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The role of bile salt export pump mutations in progressive
familial intrahepatic cholestasis type II

Lin Wang, Carol J. Soroka, and James L. Boyer

The Yale Liver Center, Yale University School of Medicine, New Haven, Connecticut, USA

PFIC II is a subtype of progressive familial intrahepatic cholestasis (PFIC) that is associated with
mutations in the ABCB11 gene encoding the bile salt export pump (BSEP). However it is not known
how these mutations cause this disease. To evaluate these mechanisms, we introduced seven PFIC
IT-associated missense mutations into rat Bsep and assessed their effects on Bsep membrane local-
ization and transport function in MDCK and Sf9 cells, respectively. Five mutations, G238V, E297G,
G982R, R1153C, and R1268Q, prevented the protein from trafficking to the apical membrane, and
E297G, G982R, R1153C, and R1268Q also abolished taurocholate transport activity, possibly by caus-
ing Bsep to misfold. Mutation C336S affected neither Bsep transport activity nor the apical traffick-
ing of Bsep, suggesting that this mutation alone may not cause this disease. D482G did not affect the
apical expression but partially decreased the transport activity of Bsep. Mutant G238V was rapidly
degraded in both MDCK and Sf9 cells, and proteasome inhibitor resulted in intracellular accumu-
lation of this and other mutants, suggesting proteasome-mediated degradation plays an important
role in expression of these PFIC II mutants. Our studies highlight the heterogeneous nature of PFIC
II mutations and illustrate the significance of these mutations in the function and expression of Bsep.

J. Clin. Invest. 110:965-972 (2002). doi:10.1172/JC1200215968.

Introduction
Bile secretion is mediated by several ATP binding cas-
sette (ABC) transporters located in the canalicular
membrane of hepatocytes (for reviews, see refs. 1, 2).
Among these ABC transporters, the bile salt export
pump (BSEP, or ABCB11) represents the primary if not
the sole transport system for the canalicular excretion
of bile salts (3, 4). Bile secretory failure results in
cholestasis. Progressive familial intrahepatic cholesta-
sis (PFIC) of infancy represents a group of inherited
cholestatic diseases that are classified into three sub-
types. One of these subtypes, PFIC I1, is associated with
mutations in the BSEP gene (5, 6). PFIC I and PFIC III
are caused by mutations in the genes encoding FIC I
(ATP8B1) and MDR3 (ABCB4), respectively (7, 8).
PFIC patients with mutations in the BSEP gene have
normal y-glutamyltransferase activity, very low con-
centrations of bile salts in bile, and an absence of bile
duct proliferation. Two human genetics studies have
identified a number of premature termination, mis-
sense, and frame shift mutations in the BSEP gene in
patients with PFICII (5, 6). These data provided defin-
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itive evidence that BSEP plays a crucial role in bile
salt-dependent bile secretion in humans.

In the present study we have examined the effects of
a number of missense mutations in the human BSEP
gene that have previously been associated with PFIC IL.
We chose to study missense mutations because these
single-point mutations may reveal information about
residues or regions in BSEP essential for its function or
biogenesis. It remains unclear how these missense
mutations identified from genetic studies affect BSEP
expression. For example, some published missense
mutations have been found on only one allele (i.e., het-
erozygous mutation). Yet in these patients BSEP was
not detected by immunohistochemistry (6). Since in
some cases the parents carrying the mutation were
reported to be phenotypically normal, the identified
missense mutations may not cause the disease. To clar-
ify this issue, mutagenesis studies are also needed to
directly determine whether these defined mutations are
capable of impairing BSEP function. In addition, if a
missense mutation results in PFIC II (i.e., a homozy-
gous missense mutation or a heterozygous mutation
that affects BSEP function), the mutation could affect
BSEP expression in at least two ways. First, the muta-
tion could affect the biogenesis of BSEP, in which case
the BSEP mutant might be sequestered within the cell
and unable to be targeted correctly to the canalicular
membrane. Second, the mutation might not affect the
trafficking of BSEP to the plasma membrane, but
instead may impair the transport function of the pro-
tein, for example by preventing substrate binding.

To examine these issues in greater detail, we have
introduced seven published human BSEP missense
mutations that are associated with PFIC Il into rat Bsep.
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These mutations in human BSEP (Figure 1a) occur in
regions that are highly conserved throughout the verte-
brate phylum (9) and therefore are likely to be essential
residues for Bsep function or membrane localization.
We used rat Bsep as a model protein in our studies
because the human gene had not been functionally
expressed and rat Bsep is highly homologous to the
human orthologue, with 82.3% identity and 88% simi-
larity at the amino acid level (3, 5). Furthermore, the
PFIC II mutations in human BSEP occur in regions
highly conserved between human BSEP and rat Bsep
(Figure 1a). We have expressed these Bsep PFIC II
mutants in both Madin-Darby canine kidney (MDCK)
cells and insect Sf9 cells. Cellular localization of these
Bsep PFIC II mutants was analyzed in MDCK cells, and
their ability to transport taurocholate was determined
in the Sf9 cell expression system.

Methods

Chemicals, cells, and antibodies. [*H]taurocholic acid (3
Ci/mmol) was obtained from NEN Life Science Prod-
ucts Inc. (Boston, Massachusetts, USA). Common
chemicals and reagents were purchased from American
Bioanalytical (Natick, Massachusetts, USA) or Mallinck-
rodt Baker Inc. (Phillipsburg, New Jersey, USA). Bile
acids were from Sigma-Aldrich (St. Louis, Missouri,
USA). The tissue culture reagents were from Invitrogen
Corp. (Carlsbad, California, USA). MDCK cells and
human embryonic kidney (HEK) 293 cells were gener-
ous gifts from Alan Fanning (Yale University). Antibod-
ies raised against rat Bsep, protein gp-135 (an apical
marker of MDCK cells) (10), and NaK-ATPase were
kindly provided by Bruno Stieger (University Hospital,
Zurich, Switzerland), George Ojakian (State University
of New York, Brooklyn, New York, USA), and Michael
Caplan (Yale University), respectively.

Plasmid construction. For the construction of the
PEGFP-Bsep plasmid incorporating green fluorescent
protein (GFP), a full-length cDNA encoding rat Bsep
(kindly provided by Peter Meier, University Hospital) was
introduced into pEGFPC1 (Clontech Laboratories Inc.,
Palo Alto, California, USA) after the C-terminus of EGFP
by digestion with restriction enzymes and PCR. The
fusion construct (PEGFP-Bsep) encodes a chimera pro-
tein, Bsep-GFP, starting with EGFP and followed by a 17-
amino-acid linker and the Bsep sequence minus the first
amino acid, methionine. For construction of the PFIC II
mutants of pEGFP-Bsep, site-directed mutagenesis was
petrformed using the QuikChange PCR mutagenesis kit
(Stratagene, La Jolla, California, USA). This generated
the following missense mutants: G238V, E297G, C336S,
D482G, G982R, R1153C, and R1268Q. The location of
these mutations is shown in a topology model of rat
Bsep (Figure 1b). Both EGFP-Bsep and PFIC II mutant
constructs were confirmed by DNA sequencing at the
W.M. Keck sequencing facility of Yale University.

Cell culture and transfection. MDCK cells and HEK 293
cells were grown in DMEM supplemented with 10%
FBS, containing 100 units of penicillin/ml and 100 pig

a G238V E297G
Human BSEP ., LGFFRGWKLTL Human BSEP  ,,,AAFGGEKREVE
Rat Bsep ,;,LGFYRGWKLTL Rat Bsep ,,,AAFGGENKEVE
Mouse Bsep ,,,LGFYRGWKLTL Mouse Bsep ,,,AAFGGENKEVE
Rabbit Bsep . VGFSQWWKLTL Rabbit Bsep ,  AAFGGEKKEVE
Skate Bsep . MGFVNGWKLTL Skate Bsep ,, AAFSGEKKEVD
v G
C336S D482G
Human BSEP .,,CLIFLCYAVAFW Human BSEP  7,GMVTVDGHDIR
Rat Bsep ,,,CLIFFCYALAFW Rat Bsep ,;,GMVTLDGHDIR
Mouse Bsep ,,,CLIFFCYALAFW Mouse Bsep ,,,GMVTLDGHDIR
Rabbit Bsep . CLIFFCYALAFW Rabbit Bsep ,,,GMVIVESHDIR
Skate Bsep ,, MIIFCCYALAFW Skate Bsep ,,,GMVTLDGHDIR
s €]
G982R R1153C
Human BSEP ,,,KANIYGFCFAF Human BSEP ,,,,NVQFLRSNIGI
Rat Bsep ,,KANIYGLCFAF Rat Bsep ,,4,NIQFLRSNIGI
Mouse Bsep | KANVYGLCYAF Mouse Bsep ,,,,NVQFLRSNIGI
Rabbit Bsep . KANVYGLCFGF Rabbit Bsep ,,,,NIQFLRSNIGI
Skate Bsep | = KANVYGLCFGF Skate Bsep |,  NTAFLRSKIGI
R c
R1268Q
Human BSEP 1,6, KAREGRTCIVI
Rat Bsep 126;KAREGRTCIVI
Mouse Bsep ,,¢,KAREGRTCIVI
Rabbit Bsep 1,,.KAREGRTCIVI
Skate Bsep ,,,,EARKGRTCIVI
Q
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PFIC Il mutations reside in regions highly conserved throughout the
vertebrate phylum. (a) Sequence alignment of mutation sites in
BSEP/Bsep from human, rat, mouse, rabbit, and skate using the
Clustal alignment software MegAlign (DNASTAR Inc., Madison, Wis-
consin, USA). The PFIC Il mutations in human BSEP and the corre-
sponding residues in other Bseps are shown in bold. (b) The positions
of G238V, E297G, C336S, D482G, G982R, R1153C, and R1268Q
are indicated by stars in a predicted topology model of rat Bsep. The
Walker A and Walker B regions are shown in boxes, and a number of
potential glycosylation sites are indicated by the branch structures in
the first extracellular loop of Bsep. The predicted 12 transmembrane-
spanning segments in Bsep are shown in boxes labeled 1-12.

of streptomycin sulfate/ml. For transient transfection,
confluent MDCK cells and HEK 293 cells were trans-
fected using LipofectAmine (Invitrogen Corp.) accord-
ing to the manufacturer’s instructions. MDCK cells
stably expressing Bsep-GFP were obtained by selection
using antibiotic G-418 sulfate (Invitrogen Corp.). For
proteasome inhibition, 5 pumol/ml MG-132 (Cal-
biochem-Novabiochem Corp., San Diego, California,
USA) was added to the culture medium for various
lengths of time as indicated in Figure 4.

Membrane preparation. Total membrane fractions were
prepared from transfected MDCK and HEK 293 cells
grown on 6-cm dishes (Corning-Costar Corp., Acton,
Massachusetts, USA). The cells were scraped from the
dish, homogenized in a hypotonic lysis buffer (10 mM
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NaCl, 2 mM MgCl,, 1 mM DTT, 10 mM Tris/HEPES at
pH 7.4, 5 ng/ml leupeptin, 1 pg/ml pepstatin A, and 2
mM PMSF) on ice and centrifuged at 400 g. The post-
nuclear supernatant was centrifuged for 20 minutes at
100,000 g to pellet the total membranes. The cytosol
fraction (the supernatant after centrifugation) was
removed and stored for separate analysis, and the mem-
branes were resuspended in the lysis buffer supple-
mented with 0.25 M sucrose.

Expression of PFIC I mutants of rat Bsep in Sf9 cells. The
PFIC II mutant pEGFP-Bsep constructs described
above were used to generate a series of pFastBac-Bsep
constructs each containing a desired PFIC II mutation.
The Bac-to-Bac baculovirus system (Invitrogen Corp.)
was used to generate the respective recombinant bac-
ulovirus. The total membrane fractions were prepared
from the infected Sf9 cells and resuspended in a tauro-
cholate uptake buffer as described previously (9). Mem-
brane aliquots were stored at -80°C. Protein concen-
tration was determined using the Bradford assay with
BSA as a standard (11).

Vesicle transport assays. One hundred micrograms of Sf9
cell membrane vesicles were used in each assay. [*H]|tau-
rocholate uptake was measured by a rapid filtration
assay as described previously (9). Briefly, vesicle uptake
of [*H]taurocholate (2.5 uM) was determined in the pres-
ence and absence of ATP (5 mM) for 10 minutes at 28°C.
The difference between taurocholate uptake measured
in the presence and absence of ATP was defined as ATP-
dependent taurocholate uptake. For inhibition studies,
glycochenodeoxycholate, glycocholate, taurocheno-
deoxycholate, and taurocholate were each added to the
uptake solution at a final concentration of 50 uM.

Electrophoresis and immunoblotting. Total membrane and
cytosol fractions from MDCK cells and total membranes
from HEK 293 cells and Sf9 cells were analyzed by SDS-
PAGE (12). The separated polypeptides were electro-
transferred to PVDF membranes (Bio-Rad Laboratories
Inc., Hercules, California, USA) and then subjected to
Western blotting using a standard protocol. We used a
rabbit polyclonal antibody (kindly provided by Bruno
Stieger) raised against the C-terminal 14 amino acids of
rat Bsep (3). The immunoreactive proteins were visual-
ized using an enhanced chemiluminescence kit (Amer-
sham Biosciences, Piscataway, New Jersey, USA).

Confocal microscopy. After transfection, MDCK and
HEK 293 cells grown on coverslips were fixed with ice-
cold methanol for 10 minutes at -20°C. Coverslips were
mounted on glass microscope slides using Vectashield
containing propidium iodide (Vector Laboratories,
Burlingame, California, USA). Cells were viewed on a
Zeiss LSM 510 confocal microscope (Carl Zeiss Inc.,
Thornwood, New York, USA) using Multitracking with
BP505-550 and LPS8S filters. En face views were used to
ascertain the expression level of Bsep-GFP, and then
areas were selected to collect a Z section series to deter-
mine the cellular localization of the signal. Digital
images were saved and analyzed with Adobe PhotoShop
(Adobe Systems Inc., Mountain View, California, USA).

Results

Expression of Bsep-GFP in MDCK and HEK 293 cells. To
examine the cellular localization of the rat Bsep PFIC
II mutants, we first created a fusion construct, Bsep-
GFP, in which GFP was fused to the N-terminus of
Bsep, and Bsep-GFP was expressed in MDCK cells. We
chose MDCK cells, a well-characterized polarized
kidney cell line, for our expression studies because
many apical and basolateral proteins (e.g., P-glyco-
protein and NaK-ATPase) have the same membrane
localization in these cells as in hepatocytes.

In transiently transfected MDCK cells, transfection
efficiency was low (less than 5%). However, the green
fluorescent signal colocalized well with the immunos-
taining signal detected using an antibody against rat
Bsep (Figure 2a, top row). GFP also colocalized with
gp-135, an apical marker of MDCK cells (Figure 2a,
center row), but was distinct from the basolateral mark-
er, NaK-ATPase (Figure 2a, bottom row), as shown by
immunostaining. This demonstrates that Bsep-GFP
was exclusively expressed on the apical membrane sur-
face of MDCK cells. No specific apical fluorescent sig-
nal was detected in nontransfected MDCK cells, and
the green fluorescent signal was observed throughout
the cytoplasm when only GFP was transfected into
MDCK cells (data not shown). Our data showing that
Bsep-GFP was expressed at the apical membrane of
MDCK cells is consistent with the normal canalicu-
lar/apical localization of Bsep in hepatocytes and sug-
gests that the added GFP tag did not affect the mem-
brane localization of Bsep as it trafficked through the
secretory pathways in MDCK cells.

Because the low transfection efficiency of transient
transfection made detailed analyses of Bsep-GFP
expression difficult, we next created an MDCK cell line
that stably expressed Bsep-GFP. In the stable cell line,
Bsep-GFP was exclusively expressed at the apical sur-
face of MDCK cells (Figure 2b). When the total mem-
branes from the stable cell lines were analyzed by SDS-
PAGE followed by immunoblotting, the rat Bsep
antibody recognized a band with an approximate
molecular weight of 190 kDa, which is 30 kDa larger
than the rat Bsep (~160 kDa) detected from a rat liver
plasma membrane fraction (Figure 2c). This difference
in molecular weight is consistent with the size of the
GFP tag. The Bsep-GFP band was not detected in
MDCK cells stably expressing GFP alone, nor was it
detected in the cytosolic fraction of MDCK cells.

We also compared the expression of Bsep-GFP in
nonpolarized kidney epithelial cells (HEK 293 cells).
After transient transfection, Bsep-GFP was expressed
over the entire plasma membrane of HEK 293 cells and
Bsep-GFP expression in plasma membrane was higher
in HEK 293 cells than in MDCK cells, reflecting high-
er efficiency of transfection (Figure 2b). Bsep-GFP was
detected by immunoblotting as a 190-kDa protein,
consistent with the size of Bsep-GFP expressed in
MDCK cells (Figure 2d). Taken together, expression
studies in both MDCK and HEK 293 cells showed that
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Figure 2

Expression of Bsep-GFP in MDCK cells and HEK 293 cells. (a) After transient transfection with Bsep-GFP, MDCK cells were processed for
immunofluorescence using antibodies against rat Bsep, gp-135, and NaK-ATPase, and imaged to locate the GFP fusion protein and apical
and basolateral membranes of MDCK cells. In each panel, the top part shows the en face image and the bottom part shows the Z-section-
ing image. Bsep-GFP colocalized with gp-135 but was distinct from NaK-ATPase. Bar, 5 um. (b) Bsep-GFP was expressed in either a stable
MDCK cell line or HEK 293 cells by transient expression. Both en face and Z-sectioning images of the GFP fusion protein are presented. Bar,
5 um. Total membrane and cytosol fractions were prepared from (c¢) MDCK cell lines either stably expressing Bsep-GFP or expressing GFP
alone, or (d) from transfected and mock-treated HEK 293 cells. These fractions (100 Ug protein per lane) and a rat liver plasma membrane
preparation (LPM) (100 pg protein per lane) were separated on a 6.5% Laemmli gel, and Bsep-GFP was detected by Western blotting using
an antibody against rat Bsep. The position of Bsep-GFP in the total membrane fraction of MDCK cells is indicated by the arrow. Rat Bsep

and Bsep-GFP have apparent molecular weights of approximately 160 kDa and 190 kDa, respectively.
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Bsep-GFP was synthesized with the expected molecu-
lar weight and trafficked to the apical membrane sur-
face only when expressed in the polarized kidney cells.

PFIC II mutations have a heterogeneous effect on Bsep-GFP
localization in MDCK cells. G238V, E297G, C336S,
D482G, G982R, R1153C, and R1268Q are published
mutations in human BSEP that are associated with
PFIC II. To analyze whether these PFIC II mutations
affect the membrane localization of Bsep, each muta-
tion was introduced into Bsep-GFP and the mutant
proteins were expressed in MDCK cells by transient
transfection. Contrary to the apical expression of wild-
type Bsep-GFP (Figure 3a), five of these PFIC II muta-
tions, G238V, E297G, G982R, R1153C, and R1268Q,
caused the protein to be sequestered within the cell
(Figure 3, b, ¢, and f-h). The intracellular localization
of these mutants was confirmed by immunostaining
with antibody against gp-135, which did not colocalize
with the green fluorescent signals (data not shown). In
the cases of E297G, G982R, R1153C, and R1268Q, the

green fluorescent signals were widely distributed
throughout the cytoplasm. The level of expression was
much lower in G238V, although this mutant was also
detected in the cytoplasm rather than on the apical
membrane. Surprisingly, mutation C336S did not alter
the apical expression of Bsep-GFP (Figure 3d). In the
cells expressing D482G, a significant green fluorescent
signal was also detected at the apical surface as well as
in the cytoplasm (Figure 3e). Other studies in polarized
hepatic C2rev7 cells also showed that mutant C336S
was expressed at the canalicular membrane of the
C2rev7 cells in a manner similar to the wild-type Bsep-
GFP (our unpublished observation).
Ubiquitin/proteasome-mediated degradation plays a role in
the expression of some PFIC II mutants. Several studies
with other ABC transporters, such as cystic fibrosis
transmembrane conductance regulator (CFTR) and
copper-transporting P-type adenosine triphosphatase
(ATP7B), have shown that intracellularly sequestered
membrane proteins that resulted from mutation-
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induced misfolding were subsequently degraded by
the ubiquitin/proteasome system (13-15). This
seemed a particularly interesting possibility for G238V
because this mutant protein was expressed rather
poorly in MDCK cells. Thus we examined the involve-
ment of proteasomes in the expression of Bsep PFIC II
mutants by adding MG-132, a specific proteasome
inhibitor, for different lengths of time to the culture
medium of the MDCK cells transfected with PFIC II
mutants (Figure 4, top row). The effect of MG-132 on
the expression of wild-type Bsep-GFP in MDCK cells
was also examined (Figure 4, bottom row).

After treatment with MG-132 for 2 hours, we did not
observe any increase in fluorescent signal intensity or
any change in localization of wild-type Bsep-GFP. In
contrast, a 2-hour treatment with MG-132 increased the
fluorescent signal for G238V about 60% compared with
untreated cells (after quantification by summation of
the fluorescent signals from a series of Z-sectioning
images); aggregate formation began to be seen in
G238V-expressing cells after the 2-hour treatment. The
presence of MG-132 significantly increased the fluores-
cence intensity of mutant G238V seen in the cells after
an 8-hour incubation and persisted after 12 hours (Fig-
ure 4, top row). The G238V mutant accumulated at sev-
eral perinuclear positions, reminiscent of the protein
aggregates seen in a previous study of a mutant of
ATP7B, which is associated with Wilson disease (15).
These data together suggest that G238V in MDCK cells
was very unstable and that active ubiquitin/protea-
some-mediated degradation played a role in
the expression of this mutant in MDCK cells.
Mutants E297G, G982R, R1153C, and
R1268Q (data not shown) also accumulated
into aggregates after incubation with MG-132,
suggesting the involvement of the ubiqui-
tin/proteasome system in their expression, but
the increase in fluorescence intensities was less
significant with these mutants than with
G238V. After a 12-hour treatment with protea-
some inhibitor, some wild-type Bsep-GFP was
detected in perinuclear aggregate structures,
with some of the Bsep-GFP still localized on
the apical surface (Figure 4, bottom row, far
right). This is not surprising since several stud-
ies have shown that GFP chimeras containing
wild-type proteins expressed in HEK 293 cells
can form an aggresome or aggregates when the
cells are treated with proteasome inhibitors for
several hours (14, 16).

Figure 3

PFIC Il mutations have a heterogeneous effect on the local-
ization of Bsep-GFP in MDCK cells. MDCK cells were tran-
siently transfected with wild-type (WT) Bsep-GFP (a) or
Bsep PFIC Il mutants (b-h) for 72 hours and imaged by
confocal microscopy. In each panel, the top part shows the
en face image and the bottom part shows the Z-sectioning
image. Bar, 10 um.

Taurocholate transport function of PFIC II mutants. As
described above, two mutations (C336S and D482G)
did not affect the ability of Bsep to reach the apical
membrane. Yet it is not clear whether C336S and
D482G disturb the folded structure of Bsep in such a
way that the bile salt transport function of Bsep is
affected. Therefore we used a baculovirus expression
system to characterize the transport function of these
mutants. In contrast to C336S and D482G, G238V,
E297G, G982R, R1153C, and R1268Q prevented the
apical trafficking of Bsep-GFP in MDCK cells. We also
examined whether these mutants were able to transport
bile salt despite their inability to reach the cell surface
when expressed in MDCK cells.

Bsep cDNAs carrying the seven PFIC II missense
mutations were expressed in insect Sf9 cells using
recombinant baculovirus. We manipulated the inocu-
la of the baculovirus used in the experiment in order to
achieve an expression level in all mutants that was com-
parable to that of wild-type protein. When total mem-
branes from infected Sf9 cells were analyzed by SDS-
PAGE followed by Western blotting, six of the PFIC II
mutants were expressed at a level comparable to the
wild-type rat Bsep as detected by the Bsep antibody. In
contrast, G238V mutant protein was below the level of
detection (Figure 5a).

To examine whether these PFIC II missense mutations
affected the bile salt transport function of Bsep, total
membrane fractions were prepared from the infected
Sf9 cells and analyzed for ATP-dependent taurocholate

G238V =

R h R1268Q
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uptake. As can be seen in Figure Sb, significant [*H]tau-
rocholate uptake (~110 pmol/mg protein/10 min) was
observed in membrane vesicles isolated from Sf9 cells
infected with wild-type rat Bsep cDNA. Very little ATP-
dependent taurocholate uptake was seen in vesicles
from mock-treated Sf9 cells. The E297G, G982R,
R1153C, and R1268Q mutations reduced taurocholate
uptake of Bsep to the level of that in membrane vesicles
from mock-treated Sf9 cells (Figure 5b). Because G238V
decreased Bsep expression to an undetectable level (Fig-
ure 5a), we were unable to measure the taurocholate
uptake by this mutant. The membrane vesicles express-
ing D482G showed a decrease in taurocholate uptake
compared with wild-type Bsep, while the vesicles
expressing C336S showed no significant difference
from wild-type Bsep (Figure Sb).

Since glycochenodeoxycholate and glycocholate rather
than taurochenodeoxycholate and taurocholate are the
major bile salt species in human bile, we also investigat-
ed whether glycochenodeoxycholate and glycocholate
inhibited [*H]taurocholate transport in Sf9 vesicles
expressing C336S mutant and wild-type Bsep (Table 1).
Glycocholate had a small inhibitory effect on both the
wild-type Bsep and C336S (inhibited less than 10% of
taurocholate transport) in this assay, while taurochen-
odeoxycholate inhibited more than 90% of the transport.
Glycochenodeoxycholate and taurocholate inhibited
about 40-50% of the [*H]taurocholate transport by both
wild-type Bsep and C336S. Thus the relative inhibitory
effects of these bile salts on the C336S mutant and the
wild-type rat Bsep in this study is similar to the relative
affinities of these bile salts for the rat and human bile
salt transporters (3, 17, 18, 19). The similarity of the
inhibitory effects of these bile salts on the C336S mutant
and wild-type rat Bsep is consistent with the finding that
C336S in rat Bsep did not affect the transport of tauro-
cholate by this protein (Figure Sb).

Discussion
In this study we characterized the effect of seven mis-
sense PFIC II mutations introduced into rat Bsep when

Figure 4

ration of the signal.

part shows the Z-sectioning image.

expressed in MDCK cells and Sf9 cells. Taken together,
the results from these two expression systems show
that C336S affects neither the bile salt transport nor
the apical localization of the protein. D482G also did
not seem to prevent some of the Bsep from reaching
the apical membranes in MDCK cells, but this muta-
tion partially decreased the transport activity of the
protein. In contrast, E297G, G982R, R1153C, and
R1268Q abolished taurocholate transport by Bsep and
also prevented the protein from trafficking to the api-
cal membrane. G238V apparently led to rapid degra-

G238V is degraded by proteasomes in MDCK
cells. MDCK cells were transiently transfected with
wild-type Bsep-GFP (bottom row) or G238V (top
row) for 48 hours. The transfected cells were then
either treated with 5 pumol/ml MG-132 for an
additional 2, 8, or 12 hours or left untreated (con-
trols, indicated as 0 h). All images were acquired
under identical conditions, in which gain was opti-
mized for the treated cells in order to avoid satu-
Under these conditions,
G238V was barely detectable in MDCK cells not
treated with MG-132 (G238V, 0 h). Protein aggre-
gates were seen as a number of signals at perinu-
clear positions in the cytoplasm. In each panel, the
top part shows the en face image and the bottom
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Figure 5

PFIC Il mutations exhibit heterogeneous effects on Bsep taurocholate
transport activity. (a) Sf9 cell vesicles (100 pg) expressing Bsep or
Bsep PFIC Il mutant were analyzed by Western blotting as indicated.
(b) ATP-dependent [3H]taurocholate transport was measured using
membrane vesicles isolated from Sf9 cells expressing Bsep or PFIC II
mutants. Vesicle uptake of [3H]taurocholate (2.5 UM) was deter-
mined in the presence and absence of ATP (5 mM). Data represent
the mean + SD of three determinations. The difference between tau-
rocholate uptake measured in the presence and absence of ATP was

defined as ATP-dependent taurocholate uptake.
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dation of Bsep when expressed in MDCK and Sf9 cells,
presumably by making the protein highly unstable.
These mutations presumably have a similar effect on
Bsep expression in hepatocytes.

Since C336S did not affect either apical localization
or the transport function of Bsep, this mutation alone
may not be the cause of the cholestatic condition seen
in PFIC II. However, because we have not examined the
effects of C336S on the transport function and traf-
ficking behavior of human BSEP protein in a hepatic
cell model, we cannot exclude the possibility that this
mutation may have distinct effects on human BSEP
expressed in vivo. We also noticed that in one earlier
genetic study, this mutation was described as a het-
erozygous mutation in two patients (6). Because only
single-strand conformation polymorphism analysis
instead of full-length sequencing was used in the earli-
er study to screen for mutations in human BSEP, other
yet-to-be-identified mutations in BSEP may cause the
cholestatic condition in those patients.

Our expression studies in MDCK cells showed that
G238V, E297G, G982R, R1153C, and R1268Q pre-
vented the Bsep protein from trafficking to the apical
membrane. In general, there are two types of mutations
that can cause the intracellular retention of a protein.
The first type impairs the specific sorting signals with-
in the protein, leading to the intracellular retention of
the mutant protein. The second type of mutation dis-
rupts the global folding of the protein in such a way
that misfolded proteins are detected by the quality con-
trol system of the secretory pathway and are subse-
quently sequestered in the cytoplasm. Several studies
have shown that the second type of mutation often
leads to loss of function as a result of misfolding,
whereas the first type of mutation affects only specific
regions of the protein and thus may not necessarily
affect the protein’s function (20, 21). Therefore it was
of interest to examine whether mutants G238V,
E297G, G982R, R1153C, and R1268Q are capable of
transporting bile salts despite their defect in apical traf-
ficking. Our results showing that the Bsep mutants
E297G, G982R, R1153C, and R1268Q also lost bile salt
transport function (see Figure 5b) raise the possibility
that the trafficking defect of these mutations could
have resulted from misfolding of the protein.

In some of our experiments, we observed that mutant
D482G was expressed in the cytoplasm of MDCK cells
in addition to trafficking to the apical membranes.
This could be due either to the protein overexpression
that is often associated with transient transfection or
to any trafficking signal in Bsep being adversely affect-

degraded by the ubiquitin/proteasome system (13, 14).
Ubiquitin/proteasome-mediated degradation has also
been implicated in the expression of a mutant of mul-
tidrug resistance protein 2 (ABCC2) that causes Dubin-
Johnson syndrome (22) and a mutant of ATP7B, which
is associated with Wilson disease (15). Our finding that
the presence of proteasome inhibitor MG-132 induced
the sequestered proteins to form protein aggregates sug-
gests that ubiquitin/proteasome-mediated degradation
was involved in the expression of G238V, E297G,
G982R, R1153C, and R1268Q. The G238V Bsep
mutant is particularly worth noting since the mutant
protein was detectable only when the cells were treated
with MG-132, suggesting that G238V probably made
the protein highly unstable so that it was rapidly
degraded in MDCK cells. This conclusion is also sup-
ported by the failure of G238V to be expressed in Sf9
cells, whereas the other six mutants and wild-type Bsep
were expressed at relatively high levels. The reason only
protein aggregates rather than a single aggresome were
seen in the MDCK cells transfected with Bsep-GFP or
the PFIC II mutants may be the relatively low expression
of Bsep-GFP and PFIC II mutants in MDCK cells com-
pared with the expression of Bsep-GFP in HEK 293 cells
(see Figure 2). Several previous studies reporting aggre-
some formation have used HEK 293 cells, which nor-
mally have a higher expression level (14, 16). Similar
protein aggregates (rather than aggresomes) were seen
in human Huh?7 cells expressing a mutant of ATP7B
(15). An earlier study reported that human BSEP pro-
tein was not detected by immunohistochemistry of liver
biopsies from patients who carried either homozygous
mutation G238V, heterozygous mutation G982R, or
compound heterozygous mutations E297G and
R1057X (a premature termination mutation) (6). The
possibility that rapid degradation contributes to the
expression of these mutants in vivo may explain their
absence in the liver biopsies of the PFIC II patients.
Two heterozygous mutations identified in some
patients, G982R and E297G, have also been deter-
mined to be homozygous mutations in other PFIC II
families (5). Our data showed that these mutations
both impaired taurocholate transport by Bsep and pre-
vented the protein from trafficking to the apical mem-
branes. It would be of interest to determine whether the
cholestatic phenotype was less severe in the patient

Table 1
Inhibition of ATP-dependent taurocholate uptake

. ) . Bile acid WT Bse C336S
ed by this mutation. D482G partially decreased Bsep P
. . . . . Glycochenodeoxycholate (50 pM) 47.4+49 54.3+£41
bile salt transport function. It remains to be investi-
. . . Glycocholate (50 uM) 91.4+7.0 96.2+4.3
gated whether this mutation affects substrate binding Taurochenodeoxycholate (50 M) 27450 34449
to Bsep or the ATP hydrolysis of the protein since itlies 1, ,1ocholate (50 uM) 474452 61.5+4.7

between the Walker A and Walker B regions of the first

Uptake of 2.5 UM [3H]taurocholate by Sf9 cell membrane vesicles expressing
wild-type Bsep or C336S after treatment with glycochenodeoxycholate, gly-
cocholate, taurochenodeoxycholate, or taurocholate. Data are expressed as
percentages of control (no inhibitor treatment) values.

ABC domain of the protein.
Several recent studies have shown that misfolded pro-
teins such as the CFTR F508 deletion mutant are
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who carries the heterozygous mutation G982R, since
one would assume that some functional BSEP might
still be expressed. Other mutations (G238V, D482G,
R1153C, and R1268Q) have been identified as homozy-
gous mutations in affected PFIC II patients.

In summary, our studies have characterized the effects
of seven published PFIC II missense mutations that
have previously been shown to be associated with this
disease. The PFIC II missense mutations in Bsep fall
into several categories: (a) mutations (such as C3365S)
that did not affect function and targeting and therefore
may not cause the disease; (b) mutations such as D482G
that potentially affected specific regions in the protein
and led to impaired function (e.g., loss of substrate
binding) or impaired trafficking (e.g., loss of sorting sig-
nals); and (c) mutations such as G238V, E297G, G982R,
R1153C, and R1268Q that abolished both the protein’s
function and apical expression, possibly by misfolding.
Our results highlight the heterogeneous nature of the
missense mutations identified from human genetics
studies. Mutations G238V, E297G, G982R, R1153C,
and R1268Q are located at various cytosolic and trans-
membrane domains of Bsep. Our studies suggest that
these residues and regions are critical for the proper
expression of Bsep. Further characterization of the
functional effects of these mutations will help to deter-
mine the roles that these residues and regions play in
the biogenesis and normal folding of Bsep.
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