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Much of the lower urinary tract, including the bladder, is lined by a stratified urothelium forming
a highly differentiated, superficial umbrella cell layer. The apical plasma membrane as well as
abundant cytoplasmic fusiform vesicles of the umbrella cells is covered by two-dimensional
crystals that are formed by four membrane proteins named uroplakins (UPs) Ia, Ib, II, and III. UPs
are synthesized on membrane-bound polysomes, and after several co- and posttranslational
modifications they assemble into planar crystals in a post-Golgi vesicular compartment. Distension of the bladder may cause fusiform vesicles to fuse with the apical plasma membrane. We
have investigated the early stages of uroplakin assembly by expressing the four uroplakins in 293T
cells. Transfection experiments showed that, when expressed individually, only UPIb can exit
from the endoplasmic reticulum (ER) and move to the plasma membrane, whereas UPII and UPIII
reach the plasma membrane only when they form heterodimeric complexes with UPIa and UPIb,
respectively. Heterodimer formation in the ER was confirmed by pulse-chase experiment followed
by coimmunoprecipitation. Our results indicate that the initial building blocks for the assembly of
crystalline uroplakin plaques are heterodimeric uroplakin complexes that form in the ER.

INTRODUCTION
Although much has been learned about the structure and
function of plasma membrane proteins, their assembly and
the mechanisms of their targeted intracellular transport are
less well understood. Most plasma membrane proteins, including important cell surface receptors, ion channels, and
components of cell junctions function as multisubunit complexes (Klausner et al., 1990; Berridge, 1993; Macdonald and
Olsen, 1994; Goodenough et al., 1996; Berridge, 1997; Davies
et al., 1997; Trimmer, 1998). In all of these cases, folding and
oligomerization of the subunits start in the endoplasmic
reticulum and are monitored by an intricate quality control
system, thus preventing the expression of incomplete or
abnormal multisubunit complexes at the cell surface (Hurtley and Helenius, 1989; Doms et al., 1993; Hammond and
Helenius, 1995; Nagaya and Papazian, 1997; George et al.,
1999).
The epithelium of the urinary bladder, also known as
urothelium, provides a unique system to study the processes
that ultimately result in the assembly of four membrane
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proteins (uroplakins) into a planar crystalline array, that has
the appearance of an asymmetric unit membrane (AUM)
(Porter and Bonneville, 1963; Porter et al., 1967; Hicks, 1975;
Kachar et al., 1999). The AUM structure is also observed in
the numerous cytoplasmic fusiform vesicles of the superficial urothelial cells, called umbrella cells (Alroy and Weinstein, 1980; Lin et al., 1994). It has been suggested that during
bladder distension some of these AUM-containing vesicles
fuse with the luminal membrane, thus contributing to an
increase in apical surface area (Porter and Bonneville, 1963;
Porter et al., 1967; Severs and Hicks, 1979; Truschel et al.,
2002). A major advantage of this membrane as a model
system for studying membrane assembly is that AUM crystals can be purified in large quantities, thus facilitating biochemical and cross-linking experiments that complemented
the biosynthetic and assembly studies presented herein (Wu
et al., 1995). Furthermore, structural analysis of the AUM
was greatly facilitated by the fact that it naturally forms
two-dimensional crystals (Vergara et al., 1969; Warren and
Hicks, 1970; Brisson and Wade, 1983; Taylor and Robertson,
1984; Walz et al., 1995; Kachar et al., 1999; Min et al., 2002). A
better understanding of the interactions among the uroplakin subunits will help us unravel principles involved in
uroplakin assembly and eventually understand the detailed
biological functions of the AUM.
Four major protein subunits of the AUM have been identified and they have been named uroplakin Ia, Ib, II, and III
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(Wu and Sun, 1993; Lin et al., 1994; Yu et al., 1994). They can
be divided into two structurally related groups. UPIa and
UPIb are 39% identical in their amino acid sequences (Yu et
al., 1994). Both contain four transmembrane domains
(TMDs) and belong to the family of “tetraspanins” that
include several leukocyte differentiation markers such as
CD9, CD37, CD53, and CD63 (Hemler, 2001). The other
group is represented by the two type I transmembrane proteins UPII and UPIII (Wu and Sun, 1993; Lin et al., 1994).
UPII is synthesized as a precursor protein that contains,
aside from the 100-amino acid mature sequence (15 kDa), a
cleavable signal peptide of ⬃26 amino acids and a prosequence of ⬃59 residues with three potential N-glycosylation
sites (Lin et al., 1994). Mature UPIII also has a single transmembrane domain and has three N-linked complex sugars
attached to the extracellular domain (Wu and Sun, 1993).
The nearest neighbor relationships among the uroplakin
subunits have been studied by chemical cross-linking. These
studies demonstrated that UPIa and UPIb could be crosslinked to UPII and UPIII, respectively (Wu et al., 1995).
Furthermore, separation of uroplakin subunits by ion-exchange chromatography demonstrated the existence of
UPIa/UPII and UPIb/UPIII complexes (Liang et al., 2001).
Recent UPIII knockout experiments provided additional evidence for the formation of these two uroplakin pairs (Hu et
al., 2000).
We demonstrate herein that the formation of UPIa/UPII
or UPIb/UPIII pairs is a prerequisite for their exit from the
endoplasmic reticulum (ER) compartment and that UPIb has
the unique property of being able to exit from the ER compartment by itself. UPIb is also the only uroplakin known to
exist in the absence of other known uroplakins in some
nonurothelial tissues such as corneal epithelium (Adachi et
al., 2000). These results indicate that the uroplakin pairs are
indeed structurally meaningful, because they seem to play a
role in the early stages of AUM assembly. Further investigations of these assembly processes should help us understand how the crystalline uroplakin arrays are formed during terminal stages of urothelial differentiation. The
intracellular assembly of UP subunits may also serve as a
paradigm for the oligomerization of other multimeric
plasma membrane proteins.

MATERIALS AND METHODS
cDNA Constructs
Bovine urothelial cDNAs were used as the template for polymerase
chain reaction (PCR). For the amplification of UP cDNAs, additional
EcoRI and XhoI restriction sites were added to the sense and antisense primers, respectively. The following primers were used: UPIa:
sense, 5⬘-CCC GAA TTC ACC ATG GCT TCT GCA GCA GCA
GCA-3⬘; antisense, 5⬘-CCC CTC GAG TCA CAA CGT GGT GTA
GAA ATA-3⬘; UPIb: sense, 5⬘-CCC GAA TTC ACC ATG GCC AAA
GAC GAC TCC ACT-3⬘; antisense, 5⬘-CCC CTC GAG TTA ATA
GTC AAT TCT GCT CCA-3⬘; UPII: sense, 5⬘-CCC GAA TTC ACC
ATG GCA TCT CCG TGG CCT GTG TGG-3⬘; antisense, 5⬘-CCC
CTC GAG TCA CTT TCG GGC GCC CAG TGC TAG-3⬘; and UPIII:
sense, 5⬘-CCC GAA TTC ACC ATG CCT CCG CTC TGG GTA
GTG-3⬘; antisense, 5⬘-CCC CTC GAG TCA GTC CTG GAG CTT
GCT GGC GTA-3⬘. PCR was carried out in a mixture containing the
cDNA template, 0.2 mM dNTP, 50 pM primers, and PWO polymerase (Roche Applied Science, Indianapolis, IN), in 10 mM Tris-HCl,
pH 8.85, 25 mM KCl, 5 mM (NH4)2SO4, and 2 mM MgSO4. Reaction
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condition were as follows: initial cycle at 94°C for 5 min followed by
30 cycles at 94°C for 1 min, 56°C for 1.5 min, and 72°C for 1 min, and
a final cycle at 72°C for 10 min. The PCR products were cloned into
the pcDNA3 vector (Invitrogen, Carlsbad, CA) by using the EcoRI
and XhoI sites, yielding plasmids UPIa-pcDNA3, UPIb-pcDNA3,
UPII-pcDNA3, and UPIII-pcDNA3. The UPII-HA-pcDNA3 was
constructed similarly except that an oligonucleotide encoding the
hemagglutinin (HA) tag (underlined below) was inserted after the
3⬘ end of the UPII sequence, by using the UPII sense primer listed
above and the following antisense primer: 5⬘-CCC CTC GAG CTA
AGC GTA GTC TGG GAC GTC GTA TGG GTA CAA CGT GGT
GTA GAA ATA CAT-3⬘. To generate UP constructs with HA tag at
its N terminus, we used UPII-pcDNA3 as the template. A PCR was
carried out using the UPII sense primer and the following antisense
primer, which contains the HA sequence (underlined): 5⬘-AGC GTA
GTC TGG GAC GTC GTA TGG GTA GCT CAC CAG CTC CCT
GCG-3⬘. Another PCR was performed with the sense primer containing the HA sequence (underlined): 5⬘-TAC CCA TAC GAC GTC
CCA GAC TAC GCT GTG GTG GAC AGC GGG TCT-3⬘ and UPII
antisense primer. Extension of these two PCR products, which
overlap in the HA sequence, was obtained by three cycles each at
94°C for 1 min, 37°C for 10 min, and 72°C for 10 min. The fragment
obtained corresponded in size to the sum of the two initial products.
Reamplification of this fragment with UPII sense and antisense
primers resulted in a secondary PCR product, HA-UPII, encoding
UPII tagged with HA at the ⫹5 position (the N-terminal amino acid
of mature UPII protein was designated as ⫹1). The secondary PCR
product was cloned into pcDNA3 by using the EcoRI and XhoI sites.
This construct was named HA-UPII-pcDNA3. The DNA sequence
encoding the myc tag (underlined) was integrated into the UPIII
cDNA immediately after the signal peptide using the same strategy
and the resulting construct was named myc-UPIII-pcDNA3. The
primers used were as follows: sense, 5⬘-GAA CAA AAA CTT ATT
TCT GAA GAA GAT CTG GTG AAC CTC CAG CCC CAA CTG-3⬘;
and antisense, 5⬘-CAG ATC TTC TTC AGA AAT AAG TTT TTG
TTC ACC GGA GCC AAG TCG-3⬘. A construct containing a cDNA
encoding galactosyltransferase fused to yellow fluorescent protein
(GalT-YFP) was a gift from Dr. Jennifer Lippincott-Schwartz (Ward
et al., 2001). RI-GFP, a construct with ribophorin I cDNA inserted
into pEGFPN3, was a gift from Dr. Anderi Nikonov from our
laboratory.

Antibodies
The two His-tagged fusion proteins, one containing the large loop of
UPIa (aa 113–232) and the other containing the large loop of UPIb
(aa 108 –232), were expressed in the E. coli strain DH5␣ by using the
pPROEX HTb prokaryotic expression system (Invitrogen, Carlsbad,
CA). The expressed proteins were affinity-purified using the
TALON metal affinity resin (CLONTECH, Palo Alto, CA) and were
used to raise two rabbit antisera. A rabbit antiserum that was raised
using total bovine AUM proteins as antigen immunoprecipitated
only UPIII (Wu et al., 1990). A rabbit antibody against the synthetic
UPII peptide GASTESSREIPMSTFPRRK (Lin et al., 1994) and a
mouse monoclonal antibody against UPIII (Riedel et al., 2001) were
used for Western blot analysis. Monoclonal antibodies against the
HA tag (16B12) and against myc (9E10) were purchased from Berkeley Antibody Company (Richmond, CA) and Santa Cruz Biotechnology (Santa Cruz, CA) respectively.

Transient Transfections
Eighteen hours before transfection, 293T cells, which are simian
virus 40-transformed human embryonic kidney epithelial cells,
were seeded in six-well plates (6 ⫻ 105 cells/well) in DMEM supplemented with 10% fetal bovine serum. The cells were transfected
using a mixture of DNA and FuGENE6 (1:3, wt/vol) in serum-free
DMEM that had been kept at room temperature for 30 min. The cells
were analyzed 24 h posttransfection.
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SDS-PAGE and Western Blotting
Cells were rinsed 24 h posttransfection with ice-cold phosphatebuffered saline (PBS) and lysed on ice in RIPA buffer (50 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% sodium deoxylcholate, 1%
NP-40, 0.1% SDS, 10 g/ml aprotinin, 10 g/ml leupeptin, and 1
mM phenylmethylsulfonyl fluoride). The cell lysates were centrifuged at 13,000 ⫻ g for 10 min at 4°C and the supernatants were
stored at ⫺20°C or used for experiments directly. Protein samples
resolved by SDS-PAGE (Laemmli, 1970) were electrotransferred
onto nitrocellulose membranes, which were blocked with 5% fatfree milk in PBS, pH 7.5, followed by incubation with the first
antibody against the individual uroplakin subunits at room temperature for 2 h. Rabbit antisera against UPIa, UPIb, and UPII were
used at 1:2000 dilution, whereas the mouse antibody against UPIII
was used at 1:200. After washing, the membranes were incubated
with a secondary antibody (horseradish peroxidase-conjugated
donkey anti-rabbit or donkey anti-mouse IgG at 1:10,000; Jackson
Immunoresearch Laboratories, West Grove, PA) for 1 h and visualized using the Supersignal chemiluminescent substrate (Pierce
Chemical, Rockford, IL).

Endoglycosidase Treatment
Bovine AUM were prepared as described previously (Wu et al.,
1990, 1994) and dissolved in 10 mM HEPES, pH 7.5, containing 0.1%
SDS. Bovine AUM or cell lysates were treated with endoglycosidase
H (Endo-H; Roche Applied Science) in 50 mM sodium citrate, pH
5.5, 1% octylglucoside, 0.05% NaN3, 10 mM EDTA, 1 mM phenylmethylsulfonyl fluoride at 37°C for 16 h. Bovine AUM or cell lysates
were treated with N-glycanase (GLYKO, Novato, CA) in 20 mM
sodium phosphate, pH 7.5, at 37°C for 16 h. All samples were then
analyzed by Western blotting.

Immunostaining
Cells were plated on coverslips the day before transfection. Twentyfour hours posttransfection, cells were fixed with 3% paraformadehyde in PBS, pH 7.5, and blocked with 5% nonfat milk in PBS. Some
samples were permeabilized by adding 0.05% saponin to the blocking solution. Fixed cells were incubated with a first antibody at 37°C
for 90 min and then with a secondary antibody (Texas Red-conjugated donkey anti-mouse IgG, and Texas Red or fluorescein isothiocyanate-conjugated donkey anti-rabbit IgG; Jackson Immunoresearch Laboratories). Immunostained cells were examined using an
LSM510 confocal microscope (Carl Zeiss, Thornwood, NY).

Metabolic Labeling of Cells
Twenty-four hours after transfection, cells were first incubated with
methionine-free DMEM (Mediatech, Herndon, VA) containing 5%
dialyzed fetal bovine serum for 30 min at 37°C and then pulse
labeled with 150 Ci of [35S]methionine (ICN Pharmaceuticals,
Costa Mesa, CA) for 10 min at 37°C. At the end of the pulse period,
cells were washed once with serum-free medium and chased at
37°C for the indicated time with complete DMEM containing 5 mM
methionine. The labeled cells were then washed twice with ice-cold
PBS, pH 7.4, and subjected to immunoprecipitation.

Immunoprecipitation
Transfected cells (2 ⫻ 106) were lysed in 0.5 ml of 1% NP-40, 0.5%
sodium deoxycholate, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl. The
total cell lysates were centrifuged at 13,000 ⫻ g for 10 min, at 4°C
and the supernatants were incubated overnight with the first antibody (HA antibody at 1:150 and anti-AUM antibody at 1:200) at 4°C.
The complexes were precipitated by adding 25 l of protein Gagarose beads (Roche Applied Science) to the lysates and incubated
for 60 min at 4°C. The beads were sedimented (5000 ⫻ g for 3 min
at 4°C) and washed three times with ice-cold lysis buffer. The
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samples resuspended in SDS loading buffer with 2% ␤-mercaptoethanol were denatured by boiling for 5 min, followed by SDSPAGE and autoradiography.

RESULTS
To study the assembly of the four UP subunits, we expressed
them individually or in pairwise combinations in 293T cells.
We chose 293T cells for these transfection experiments because they can be easily transfected, and they do not express
any endogenous UP subunits that can complicate the analysis. The assumption was that these nonpolarized cells express the basic mechanisms concerned with the early assembly steps that affect oligomeric membrane proteins. The
subcellular location of the UP subunits was assessed by
immunofluorescence microscopy and by analyzing their
state of glycosylation. Conversion of N-linked oligosaccharides from an Endo-H–sensitive to an Endo-H–resistant
form indicates that they have been processed by enzymes
contained in the medial compartment of the Golgi apparatus. Therefore, Endo-H resistance was used as a criterion
that uroplakins have left the cis-Golgi compartment.

Only UPIb Can Reach the Plasma Membrane When
Expressed Alone
Initially, cDNAs encoding each of the four uroplakin subunits were used singly in transfection experiments to determine their intracellular location. UPIa and UPIb ectopically
expressed in 293T cells comigrated during SDS-PAGE with
the corresponding uroplakins found in purified bovine
AUM (Figure 1, A and B, lanes 1 and 4). Most N-linked
oligosaccharides attached to plasma membrane proteins are
modified in post-ER compartments such that they cannot be
removed by Endo-H; for this class of proteins, Endo-H resistance indicates that they have been transported out of the
ER and reached the medial-Golgi cisternae (Dong et al.,
1998). Native UPIa and UPIb isolated from AUM plaques
are exceptional in that their N-linked sugar moieties remain
Endo-H sensitive. This Endo-H sensitivity was also observed when the UPIa and UPIb subunits were individually
expressed in 293T cells (Figure 1, A and B, lanes 3 and 6).
Therefore, based on these data we could not determine
whether the ectopically expressed UPIa and UPIb had exited
from the ER. The subcellular location of these two uroplakins was therefore assessed by immunofluorescence microscopy. As shown in Figure 2A, intact cells transfected
with UPIa cDNA were not immunostained (a), indicating
that this uroplakin subunit was not transported to the cell
surface. Immunolabeling of the transfected cells after saponin-permeabilization demonstrated that UPIa was indeed
expressed, as indicated by the typical lace-like staining of
the ER (Figure 2B, a and C, a). The ER localization of UPIa
was confirmed by colocalzation with the ER marker RI-GFP
(Figure 2B, b and c). No significant colocalization was observed with the Golgi marker GalT-YFP (Figure 2C, b and c),
a chimera targeted to the Golgi apparatus due to the presence of the transmembrane domain of the Golgi resident
enzyme galactosyltransferase. We therefore concluded that
UPIa expressed alone was unable to exit from the ER. In
striking contrast, expression of UPIb, which is structurally
closely related to UPIa, resulted in surface staining of nonpermeabilized 293T cells (Figure 2A, b), indicating that UPIb
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membrane was not stained (Figure 2A, c), whereas after
permeabilization a staining pattern typical for the ER was
obtained (Figure 2B, g–i).
Like UPII, UPIII has only a single transmembrane domain;
however, mature UPIII has three potential N-glycosylation
sites (Wu and Sun, 1993) and the attached oligosaccharides
are Endo-H resistant (Figure 1D, lanes 1–3). UPIII expressed
in 293T cells had an apparent molecular size of ⬃37 kDa
(lane 4), which was reduced to ⬃29 kDa after Endo-H digestion due to the removal of N-linked, high-mannose oligosaccharides (lanes 4 – 6). Immunostaining showed that
UPIII expressed in 293T cells was ER-associated (Figure 2B,
j–l) and did not reach the cell surface (Figure 2A, d), indicating that UPIII expressed by itself was unable to exit from
the ER.

Uroplakins Exit from ER in Heterodimeric Pairs

Figure 1. Uroplakins remain Endo-H sensitive when expressed
individually in 293T cells. 293T cells were transfected with cDNAs
encoding one of the four uroplakin subunits, UPIa (A), UPIb (B),
UPII (C), or UPIII (D). Equal aliquots of cell lysates obtained 24 h
after transfection were kept as untreated controls (lane 4), incubated
in the absence of Endo-H (⫺, lane 5) or treated with Endo-H (⫹, lane
6). For comparison, purified bovine AUM was subjected to the same
treatment (lanes 1, 2, and 3, respectively). Western blot analysis was
performed using the antibodies indicated at the bottom of each
panel. Endo-H removed the high-mannose oligosaccharide of UPIa
(A) or UPIb (B). (C) Pro-UPII remained Endo-H sensitive (lane 6),
indicating that the prosequence was not removed. (D) ER form of
UPIII remained Endo-H sensitive (lane 6) in contrast to the mature
form of UPIII in AUM (lane 3).

was delivered to the plasma membrane. As may be expected
from its site of synthesis, the typical ER staining pattern was
observed in permeabilized cells (Figure 2B, d–f).
Uroplakin II is a small nonglycosylated type I transmembrane protein with an apparent molecular mass of 15 kDa
(Figure 1C, lane 1–3). UPII expressed in 293T cells was,
however, represented by a 28-kDa band (lane 4) that could
be converted to an 18-kDa form after Endo-H treatment due
to the removal of three high-mannose oligosaccharides
linked to its propeptide (Lin et al., 1994). The difference in
molecular mass between mature UPII found in AUM and
the Endo-H–trimmed UPII expressed in 293T cells (lane 6)
corresponded to the approximate size of the propeptide,
which was presumably cleaved by furin-like endoproteases
in a late Golgi compartment (Bresnahan et al., 1990; Misumi
et al., 1991; Lin et al., 1994). The finding that the propeptide
was not cleaved and that the high-mannose oligosaccharide
moieties remained Endo-H sensitive indicated that UPII expressed alone in 293T cells did not reach the medial-Golgi
cisternae. As expected, in nonpermeabilized cells the plasma
4224

It is well known that oligomerization of membrane proteins,
as well as proteins contained in the lumen of the endomembrane system, takes place in the ER and that in most instances, the unassembled proteins are unable to exit from
this compartment (Green and Millar, 1995; Nagaya and Papazian, 1997; Reddy and Corley, 1998; Ellgaard et al., 1999;
Green, 1999). To test whether the expression of more than
one UP subunit may lead to the formation of properly folded
uroplakin oligomers, we expressed pairs of UP subunits in
293T cells and assessed their posttranslational modifications
and their subcellular location. Although UPII expressed
alone has an apparent molecular mass of 28 kDa (Figure 3A,
lane 2), its coexpression with UPIa resulted in a shift of the
UPII band to ⬃15 kDa (lane 3), which comigrated with the
authentic mature UPII of AUM (lane 1). This drastic shift in
the apparent molecular mass of UPII was, however, not
observed when uroplakin II was coexpressed with UPIb
(Figure 3A, compare lanes 3 and 6) or UPIII (our unpublished data). Because cleavage of prosequences occurs normally in a late Golgi compartment, it is reasonable to assume
that UPII had reached the cell surface, as confirmed by
immunostaining of the nonpermeabilized cells (see below).
If the formation of specific uroplakin heterodimers is a
prerequisite for their exit from ER, it might be expected that
the expression of two subunits in optimal ratios would
improve their transport out of the ER. We, therefore, cotransfected 293T cells with a fixed amount of UPIII cDNA (1
g) together with various amounts of UPIb cDNA (0.1–1 g)
(Figure 4A). We found that at a low input of UPIb cDNA (0.1
and 0.2 g; lanes 3 and 4), UPIII was expressed as a single
band of 37 kDa that remained Endo-H sensitive, indicating
that it did not exit from the ER. However, at a high input of
UPIb cDNA (0.5 and 1 g; lanes 5 and 6), most of the UPIII
was converted to the 40-kDa Endo-H–resistant form (Figure
5), suggesting that it had exited from the ER. Furthermore, a
high UPIb input greatly increased the amount of the 40-kDa
form of UPIII (lane 6), suggesting stabilization of the uroplakin subunits as a result of heterodimer formation and exit
from the ER. Because we have not observed a significant
accumulation of UPIII in the Golgi apparatus (our unpublished data), the ratio of the two forms reflected most likely
the steady-state distribution of UPIII at the plasma membrane and ER. At this point, we do not understand the
mechanism by which UPIII expression affected the glycosylation of UPIb (Figure 4B). The specificity of the UPIII–UPIb
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Figure 2. Only UPIb is expressed on the cell surface. Expression of the individual uroplakin subunits in 293T cells was carried out as
described in MATERIAL AND METHODS. An HA-tagged form of UPII (HA-UPII) or a myc-tagged form of UPIII (myc-UPIII) was used
because antibodies against UPII or UPIII were not available for immunostaining. (A) Transfected cells were immunostained under
nonpermeabilized condition. fluorescein isothiocyanate-conjugated donkey anti-rabbit IgG (a and b) or Texas Red-conjugated donkey
anti-mouse IgG (c and d) was used. Only UPIb was stained at the plasma membrane. (B) To determine the intracellular location of individual
uroplakins, 293T cells were cotransfected with the ER marker ribophorin I-GFP (a–l) and UPIa (a– c), or UPIb (d–f), or HA-UPII (g–i) or
myc-UPIII (j–l). Cells were permeabilized by adding 0.05% saponin to the blocking solution and immunostained. All the secondary antibodies
were conjugated with Texas Red. Uroplakins retained intracellularly colocalized with RI-GFP. (C) Cells were cotransfected with the Golgi
marker galactosyl transferase tagged with YFP (GalT-YFP; a–l) with UPIa (a– c), or UPIb (d–f), or HA-UPII (g–i) or myc-UPIII (j–l). No
significant colocalization between GalT-YFP and uroplakins was observed. All the immunostained cells were analyzed by confocal
microscopy.

interaction was shown by a control experiment demonstrating that coexpression of UPIa did not result in the conversion of UPIII into the Endo-H–resistant 40-kDa form (Figure
4C). As can be seen in Figure 4A, native UPIII in AUM has
a significantly lower electrophoretic mobility than UPIII coexpressed with UPIb (compare lanes 1 and 6). To determine
whether this is due to differences in the modification of the
complex oligosaccharides we performed Endo-H or N-glycanase digestion on purified AUM or lysates obtained from
cotransfected cells. As previously shown, UPIII in purified
AUM does not carry O-linked sugar residues, but only Nlinked complex oligosaccharides (Wu and Sun, 1993). Accordingly, digestion of AUM with N-glycanase removed all
N-linked oligosaccharides from UPIII, resulting in a
polypeptide of 29 kDa (Figure 5, lane 4). This was also the
case when UPIII coexpressed with UPIa or UPIb was digested (lane 8 and 12). A band with the same electrophoretic
mobility was also obtained when UPIII expressed alone
(Figure 1D, lane 6) or together with UPIa (Figure 5, lane 6)
Vol. 13, December 2002

was digested with Endo-H. It seems, therefore, that the
difference in the electrophoretic mobility between UPIII in
AUM and the Endo-H–resistant form of UPIII obtained
when coexpressed with UPIb was due to differences in posttranslational modification of the N-linked oligosaccharides
of UPIII.

Only Specific Uroplakin Pairs Are Expressed at Cell
Surface
The location of uroplakin subunits expressed in 293T cells in
a pairwise manner was also investigated by double immunofluorescence microscopy. Because available antibodies
stained UPII and UPIII weakly in immunostaining experiments, we tagged these two uroplakins with HA or myc.
Western blot analysis showed that these tags did not affect
the proper pairing of UP subunits (our unpublished data).
As shown in Figure 6, when HA-UPII and UPIa were coexpressed, they could both be detected at the plasma mem4225
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Figure 3. Coexpression of UPII with UPIa results in the maturation
of UPII. UPII was coexpressed with UPIa (lane 1–3) or UPIb (lane
4 – 6) in 293T cells. The expression of the uroplakins was analyzed by
Western blotting with the antibodies directed against UPII (A) and
UPIa or UPIb (B). (A) When UPII was coexpressed with UPIa,
mainly its mature form (15 kDa) was observed (lane 3), whereas
only its precursor (28 kDa) was detected when UPII was coexpressed with UPIb (lane 6). (B) Expression of UPIa (lane 3) or UPIb
(lane 6) in cotransfected cells was confirmed by Western blotting.
Purified AUM (lane 1 and 4) and total cell lysates from single
transfections (lane 2 and 5) were used as controls.

brane (a– c). Similarly, coexpressed myc-UPIII and UPIb
were both detected at the cell surface (d–f). The subunit
specificity of these dimeric interactions was indicated by the
fact that coexpressed UPIa and myc-UPIII failed to reach the
cell surface (our unpublished data). We also coexpressed
HA-UPII with UPIb (g–i) and found that, consistent with the
single transfection data (Figure 2A, b), only UPIb was transported to the cell surface.
To confirm that the formation of specific uroplakin heterodimers takes place in the ER, we performed pulse-chase
experiments on 293T cells coexpressing uroplakin pairs, followed by immunoprecipitation. When UPII-HA–transfected
293T cells were subjected to immunoprecipitation immediately after the pulse period, several radioactively labeled
bands were detected in the autoradiograph (Figure 7A, lane
6). They corresponded to the fully glycosylated proUPII-HA (pro-IIHA***) as well as to partially glycosylated
(pro-IIHA** and pro-IIHA*) or nonglycosylated (pro-IIHA)
forms (Lin et al., 1994). When UPII-HA was cotransfected
with UPIa, two additional bands could be recognized after
the pulse period (lane 1) that correspond to the glycosylated
(Ia*) and nonglycosylated (Ia) forms of UPIa. At chase periods of ⱖ10 min (lane 2–5), a band corresponding to the
mature UPII-HA was observed, the intensity of which in4226

Figure 4. Cotransfection of UPIII cDNA with varying amounts of
UPIb or UPIa cDNA. (A) 293T cells were cotransfected with UPIII
and UPIb cDNA. Although the amount of UPIII cDNA was kept
constant (1.0 g, lane 2– 6), the amount of UPIb cDNA varied from
0.1 to 1.0 g (lane 3– 6, corresponding to 0.1, 0.2, 0.5, and 1.0 g of
UPIb cDNA, respectively). Western blot analysis using an antibody
directed against UPIII revealed conversion of the 37-kDa highmannose form of UPIII into the mature form (40 kDa) when at least
0.5 g of UPIb cDNA was used in the double transfection (lanes 5
and 6). (B) That the coexpressed UPIb was indeed synthesized (lane
3– 6) was confirmed by Western blot analysis by using an antibody
directed against UPIb. In cells cotransfected with UPIb and UPIII,
the expression of nonglycosylated UPIb (26 kDa; lanes 3– 6) increased with increasing amounts of UPIb cDNA. Only at the highest
amount of UPIb cDNA (0.5 and 1.0 g; lanes 5 and 6) the glycosylated form of UPIb was detected. When in a similar manner a
constant amount of UPIII was coexpressed with increasing amounts
of UPIa, Western blots developed by using antibodies against UPIII
(C) or UPIa (D) showed no conversion of UPIII into the mature form
and its steady-state level decreased with increasing levels of UPIa.
Purified AUM (lane 1 in A–D) and total cell lysates from single
transfections (lane 2 in A–D) were used as controls.

creased with increasing chase time, whereas the intensities
of all precursor forms of UPII-HA decreased. At the same
time, the intensity of the Ia* band increased. These results
indicated that UPIa was associated with pro-UPII-HA forms
before UPII-HA was proteolytically processed, which occurred in a late Golgi compartment. Combined with the
evidence that UPIa and UPII remained trapped in the ER
when individually expressed, this result indicated that heterodimer formation occurred in the ER. The increasing intensities of the Ia* band coimmunoprecipitated with
UPII-HA at late chase time periods suggested that the interaction between UPIa and UPII-HA was strengthened after
the removal of the UPII prosequence.
When UPIII was coexpressed with UPIb, the latter subunit
was mainly synthesized as a nonglycosylated polypeptide
(Figure 7B), whereas UPIII was initially expressed as an
Endo-H–sensitive form (III*). The finding that UPIb can be
coimmunoprecipitated with UPIII immediately after the
pulse period (lane 1) indicated that heterodimer formation
between UPIII and UPIb occurred in the ER. Although the
intensities of the UPIb band remained rather constant durMolecular Biology of the Cell
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Figure 5. Only coexpression of UPIII with UPIb results in an
Endo-H–resistant form of UPIII. UPIII was coexpressed with UPIa
(lanes 5– 8) or UPIb (lanes 9 –12). Total cell lysates were treated with
Endo-H (lanes 6 and 10) or N-glycanase (N-glycan*) (lanes 8 and 12).
As control, samples were incubated under the same condition omitting Endo-H (lanes 5 and 9) or N-glycanase (lanes 7 and 11). All
samples were then subjected to SDS-PAGE and Western blotting
was carried out using an antibody directed against UPIII. AUM was
subjected to the same treatment (lanes 1– 4).

ing the chase period, the immature UPIII (III*) was converted into an Endo-H–resistant form of UPIII (III⫹), which
appeared as a diffuse band (lane 4 and 5). The conversion
reflected the transport of the heterodimer across the transGolgi cisternae. The specificity of the heterodimer formation
was confirmed by coexpression of UPIII and UPIa (lane 7),
which did not result in the coimmunoprecipitation of UPIII
and UPIa.

DISCUSSION
Our long-range goal is to understand how the four uroplakin subunits assemble into crystalline arrays that cover
the apical plasma membrane as well as fusiform vesicles of
urothelial umbrella cells. Herein, we report on studies concerned with the initial assembly of uroplakins that occur in
the ER. By expressing the uroplakin subunits ectopically in
293T cells, we have demonstrated that, except for UPIb, the
individual uroplakin subunits remain trapped in the ER.
Only by forming specific heterodimeric complexes are they
able to exit from the ER compartment. The mechanisms that
affect the assembly of the uroplakin subunits into functional
oligomeric complexes is shared by a large number of plasma
membrane proteins, the function of which depends on the
proper assembly of several subunits (Klausner et al., 1990;
Berridge, 1993; Macdonald and Olsen, 1994; Green, 1999). To
ensure that the correct quaternary structure is achieved for
proteins of the endomembrane system, highly specific quality control mechanisms have evolved in the ER (Green and
Millar, 1995; Hammond and Helenius, 1995; Ellgaard et al.,
1999). Several of these partially overlapping mechanisms
affect all newly synthesized proteins translocated into the ER
lumen. Chaperones and folding enzymes such as Bip, calnexin, calreticulin, GRP94, protein disulfide isomerase, or
ERp57 and Erp75 may attach to incompletely folded or
misfolded polypeptides, thus preventing their exit from the
ER (Ellgaard et al., 1999). Except for UPIb, this is apparently
the case for uroplakin subunits that are expressed in 293T
cells as individual subunits, or as “incompatible” pairs that
Vol. 13, December 2002

Figure 6. Coexpression of UPIa/UPII and UPIb/UPIII pairs results in their colocalization at the plasma membrane. Cotransfection
of 293T cells was carried out as described in Figures 3 and 4. Cells
were fixed and incubated with the first antibodies against the UP
subunits and the HA or myc tag, followed by incubation with the
secondary antibodies used in Figure 2A. Immunostaining was performed on nonpermeabilized cells that were analyzed by confocal
microscopy. When UPIa (b) and HA-UPII (a) were coexpressed,
both subunits colocalized at the plasma membrane. This was not the
case when UPIa was coexpressed with myc-UPIII, but ER staining
was observed in permeabilized cells (our unpublished data). On the
other hand, when UPIb (e) was coexpressed with myc-UPIII (d),
both UP subunits were expressed at the plasma membrane (f), but
HA-UPII cannot be detected at the plasma membrane of cells expressing UPIb and HA-UPII (g). As may be expected from our
single-transfection experiments, UPIb reached the cell surface (h)
when coexpressed with HA-UPII.

cannot assemble properly into correct heterodimeric complexes.
Our results indicate that UPIb is the only uroplakin subunit able to leave the ER when expressed by itself, whereas
exit of the closely related UPIa requires the coexpression of
UPII. The most obvious interpretation of these results is that
UPIb can be correctly folded in the ER such that components
involved in quality control functions no longer recognize
and bind to this subunit, thus allowing it to exit from the ER.
Alternatively, UPIb may pair with an unknown protein that
is also expressed in 293T cells. Our finding that UPIb alone
can exit from the ER is interesting, because UPIb is the only
uroplakin that is known to be expressed in tissues other than
the urothelium, namely, in the cornea, conjunctiva and pos4227
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Figure 7. UPIa/UPII and UPIb/UPIII heterodimers are formed in
the ER. Transfected 293T cells were pulsed with [35S]methionine for
10 min and chased for the indicated time. Immunoprecipitation was
then performed under nondenaturing conditions. (A) 293T cells
were transfected with UPII-HA (lane 6) or cotransfected with
UPII-HA and UPIa (lanes 1–5) or UPIb (lane 7). An HA antibody
was used for immunoprecipitation. Immediately after the pulse
period, formation of the UPIa/UPII-HA heterodimer was detected
before the maturation of UPII-HA took place (lane 1). Note that
pro-UPII has three potential N-glycosylation sites in the prosequence. The number of stars next to “pro-IIHA” indicates the number of N-linked high-mannose oligosaccharides attached to the
propeptide. A glycosylated (Ia*) and a nonglycosylated (Ia) form of
UPIa were detected. (B) 293T cells were transfected with UPIII or
cotransfected with UPIII and UPIa or UPIb. Immunoprecipitation
was performed using an anti-AUM antibody that precipitates only
UPIII (lane 6), but not UPIb (lane 8). The electrophoretic mobility of
the ER form of UPIII (III*) and the Endo-H–resistant form (III⫹) are
indicated. UPIb was synthesized as a nonglycosylated (Ib) or glycosylated (Ib*) form. The UPIb/UPIII heterodimer can be detected
immediately after the pulse period (lane 1). The Endo-H–resistant
form of UPIII was detected only at chase times of ⬎20 min. The
identities of the uroplakin glycoforms were confirmed by Western
blotting of control and Endo-H–treated samples (our unpublished
data).
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sibly lung (Kallin et al., 1991; Adachi et al., 2000). Support for
the notion that UPIb can exit by itself from the ER also came
from experiments where the UPIII gene was deleted in
knockout mice (Hu et al., 2000). As was the case in our
transfection experiments, where UPIb was either expressed
by itself or together with UPIII (Figure 4), the glycosylation
pattern of UPIb changed significantly in the UPIII-deficient
urothelium (Hu et al., 2000). Furthermore, instead of being
expressed only at the apical domain of umbrella cells, UPIII
knockout led to the mistargeting of UPIb to the basolateral
cell surface. It seems that UPIb alone does not carry targeting information for a specific plasma membrane domain in
polarized urothelium and that it acquires this targeting signal when it forms a heterodimer with UPIII. It remains to be
seen at which intracellular level the mistargeting of the
“unpaired” UPIb takes place in the knockout mouse. It is
conceivable that in urothelium of the UPIII knockout mouse,
UPIb alone is at least partially sorted into a different class of
vesicles than the UPIa/UPII pair, and only the latter is
transported to the apical surface of umbrella cells. Alternatively, UPIb is packaged together with UPIa/UPII complexes into post-Golgi vesicles. After being delivered to the
apical plasma membrane, UPIb may then be redistributed to
the basolateral domain via transcytotic vesicles (Bartles et al.,
1987). At this point, we do not know why UPIa expressed
alone is retained in the ER, despite its structural similarity to
UPIb. In the case of CD82, which like UPIa and UPIb belongs
to the “tetraspanin” family, its first transmembrane segment
is known to be essential for the molecule to exit from the ER
and to reach the plasma membrane of B and T cells or
macrophages (Cannon and Cresswell, 2001). Interactions of
domains buried in the lipid bilayer may, therefore, play a
role in the assembly and targeting of these tetraspanin membrane proteins, including UPIa and UPIb.
Structural studies have demonstrated that the planar crystals of the urothelial plaques are formed by hexagonal arrays
of 16-nm particles that most likely contain all four uroplakin
subunits (Walz et al., 1995; Kachar et al., 1999; Liang et al.,
2001). Like many cell surface receptors, ion channels and cell
junctions, the 16-nm particles are composed of multiple
subunits, which must at least partially assemble in the ER to
be expressed at the cell surface (Green and Millar, 1995;
Gorrie et al., 1997; Nagaya and Papazian, 1997; Reddy and
Corley, 1998; Dietrich et al., 1999; George et al., 1999). Our
pulse-chase experiments have demonstrated that uroplakin
subunits assemble into UPIa/UPII and UPIb/UPIII heterodimers in the ER, suggesting that these two subcomplexes may form higher order assemblies in a post-ER compartment. We cannot exclude, however, that in the ER of
urothelial cells they may form heterotetramers or assume
even higher order assemblies, such as the 16-nm particles.
Our transfection studies on ectopically expressed subunits
have provided evidence for a stepwise assembly of uroplakin crystals starting with heterodimeric subcomplexes
formed in the ER. A similar process was observed for the
assembly of the pentameric acetylcholine receptor, where
the formation of dimeric and trimeric intermediates has
been demonstrated in the ER (Green, 1999). For the assembly
of connexins into gap junctions, it was shown that the hexameric hemichannels are assembled in the ER from dimeric
and tetrameric intermediates (Ahmad et al., 2001). On the
other hand, higher order assembly of gap junctions into
Molecular Biology of the Cell
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plaque-like structures is a post-Golgi event and is dependent
on the phosphorylation of certain connexins (Musil and
Goodenough, 1991, 1993). It has been suggested that this
late-stage aggregation of hemi-connexons can prevent precocious, intracellular assembly of gap junctions. Perhaps for
the same reasons, the assembly of 16-nm uroplakin particles
into the crystalline AUM plaques is restricted to post-Golgi
compartments, although we do not know what triggers the
further assembly of the uroplakin subcomplexes into mature
two-dimensional crystals. Another example for the assembly
of subcomplexes of an oligomeric plasma membrane protein
in the ER followed by the formation of a functional protein
in the Golgi apparatus is provided by the stepwise assembly
of the T-cell receptor (TCR) (Klausner et al., 1990; Dietrich et
al., 1999). Initially, three heterodimeric subcomplexes are
formed in the ER that, after assembly into a hexameric
complex, can be transported to the Golgi apparatus. On the
other hand, the homodimeric TCR2 subcomplex can be
exported from the ER independently and locates to the Golgi
apparatus. After it combines with the hexameric subcomplex in a final assembly step, the functional TCR can now
translocate to the plasma membrane (Dietrich et al., 1999).
Both chemical cross-linking experiments on purified
AUM (Wu et al., 1995) and chromatographic separation of
detergent-solubilized AUM (Liang et al., 2001) support the
idea of uroplakin pairs. The experiments presented herein
demonstrate that the UPIa/UPII and UPIb/UPIII pairs are
important intermediates toward formation of the 16-nm particles of urothelial plaques. The heterologous transfection
system described herein, together with cell fractionation
studies, will allow us to further analyze in which compartment these higher order assembly steps take place, and how
this assembly process is regulated.
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