible membrane and are mostly spherical in shape, FVs
consist of two large, flat uroplakin plagues connected via a belt of
flexible “hinge” membrane (Kachar et al., 1999; Liang et al., 1999;
Hudoklin et al., 2011). Although apical fusion of the FVs most likely
occurs via the hinge area of both the FVs and the apical surface
(Liang et al., 1999), the size and rigidity of the plaques may require
a facilitator, such as MAL, to lower the energy requirements for the
SNARE-mediated membrane fusion. Note that our data do not
rule out the possibility that MAL can function in membrane fusion
per se. MAL is also expressed in many other cell types (Marazuela
and Alonso, 2004), where it might have a related function. Second,
in this system, keratin K20 defines a subapical compartment that
contains a subpopulation of FVs equipped with appropriate traf-
ficking molecules and are strategically located for apical fusion. A
similar mechanism might operate in intestinal epithelial cells, in
which K20 also forms a subapical band. Third, the exocytosis of
FVs can be triggered by mechanical stretch (Lewis and de Moura,
1982; Truschel et al., 1999; Yu et al., 2009; Khandelwal et al., 2013).
In closing, an improved understanding of FV exocytosis, starting
from the TGN all the way to apical fusion (Figure 14), provides a
framework for future studies on urothelial membrane dynamics,
which has major implications for the mechanism by which 1) uro-
thelial surface area is reversibly adjusted during the normal micturi-
tion cycle or the excessive stretch induced by urinary tract obstruc-
tion, and 2) uropathogenic bacteria use uroplakin-trafficking
pathways to facilitate their invasion into, and escape from, host
urothelial cells.

MATERIALS AND METHODS

Mice

Wild-type C57BL/6J (Wt) mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). For all experiments, 4- to 6-wk-old
Rab27b-null mice (Tolmachova et al, 2007), MAL-null mice
(Schaeren-Wiemers et al., 2004), and Rab27b/MAL double-KO mice
of the same C57BL/6J background were used. Rab27b/MAL
double-KO mice were bred in our laboratory and showed no obvi-
ous defects in reproductive capacity or behavior. Leaden mice with
a mutation in Slac2-a/melanophilin were from the Jackson Labora-
tory (C57BI/6 J-In fz H54/+ +H54). VAMP8-null mice in a hybrid
C57BI/6-129/SVJ background were maintained as previously de-
scribed (Wang et al., 2004) and used at 8-12 wk of age. All animal
protocols were in accordance with National Institutes of Health
guidelines and were reviewed and approved by the Institutional
Animal Care and Use Committees of New York University School of
Medicine.

Reagents and antibodies

The primary antibodies used and their sources are listed in Supple-
mental Table S1. Alexa Fluor 488- and 594—conjugated secondary
antibodies and ProLong Gold antifade reagent with 4’,6-diamid-
ino-2-phenylindole were from Life Technologies (Grand Island,
NY). Horseradish peroxidase (HRP)-conjugated secondary anti-
bodies were from Jackson ImmunoResearch Laboratories (West
Grove, PA).
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Cell culture

Melan-A cells were cultured in DMEM (Life Technologies, Rock-
ville, MD) supplemented with 10-15% fetal bovine serum
(HyClone Laboratories, Logan, UT), penicillin (100 U/ml), and
streptomycin (100 pg/ml) in a 5% CO, atmosphere as previously
described (Zhou et al.,, 2012). Ins-1 cells were maintained in
RPMI1640 with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES) and 10% fetal bovine serum as previously
described (Kang et al., 2005).

Immunofluorescence staining

The bladders of anesthetized mice were voided of urine by abdomi-
nal massage before they were excised and fixed in formaldehyde at
23 or 37°C (samples stained for Rab8 or actin) and either embedded
in paraffin or processed for frozen sectioning (Guo et al., 2009). Briefly,
sections were incubated with primary antibodies at 4°C either for 1 h
or overnight after deparaffinization and antigen retrieval for paraffin-
embedded samples. Samples were subsequently incubated in sec-
ondary antibodies for 1 h and mounted in ProLong Gold. Images
from the stained samples were obtained using an Axiophot micro-
scope and camera or an LSM510 or LSM700 confocal microscope
(Carl Zeiss, Thornwood, NY). Images were processed by enhance-
ment of brightness and contrast only using ImageJ (National Insti-
tutes of Health, Bethesda, MD). To directly compare levels of UPllla
and Rab27b in umbrella cells on stained sections, the original unen-
hanced images (obtained under identical exposure settings) were
analyzed using ImageJ after identifying the keratin 8-labeled cell
boundaries. Sample significance was determined using t tests (Graph-
Pad Prism, La Jolla, CA). For the staining of whole-mount samples,
mouse bladders were excised, cut in half, and pinned on a paraffin
wax sheet before being fixed with 3.7% formaldehyde in phosphate-
buffered saline (PBS) for 1 h. After washing and transfer to a 24-well
dish, the samples were permeabilized for 1 h with 1% Triton X-100 in
PBS before being stained for immunofluorescence as outlined.

RT-PCR

For RT-PCR analysis, total RNA was isolated from tissues or cultured
cell lines using TRIzol Reagent (Life Technologies). cDNA was syn-
thesized using SuperScript Il or Ill reverse transcriptase (Life Tech-
nologies) according to the manufacturer’s protocol.

Western blotting

A 20-pg amount of total protein was loaded and separated by
SDS-PAGE (7.5, 10, or 12.5% polyacrylamide) and then trans-
ferred to nitrocellulose membrane (Hybond-ECL; Amersham Bio-
sciences, Arlington Heights, IL). After Ponceau staining to con-
firm loading uniformity and blocking in 5% milk in PBS,
membranes were incubated with primary antibodies at 4°C over-
night before incubation with HRP-conjugated secondary antibod-
ies. The specific protein bands were visualized using the Western
Lightning Chemiluminescence Reagent Plus (PerkinElmer Life
Sciences, Boston, MA).

Coimmunoprecipitation assays

For immunoprecipitation, total urothelial homogenates were incu-
bated with 0.25% of Triton X-100 as described, and after centrifuga-
tion, supernatants (1 mg protein/ml) were incubated with anti-Slp2-
a or anti-Slp4-a (10 pg/ml) for 1 h at 4°C before protein A-Sepharose
beads were added (Amersham Biosciences) for another 1 h. After
washing of the beads in the same buffer with 0.2% Triton X-100,
proteins bound to the beads were eluted with SDS (1%) and sepa-
rated by SDS-PAGE before Western blotting.
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Electron microscopy

For conventional EM, freshly excised mouse bladders were cut
into small pieces (<1 mm?3) and fixed with 2% glutaraldehyde in
a 0.1 M cacodylate buffer (pH 7.4) and subsequently processed
as previously described (Chen et al., 2004). For immuno-EM,
small pieces of freshly excised mouse bladders were fixed with
2% paraformaldehyde/0.2% glutaraldehyde in 0.1 M PHEM buf-
fer (60 mM 1,4-piperazinediethanesulfonic acid, 25 mM HEPES,
10 mM ethylene glycol tetraacetic acid, 2 mM MgCl,, pH 7.0) for
2 h at room temperature. Ultrathin frozen sections of the su-
crose-embedded samples were produced and stained using
gold secondary antibodies (Sigma-Aldrich, St. Louis, MO) as de-
scribed previously (Guo et al., 2009). Samples were incubated in
primary antibody at 4°C overnight. The grids were viewed and
images obtained using a JEM 200 CX microscope (JEOL USA,
Peabody, MA).

For SEM, an abdominal incision was first made to allow access to
the urinary bladder. Then PBS (120 pl/20 g) was injected into the
bladder through a fine urethral catheter (Clay Adams Intramedic,
inner diameter 0.28 mm; BD Scientific, Franklin Lakes, NJ). With the
bladder walls under slight, constant stretch, 2% formaldehyde/2%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, was pipetted
over the bladder dropwise over a 5-min period, after which, the
bladder was excised and bisected along the midline. Each half was
submerged in fixative at 4°C for an additional 3 h before being
transferred to 0.1 M cacodylate buffer (pH 7.2) and processed for
SEM as previously described (Hudoklin et al., 2012). Samples were
dehydrated, critical point dried (CPD0O30; Bal-Tec, Balzers, Liechten-
stein) and sputter coated with a thin layer of gold (10 nm) before
image acquisition using a Quanta 250 SEM (FEl, Hillsboro, OR) op-
erated at 10 kV (Andrade, 2015).
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