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Abstract
Background and Aims—The major transporter responsible for bile acid uptake from the
intestinal lumen is the apical sodium-dependent bile acid transporter (ASBT, SLC10A2). Analysis
of the SLC10A2 gene has identified a variety of sequence variants including coding region single
nucleotide polymorphisms (SNPs) that may influence bile acid homeostasis/intestinal function. In
this study, we systematically characterized the effect of coding SNPs on SLC10A2 protein
expression and bile acid transport activity.

Methods—SNPs in SLC10A2 from genomic DNA of ethnically-defined healthy individuals were
identified using a PCR-based temperature gradient capillary electrophoresis (TGCE) system. A
heterologous gene expression system was used to assess transport activity of SLC10A2
nonsynonymous variants and missense mutations. Total and cell surface protein expression of
wild-type and variant ASBT was assessed by western blot analysis and immunofluorescence
confocal microscopy. Expression of ASBT mRNA and protein was also measured in human
intestinal samples.

Results—The studies revealed two nonsynonymous SNPs, 292G>A and 431G>A, with partially
impaired in vitro taurocholate transport. A novel variant, 790A>G, was also shown to exhibit near
complete loss of taurocholate transport, similar to the previously identified ASBT missense
mutations. Examination of ASBT protein expression revealed no significant differences in
expression or trafficking to the cell surface amongst variants versus wild-type ASBT. Analysis of
ASBT mRNA and protein expression in human intestinal samples revealed modest intersubject
variability.

Conclusions—Genome sequencing and in vitro studies reveal the presence of multiple
functionally relevant variants in SLC10A2 that may influence bile acid homeostasis and
physiology.
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INTRODUCTION
Bile formation is critical for maintenance of intestinal lipid digestion and absorption,
cholesterol homeostasis, and hepatic excretion of lipid-soluble xenobiotics (1;2). Bile acids
comprise the major solutes in bile and serve a variety of essential physiologic roles
including acting as detergents to solubilize cholesterol and dietary fats in the intestine (3;4)
and acting as hormones to regulate gastrointestinal function and whole body metabolism by
signaling through nuclear and G-protein-coupled receptors (5–9). Bile acids are efficiently
reabsorbed in the small intestine and returned to the liver via the portal venous circulation
and secreted back into bile, thus forming an enterohepatic circuit (2).

Members of the solute carrier 10 (SLC10) gene family play a crucial role in maintenance of
the enterohepatic circulation and compartmentalization of bile acids (10). The sodium-
taurocholate cotransporting polypeptide (NTCP; SLC10A1), expressed on the basolateral
membrane of hepatocytes, mediates the uptake of bile acids from portal blood for export
across the canalicular membrane into bile (10). In parallel, the apical sodium-dependent bile
salt transporter (ASBT; SLC10A2), expressed on the apical membrane of ileal enterocytes,
actively extracts bile acids from the intestinal lumen and facilitates their return to the liver
via the portal circulation (10). In addition to ileum, ASBT is also expressed at other tissue
sites that enable the enterohepatic circulation of bile acids, including the apical membrane of
proximal convoluted tubule cells, large cholangiocytes, and gallbladder epithelial cells (11).
In the intestine, ASBT is the major route for active bile acid uptake as evidenced by the
marked bile acid malabsorption exhibited by Asbt null mice and patients with ASBT
mutations (12). ASBT transports all the major species of bile acids with preference for the
taurine and glycine conjugated forms (13), and no non-bile acid substrates have yet been
identified for the ASBT (14).(15–17)

Considering its central role in enterohepatic circulation, inherited defects or dysfunctional
regulation of the ASBT may play a role in the pathogenesis or clinical presentation of a
variety of gastrointestinal disorders. Indeed, ASBT mutations are associated with Primary
Bile Acid Malabsorption (PBAM; Online Mendelian Inheritance in Man: OMIM #6013291)
(13), and recent sequencing and genome wide association studies have implicated variation
at the SLC10A2 locus with serum bilirubin levels and gallstone disease (18–20). In this
report, we describe the systematic functional characterization of SLC10A2 variants identified
in DNA samples from a large population of ethnically-defined individuals.

EXPERIMENTAL PROCEDURES
Materials

[3H]taurocholate (3.4 Ci/mmol, >97% purity) and unlabeled taurocholate were purchased
from PerkinElmer Life Sciences (Boston, MA). Genomic DNA from 90 European-
American, 90 African-American, 90 Chinese-American, and 90 Mexican-American healthy
volunteers was purchased from Coriell Cell Repositories (Camden, NJ).

Identification of Single Nucleotide Polymorphisms (SNPs) in SLC10A2
A 22847 bp genomic sequence (NC_000013) encompassing the intron-exon boundaries for
SLC10A2 was identified from GenBank®. Primer pairs to amplify the six coding exonic
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regions of SLC10A2 were designed and PCR analysis was performed as previously
described (21). SNP discovery was performed using a REVEAL temperature gradient
capillary electrophoresis (TGCE) system (SpectruMedix, State College, PA) via
heteroduplex separation. Variant PCR products were sequenced with an ABI 3700 DNA
Analyzer (Applied Biosystems, Foster City, CA). Allele frequencies were calculated based
upon the Hardy-Weinberg equilibrium. Additional variants were analyzed, including 2
mutations associated with PBAM (13), 728T>C and 785C>T, a mutation identified from a
patient with Crohn’s disease (22), 868C>T, and a novel variant, 790A>G, identified from a
cohort of healthy subjects and patients with inflammatory bowel disease (23).

Wild-type and Variant ASBT Plasmid Construction
The open reading frame of SLC10A2 was PCR-amplified from a human small intestinal
cDNA library, subcloned into pCR®2.1-TOPO vector (Invitrogen, Carlsbad, CA), and
sequenced. Point mutations were introduced into wild-type ASBT using the QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA) and confirmed by DNA sequencing.

In Vitro Transport and Protein Expression Studies
Taurocholate transport assays were performed using transfected HeLa cells as described
previously (21). To measure transport kinetics, transfected cells were incubated with the
indicated concentration of [3H]taurocholate and Michaelis-Menten-type nonlinear curve-
fitting was carried out to obtain estimates of the maximal uptake rate (Vmax) and the
concentration at which half the maximal uptake occurs (Km) (Prism™, GraphPad, San
Diego, CA). All experiments were carried out in duplicate on at least two experimental days.

To measure ASBT protein expression, transfected HeLa cells were lysed by sonication in
HED buffer containing protease inhibitors (Complete, Roche Molecular Biochemicals).
Samples were diluted with Laemmli buffer, and total cell protein was separated by SDS-
PAGE on 10% gels. Following transfer onto nitrocellulose membranes, blots were probed
with an anti-ASBT rabbit polyclonal antibody (24) and appropriate secondary antibody. To
normalize sample loading, blots were stripped with Restore Stripping Buffer (Thermo
Scientific, Rockford, IL) and reprobed with anti-calnexin antibody (StressGen, Victoria,
British Columbia, Canada). Protein bands were visualized using enhanced
chemiluminescence.

ASBT Cell Surface Protein Expression and Confocal Microscopy
HeLa cells were transfected as described for the transport experiments. Sixteen hours post-
transfection, cells were washed with ice-cold phosphate-buffered saline Ca/Mg (138 mM
NaCl2, 2.7 mM KCl, 1.5 mM KH2PO4, 9.6 mM Na2HPO4, 1 mM MgCl2, 0.1 mM CaCl2,
pH 7.3) and treated with a membrane-impermeable biotinylating agent (sulfo-NHS-SS-
biotin, 1.5 mg/ml, Pierce) at 4°C for 1 h. The cells were then washed with ice-cold
phosphate-buffered saline Ca/Mg containing 100 mM glycine and incubated for 20 min at
4°C with the same buffer. Cells were then lysed in buffer (10 mM Tris-base, 150 mM NaCl,
1 mM EDTA, 0.1% SDS, 1% Triton X-100, pH 7.4) containing protease inhibitors
(Complete). Following centrifugation, biotinylated protein from supernatant was
precipitated using streptavidin agarose beads (Pierce). The biotinylated proteins were
released by incubation of the beads with 2x Laemmli buffer and subjected to Western blot
analysis for detection of ASBT and calnexin. Densitometric analysis was performed using
ImageJ (http://rsb.info.nih.gov/ij/).

For confocal microscopy, the transiently-transfected HeLa cells were fixed for 15 min at
room temperature in 4% paraformaldehyde, washed with PBS, and then blocked/
permeabilized by incubation in PBS containing 10% BSA and 0.01% Triton X-100 for 1 h at
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room temperature. The cells were incubated overnight at 4°C with ASBT antibody (1:500)
in PBS containing 5% FBS. The cells were sequentially washed with PBS and PBS
containing 10% BSA and 0.01% Triton X-100, and then incubated with fluorescent dye
(Alexa Fluor 488) labeled goat anti-rabbit whole antibody (1:200) (Molecular Probes,
Eugene, OR) at room temperature for 1 h. Cells were then washed with PBS, mounted with
anti-fading mounting medium (Vectashield, Vector Laboratories Inc., Burlingame, CA) and
viewed by confocal immunofluorescence microscopy. HeLa cells transfected with the parent
plasmid alone and cells transfected with ASBT wild-type plasmid DNA without incubation
in primary antibody were used as two separate controls. Samples were imaged using a 40x,
1.3-numerical aperture F-Fluor objective lens (digital zoom 2X) of a Zeiss LSM510 META
inverted confocal microscope. Image analysis and processing were performed using Zeiss
LSM and Adobe Photoshop software.

ASBT Expression in Human Intestinal Samples
Pinch biopsies were collected from eighteen patients (six male and twelve female)
undergoing diagnostic duodenoscopy. During the patient’s routine scheduled endoscopic
procedure, pinch biopsies were collected in addition to those obtained for diagnostic
purposes. Biopsies were flash frozen in liquid nitrogen or stored in RNAlater (Qiagen,
Valencia, CA) for protein and mRNA analysis, respectively. The study protocol was
approved by the Health Sciences Research Ethics Board at the University of Western
Ontario and all subjects provided written informed consent prior to the procedure.

For analysis of ASBT mRNA expression, tissue was homogenized and RNA extracted in
Trizol (Invitrogen, Carlsbad, CA). The cDNA synthesis was performed with a total of 500
ng of RNA. Quantitative RT-PCR for ASBT and the enterocyte-specific marker villin was
performed using a SYBR green assay (Applied Biosystems, Foster City, CA) with the
following primers: ASBT, 5′-GCCCCAAAAAGCAAAGATCA-3′, 5′-
GCTATGAGCACAATGAGGATGG-3′; villin, 5′-CTGGCAACCTTAGGGACTGG-3′, 5′-
GTTAGCATTGAACACGTCCACTTT-3′. All samples were compared to a standard curve
of the ASBT or villin amplicon for quantitative determination of copy number, and ASBT
levels were normalized to expression of villin.

Samples for protein analysis were homogenized in 1 mM EDTA, 10 mM Tris-HCl, pH 7.4
with protease inhibitors. For SDS-PAGE and immunoblotting, samples were diluted with
Laemmli buffer, heated at 70°C for ten minutes, separated on 4–12% Bis-Tris gradient gels
(Invitrogen, Carlsbad, CA), and transferred onto nitrocellulose membranes. After blocking
with 5% milk powder with 0.5% BSA, the membranes were probed with ASBT antibody
(1:5000 dilution) followed by a goat anti-rabbit HRP conjugated secondary antibody (Bio-
Rad, Hercules, CA). To normalize sample loading, blots were incubated for 15 minutes in
stripping buffer (Pierce), washed, and reprobed with anti-villin antibody (Ab-1, Thermo
Scientific, Waltham, MA) and appropriate secondary antibody. Protein bands were
visualized by chemiluminescence detection and images digitally captured using a Kodak
4000 mm Image Station (Mandel, Guelph, ON). Mean optical density of ASBT and villin
were determined using Kodak Molecular Imaging Software Version 4.0 and expressed as a
normalized ratio of ASBT to villin.

Statistical Analysis
Determination of the statistical differences between various group parameters was
determined using either Student’s t test, Mann-Whitney U test, analysis of variance (using
Tukey-Kramer multiple comparison test), or Fisher’s exact test, as appropriate. A p value of
<0.05 was taken to be the minimum level of statistical significance.
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RESULTS
Single Nucleotide Polymorphisms in SLC10A2

Six SNPs, including four nonsynonymous polymorphisms, were identified in exons 1, 2 and
3 (Table 1). In general, variants tended to be rare and ethnic-dependent, with the exception
of the 511G>T variant, found in all ethnic populations tested. The previously identified
variants 728T>C, 785C>T, 790A>G, and 868C>T (13;19;22;23) were not identified in
subjects from Coriell, but were included in the functional analyses. Figure 1 shows the
amino acid positions of the SNPs analyzed in this study.

Functional Analysis of ASBT Variants
Taurocholate uptake was evaluated to determine relative transport efficiency of the ASBT
variants compared to wild-type ASBT. After a 10 minute incubation, transport was
significantly impaired for the 292G>A and 431G>A variants when compared to wild-type
ASBT transport (Figure 2). Transport for the 475G>A and 511G>T variants were similar to
wild-type ASBT. Kinetic analysis revealed that ASBT-specific taurocholate uptake was
saturable with Km values of 1.7 µM for wild-type ASBT, 4.5 µM for 292G>A, 2.8 µM for
431G>A, 1.5 µM for 475G>A, and 4.2 µM for 511G>T (Figure 2). In agreement with
previous reports, the rare variants 728T>C, 785C>T, and 868C>T exhibited little
taurocholate transport (13;22). In addition, the rare novel variant 790A>G also demonstrated
near complete loss of taurocholate transport compared to wild-type.

Expression and Plasma Membrane Targeting of ASBT Variants
Total cellular expression levels of ASBT variants did not significantly differ in comparison
to wild-type ASBT (Figure 3) when analyzed by western blot analysis. Furthermore, cell
surface biotinylation experiments revealed the plasma membrane expression of each ASBT
variant was similar to that of wild-type. The enrichment of cell surface proteins within these
biotinylated fractions was evidenced by the lack of immunodetectable calnexin (an
intracellular endoplasmic reticulum-associated protein) in the samples. To further extend our
findings, we performed immunofluorescence confocal microscopy in transiently transfected
HeLa cells. Utilizing a secondary fluorescent-labeled antibody, we demonstrate that wild-
type ASBT was appropriately targeted to the plasma membrane when viewed laterally (x-y
scans) across the cells by confocal microscopy (Figure 4). Moreover, all ASBT variants also
were appropriately targeted to and expressed at the plasma membrane.

ASBT Expression in Human Intestinal Samples
Real-time semi-quantitative PCR quantification was performed using cDNA samples from
18 duodenal samples from healthy adults to evaluate for interindividual variation in ASBT
expression. When normalized to the enterocyte-specific marker villin, there was modest
~11-fold inter-subject variability in ASBT expression (range 0.213–2.37) (Figure 5).
Thirteen samples were available for assessment of ASBT expression by western blot
analysis. Excluding one sample in which protein expression could not be determined, there
was ~6.2-fold variability in ASBT expression after normalization for villin expression.
There was no significant correlation between SLC10A2 mRNA levels and ASBT protein
expression (Figure 5, R2=.02, p=0.64).

DISCUSSION
In this report, we identified and functionally characterized nonsynonymous SNPs in
SLC10A2 from genomic DNA in ethnically-defined populations. Rare dysfunctional
mutations in SLC10A2 have significant clinical consequences, as evidenced by two missense
mutations from a family with PBAM, an intestinal disorder associated with congenital
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diarrhea, steatorrhea, disruption of enterohepatic circulation of bile acids, and reduced
plasma cholesterol levels (13). Consistent with previous findings, 728T>C (Leu243Pro) or
785C>T (Thr262Met) abolished bile acid transport activity but not total or cell surface
protein expression of these variants.

To identify additional SLC10A2 polymorphisms, we screened 360 ethnically-defined DNA
samples. In agreement with other studies (13;19;20;25–27), SLC10A2 coding variants were
rare and generally restricted by ethnicity except for the 511G>T variant, which was
identified in all ethnic populations and was relatively common in European-American
samples (6% allele frequency). This is slightly less than previous studies in which the allele
frequency of the 511G>T variant was noted to range from 12.5–14% (19;27;28). The
292G>A and 475G>A variants had also been previously identified with similar low allele
frequencies compared to our samples (19;27). The 431G>A variant identified in this study
appears to be novel.

Compared to wild-type ASBT, the 292G>A and 431G>A variants were associated with mild
and moderately impaired transport function, respectively. Kinetic analysis revealed similar
Km values for wild-type, 292G>A and 431G>A variants but modestly decreased intrinsic
clearance (Vmax/Km) values for the 292G>A (5-fold) and 431 G>A (8-fold) variants
suggesting decreased taurocholate transport efficiency for these variants. Further analysis
revealed similar protein expression and appropriate membrane trafficking for ASBT variants
when compared to wild-type ASBT suggesting conformational changes in protein structure
may be responsible for differences in transport efficiency associated with these variants. The
results for 292G>A are in agreement with previous work by Swaan and coworkers who
showed that Cys144Ala is a loss of function mutation (29) and that this region of helix III
functions as an important substrate exit route (30). A prior study had evaluated the 292G>A,
475G>A and 511G>T variants expressed in COS cells for bile acid transport function.
Similar to this study, no significant differences in bile acid transport were observed for the
475G>A or 511G>T variants (27). However, the previous study found no significant
difference in bile acid transport between the 292G>A variant and wild-type ASBT. The
reason for the discrepancy in results for the 292G>A variant between our studies is not
entirely clear but could be related to the different in vitro cell-based systems or times frames
at which uptake was calculated. However, the finding that one of the subjects in the healthy
normolipidemic control group in that study was homozygous for the 292G>A variant
suggests this variant has little effect on bile acid transport function in vivo (27).

In addition, we evaluated 4 previously identified SLC10A2 mutations. Not surprisingly, the
728T>C, 785C>T and 868C>T variants were associated with near complete loss of function
for taurocholate transport, consistent with prior studies. The 790A>G variant also
demonstrated near complete loss of taurocholate transport. These mutants are predicted to be
located in transmembrane domains 6 (728T>C) and 7 (868C>T) or extracellular domain 3
(785C>T, 790A>G). The ASBT 868C>T mutant is localized to transmembrane domain 7
and is highly conserved amongst members of the SLC10 family (31), supporting a critical
role in transporter function. Additional studies support the roles of these regions in substrate
recognition and transporter function. Using cysteine mutagenesis and thiol modification
(SCAM), transmembrane domain 7 was identified as a critical component in forming part of
the putative substrate translocation pathway (32). A subsequent similar analysis of
transmembrane domain 6 supported a similarly important role in substrate translocation and
that TM6 may cooperatively with TM7 to form a conformational switch that is requisite for
bile acid substrate turnover (33). Clearly, this is a critical region of the ASBT where genetic
variability is rare and not well tolerated with detrimental clinical consequences.
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Although prevalence of SNPs in SLC10A2 appear to be relatively infrequent, significant
inter-individual variability in ASBT expression was noted in healthy adult individuals at the
mRNA (~11-fold) and protein (~6-fold) levels. These findings are in agreement with
previous studies of several cohorts including healthy subjects, gallstone carriers, and
cholestatic patients (34;35) where a similar significant range of expression for ASBT mRNA
and protein expression was noted. However in contrast to an earlier study of a cohort of
women control subjects and gallstone carriers (34), we found no significant correlation
between SLC10A2 mRNA levels and ASBT protein expression. The reason for these
differences is not clear, but may reflect differences in the biopsy site (duodenum versus
ileum) or ethnic differences in the study populations.

In conclusion, we report the identification and functional characterization of
nonsynonymous variants in SLC10A2. Generally, variants were uncommon and tended to be
ethnically-defined. The variants 292G>A and 431G>A were associated with impaired
taurocholate function but the clinical impact on altered bile acid homeostasis is unclear and
likely mitigated by the infrequent nature of these polymorphisms.
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Figure 1. Schematic representation of ASBT and location of coding region single nucleotide
polymorphisms
Schematic transmembrane topology is based on amino acid sequence analysis using
PredictProtein (http://www.predictprotein.org) and published ASBT models. The location of
nonsynonymous nucleotide substitutions and dysfunctional bile acid transporter mutations in
SLC10A2 are indicated with arrows.
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Figure 2. Taurocholate uptake and transport kinetics by ASBT variants
A, [3H]taurocholate (5 µM) uptake at 10 min expressed as percentage of SLC10A2*1 (wild-
type) activity (mean ± SE, n=4). *** p<0.001 relative to ASBT*1. B, Concentration-
dependent uptake of taurocholate at 5 min by wild-type ASBT and the indicated variants
(292G>A, 431G>A, 475G>A and 511G>T). Kinetic parameters were obtained by non-linear
curve fitting.
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Figure 3. Total and cell surface protein expression of wild-type and variant ASBT
Total HeLa cell lysates containing both biotinylated and non-biotinylated proteins (left
panels) and cell surface proteins (captured on streptavidin beads) (right panels) were
subjected to SDS-PAGE and transferred onto nitrocellulose. Immunoblots were probed with
anti-ASBT antibody (top panels), then stripped and probed with anti-calnexin antibody
(bottom panels). Relative protein expression was quantified with wild-type ASBT as
reference and normalized to calnexin expression.
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Figure 4. Immunofluorescence confocal microscopy of ASBT variants in HeLa cells
Immunofluorescent-labeled secondary antibody (Alexa Fluor 488) was used to detect ASBT
variants. Wild-type ASBT (top left panel) was targeted to the cell surface in as demonstrated
by lateral (x-y scan) confocal imaging across the cell. All ASBT variants, including the
mutations associated with PBAM, 728T>C and 785C>T, demonstrate appropriate targeting
of ASBT to the plasma membrane.

Ho et al. Page 13

J Gastroenterol Hepatol. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Protein and mRNA analysis of ASBT from human intestinal samples
A, Inter-individual variation in ASBT protein expression from human duodenal samples is
demonstrated using anti-ASBT antibody (top panel). Samples were normalized for loading
using anti-villin antibody (bottom panel). B, Semiquantitative ASBT mRNA analysis was
performed on human intestinal samples, normalized to villin expression. C, Scatter plot of
mRNA copy number versus densitometric units for ASBT. ND, not determined.
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Table 1

Allele frequencies of single nucleotide polymorphisms in SLC10A2 among various ethnic populations
(European-, African- Chinese-, and Hispanic-Americans; n=90 for each ethnic group).

Allele Frequencies (%)

SNP Exon Amino Acid Change European-Am African-Am Chinese-Am Hispanic-Am

292G>A 1 Val98Ile 2.2 1.1 none 1.1

429G>C 2 Leu143Leu none none 0.5 none

431G>A 2 Cys144Tyr 0.5 none none none

475G>A 2 Val159Ile 1.6 1.1 none 0.5

511G>T 3 Ala171Ser 6.0 1.7 4.5 3.9

516C>T 3 Leu172Leu none 1.1 none none

728T>C† 4 Leu243Pro PBAM mutation (loss of function)

785C>T† 5 Thr262Met PBAM mutation (loss of function)

790A>G‡ 5 Met264Val rare

868C>T§ 5 Pro290Ser rare

†
Previously identified (13)

‡
Previously identified (23)

§
Previously identified (22)
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