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Abstract

The Organic Solute Transporter (OST)(alpha)-OST (beta) is an unusual heteromeric carrier
expressed in a variety of tissues including the small intestine, colon, liver, biliary tract, kidney,
and adrenal gland. In polarized epithelial cells, OSTa-OSTp protein is localized on the basolateral
membrane and functions in the export or uptake of bile acids and steroids. This article reviews
recent results including studies of knockout mouse models that provide new insights to the role of
OSTa-OSTp in the compartmentalization and metabolism of these important lipids.
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1. Introduction

Many of the transporters important for maintenance of the enterohepatic circulation of bile
acid have been identified over the past 2 decades. Notably absent from that list was the
major transporter responsible for export of bile acids across the basolateral membrane of the
enterocyte, cholangiocyte, and renal proximal tubule cell. Despite numerous attempts over
the past 3 decades using protein purification [1], photoaffinity labeling [2], or candidate
gene approaches [3,4], the identity of the basolateral membrane bile acid transporter
remained an important missing link in our understanding of the enterohepatic circulation of
bile acids. This mystery was recently solved with the identification and characterization of a
novel Organic Solute Transporter (OST), OSTa-OSTp [5].

The previously identified Solute Carrier (SLC) and ATP-binding cassette (ABC) transporter
family members important for maintaining the enterohepatic circulation of bile acids are
thought to function as monomers or homo-multimers. In contrast, OST activity requires
coexpression of multiple subunits. OST consists of a larger polytopic membrane protein
(OSTa) and a smaller type 1 single-pass membrane protein (OSTp), a paradigm more
similar to the heteromeric amino acid transporters [6-8]. Since OSTa-OSTp was first
identified and cloned from the little skate in 2001 [5], much has been learned about the
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properties, regulation, and function of this novel transporter [9,10]. This review highlights
our current understanding of the physiological roles of OSTa-OST§f in bile acid and steroid
transport and also identifies important questions that remain to be answered.

2. Introduction to the enterohepatic synthesis of bile acids and regulation
of hepatic bile acid synthesis

This section briefly highlights the major transporters and mechanisms involved in the
enterohepatic circulation of bile acids and regulation of their hepatic synthesis, subjects that
have recently been reviewed in detail [11-15]. The tissue expression and function of OSTa-
OSTp and other major transporters involved in the metabolism and enterohepatic circulation
of bile acids are summarized in Figure 1. Bile acids are synthesized from cholesterol in the
liver, conjugated (N-acyl amidated) to taurine or glycine, secreted into bile, and stored in the
gallbladder. After entering the small intestine, bile acids facilitate absorption of fat-soluble
vitamins and cholesterol [16]. Most of the bile acids (> 90%) are reabsorbed from the
intestine and returned to the liver via the portal venous circulation. They are then taken up
by the hepatocyte and resecreted across the canalicular membrane into bile [17]. Since these
processes, i.e. intestinal absorption, return to the liver in the portal circulation, and hepatic
extraction of bile acids, are so efficient, the majority of the bile acids secreted by the
hepatocyte are derived from the recirculating bile acid pool with less than 10% from new de
novo hepatic synthesis.

After their synthesis or reconjugation in the hepatocyte, taurine and glycine conjugated bile
acids are secreted into bile by the canalicular membrane bile salt export pump (BSEP; gene
symbol ABCB11). The small amount of bile acids that have been modified by the addition of
sulfate or glucuronide are secreted into bile by the multidrug resistance-associated protein-2
(MRP2; gene symbol ABCC?2) and possibly the breast cancer related protein (BCRP; gene
symbol ABCG2). Bile acids can also be modified by additional hydroxylation and these
species are secreted into bile by MRP2 and possibly P-glycoprotein (MDR1; gene symbol
ABCB1A). The divalent or tetrahydroxylated bile acids are present in very small quantities
under normal physiological conditions, but may accumulate in disease states such as
cholestasis. After their secretion, bile acids are stored in the gallbladder and empty into the
intestinal lumen in response to a meal. Bile acids are poorly absorbed in the proximal small
intestine, but efficiently taken up by the apical sodium-dependent bile acid transporter
(ASBT; gene symbol SLC10A2) in the ileum. After entering the ileal enterocyte, bile acids
bind to the cytosolic ileal lipid binding protein (ILBP; gene symbol FABP6) and are
efficiently exported across the basolateral membrane into the portal circulation by the more
recently discovered heteromeric transporter OSTa-OSTp. The multidrug resistance-
associated protein-3 (MRP3; gene symbol ABCC3) is a minor contributor to basolateral
membrane export of native bile acids from the enterocyte, but may have a more significant
role in export of any modified (glucuronidated or sulfated) bile acids that may be formed.
MRP2 may also serve to export modified bile acids, across the apical brush border
membrane back into the intestinal lumen. The small fraction of bile acids that escape
absorption in the small intestine spill into the colon, where they are extensively
deconjugated and dehydroylated by the endogenous bacterial flora. The unconjugated bile
acids can be absorbed passively or actively and returned to the liver, where they are
efficiently reconjugated and mix with newly synthesized bile acids to be resecreted into bile.
This process of intestinal deconjugation and hepatic reconjugation is a normal part of bile
acid metabolism. Colonocytes express very low levels of ASBT, but appreciable levels of
MRP3 and OSTa-OSTp. These carriers may be contribute to the absorption of unconjugated
bile acids from the lumen of the colon. After their absorption from the intestine, bile acids
travel in the portal circulation back to the liver where that are cleared by the Na*-
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taurocholate cotransporting polypeptide (NTCP; gene symbol SLC10A1). Members of the
Organic Anion Transport Protein family, OATP1B1 (gene symbol SLCO1B1) and
OATP1B3 (gene symbol SLCO1B3) also participate in sinusoidal membrane bile acid
uptake, and are particularly important for unconjugated bile acids. Under cholestatic
conditions, unconjugated, conjugated, or modified (divalent or tetrahydroxylated) bile acids
can be effluxed across the basolateral (sinusoidal) membrane of the hepatocyte by OSTa-
OSTB, MRP3, or multidrug resistance-associated protein-4 (MRP4; gene symbol ABBC4)
into the systemic circulation. Under normal physiological conditions, a fraction of the bile
acid escapes first pass hepatic clearance enters the systemic circulation. The free bile acids
are filtered by the renal glomerulus, efficiently reclaimed by the ASBT in the proximal
tubules, and exported back into the systemic circulation, thereby minimizing their excretion
in the urine. This efficient renal reabsorption occurs even under cholestatic conditions for
unconjugated and conjugated bile acids, when serum bile acid concentrations are
dramatically elevated. Overall, this integrated transport system minimizes fecal and urinary
bile acid loss and functions to largely restrict these potentially cytotoxic detergents to the
intestinal and hepatobiliary compartments.

Bile acids are synthesized from cholesterol via 2 major pathways, the “classical” neutral
pathway (Cholesterol 7a-hydroxylase, CYP7A1, pathway) that favors cholic acid
biosynthesis, and an “alternative” acidic pathway (Sterol 27-hydroxylase pathway) that
favors chenodeoxycholic acid (in humans) or muricholic acid (in mice) [18]. Of the two
major biosynthetic pathways, the neutral pathway is quantitatively more significant in the
adult [19,20], and CYP7AL is the rate-limiting enzyme for this pathway [18]. The control of
CYP7al expression is complex [21,22], reflecting the need to carefully regulate the body’s
bile acid load. Under physiological conditions, CYP7al transcription is under negative
feedback regulation by bile acids [23]. While a role for the farnesoid X receptor (FXR) in
the negative feedback regulation of CYP7A1 has been recognized for almost a decade
[24,25], a critical role for gut-liver signaling via Fibroblast Growth Factor (FGF) 15 (human
ortholog: FGF19) has only recently gained appreciation [26-28]. In that pathway, bile acids
act as ligands for FXR in ileal enterocytes to induce synthesis of the endocrine hormone
FGF15/19. After its release by the enterocyte, FGF15/19 acts on hepatocytes through its cell
surface receptor, a complex of the BKlotho protein and fibroblast growth factor receptor-4
(FGFRA4), to repress CYP7A1 expression and bile acid synthesis [26,28,29]. These complex
molecular titrations link bile acid synthesis to changes in intestinal as well as hepatic bile
acid levels.

3. Identification of OSTa-OSTR — a historical overview

Elasmobranchs (sharks, rays, and skates) are thought to have evolved almost 400 million
years ago, however despite their evolutionary distance from humans, these lower vertebrates
retain many physiologic features of modern mammals including a central hepatic role in the
clearance and metabolism of bile acids, steroids, and other endobiotics or xenobiotics. These
physiological properties have made the little skate, Leucoraja erinacea, a useful biomedical
model [30]. In 2001, Dr. Ned Ballatori and coworkers set out to identify novel hepatic
steroid and organic anion transporters from the little skate using an expression cloning
strategy and the Xenopus laevis oocyte system. In a heroic effort that involved repeatedly
subfractionating and complementing skate liver cDNA library pools that were positive for
[3H]taurocholate uptake activity, this group simultaneously identified both subunits of Osta-
Ostp [5]. In 2003, Ballatori subsequently cloned and expressed the human and mouse
orthologues of the skate Osto and Ostp proteins [31]. When expressed in Xenopus laevis
oocytes, the skate and mammalian Osta-Ostf proteins complemented one another and
transported taurocholate as well as a variety of steroids. The physiologic function was
unclear at this point, although based on the substrate specificity OSTa-OSTp was thought to
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function as a transporter for steroids and eicosanoids to regulate the entry and/or exit of
these compounds [31].

4. Sequence analysis and phylogeny

The human and mouse OST orthologues are conserved and share approximately 89% and
63% amino acid identity for OSTa and OST(, respectively [31]. The human/mouse OSTa/
Osta genes encode a 340 amino acid protein with a predicted extracellular amino-terminus,
seven potential transmembrane domains, and a cytosolic carboxyl-terminus; the human/
mouse OSTA/Ostf genes encodes a 128 amino acid Type 1 membrane protein with a
predicted extracellular amino terminus, a single-pass transmembrane domain, and a
cytosolic carboxyl-terminus. Several lines of evidence support the predicted membrane
topologies for OSTo and OST. First, the pattern of glycosidase-sensitivity for mouse Osto
protein from ileal tissue or transfected HEK 293 or MDCK cells suggested that the predicted
N-linked glycosylation site at the amino terminus is utilized [32]. Second, experiments using
epitope tagged proteins, as well as bimolecular complementation, demonstrated that the
carboxyl-terminal regions of Osta and Ostp lie on the cytosolic side of the membrane [33].

The OSTa and OSTS genes are encoded on different chromosomes, positions 3q29/16B3 and
15¢22/9C for human/mouse OSTa/Osta and OSTS/Ostf, respectively. In contrast with many
other transporters that reside within large gene families, no paralogues have been identified
in the human or mouse genomes for OSTa or OSTS. However a search of the Emsembl
database,

(http:/luswest.ensembl.org/Homo_sapiens/Gene/Compara_Ortholog?
g=ENSG00000163959), reveals that at least 50 putative OST« orthologues have been
identified, including genes from lower vertebrates (species; Ensembl indentifier) such as
zebrafish (Danio rerio; ENSDARG00000045306), frog (Xenopus topicalis;
ENSTGUG00000009499), and anole lizard (Anolis carolinensis; ENSACAG00000006992).
A detailed phylogenetic tree for OSTa can be found at:
(http://uswest.ensembl.org/Homo_sapiens/Gene/Compara_Tree?g=ENSG00000163959). It
is important to note that the list of putative OST« orthologues includes genes from
invertebrates such as the sea squirt (Ciona intestinalis; ENSCING00000009741), fruit fly
(Drosophila melanogaster; FBgn0036834), and roundworm (Caenorhabditis elegans;
C18A3.4). Since bile acids (salts) have not been detected in invertebrate animals [34], these
results suggest that the original function of OSTa was to transport non-bile acid (salt)
substrates such as steroid hormones or eicosanoids. At least 30 putative OSTS orthologs
have also been identified, but the list does not include sequences from lower vertebrates at
this time. A detailed phylogenetic tree for OSTf can be found at:
(http://uswest.ensembl.org/Homo_sapiens/Gene/Compara_Tree?g=ENSG00000186198). It
is possible that an OSTS orthologue is present in the genomes of these invertebrates, but was
not readily evident due to OSTp’s small gene/protein size and relatively weak sequence
conservation. For example, although the human and skate OSTa orthologues share 41%
amino acid identity, their corresponding OSTf orthologues shares only 25% identity.
Alternatively, the invertebrate OSTa orthologue may not require a partner protein or may
utilize a different partner protein, and OSTf evolved more recently as a cofactor for OSTa
in vertebrate species.

5. Tissue expression and membrane localization of OSTa-OST

The tissue distribution of OSTa-OSTB MRNA has been examined in a variety of species
including skate [5], mouse [32,35-37], rat [35], and human [31,35,38]. In humans, OSTa
and OSTB mRNA expression generally parallel one another with highest levels in small
intestine, liver, kidney, and testis [31,35]. Lower levels of OSTo and OST mMRNA
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expression are also detected by real time PCR in colon, adrenal gland, ovary, with lowest
levels in heart, lung, brain, pituitary gland and prostate. In the mouse, Osta and Ostp mRNA
expression is highest in distal small intestine followed by kidney, cecum, colon, and adrenal,
Osta and Ostp mMRNA expression was negligible in brain, heart, lung, muscle, skin, ovary,
and testes [32,37]. The gradient of Osta and Ostp expression along the cephalocaudal axis of
the small intestine in mouse [32] or rat [35] is similar to that of the Apical sodium-
dependent bile acid transporter (Asbt; Slc10a2) with highest levels in terminal ileum. But
unlike the Asbt, Osta-Ostp is also expressed at appreciable levels in proximal small
intestine. Figure 2 shows the small intestinal gradient of MRNA expression for Osta, Ostp,
and Asbt in the nonhuman primate (African Green monkey). Similar to the rodent, Osta and
Ostp mMRNA are expressed at lower levels in duodenum and jejunum, and highest in the
distal 20% of small intestine. Although directly comparable data are not available for
humans, Balesaria et al. [39] reported that OSTa and OSTB mRNA was detectable in human
duodenum in addition to ileum.

Despite being encoded on two different chromosomes, the expression of OSTa/Osto and
OSTp/Ostp mRNA appears to be coordinately regulated in the intestine under basal
conditions. Studies of mouse small intestine, cecum, and colon, and human ileum showed
that the mRNA expression of OSTa/Osta is closely correlated with that of OSTB/Ostp, with
r values of 0.93 (n = 30) and 0.76 (n = 53) in mouse [40] and human [41], respectively. The
protein expression for OSTa/Osto and OSTR/Ostp has also been measured in a limited
number of studies and in most cases the protein levels correlated with mRNA expression.
For example, in human ileal biopsy samples, a strong positive correlation was observed
between the mMRNA expression and protein levels for OSTa (r = 0.77) and OSTp (r = 0.89)
[41], suggesting that transcription is a major determinant of OSTa-OSTp protein levels.
Note that this coordination between the expression of OSTa/Osta and OSTR/Ostp mMRNA
has not been a universal finding, particularly in the liver under pathophysiological
conditions where the expression of OST( is dramatically induced relative to OSTa. The
potential significance of these findings is unclear and is discussed further in the section on
concluding remarks.

The expression of OSTa and OSTB mMRNA has also been measured in Caco-2 cells, a widely
used model of a human small intestine polarized epithelial cell [42]. Previous studies have
shown that bile acid transcellular transport activity is induced over time as Caco-2 cells
differentiate when grown on porous membrane supports [43,44]. Typically, bile acid
transport activity is maximal about 30 days after reaching confluence and correlates with
markers of enterocyte differentiation. Figure 3 shows the time course for induction of bile
acid transcellular transport, and expression of ASBT, OSTa, and OSTp mRNA in Caco-2
cells. Between post-confluent days 7 and 28, the apical to basolateral transcellular transport
of taurocholate increases approximately 30-fold. This roughly parallels the increase in
MRNA expression for ASBT, the rate-limiting step in ileal bile acid absorption. The
expression of OSTa and OSTB mRNA temporally precedes that of the ASBT and is already
relatively high in day 7 post-confluent Caco-2 cells, increasing only 2 to 3-fold over the time
period from day 7 to day 28. These findings are consistent with OSTa-OST} playing a role
in basolateral bile acid transport (i.e., mMRNA for these proteins is expressed in the cell line,
which shows robust transcellular bile acid transport), although transport appears to be
determined by expression of the ASBT in this model. The increase in ASBT mRNA over
time is most likely related to expression changes in transcription factors important for
terminal differentiation, cell fate, and jejunal-ileal identities such as Cdx, HNF-1a, HNF-1p,
and GATA-4 [45-49]. For example, HNF-1a is essential for ASBT expression [50] and
GATA-4 functions to restrict ASBT expression to the ileum by repressing synthesis in
duodenal and jenunal enterocytes [45,49]. The basal mMRNA expression for OSTa and OSTf
appear to be regulated by a different complement of factors, in agreement with their broader
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gradient of expression along intestinal cephalocaudal axis. A potential rationale for tThese
findings are consistent with OSTa-OSTf playing a role in basolateral bile acid transport
(i.e., mRNA for these proteins is expressed in the cell line, which shows robust transcellular
bile acid tAn important species difference with regard to tissue expression is the
significantly higher levels of OSTa and OSTB mRNA expression in human versus rodent
liver. Under basal conditions, Osta and Ostp mRNA expression is undetected or barely
detectable in mouse [32], rat [35], or hamster liver (Rao and Dawson, unpublished), but is
generally measurable in liver from human [35,51] or monkey (Rao and Dawson,
unpublished). As discussed below, both in rodents and humans, OSTa/Osto. and OST/Ostf
expression is induced dramatically in response to bile acid feeding or cholestasis [52,53].

The membrane localization for Osta-Ostp protein expression has been examined in ileum,
kidney, and liver from human, rat and mouse [32,35,41,54]. In ileum, expression of Osta
and Ostp was largely restricted to the lateral and basal membranes of enterocytes. Like the
Asbt, there was a gradient of Osto and Ostp expression along the intestinal crypt-to-villus
axis, with highest levels in the mature villus enterocytes and little or no expression in the
crypts. In the liver, OSTa/Osta was readily detected on the basolateral membrane of human
and mouse cholangiocytes, however basolateral (sinusoidal) membrane staining was
detected for human but not mouse or rat hepatocytes [35,54]. Overall, the gastrointestinal
tissue distribution of OSTa-OSTB MRNA expression and the cellular localization for OSTa-
OSTp protein are consistent with a major functional role as the basolateral membrane
transporter responsible for export of bile acids and possibly other endobiotics from
enterocytes into the portal circulation under normal physiological conditions and from
hepatocytes into the sinusoidal compartment under conditions of cholestasis or hepatocyte
injury.

6. Biogenesis, subunit interaction, and cellular trafficking of Osta-Ostf

Although the initial cloning and transport studies of skate, mouse, and human OST/Ost
proteins revealed that expression of both OSTa and OSTp are required for transport activity
[5,31], many questions remained regarding the mechanism. Does OSTp function as an
activator of OSTa transport activity at the plasma membrane or as a chaperone to facilitate
OSTa folding and exit from the ER? Early studies in Xenopus oocytes suggested that
coexpression of both OSTa and OST[ may not be necessary for trafficking of the individual
subunits to the plasma membrane [31]. However there were several possible interpretations
of those observations, including co-trafficking of OSTa and OSTf with endogenous oocyte
proteins, or mistargeting of a small fraction of the OSTa and OSTP proteins being expressed
in the oocytes. More extensive studies of OST/Ost in HEK 293, MDCK, and COS cells
subsequently demonstrated that coexpression of both subunits is essential for egress from
the ER and delivery to the plasma membrane [32,33,55,56]. This subunit requirement for
trafficking was readily evident from changes in the pattern of N-linked glycosylation for the
mouse Osta protein. When coexpressed with Ostp in HEK 293 or MDCK cells, the apparent
molecular weight of Osta protein increased from approximately 35 to 40 kDa, as
demonstrated by immunoblotting [32] or by immunoprecipitation in pulse-chase
experiments where HEK 293 cells were transfected with Osta alone or Osta plus Ostf
(Figure 4A, 4B). When coexpressed with Ostp, the Osta N-linked carbohydrate is processed
to an Endo H-resistant form, indicating that Osta had exited the ER and trafficked through
the Golgi complex. The changes in Osta glycosylation correlated with changes in cellular
localization, as demonstrated by indirect immunofluorescence and confocal microscopy.
When expressed alone, Osta or Ostf displayed an ER-staining pattern with little detectable
plasma membrane staining. However when coexpressed, Osta and Ostp were localized
primarily on the plasma membrane [32]. Similar results were obtained for human OSTa and
OSTR in studies of transfected OST subunits in COS cells and of the endogenous OST
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subunits in HepG2 cells [56]. Surprisingly, although the human OSTa subunit lacks the
consensus sequence, Asn-X-Ser/Thr, Soroka et al [56] provided convincing evidence for N-
glycosylation of OSTa. This evidence included a decrease in the apparent molecular weight
of OSTa after treatment of cells with tunicamycin and susceptibility of the human
endogenous or transfected OSTa protein to the glycosidases, Endo H and PNGase. Although
apparently rare, there are other examples of proteins being modified by the addition of N-
linked oligosaccharide to non-consensus sites [57]. Notably, Soroka et al. show that the
plasma membrane localization of OSTa and OSTp in HepG2 or transfected COS cells was
not affected by tunicamycin, indicating that glycosylation is not required for interaction of
the subunits or their trafficking.

These observations raised additional questions as to the nature of the interaction between
OSTa and OST}. Is the interaction between OSTa and OSTP stable or transitory? Is the
interaction required only for the initial folding of the subunits and their exit from the ER or
is a stable association between the 2 subunits required for transporter function? Does OSTf
function as a general trafficking factor to promote egress of other proteins besides OSTa
from the ER, or is OSTp a dedicated partner of OSTa? Results from studies of transfected
HEK 293 cells and Osta 7~ mice are beginning to answer these questions. Li et al. examined
the stability of OST subunits in transfected HEK 293 cells incubated in the presence and
absence of the protein synthesis inhibitor, cycloheximide [33]. When coexpressed, the OSTa
and OSTp subunits exhibited a long half-life in excess of 24 h. However, when individually
expressed, there was little or no accumulation of the individual subunits. Similar results
were obtained from pulse-chase analysis where HEK 293 cells were transfected with mouse
Osta or Osta plus Ostp. (Figure 4C, D). In the absence of co-transfected Ostp, Osta is
rapidly degraded with a half-life of approximately 2 h. However when co-expressed Ostp,
Osta protein is stabilized with a half-life in excess of 24 h. Analysis of Ostp protein
expression in Osta ” ~mice provided further in vivo insights into the consequences of
dysregulated expression of the individual OST subunits. As predicted, targeted inactivation
of the mouse Osta gene resulted in loss of Osta. MRNA and protein expression. However,
Ostp protein levels were also reduced to almost undetectable levels in small intestine,
cecum, colon, and kidney of Osta ~~ mice, despite persistent high levels of Ostp mMRNA
expression [33,36]. These in vivo results suggest that if unable to interact with Osta, the
Ostp protein becomes labile and is rapidly turned over, most likely by an ER-associated
degradation pathway [58]. Notably, the rapid turnover of Ostp protein in Osta 7~ mice
provides insight to the question of whether Ostp functions as a general trafficking factor for
other proteins. The results suggest that Ostp is a dedicated partner of Osto, and unlikely to
function as a general partner for other proteins.

Potential models for the interaction of OSTa and OSTf are shown in Figure 5. In the first
model, OSTa and OST form a stable complex in the ER and maintain this tight association
during their movement through the Golgi complex and their residence at the plasma
membrane. The second model proposes that the interaction between OSTa and OST( is
transitory. OSTR initially acts as a molecular chaperone for OSTa to ensure its proper
folding and/or egress from the ER. However, after exiting the ER or after delivery to the
plasma membrane, the OSTa-OSTp complex reversibly dissociates, thereby establishing a
new equilibrium between the individual subunits and the OSTa-OSTp complex. What does
the existing data tell us regarding these models and how OSTa and OST interact? Sun et al.
examined MDCK cells transfected with an epitope-tagged human OSTa and a human
OSTp-carboxyl terminal GFP fusion protein. The tagged subunits were functional and Sun
et al. demonstrated co-immunoprecipitation of the two subunits [55]. Deletion of the N-
terminal 50 amino acids of OSTa abolished transport activity, plasma membrane
localization, and ability to coimmunoprecipitate OST This region may be required for
interacting with OSTf3, however another potential explanation for this finding is that deletion
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of the N-terminus affects OSTa membrane insertion and protein folding. Indeed, attempts to
place epitope tags at the N-terminus of Osta abolish transport activity and significantly
reduces Osta protein expression, suggesting that modification of the N-terminus renders the
protein unstable ([33], and unpublished results). Sun et al. also reported that direct
interactions between OSTao and OSTp could be demonstrated in a mammalian but not a
yeast 2-hybrid system [55]. The most convincing demonstration of direct interactions
between the OSTa and OSTp subunits were obtained in an elegant series of studies by Li et
al. [33]. Both subunits were coimmunoprecipitated from membrane protein extracts
prepared from mouse ileum as well as Osta-Ostp transfected HEK293 cells. Association of
Osta and Ostp was also demonstrated in living cells using bimolecular fluorescence
complementation analysis of HEK 293 cells transfected with Osta and Ostf3 tagged with
portions of yellow fluorescent-protein (YFP). These studies demonstrated that Osta and
Ostp are associated in the ER as well as at the plasma membrane. Furthermore, by tagging
Osta with different YFP fragments and co-expressing the two fusion proteins with Ostf, Li
et al. also showed the formation of Osta homodimers in ER and plasma membrane in living
cells.

These results demonstrate a clear and robust interaction between Osto and Ostp that
generally supports Model 1. The results are consistent with association of the two proteins to
mask an ER retention/retrieval motif or create a forward trafficking motif to promote ER
exit and escape from the ER-associated degradation pathways. However, these studies do
not indicate what proportion of the Osta or Ostp protein is present as a complex versus free
subunit in the cell, particularly at the plasma membrane. The coimmunoprecipitation studies
by Soroka et al. [56] provide some additional insight to this question. When OSTf protein
was immunoprecipitated from extracts of COS cells transfected with OSTa, plus OSTp, only
the immature form of OSTa appeared to coimmunoprecipate. Attempts to
coimmunoprecipitate the endogenous OSTa protein in HepG2 cells, which is primarily in
the mature state, were not successful. These results raise the possibility that the strong
association of OSTa and OSTp may be only transitory and the mature subunits may
reversibly dissociate at the plasma membrane (Model 2).

7. OSTa-OSTR Transporter Activity

The mechanism for OSTa-OSTp mediated transport has not been fully elucidated [35].
When expressed in Xenopus laevis oocytes, OSTa-OSTf mediated transport was unaffected
by depletion of intracellular ATP, by alterations in transmembrane electrolyte concentration
gradients, or by changes in the pH gradient [35]. OSTa-OSTf exhibits both uptake and
efflux properties, and solute transport is trans-stimulated by known substrates [5,31,35]. The
general consensus from these studies is that OSTa-OSTf operates by facilitated diffusion
and mediates solute uptake or efflux, depending on the solute’s electrochemical gradient. A
systematic screening effort to identify OSTa-OSTf transport substrates or careful
comparison of the substrate specificity of OST from different species has not yet been
published and this area remains largely unexplored. However, the existing list of OSTa-
OSTp substrates includes the major species of bile acids including glycine and taurine
conjugates of cholic acid, deoxycholic acid, chenodeoxycholic acid, and ursodeoxycholic
acid, as well as non-bile acid substrates such as estrone-3-sulfate, digoxin, prostaglandin E2,
and dehydroepiandrosterone-3-sulfate (DHEAS) [35]. The list of inhibitors for OSTa-OSTf
mediated transport of taurocholate or estrone-3-sulfate is also broad and includes a variety of
compounds such as spironolactone, bromosulfophthalein, probenecid, and indomethacin
[31]. These preliminary results suggest that the substrate specificity for OSTa-OSTf is
relatively broad and is consistent with a direct role in the transport of other solutes including
steroids or steroid sulfates.
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8. Function in bile acid and steroid metabolism

8.1. Function of OSTa-OSTf in intestinal bile acid transport

OSTa-OSTp was identified as a candidate ileal basolateral membrane bile acid transporter
using a transcriptional profiling approach [32]. In that study, the mRNA expression for a
group of 180 known and orphan solute transporters was measured in ileum, colon, and liver
of wild type and Asbt null mice [59] using real-time PCR. It was hypothesized that the
intestinal basolateral membrane bile acid transporter is positively regulated by bile acids. As
such, its expression would be decreased in ileum and increased in the colon of mice with
impaired ileal bile acid absorption. Among the most regulated transporter genes was Osta,
whose expression was significantly reduced in ileum and increased more than 5-fold in
colon of Asbt null mice [32]. Support for a physiologically important role of OSTa-OSTp in
bile acid transport came from a number of subsequent studies, and includes: 1) intestinal
expression of OSTa and OSTP mRNA that generally follows that of the ASBT, with highest
levels in ileum [32,35,39], 2) appropriate cellular localization on the lateral and basal plasma
membranes of ileal enterocytes [32], 3) expression of OSTa-OSTp on the basolateral plasma
membrane of hepatocytes, cholangiocytes, and renal proximal tubule cells, other cells
important for bile acid transport [35], 4) efficient transport of the major bile acid species
[32,35], and 5) positive regulation of OSTa-OST expression by bile acids via activation of
the farnesoid X-receptor (FXR) [37,38,40,53]. No inherited defects have been reported for
the OSTa or OSTS genes in humans, however targeted inactivation of the Osta gene in mice
has provided a clearer picture of the in vivo function of OSTa-OSTf [36,60,61]. As
predicted for a major intestinal basolateral membrane bile acid transporter, studies using
everted gut sacs [36] or intra-ileal administration of [®H]taurocholate [60] demonstrated a
significant reduction in trans-ileal bile acid transport in Osta null mice. However fecal bile
acid excretion was not increased in Osta null mice, as had been observed in Asbt (Slc10a2)
null mice [59,62] or in patients with ASBT mutations [63]. These results were particularly
perplexing since the whole body bile acid pool size was significantly decreased in Osta: 7~
mice [36], a hallmark of intestinal bile acid malabsorption [59,63]. Examination of the
FGF15/19 signaling pathway [26] provided a possible solution to this conundrum. In the
Osta null mice, bile acids are taken up by the ileal enterocyte but their efflux across the
basolateral membrane is impaired. As a result, there is increased activation of FXR and
increased expression of FGF15. The intestinally derived FGF15 is then thought to signal at
the hepatocyte to down-regulate hepatic CYP7AL expression and bile acid synthesis. The
net result is that hepatic bile acid synthesis is paradoxically repressed rather than induced,
the normal physiological response to a block in intestinal bile acid absorption [36,64].

In addition to terminal ileum, OSTa-OST§ is also expressed in the proximal small intestine,
cecum, and colon where it may function to export bile acids that entered the cell by non-
ionic diffusion [65-67] or facilitative transport [68]. While mice have almost exclusively
taurine-conjugated bile acids (pK;~1), the circulating bile acid pool in humans and many
other species is more hydrophobic and includes glycine-conjugated (pK;~4) and
unconjugated (pK;~5) bile acids [34,69]. Furthermore, in the distal ileum, cecum, and colon,
bile acids are converted to more hydrophobic species by the intestinal flora through
extensive deconjugation and dehydroxylation [70], processes that increase the pKa and
significantly reduces the water solubility and critical micellar concentration of bile acids
[16,69]. Since the pH of the intestinal lumen or microclimate overlaying the mucosal cells is
sufficiently low (pH ~6.5 to 7.5 in the small intestine and ~5.5 to 7 in the colon) [71,72], a
greater proportion of the glycine-conjugated and unconjugated bile acids will be protonated
and uncharged, thereby capable of gaining entry to enterocytes or colonocytes by nonionic
diffusion across the apical plasma membrane. Once inside the cytoplasmic compartment,
these weak acids will ionize at the neutral intracellular pH, potentially trapping the bile acid
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in the cell. Export of this bile acid anion across the basolateral membrane would likely
require a carrier such as OSTa-OSTp.

8.2. Function of OSTa-OSTB in renal and hepatic bile acid transport

OSTa-OSTp is expressed on the basolateral membrane of human and rodent renal proximal
tubule cells [35] where it functions in conjunction with the apically-expressed ASBT as a
salvage mechanism to conserve bile acids [73,74]. A small fraction of the bile acids
returning from the intestine in the portal circulation escapes hepatic extraction and spills into
the systemic circulation. Although binding to plasma proteins reduces glomerular filtration,
the urinary excretion of non-sulfated bile acids is further minimized by an efficient sodium-
dependent tubular reabsorption [75-77]. As a result in healthy humans, less than 5% of the
approximately 100 umol of bile acids filtered by the kidney each day is excreted in the urine
[78]. Even in patients with cholestatic liver disease, in whom plasma bile acid
concentrations are elevated, the 24-hour urinary excretion of non-sulfated bile acids is
significantly less than the quantity that undergoes glomerular filtration [78-81].

OSTa-OSTP mRNA expression is generally detectable in human but not rodent liver under
non-cholestatic conditions [51,52]. However, variable but dramatic increases are observed
for Osto and Ostp mRNA expression in mice following bile acid feeding or bile duct
ligation [52,53]. Similar increases are observed for OSTa and OSTB mMRNA expression in
liver from patients with Primary Biliary Cirrhosis [52] or extra-hepatic cholestasis [51]. An
area of active investigation is the identification and analysis of transporters responsible for
sinusoidal efflux of bile acids and other organic solutes from the interior of the hepatocyte
into the space of Disse [82]. Whereas sinusoidal membrane bile acid transport is
overwhelming in the direction of uptake under normal physiological conditions, bile acids
can also be effluxed as part of the adaptive response to minimize bile acid accumulation
under cholestatic conditions [83]. Much of this work has focused on members of the MRP
(ABCC) family of ATP-dependent transporters, in particular MRP3 and MRP4 [84-86], and
on OSTa-OSTp [51,52]. Expression of these transporters is induced under cholestatic
conditions to promote bile acid efflux [52,87-92], thus lowering bile acid concentration in
the hepatocyte and decreasing the likelihood of apoptosis or necrosis [93]. MRP4 may be
particularly important, as Mrp4 but not Mrp3 null mice develop more severe liver damage
under cholestatic conditions [94,95]. In order to directly examine the contribution of OSTa-
OSTp to the adaptive response to cholestatic liver injury, the effects of bile duct ligation
were recently examined in wild type and Osta null mice [61]. Based on the hypothesis that
OSTa-OSTp functions to reduce hepatic injury by promoting sinusoidal membrane export of
cytotoxic bile acids [52], one would predict that the Osta null mice develop more severe
liver injury. Surprisingly, Osta deficiency resulted in a substantial attenuation of cholestatic
hepatic injury. This hepatoprotective effect was thought to be secondary to increased hepatic
metabolism of bile acids to more hydrophilic tetrahydroxylated and sulfated species, and to
increased urinary excretion of bile acids [61]. These results suggest that the sinusoidal
transporters, Mrp3 and Mrp4, compensate for the loss of Osta-Ostp in hepatocytes and
continue to export bile acids and modified bile acid species into the systemic circulation. A
particularly important finding was that inactivation of Osta leads to increased urinary
excretion of bile acids, creating a shunt for elimination of hepatotoxic bile acids that can no
longer be excreted efficiently via the biliary route.

8.3. OSTa-OSTR and adrenal steroid transport

In addition to tissues of the gastrointestinal tract, OSTo and OSTf were also identified as
FXR target genes in adrenal gland [37,96,97]. In human adrenal, cells within the zona
reticularis of the cortex abundantly express the steroid sulfotransferase SULT2A1 and
synthesize significant amounts of dehydroepiandrosterone (DHEA) and
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dehydroepiandrosterone sulfate (DHEAS) [98]. This enzyme catalyzes the sulfonation of a
broad range of substrates including DHEA, pregnenolone, and 17a-hydroxyprenenolone
[99,100]. Although the mouse does not synthesize DHEA or DHEAS [101,102], the mouse
adrenal gland still expresses steroid sulfotransferase (Sult2al) [103], which sulfonates other
endogenous steroid substrates [104]. The enzymes responsible for adrenal steroid synthesis
have been identified and characterized [101], however the transport mechanism(s)
responsible for cellular export of DHEAS and other hydrophilic steroid conjugates are not
well understood. Support for a role of OSTa-OSTp in the secretion of conjugated steroid
intermediates into the circulation includes: 1) an efflux transport specificity that includes
steroid sulfates such estrone-3-sulfate and DHEAS [35], 2) abundant expression of OSTa/
Osta and OSTP/Ostp mRNA in human and mouse adrenal [37,97], 3) expression of FXR in
zona reticularis cells in human and mouse adrenal cortex [97,105], and 4) induction of
OSTa/Osta and OSTR/Ostp mMRNA expression in mouse adrenal and the human
adrenocortical cell line H295R in response to FXR ligands [37,96,97]. Notably, DHEAS
production and SULT2A1 expression is high in human fetal adrenal gland, falls rapidly at
birth, and remains low until about 5 years of age. DHEAS production and SULT2A1
expression is then induced at the onset of adrenache, maturation of the adrenal cortex, which
typically occurs between ages 6 and 10 [98]. Whether expression of OSTa-OSTp, the
potential export mechanism for DHEAS, follows a similar pattern of expression is an
important question that remains to be answered.

9. Concluding remarks

The long search for the basolateral membrane bile acid transporter appears to be over. The
task proved to be more difficult than for the other bile acid transporters for several reasons
related to the biology of OSTa-OSTp. First, the transporter functions as a heterodimer,
greatly complicating attempts to identify the transporter by expression cloning. Transport
activity depends on co-expression of the two different cDNAs in the same transfected cell or
injected oocyte, a low probability event, and activity is lost upon subfractionation of any
positive pool of cDNA clones. Second, OSTa-OSTp is not a member of the major ABC or
SLC (solute carrier) transporter families, greatly complicating candidate gene approaches.
OSTa or OSTP would not stand out as potential candidate genes for the basolateral bile acid
transporter by sequence homology to known transporters. Third, stable expression of OSTa
and OSTp requires coexpression of both subunits, greatly complicating attempts to analyze
the function of the individual subunits in transfected cell systems. As such, cell culture-
based attempts to analyze the properties of OSTa or OSTP alone would not have been
feasible.

A great deal has been learned about the expression, trafficking, regulation, and function of
OSTa-OSTp, however important questions remain to be answered [9,10]. With regard to the
cellular and biochemical properties, the individual functions of the subunits have not been
resolved. As a polytopic membrane protein, OSTa is assumed to be the essential subunit for
translocating substrates across the lipid bilayer. Whether OSTf plays a direct role in solute
transport or serves primarily to regulate OSTa maturation, membrane targeting, or activity is
not known. The primary sequence of OSTa and OSTf includes a number of potential
phosphorylation sites that may be involved in regulating activity [31]. Phosphorylation of
either subunit has not yet been demonstrated, but the characteristic doublet migration of
OSTp/Ostp upon SDS-PAGE is consistent with such a post-translational modification.
Results from studies in transfected cells and the Osta null mouse suggest that coexpression
of both subunits is required for stable expression of the proteins and maturation of the
transporter complex, but the nature of the association and identity of other potential
interacting proteins remain to be determined.
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A particular vexing question is the apparent breakdown of coordinate mRNA expression for
OSTa and OST in liver. As discussed above, the mRNA expression levels for OSTa and
OSTp generally parallel one another in intestine. However, discordant precipitous increases
in hepatic OSTR/Ostp mRNA levels associated with small changes in OSTa/Osta. mMRNA
expression have been observed under pathophysiological conditions in humans and mice
[51,52]. This includes cholestatic models where Osto. mMRNA expression is decreased such
as hepatotoxicant-induced acute intrahepatic cholestasis [106] or genetic models such as the
Bsep and mdrla/b null mice [107]. It should be noted that these studies typically measured
MRNA but not protein levels, so the functional significance of these findings is unclear. One
possible explanation for this pattern of expression is differential recognition of FXR binding
sites for the two genes. A very recent chromatin immunoprecipitation study showed that
FXR bound the upstream regions of both Osta and Ostf in mouse small intestine. However
in liver, FXR bound the regulatory region of Ostf but not Osta[108]. These findings may
provide a molecular explanation as to why hepatic OST/Ostp mRNA expression is
particularly sensitive to changes in bile acids levels. But it does not provide an obvious
explanation as to the physiological benefit of preferentially inducing OSTB/Ostp mRNA
expression. One possibility is that an excess of OST is synthesized to ensure that any
nascent OSTa protein will be stabilized and trafficked from the ER. Alternatively, these
findings could suggest an expanded role for OSTp under certain conditions.

Although their role in bile acid transport is best characterized, it should be emphasized that
OSTa-OSTp is likely to have other important physiological roles. OSTa-OSTp mRNA
expression is detected in a wide range of human tissues [31], and the substrate specificity
encompasses a broader range of organic solutes including steroids and the eicosanoid
prostaglandin E2 [35]. The range of other physiological substrates has not yet been
determined, and a targeted metabolomics approach, such as that recently carried out to
identify major in vivo substrates of Mrp3 [109], is needed to help answer this question.
OSTa-OSTp may be important for conjugated steroid export in the adrenal [37], particularly
in humans and old world primates that produce significant amounts of DHEAS [98], and a
broader role in conjugated steroid production and metabolism should be explored. Finally,
OSTa-OSTp’s broad substrate specificity and bi-directional transport properties raises the
possibility that this carrier may be involved in the disposition of drugs or drug metabolites.
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Abbreviations

ABC ATP-binding cassette

ASBT apical sodium-dependent bile acid transporter
DHEA dehydroepiandrosterone

DHEAS dehydroepiandrosterone-3-sulfate

ER endoplasmic reticulum

Endo H endoglycosidase H

FGF fibroblast growth factor

FGFR fibroblast growth factor receptor
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FXR farnesoid X-receptor
GFP green fluorescent protein
HEK human embryonic kidney
MDCK Madin-Darby canine kidney
MRP multidrug resistance-associated protein
OST/Ost organic solute transporter
PNGase peptide;N-glycosidase F
SLC Solute Carrier
YFP yellow fluorescent protein
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Figure 1.

Enterohepatic circulation of bile acids showing the individual transport proteins in
hepatocytes, ileocytes (ileal enterocytes), and renal proximal tubule cells. Overall, this
integrated transport system minimizes fecal and urinary bile acid loss and functions to
largely restrict these potentially cytotoxic detergents to the intestinal and hepatobiliary
compartments. (BA, bile acids; T/G; taurine or glycine-conjugated bile acids; sulfate or
glucuronide (S/U)-conjugated bile acids; H, tetrahydroxylated bile acids).
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»
Distal

Expression of Osta and Ostp mMRNA along the cephalocaudal axis of the small intestine
from African Green monkey. Small intestine from an adult male African Green monkey was
divided into 21 equal segments of ~10 cm in length and used for RNA isolation. Real-time
PCR was used to determine the expression of Asbt, Osta, and Ostp mRNA expression. The
threshold values (Cy) are the means of triplicate determinations, and expression was
normalized for mRNA expression of the housekeeping gene, glyceraldehyde 3-phosphate
dehydrogenase. The normalized threshold values are plotted as a percent of the terminal
intestinal segment (terminal ileum). The Cy values determine in terminal ileum were 19.84,

22.81, and 22.90 for the Asbt, Osta, and Ostp, respectively.
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Figure 3.

Ontogeny of OSTa-OSTB mMRNA expression and TC transport in Caco-2 cells. Caco-2 cells
were seeded at high density onto transwell filters and maintained in DMEM plus 10% fetal
calf serum. Two days prior to assaying bile acid transport at 7, 14, 21, and 28 days post-
confluence, the cells were switched to DMEM plus 0.5% charcoal-stripped fetal calf serum
to remove endogenous bile acids. At the indicated times, the cells were washed and
incubated at 37°C for 30 min with 10 uM [3H]taurocholate in a Hanks balanced salt solution
with sodium (137 mM) or without sodium (137 mM potassium) added to the apical chamber
[32]. The transport is plotted as the pmoles of taurocholate transported corrected for the
background transcellular transport measured in the Hanks balanced salt solution lacking
sodium. The cells were harvested for RNA isolation to determine the mRNA expression for
ASBT, OSTa and OST by real time PCR. The Cy values are the means of triplicate
determinations and expression was normalized for GAPDH expression, which did not
change between days 7 and 28 post-confluence. The results are plotted relative to the
expression at day 7. The media from the basolateral chamber was collected to determine the
transcellular transport of taurocholate. TC transport correlated with the appearance of ASBT
MRNA at day 14 and increased ~30-fold between days 7 and 28. ASBT mRNA expression
increased ~45-fold between days 7 and 28 post-confluence. OSTa and OST mRNA are
present at day 7 and increase ~2-fold between days 7 and 28 post-confluence. The Cy values
on day 28 were 22.15, 22.44, and 21.91 for ASBT, OSTa, and OST3 mRNA, respectively.
Inset, the mMRNA expression is shown relative to the day 7 measurements.
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Ostp is required for the maturation and stability of Osta. (A) HEK 293 cells were transfected
with plasmids expressing mouse Osta and B-galactosidase or mouse Osto and mouse Ostp.
After 24 h, the cells were pulse labeled with [3°S]-methionine/cysteine for 30 min at 37°C.
Following the labeling period, cells were washed and incubated at 37° C in fresh media
containing unlabeled methionine and cysteine. At the indicated times, cell lysates were
prepared, subjected to immunoprecipitation using an anti-Osta antibody, and analyzed by
SDS-PAGE as described [110]. (B) The Osta bands were quantified using a using a
Molecular Dynamics 445 SI Phosphorimager. The amount of mature Osta protein (upper
band) is shown as the percent of total cellular Osta protein for each time point. In the
presence of Ostp, approximately 70% of the newly synthesized Osta is in the mature form
after 2 h. (C) HEK 293 cells were transfected with plasmids expressing mouse Osto and -
galactosidase or mouse Osta and mouse Ostp. After 24 h, the cells were pulse labeled with
[3°S]-methionine/cysteine for 30 min at 37°C. Following the labeling period, cells were
washed and incubated at 37° C in fresh media containing unlabeled methionine and cysteine.
At the indicated times, cell lysates were prepared, subjected to immunoprecipitation using
an anti-Osta antibody, and analyzed by SDS-PAGE as described [110]. (D) The Osta bands
were quantified using a using a Molecular Dynamics 445 SI Phosphorimager. The results
indicate that the half-life of Osta is ~2 hours versus greater than 24 h in the absence and

presence of cotransfected Ostp, respectively.
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Figure 5.

Models for the interaction of OSTa and OSTP. (A) Model 1: OSTa and OSTP form stable
complexes and remain stably associated as they traffic through the ER and Golgi to the
plasma membrane. (B) Model 2: The association of OSTP ensures proper folding of OSTa
and its appropriate targeting to the plasma membrane. After reaching the plasma membrane,
the heterodimeric complex is in equilibrium with individual subunits.
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