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SUMMARY
The bile salt export pump (BSEP) is responsible for the export of bile acid from hepatocytes. Impaired transcellular transport of bile acids

in hepatocytes with mutations in BSEP causes cholestasis. Compensatory mechanisms to regulate the intracellular bile acid concentra-

tion in human hepatocytes with BSEP deficiency remain unclear. To define pathways that prevent cytotoxic accumulation of bile acid in

hepatocytes, we developed a human induced pluripotent stem cell-based model of isogenic BSEP-deficient hepatocytes in a Transwell

culture system. Induced hepatocytes (i-Heps) exhibited defects in the apical export of bile acids but maintained a low intracellular bile

acid concentration by inducing basolateral export. Modeling the autoregulation of bile acids on hepatocytes, we found that BSEP-defi-

cient i-Heps suppressed de novo bile acid synthesis using the FXR pathway via basolateral uptake and export without apical export. These

observations inform the development of therapeutic targets to reduce the overall bile acid pool in patients with BSEP deficiency.
INTRODUCTION

Since bile flow is dependent on efficient bile acid transport

by hepatocytes, genetic defects affecting bile acid trans-

porters that disturb the canalicular export of bile acids

result in cholestasis. The characteristic pattern of clinical

presentation of cholestasis includes jaundice, elevated

serum bile acid levels, fat malabsorption, and liver injury

(Morotti et al., 2011). Prominent among the subset of ge-

netic diseases are defects in the bile salt export pump

(BSEP). Deficiency of this transporter is known to present

in several clinical phenotypes: progressive familial intrahe-

patic cholestasis type 2 (PFIC2), benign recurrent intrahe-

patic cholestasis type 2, and intrahepatic cholestasis of

pregnancy (Strautnieks et al., 1998, 2008). PFIC2, the

most severe form, has a wide spectrum of clinical manifes-

tations—most commonly, newborn cholestasis with vary-

ing rates of progression of the liver dysfunction (Nicolaou

et al., 2012). There are no therapeutic agents that have

been found to be significantly effective for the treatment

of patients with severe PFIC2 because the specific molecu-

lar mechanisms governing the alterations in bile acid ho-

meostasis remain unclear.

Because BSEP is responsible for the excretion of intracel-

lular conjugated bile acids into the bile canaliculus via the

apical membrane, it has been suggested that hepatocytes

accumulate bile acids intracellularly when BSEP export ca-

pacity is impaired. However, direct evidence of exceedingly
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high concentrations of intracellular bile acid in BSEP-defi-

cient hepatocytes has been sparsely reported. Puzzlingly,

in a tumor cell line (HepaRG cells) with BSEP knockdown,

the HepaRG cells themselves do not accumulate tauro-

cholic acid (TCA), the main conjugated bile acids in new-

borns, after importing the exogenous TCA (Qiu et al.,

2016). The fate of intracellular bile acids of BSEP-deficient

hepatocytes remains ill defined. In healthy hepatocytes,

excreted bile acids return to the hepatocytes via the enter-

ohepatic circulation, conducting autocrine regulation on

the hepatocytes. The intracellular concentration of bile

acids plays a crucial role as a sensor for the hepatocytes to

regulate synthesis, reabsorption, and excretion of bile

acid and thus determine the overall ‘‘pool size’’ of bile acids

circulating in the serum and gastrointestinal tract. In

hepatocytes congenitally BSEP deficient due to genomic

mutations, it is unknown whether the autoregulated ho-

meostasis can be achieved in the absence of apical export

of bile acids and, thus, in a defective enterohepatic bile

acid circulation.

To delineate the pathologic and compensatory alter-

ations in BSEP-deficient hepatocytes, several attempts

have been made to generate rodent models that can reca-

pitulate the phenotypes observed in patients with PFIC2.

In the liver of the BSEP knockout mouse, expression of

ABCB1/MDR1, a transporter of bile acids at the bile canalic-

ulus, is significantly increased, suggesting one compensa-

tory mechanism to reduce the intracellular bile acid
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concentration via canalicular excretion (Wang et al., 2003).

However, in an analysis of gene expression of the human

liver of patients with PFIC2, this MDR1 compensatory

response was not evident (Keitel et al., 2005). Furthermore,

since the bile of patients with PFIC2 contains a minimal

amount of conjugated bile acids, BSEP-deficient humanhe-

patocytes seemingly lack the compensatory bile acid trans-

porter on the canalicular membrane (Jansen et al., 1999).

Therefore, we hypothesized that BSEP-deficient human he-

patocytes excrete bile acids back into the sinusoid via baso-

lateral excretion by upregulating alternative transporters.

Simple cultures of human hepatocytes fail to form func-

tional apicobasolateral polarity; thus, it has been difficult

to investigate bile acid transport in human hepatocytes

due to the lack of a suitable experimental system for the dy-

namic tracing of transcellular transport of bile acids. Study

of de novo bile acid synthesis by cultured hepatocytes has

been possible only with a primary cell culture of explanted

liver. Because an explanted liver from patients with PFIC2

is rarely available, an experimental investigation into the

regulatory mechanism of bile acid synthesis and transport

in human BSEP-deficient hepatocytes has not been re-

ported. In a previous study using induced pluripotent

stem cell (iPSC)-derived hepatocytes, there was a docu-

mented defect in bile export in hepatocyte-like cells with

BSEP deficiency, although the regulatory mechanism of

bile acid transport was not addressed (Imagawa et al.,

2017). To overcome this limitation, we used human iPSCs

and developed an in vitro culture system where iPSCs

were differentiated into hepatocyte-like cells on a perme-

able membrane of a two-chamber (Transwell) system

(Asai et al., 2017). Using this system, we investigated the

fate of intracellular bile acids and their role as a mediator

between de novo bile acid synthesis and transcellular

transport.
RESULTS

Generation of BSEP/ABCB11R1090X Mutant Human

iPSCs

We identified one set of siblings whohad an identical geno-

type of ABCB11; c.2782C > T (R928X) and c.3268C > T

(R1090X). Because their parents were heterozygous for

each truncating mutation, the genetic test indicates com-

pound heterozygous mutations. Both siblings presented

with severe cholestasis and required liver transplant before

the age of 1 year. To investigate the biological impact of a

severe mutation in bile acid efflux, we selected the

R1090X truncating nonsense mutation, which was re-

ported in previous cases as a homozygous genotype (Straut-

nieks et al., 1998, 2008). To elucidate the specific effects of

the R1090X truncating mutation on the BSEP function in
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hepatocytes, we used CRISPR-Cas9 genome editing to

target the R1090 codon in the BSEP/ABCB11 gene in iPSCs

obtained from a healthy donor (Figures 1A and S1A–S1C).

The pluripotency of iPSCs remained comparable in

parental and R1090X-edited iPSCs (Figures S1D and S1E).

To increase clinical relevance and test if our systemmodels

BSEP deficiency in the patient’s own genomic background,

we also generated iPSCs from peripheral blood cells of one

of the siblings. This patient-origin iPSC line underwent the

same evaluation for its pluripotency as described above.

The iPSC line is labeled as iPSCpatient, and its BSEP genotype

was BSEPR927X/R1090X.

BSEPR1090X iPSCs Differentiate into Hepatocyte-like

Cells and Express BSEP Protein in an Altered Pattern

To determine whether the edited iPSCs-BSEPR1090X and

iPSCspatient are able to differentiate into hepatocytes, we

first induced hepatic differentiation with the same

method as with the parental iPSCs with normal BSEP

(iPSCs-BSEPnormal or normal iPSCs). To quantify the effi-

ciency of the hepatic differentiation, we measured the al-

bumin secretion of induced hepatocytes (i-Heps). The

BSEPR1090X hepatocytes (BSEPR1090X i-Heps) and BSEPpatient

hepatocytes (BSEPpatient i-Heps) exhibited albumin secre-

tion into the culture medium comparable to that of the

normal i-Heps (Figure 1B). Most of the albumin was

secreted into the lower chamber (Figure 1B, left). The num-

ber of cells in a well and albumin production per cell were

comparable between normal cells, BSEPR1090X i-Heps, and

BSEPpatient i-Heps (Figure 1B, right, and Figure S2A). To

determine hepatocytes’ metabolic function, we measured

CYP3A4 activity and inducibility. i-Heps were incubated

with rifampicin for 2 days and BSEPR1090X i-Heps exhibited

induced activity of CYP3A4 comparable to that of normal i-

Heps (Figure S2B). All i-Heps showed polygonal hepato-

cyte-like cells (Figure 1C). At the final stage of the differen-

tiation protocol, BSEPR1090X i-Heps and BSEPpatient i-Heps

expressed hepatic differentiation markers (HNF4a, CPS1)

and tight-junction protein 1 (ZO1) in a pattern comparable

to that of normal i-Heps (Figures 1D and S2C). A morpho-

metric analysis of HNF4a+ cells showed highly efficient he-

patic differentiation (>90%) in all i-Heps (Figure S2D). To

determine the pattern of cellular polarity, we performed

co-immunostaining of i-Heps with F-actin (relatively

concentrated on the canalicular membrane of hepatocytes

in the human liver tissue), Na-K transporting ATPase a1

(ATP1A1; expressed on the basolateral membrane in hepa-

tocytes), and ZO1 (expressed between the canalicular and

the basolateral membrane) and analyzed their z-stack

confocal images. F-actin was detected mainly on the

apical membrane in normal cells, BSEPR1090X i-Heps, and

BSEPpatient i-Heps, with a lower degree of expression on

the lateral membrane (Figure 1E). ATP1A1 was detected
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Figure 1. Hepatic differentiation of BSEPR1090X and BSEPpatient iPSCs and BSEP protein expression
(A) Gene map of BSEP/ABCB11 and location of the R1090X truncating mutation.
(B) (Left) Albumin concentration of the culture supernatant in the upper and lower chambers was measured with ELISA. The supernatant
was collected 24 h after medium change. n = 6 independent differentiation experiments. (Right) Albumin secretion per i-Hep at the final
stage of hepatic differentiation. At the final stage of hepatic differentiation, i-Heps were fixed and stained with Hoechst to measure the
cellular (nuclear) density by counting nuclei under the fluorescent microscope. All i-Heps exhibited comparable albumin secretion into the

(legend continued on next page)
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on the lateral membrane, while the basal membrane was

not depicted by our confocal microscope settings due to

the optical interference of the Transwell membrane. ZO1

was detected at the corner of the cells where apical and

lateral membranes meet. These results indicate intact

cellular polarity in normal cells, BSEPR1090X i-Heps, and

BSEPpatient i-Heps. To further compare the hepatocellular

differentiation among the i-Heps, gene expression levels

of hepaticmarkers were compared by quantitative PCR.He-

patocyte markers (FXR, ASGR1) were comparable among i-

Heps. BSEPR1090X and BSEPpatient i-Heps expressed more

SERPINA1/a1 antitrypsin, another hepatocyte marker,

compared with normal i-Heps.ALB/albuminwas expressed

most in BSEPR1090X. The gene expression of ABCB11/BSEP

was less in BSEPR1090X and BSEPpatient i-Heps, compared

with normal i-Heps (Figure 1F). The gene expression from

primary cultured human hepatocytes was used as a

reference.

Next, to determine whether genomic editing of the

ABCB11 gene alters the BSEP protein expression pattern,

we performed western blotting and immunofluorescent

staining of BSEP. An antibody targeting the C terminus of

the protein detected BSEP in normal i-Heps but did not

detect BSEP in BSEPR1090X and BSEPpatient i-Heps (Fig-

ure 1G). Immunostaining with another antibody targeting

the N terminus revealed that the BSEPR1090X and BSEPpatient

i-Heps expressed BSEP protein in an aberrant pattern (Fig-

ure 1H). Whereas normal i-Heps expressed BSEP mainly

at the apical membrane of monolayer cells, BSEP was local-

ized in the cytosol in a dot-like pattern in BSEPR1090X and
culture medium. See Figure S2A for cell counts of i-Heps (ns, not sig
periments).
(C) Conventional light microscopic images of H&E staining of normal
(D) Immunofluorescent staining of normal and BSEPR1090X i-Heps at t
HNF4a and CPS1, were detected in both normal and BSEPR1090X (green
membrane (red). A tight-junction protein, ZO1, was located at the bo
also Figure S2C for BSEPpatient i-Heps. Scale bar: 10 mm.
(E) Confocal microscopic images of immunofluorescent staining for
marker, ATP1A1 (green), was detected on the lateral membrane. The
membrane in all i-Heps with some overlap with the lateral membrane. A
(white). Nuclei were stained with Hoechst (blue). Scale bar: 10 mm.
(F) Gene expression of hepatic differentiation markers in i-Heps. Mar
tative PCR after normalization to 18S rRNA. At the final stage of diffe
primary cultured human hepatocytes were used as control and referen
n = 3 or 4 independent experiments, pink and black dots represent av
with primary hepatocytes was not displayed). 18S rRNA housekeeping
(G) Western blotting to detect proteins of BSEP from cell lysates of i-H
and BSEPpatient i-Heps showed no band compared with the normal i-H
(H) Confocal images and z-stack reconstruction images of immunofl
terminus of BSEP. BSEP (green), F-actin (red), and nuclei (blue) were d
and in the cytosol of BSEPR1090X and BSEPpatient i-Heps (arrows). F-acti
(I) Immunofluorescent images of liver tissue in paraffin sections fr
mutation. BSEP is localized at the canalicular membrane structure in
mutation is localized in the cytosol, with a clustering pattern, in the
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BSEPpatient i-Heps. F-actin was also stained to localize the

apical and lateral membrane. To determine whether the

apical membrane of BSEPR1090X i-Heps maintains other

transporters, we stained i-Heps with antibodies against

MDR1 (Figure S2E). In both normal and BSEPR1090X i-

Heps, MDR1 localized to the apical membrane. To deter-

mine whether the pattern of BSEP expression reflects the

cellular localization in liver tissue of patients with PFIC2,

we performed immunofluorescent staining of liver biopsy

specimens using the same N-terminal antibody (Figure 1I).

Compared with hepatocytes obtained from the liver of a

healthy subject, where BSEP is localized at a canalicular

membrane structure, BSEP in hepatocytes of the patients

with PFIC2 was localized in the cytosol in a clustering

pattern. These results indicate that genomic editing of

the ABCB11 gene in iPSCs results in the aberrant localiza-

tion of BSEP in i-Heps, comparable to the pattern of BSEP

localization seen in the hepatocytes of the liver of the pa-

tient with PFIC2.

Cellular Ultrastructure in BSEPR1090X i-Heps

Recapitulates Hepatocyte Abnormalities in the Liver

Tissue of the Patient with PFIC2

It has been reported that the development of microvilli on

the bile canaliculus depends on the export of bile acid

across the canalicular membrane of hepatocytes (Bove

et al., 2004). To investigate the effect of the altered BSEP

expression pattern, we performed amorphological analysis

of i-Heps derived from normal and BSEPR1090X iPSCs. To

assess ultrastructural changes, i-Heps at the last stage of
nificant; *p < 0.05, n = 5 or more independent differentiation ex-

and BSEPR1090X i-Heps. Scale bar: 50 mm.
he final stage of the differentiation protocol. Hepatocyte markers,
) cells. An endoderm marker of E-cadherin was detected on the cell
rders of cells (green). Nuclei were stained with Hoechst (blue). See

i-Heps with z-stack reconstruction. In all i-Heps, the basolateral
polarity marker, F-actin (red), was detected mainly on the apical
tight-junction protein, ZO1, was located at the corners of the cells

ker genes of hepatocyte differentiation were compared by quanti-
rentiation, total RNA was extracted from i-Heps. RNA extracts from
ce for relative expression of hepatic genes (no marks, ns; *p < 0.05;
erage values of fold change from each experiment; the comparison
gene expression did not differ between cell types (p > 0.05).
eps by using antibody detecting the C terminus of BSEP. BSEPR1090X

ep lysate. Na-K ATPase (ATP1A1) was included as a loading control.
uorescent staining of i-Heps using the antibody targeting the N
etected. BSEP is localized on the apical membrane of normal i-Heps
n is expressed on the apical and lateral membrane. Scale bar: 10 mm.
om a healthy subject and the patient with BSEPR1090X truncating
the hepatocytes of a healthy subject. The protein with BSEPR1090X

hepatocytes of the patient with PFIC2. Scale bar: 10 mm.



A

B

C Figure 2. Cellular ultrastructure of
BSEPR1090X i-Heps recapitulates the ab-
normalities observed in the liver tissue
of the patient with PFIC2
(A) Electron microscopic (EM) images of
normal (left column) and BSEPR1090X i-Heps
(right column). Cells on the Transwell
membrane were cross sectioned. Normal i-
Heps showed dense microvilli on the apical
surface, whereas BSEPR1090X i-Heps showed
sparse microvilli (black arrows). Basolateral
membrane irregularity with wider intersti-
tial space between hepatocytes was
observed in BSEPR1090X (white arrowheads).
(B) Morphometric analysis of microvilli in
the EM images. The density of apical
microvilli was counted per cell (left). The
length of the microvilli was measured by
morphometric tools in ImageJ software and
averaged per cell (right). *p < 0.05, n = 30
cells per i-Hep genotype, three indepen-
dent differentiation experiments.
(C) EM images of liver tissues from a healthy
subject (left column) and the patient with
PFIC2 (right column). The hepatocytes of
the patient’s liver showed decreased
microvilli in the bile canaliculus (black ar-
rows) and wider interstitial space between
the basolateral membranes of adjacent cells
(white arrowheads). Scale bar: 2 mm.
differentiation were evaluated by electronmicroscopy (Fig-

ure 2A). Normal i-Heps showed amonolayer structure with

dense microvilli on the apical membrane. These findings

indicate that i-Heps developed epithelial polarization as a

monolayer on the Transwell membrane, directing the api-

cal membrane toward the upper chamber and the basal

interface toward the lower chamber via the permeable

membrane of the Transwell. BSEPR1090X showed fewer

and shorter microvilli on their apical surface, indicating

reduced bile acid transport across the apical membrane

(Figure 2B). We also found irregularity of the basolateral

membrane in BSEPR1090X, with wider interstitial space be-

tween hepatocytes. To determine whether these ultrastruc-

tural features are relevant to the patient with PFIC2

(R1090X mutation), the liver explant obtained at the

time of liver transplant was investigated via electronmicro-

scopy (Figure 2C). Compared with hepatocytes from a

normal liver, hepatocytes from the patients with PFIC2 ex-

hibited a decreased number ofmicrovilli in the bile canalic-

ulus and wider interstitial space between basolateral

membranes of adjacent cells. These corresponding

morphological features between i-Hep and liver suggest

that the pathological process of the patient with the trun-

cating mutation manifests in BSEPR1090X i-Heps.
BSEPR1090X Is Deficient in Exogenous Bile Acid

Transport via the Basolateral-to-apical Phase

The structural defect of microvilli on the apical surface on

BSEPR1090X i-Heps suggested compromised canalicular

function, specifically in bile acid export. To examine how

the BSEP truncation affects the exporting function of

BSEP in response to exogenous bile acids, we next evalu-

ated the capability of bile acid transport of i-Heps by adding

TCA to the lower chamber. In our previous study, we

demonstrated that normal i-Heps transport bile acids

from the basolateral to the apical phase (transcellular trans-

port from sinusoid to bile canaliculus) (Asai et al., 2017). To

assess whether BSEPR1090X and BSEPpatient i-Heps manifest

altered transcellular transport of conjugated bile acids, we

first measured the amount of TCA in culture medium

from the upper chamber 24 and 48 h after loading TCA

in the lower chamber. In normal i-Heps, the amount of

transported TCA in the upper chamber increased at 24 h,

with the majority of the loaded TCA traversing from the

lower to the upper chamber by 48 h. In contrast, in

BSEPR1090X and BSEPpatient i-Heps, most of the loaded

TCA remained in the lower chamber (Figures 3A–3C and

S3). These data formed the first indication that the trans-

port direction of conjugated bile acids in BSEPR1090X and
Stem Cell Reports j Vol. 16 j 309–323 j February 9, 2021 313
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BSEPpatient i-Heps differs from the direction seen in normal

i-Heps. To determine whether this direction of exogenous

TCA transport is specific to a basolateral-to-apical direction,

we measured the amount of TCA in the lower chamber af-

ter loading it into the upper chamber (Figures 3D–3F). In

both normal and BSEPR1090X, most of the loaded TCA re-

mained in the upper chamber. To measure the degree of

paracellular ‘‘leak’’ of TCA, we compared the permeability

of the monolayers in normal and BSEPR1090X i-Heps (Fig-

ure 3G). After 48 h, a minimal, comparable amount of

the fluorescent probe (10,000 MW dextrose-conjugated

Alexa Fluor) was transported from the lower to the upper

chamber in both normal and BSEPR1090X. Furthermore, to

compare their barrier function asmonolayers, wemeasured

trans-epithelial electrical resistance between the upper and

the lower chamber (Figure 3H). Cellular viability was com-

parable between i-Heps (Figure S3B). The resistance of the

BSEPR1090X monolayer was comparable to that of the

normal i-Hep monolayer. Together, these results demon-

strate that BSEPR1090X i-Heps exhibit a specific deficiency

in basolateral-to-apical transcellular transport of conju-

gated bile acids.

Intracellular TCA in BSEPR1090X i-Heps Remains

Comparable to that of Normal i-Heps during

Transcellular Transport of TCA

To test whether decreased bile acid export induces intracel-

lular accumulation of TCA in BSEPR1090X, we performed

molecular tracing experiments and quantified TCA con-
Figure 3. Dynamics of the basolateral-to-apical transport of TCA
(A) Experimental scheme of exogenous TCA transport from the lower
(B) The amount of bile acid in the upper chamber was measured at 24
independent differentiation experiments.
(C) Percentages of the sum of bile acids measured from the upper and l
percentage of bile acids measured in the lower chamber. Blue: in the u
BSEPR1090X; #p < 0.05, mean of the lower chamber, normal versus BSE
(D) Experimental scheme of TCA transport from the upper chamber to
(E) The mass of bile acid in the culture medium in the lower chamber,
independent differentiation experiments.
(F) Percentage of measured bile acid in a well at 0, 24, and 48 h after
chamber. Blue: in the upper chamber. *p < 0.05, mean of the upper
chamber, normal versus BSEPR1090X; n = 5 independent differentiatio
(G) Permeability of the monolayer between the upper and the lowe
(10,000 MW Alexa Fluor). The probe was measured in the culture s
chambers, described as a percentage (±SD) of the initial amount of l
(H) Monolayer barrier function is measured with trans-epithelial electr
monolayer and Transwell membrane. ns, not significant, p > 0.05, n =
(I) Transport assay of isotope-labeled TCA (D4-TCA) to determine the
was added into the lower chamber. The amount of TCA was quantified
after loading. The amount of D4-TCA was calculated per well. *p < 0.
(J) Uptake assay of D4-TCA. D4-TCA (10 mM) was added into the lower c
with or without sodium in the culture medium. Without sodium in th
significant; *p < 0.05, n = 3 independent experiments.
centration in cell lysates after loading TCA into the lower

chamber. By using isotope-labeled TCA (D4-TCA), we

measured the export and uptake of TCA executed by

i-Heps independent of endogenous TCA. First, we deter-

mined whether BSEPR1090X i-Heps accumulate more intra-

cellular TCA than normal i-Heps when exposed to exoge-

nous TCA from the lower chambers (Figure 3I). To

quantify the long-term transport activity, we performed a

24-h tracing experiment. After loading D4-TCA in the

lower chambers (1 mM), we quantified the amount of D4-

TCA in the cell lysates at 4, 12, and 24 h. At each time point

in BSEPR1090X i-Heps, the cell lysates contained comparable

(4 and 12 h) or smaller amounts (24 h) of D4-TCA

compared with the normal i-Heps. This result demon-

strates that BSEPR1090X i-Heps do not accumulate intracel-

lular TCA to a greater degree than the normal i-Heps,

despite having decreased apical export of TCA.

The result prompted us to test whether BSEPR1090X i-Heps

have a comparable capability to take up D4-TCA from the

lower chamber by measuring intracellular D4-TCA after a

short period of time before their saturation was reached.

At a physiological dose of TCA (10 mM) in the culture me-

dium in the lower chamber, normal and BSEPR1090X i-

Heps showed comparable amounts of uptake at 5 and

15 min of incubation time (Figure 3J). To test whether

D4-TCA uptakewas sodiumdependent, wemeasured intra-

cellular D4-TCA after incubation with sodium-depleted

culture medium. In both normal and BSEPR1090X i-Heps,

the intracellular D4-TCA was significantly lower compared
in BSEPR1090X i-Heps
chamber to the upper chamber.
and 48 h after loading TCA in the lower chamber. *p < 0.05, n = 5

ower chambers in a well at 0, 24, and 48 h after loading of TCA. Gray:
pper chamber. *p < 0.05, mean of the upper chamber, normal versus
PR1090X; n = 5 independent differentiation experiments.
the lower chamber.

24 and 48 h after loading TCA in the upper chamber. *p < 0.05, n = 5

loading of TCA. Gray: percentage of bile acids measured in the lower
chamber, normal versus BSEPR1090X; #p < 0.05, mean of the lower
n experiments.
r chambers measured with dextrose-conjugated fluorescent probe
upernatant in the chambers 48 h after loading into the opposite
oaded probe. n = 3 independent experiments.
ical resistance (TEER) between the upper and the lower chambers via
5 independent experiments.

intracellular accumulation of TCA over a 24-h period. D4-TCA (1 mM)
by mass spectrometry in the cell lysates collected at 4, 12, and 24 h
05, n = 3 independent experiments.
hamber and cell lysates were collected after 5 and 15 min incubation
e culture medium, D4-TCA was not taken up by the i-Heps. ns, not
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Figure 4. BSEPR1090X i-Heps export intracellular TCA back into the lower chambers via basolateral MRP4 and OST
(A) Washout assay to determine the transport (efflux) direction of intracellular D4-TCA. After 1 h of D4-TCA incubation in the lower
chamber (10 mM), i-Heps were washed with medium and placed in a fresh medium. The intracellular D4-TCA was exported into the fresh
medium in the upper and lower chambers and measured at 5, 15, 30, and 60 min by mass spectrometry. BSEPR1090X i-Heps showed ba-
solateral excretion of TCA as opposed to normal i-Heps, which excrete TCA apically. *p < 0.05, n = 3 independent experiments.
(B) Gene expression of hepatic ABC transporters in i-Heps at the final stage of differentiation was measured by quantitative real-time PCR
(n = 4 independent experiments). After normalization to 18S rRNA, each gene expression level was shown relative to the expression level in
normal i-Heps. Compared with normal i-Heps (*p < 0.05), the BSEPR1090X i-Heps expressed more ABCC4/MRP4. 18S rRNA housekeeping gene
expression did not differ between cell types (p > 0.05).
(C) Washout assay to determine the role of MRP4 in intracellular-to-basolateral export of D4-TCA by using an MRP4 inhibitor (Ceefourin 1).
After 1 h of D4-TCA incubation in the lower chamber (10 mM), i-Heps were washed and placed in a fresh medium with or without MRP4

(legend continued on next page)
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with that in the condition of sodium-containing regular

culture medium. Cellular viability was comparable among

conditions of i-Heps (Figures S3C and S3D). These results

indicate that BSEPR1090X i-Heps exhibit comparable capa-

bility of TCA uptake in a sodium-dependent fashion.

Together, the accumulation of intracellular TCA in

BSEPR1090X i-Heps was comparable to that in normal i-

Heps in the setting where they take up comparable

amounts of the conjugated bile acid across the basolateral

surface into the intracellular space, while having deficient

export of TCA across the apical membrane.

BSEPR1090X i-Heps Export Intracellular TCA via the

Basolateral Membrane toward the Lower Chamber

Because BSEPR1090X i-Heps have a limited capacity for the

apical export of TCA while taking up comparable amounts

of TCA, these results suggested that BSEPR1090X compen-

sates via other export channels, potentially basolateral

export. To determine whether BSEPR1090X i-Heps export

intracellular TCA via the basolateral membrane after up-

take of TCA, we performed a ‘‘washout’’ tracing experiment

with D4-TCA. After 1 h of incubation for the uptake of D4-

TCA from the lower chamber, i-Heps were washed gently

with medium and incubated in a fresh culture medium.

At 5, 15, 30, and 60 min, we quantified D4-TCA in the up-

per and lower chamber to determine the export rates from

the apical and basolateral membranes, respectively (Fig-

ure 4A). The BSEPR1090X i-Heps showed increased export

into the lower chamber compared with normal i-Heps at

each time point. In addition, BSEPR1090X showed greater

export toward the lower chamber than toward the upper

chamber, as seen at later time points. The normal i-Heps

showed the opposite export pattern compared with

BSEPR1090X i-Heps. These results indicate that BSEPR1090X

i-Heps utilize basolateral export of intracellular TCA

when their apical export is deficient. To identify trans-

porters on the basolateral membrane of BSEPR1090X

i-Heps, we profiled the gene expression of the transmem-
inhibitor. The exported D4-TCA in the lower chamber was measured b
inhibitor decreased D4-TCA export toward the lower chamber. *p < 0
(D) Human liver paraffin sections were co-stained with anti-MRP4 and
secondary antibodies. MRP4/ABCC4 was detected on the plasma mem
with b-catenin (white arrows). MRP4 was not detected in hepatocytes
membrane (white arrowheads). Scale bar: 1 mm.
(E) Gene expression of SLC transporters in i-Heps at the final stage of
independent experiments). After normalization to 18S rRNA, each g
normal i-Heps. Compared with normal i-Heps (*p < 0.05), the BSEPR109

rRNA housekeeping gene expression did not differ between cell types
(F) Washout assay to determine the role of OST in intracellular-to-bas
30 mM). After 1 h of D4-TCA incubation in the lower chamber (10 mM),
OST inhibitor. The exported D4-TCA in the lower chamber was measured
30 min, the OST inhibitor decreased D4-TCA export toward the lower ch
4 independent experiments. Normal, no treatment versus OST inhibit
brane ATP binding cassette (ABC) transporters by quantita-

tive RT-PCR. We found a gene upregulation of ABCC4/

MRP4, known to transport conjugated bile acids, including

TCA (Figure 4B). To further determine the functional role of

MRP4 in the basolateral export of BSEPR1090X i-Heps, we

performed washout tracing experiments with and without

the MRP4 inhibitor (Ceefourin 1) in the culture medium

(Cheung et al., 2014). Ceefourin 1 decreased the basolateral

export of TCA in BSEPR1090X i-Heps, while it did not alter

the basolateral export in the normal i-Heps (Figure 4C).

Cellular viability was comparable between i-Heps (Figures

S3E and S3F). To determine whether hepatocytes in the pa-

tient with PFIC2 expressed MRP4 on the basolateral mem-

brane, we performed immunofluorescent staining on the

liver paraffin sections. MRP4/ABCC4 was detected on the

plasma membrane of hepatocytes from the patient with

PFIC2; this co-localized with b-catenin, indicating that

MRP4 is expressed on the basolateral membrane (Fig-

ure 4D). MRP4 was not detected on the plasma membrane

of hepatocytes from the healthy subject. These results indi-

cate that MRP4 plays a role in the intracellular-to-basolat-

eral export of TCA in BSEP deficiency. Because MRP4

showed a partial role in the basolateral export in

BSEPR1090X i-Heps, we explored the possible contribution

of other transporters that are capable of carrying bile acids.

Among the SLC family, OST⍺/SLC51A, OSTb/SLC51B,

OATP3A1/SLCO3A1, and OATP1B3/SLCO1B3 are known

to export conjugated bile acid from the basolateral domain

(Alrefai and Gill, 2007; Ballatori et al., 2009; Briz et al.,

2006; Bruyn et al., 2011; Pan et al., 2018). We found gene

upregulation of OSTb/SLC51B and OATP3A1/SLCO3A1 in

BSEPR1090X i-Heps and downregulation of OST⍺/SLC51A

(Figure 4E). Of note, OST⍺ and OSTb form a complex on

the basolateral membrane. Both subunits are required to

function; however, OSTb plays a regulatory role in the

transport function (Ballatori et al., 2013; Christian et al.,

2012). The gene expression of OATP1B3/SLCO1B3 was

negligible in both i-Heps. To evaluate the role of OST in
y mass spectrometry at 5, 15, and 30 min. At 15 and 30 min, MRP4
.05, n = 4 independent experiments.
anti-b-catenin antibodies and visualized with immunofluorescent
brane of hepatocytes from the patient with PFIC2 and co-localized
from the healthy subject, but b-catenin was detected on the plasma

differentiation was measured by quantitative real-time PCR (n = 4
ene expression level was shown relative to the expression level in
0X i-Heps expressed more SLC51B and SLCO3A1 and less SLC51A. 18S
(p > 0.05).
olateral export of D4-TCA by using an inhibitor of OST (clofazimine,
i-Heps were washed and placed in a fresh medium with or without an
by mass spectrometry at 5, 15, and 30 min and displayed. At 15 and
amber. BSEPR1090X, no treatment versus OST inhibitor, *p < 0.05, n =
or, #p < 0.05, n = 4 independent experiments.
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Figure 5. BSEPR1090X i-Heps adapt export of synthesized bile acids via the basolateral membrane and respond to exogenous bile
acids
(A) Gene expression of CYP7a in i-Heps is measured by RT-PCR at the last stages of differentiation. In both normal and BSEPR1090X i-Heps,
CYP7a expression increased from day 17 of culture to day 21. The fold change in gene expression was based to the values of day 17. *p <
0.05, day 17 versus day 21, n = 3 independent experiments.

(legend continued on next page)
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the basolateral export, we quantified D4-TCA export into

the lower chamber with and without the OST inhibitor clo-

fazimine (Malinen et al., 2018). When OST was inhibited,

the basolateral export of D4-TCA was reduced (Figure 4F),

indicating that OST plays a role in the basolateral export

of TCA. We also tested if OATP3A1/SLCO3A1 plays a role

in TCA export by using the same methods; however, we

did not detect a role for OATP3A1 in the basolateral export

in ourmodel system (Figure S3H). These results suggest that

a combination of basolateral transporters play a role in ex-

porting intracellular bile acids in BSEPR1090X i-Heps.

Together, during exposure to exogenous TCA, our results

demonstrate that BSEPR1090X i-Heps maintain low intracel-

lular TCA concentration by export via basolateral mem-

brane transporters.

BSEPR1090X i-Heps Adapt an Alternative Export of

Newly Synthesized Bile Acids via the Basolateral

Membrane

Cholestasis in patients with PFIC2 becomes prominent

during the first few weeks after birth as hepatocytes initiate

de novo bile acid synthesis. Based on the findings of basolat-

eral export of exogenous bile acids, we investigated the fate

of intracellular endogenous bile acids synthesized in BSEP-
(B) The amount of endogenous taurocholic acid (TCA) exported into th
mass spectrometry. After incubation in a fresh culture medium for 48 h
and lower chambers were determined. Normal i-Heps exported endoge
i-Heps toward the lower chamber (basolateral domain). The total amo
normal i-Heps. *p < 0.05: black, lower chamber normal versus BSEPR

chamber versus lower chamber of each i-Hep, n = 3 independent exp
(C) The amount of intracellular TCA was measured from cell lysates
BSEPR1090X i-Heps were comparable. ns: p > 0.05, n = 3 independent
(D) Schematic description of experiment design in normal i-Heps. La
cubation, TCA (endogenous and D4-TCA) in the culture medium was m
(E) The amount of endogenous TCA secreted into the upper and low
without exogenous D4-TCA. The exogenous D4-TCA suppressed endog
with versus without D4-TCA; blue, upper chambers cultured with vers
each i-Hep, n = 3 independent experiments.
(F) Schematic description of experiment design in BSEPR1090X i-Heps.
(G) The amount of endogenous TCA secreted into the upper and low
without exogenous D4-TCA. *p < 0.05: black, lower chambers culture
versus without D4-TCA; purple, upper chamber versus lower chamber
(H) Intracellular TCA, endogenous and D4-TCA, measured separately fr
accumulated in normal and BSEPR1090X i-Heps are comparable. ns: p >
(I) Gene expression of the FXR pathway was determined by RT-PCR. In
SHP was upregulated when D4-TCA was added into the lower chamber
The fold change in gene expression was based on the values in the
experiments.
(J) The amount of endogenous TCA secreted into the upper and lower
agonist obeticholic acid (OCA, 10 mM) in normal and BSEPR1090X i-Hep
independent experiments: black, lower chambers cultured with versu
OCA; purple, upper chamber versus lower chamber of each i-Hep.
(K) Intracellular TCA, endogenous and D4-TCA, measured separately fro
suppressed intracellular TCA in normal and BSEPR1090X i-Heps. *p < 0
deficient hepatocytes. To determine in which stage the i-

Hep culture system induces de novo bile acid synthesis, we

measured changes in gene expression of CYP7a, a master

regulator of bile acid synthesis in hepatocytes, by RT-PCR.

Both normal and BSEPR1090X i-Heps exhibit minimal

expression of CYP7a until day 17 of the differentiation

stage; then, at the final stage of the differentiation (day

21), CYP7a expression is increased in both normal and

BSEPR1090X i-Heps (Figure 5A). This suggests that i-Heps

start synthesizing bile acids de novo at the last stage of the

differentiation process. To assess the impact of truncated

BSEP on the export of intracellular bile acids synthesized

de novo, we measured the concentration of endogenous

TCA secreted into the culture medium from i-Heps (Fig-

ure 5B). After 48 h of incubation in a fresh culturemedium,

we collected the culture supernatant from the upper cham-

ber and lower chamber separately, as well as the cell lysates.

The normal i-Heps exported more TCA into the upper

chamber than into the lower chamber. This suggests that

normal i-Heps predominantly export TCA via the apical

membrane. Consistent with abnormal BSEP function,

BSEPR1090X i-Heps exported a diminished amount of TCA

into the upper chamber but significantly more TCA into

the lower chamber, indicating that BSEPR1090X i-Heps
e upper chamber (blue) and lower chamber (gray) was measured by
, the TCA concentrations in the culture supernatant from the upper
nous TCA toward the upper chamber (apical domain) and BSEPR1090X

unt of TCA synthesized by BSEPR1090X i-Heps was less than that by
1090X; blue, upper chamber normal versus BSEPR1090X; purple, upper
eriments.
after 48 h of incubation. Intracellular TCA amounts in normal and
experiments.
beled TCA, D4-TCA, was added to the lower chamber. After the in-
easured separately.
er chambers was measured under the conditions cultured with or
enous synthesis of TCA. *p < 0.05: black, lower chambers cultured
us without D4-TCA; purple, upper chamber versus lower chamber of

er chambers was measured under the conditions cultured with or
d with versus without D4-TCA; blue, upper chambers cultured with
of each i-Hep, n = 3 independent experiments.
om the cell lysate after the incubation. Exogenous D4-TCA amounts
0.05, n = 3 independent experiments.
both normal and BSEPR1090X i-Heps, CYP7a was downregulated and
for 12 and 24 h. No significant change was found in FXR expression.
condition cultured without D4-TCA. *p < 0.05, n = 3 independent

chambers was measured under the conditions with or without FXR
s. OCA suppressed the endogenous synthesis of TCA. *p < 0.05, n = 4
s without OCA; blue, upper chambers cultured with versus without

m the cell lysate after the incubation with versus without OCA. OCA
.05, n = 4 independent experiments.
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predominantly export endogenous TCA via the basolateral

membrane. To further determine whether BSEPR1090X i-

Heps accumulate endogenous TCA in the cytoplasm, we

measured the intracellular amount of TCA in BSEPR1090X

and normal i-Heps (Figure 5C). BSEPR1090X and normal i-

Heps showed comparable amounts of intracellular TCA.

To determine the specific role of BSEP in i-Heps, we also

tested if inhibition of BSEP in normal i-Heps reproduces

the phenotype of BSEPR1090X i-Heps. When normal i-

Heps were incubated with sitaxentan, a BSEP inhibitor

(Kenna et al., 2015), the apical TCA export was reduced,

while the basolateral export was unchanged, resembling

the trend seen in BSEPR1090X i-Heps (Figure S3I). These

data indicate that hepatocytes with BSEP deficiency initiate

bile acid export via the basolateral membrane when de novo

bile acid synthesis commences, seemingly as an adaptive

mechanism to prevent the accumulation of intracellular

bile acids.

Basolateral Transport of Exogenous Bile Acids

Suppresses the De Novo Synthesis of Endogenous Bile

Acids via the FXR Pathway in BSEPR1090X i-Heps

In normal hepatocytes, during transcellular transport of

the sinusoidal bile acids to the bile canaliculus, de novo

bile acid synthesis is suppressed. To determine whether si-

nusoidal bile acids in the basolateral domain suppress bile

acid synthesis in BSEP-deficient hepatocytes, we simulta-

neously quantified de novo bile acid synthesis and transcel-

lular bile acid transport using D4-TCA as an exogenous bile

acid (Figures 5D and 5F). Exogenous D4-TCA (10 mM) was

added to the lower chamber medium and was quantified

by mass spectrometry, separately from the endogenous

TCA. In normal i-Heps, while D4-TCA in the lower cham-

ber was transported to the upper (data not shown), in the

same time period, de novo synthesis of TCA by the normal

i-Heps was significantly suppressed (Figure 5E). In contrast,

D4-TCA was minimally transported to the upper chamber

in BSEPR1090X i-Heps (data not shown), but de novo synthe-

sis of TCA was still significantly suppressed (Figure 5G). To

determine changes in the intracellular TCA accumulation

by exogenous D4-TCA, endogenous TCA and D4-TCA in

the cell lysates after the incubation were measured (Fig-

ure 5H). Normal and BSEPR1090X i-Heps accumulated com-

parable amounts of D4-TCA intracellularly. This result sug-

gests that intracellular TCA, taken up by either normal or

BSEPR1090X i-Heps, regulates the rate-limiting step of bile

acid synthesis. To determine whether the regulatory effect

was mediated by the FXR pathway, we quantified gene

expression of FXR and its target genes, SHP and CYP7a, in

i-Heps after exogenous TCA was added to the lower cham-

bers (Figure 5I). Both normal and BSEPR1090X i-Heps ex-

hibited FXR pathway activation, shown as an increased

expression of SHP and decreased expression of CYP7a
320 Stem Cell Reports j Vol. 16 j 309–323 j February 9, 2021
when importing TCA. Thus, we demonstrated that BSEP-

deficient hepatocytes are able to suppress de novo bile acid

synthesis via the FXR pathway when they are not trans-

porting bile acids to the bile canaliculus. Recently, an FXR

agonist, obeticholic acid, was approved by the FDA for

the treatment of cholestatic liver diseases (Jones, 2016).

To determine the effect of an FXR agonist on de novo bile

acid synthesis of BSEP-deficient human hepatocytes, we

quantified the endogenous TCA production of normal

and BSEPR1090X i-Heps when incubated with obeticholic

acid. Similar to the exogenous TCA, obeticholic acid sup-

pressed de novo synthesis of TCA in BSEPR1090X i-Hepswhile

reducing the intracellular accumulation of TCA (Figures 5J

and 5K). This finding indicates that our BSEP-deficient

model system is feasible for investigating the cellularmech-

anisms of bile acid transport and synthesis in human

hepatocytes.
DISCUSSION

In this study, we provide new insight into the adaptive

mechanism of cellular regulation of bile acid homeostasis

in hepatocytes. We found that human hepatocytes with

BSEP deficiency use basolateral transporters to export con-

jugated bile acids. Further, we found that BSEP-deficient

hepatocytes regulate de novo bile acid synthesis via the

FXR pathway when importing and exporting bile acids at

the basolateral membrane, thereby maintaining the intra-

cellular bile acid level.

Enterohepatic bile acid circulation reaches homeostasis

by the interaction between transcellular bile acid transport

and de novo synthesis mediated by intracellular bile acids in

hepatocytes (Figure 6A). The BSEP-deficient hepatocytes

export endogenous conjugated bile acids via the basolat-

eral membrane as they synthesize bile acids. In patients

with PFIC2, since sinusoidal bile acids are not transported

into the enterohepatic circulation, they remain in the sys-

temic circulation, leading to jaundice and cholestasis (Fig-

ure 6B). In this report, we demonstrated that BSEP-deficient

hepatocytes are able to downregulate de novo bile acid syn-

thesis via the uptake and export of bile acids on the basolat-

eral domainwhile preventing the accumulation of intracel-

lular bile acids. This suggests that de novo synthesis of bile

acids can be suppressed in BSEP-deficient hepatocytes by

exogenous bile acids. We demonstrated that the FDA-

approved FXR agonist obeticholic acid has the potential

to reduce de novo bile acid synthesis in BSEP-deficient hepa-

tocytes. Our findings offer potential treatment options to

reduce systemic circulating bile acids in patients with

PFIC2 with an FXR activator in the early stage of life.

In line with our report, the upregulation ofMRP4 protein

has been reported in the liver of patients with PFIC2 (Keitel
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Figure 6. A model representing the
mechanism regulating de novo bile acid
synthesis in BSEP-deficient hepatocytes
(A) In normal hepatocytes, synthesized bile
acids are exported to the bile canaliculus
and return to the sinusoid by the hep-
atoenteric circulation (1). The bile acids in
the sinusoid are taken up by hepatocytes
and suppress de novo synthesis mediated by
the intracellular concentration of bile acids
(2 and 3).
(B) In BSEP-deficient hepatocytes, synthe-
sized bile acids are exported to the sinusoid
and accumulate in the systemic circulation
(1). When taken up from the sinusoid, the
intracellular bile acids suppress de novo bile
acid synthesis while being exported to the
sinusoid via the basolateral membrane (2
and 3).
et al., 2005). Our evidence of the role ofMRP4 in basolateral

bile acid export is compatible with theMRP4 expression on

the basolateral membrane shown in their report. MRP4 has

been reported to have a key role in cholestatic liver diseases

(Mennone et al., 2006; Zollner et al., 2007). Similar to the

previous reports,we foundupregulation of other basolateral

transporters (solute carrier organic anion transporters) in

BSEP-deficient i-Heps. Based on our results, SLC51/OST is

likely to be important in the adaptation. Together, it is

feasible to suggest that human hepatocytes use basolateral

MRP4 and OST, in part, to export intracellular bile acids

into the sinusoid when canalicular export by BSEP is not

possible.

Despite these compensatory responses to the BSEP defi-

ciency, cellular injury and deformation in BSEP-deficient

hepatocytes are prominent in the liver of PFIC2. The intra-

cellular molecular mechanisms of hepatocyte injury due to

BSEP deficiency remain unclear. A defect of MDR1 localiza-

tion in BSEP-deficient zebrafish has been reported (Ellis

et al., 2018). In our model system, humanMDR1was local-
ized to the apical domain in BSEP-deficient i-Heps, suggest-

ing a different regulation in human cells. It is possible that

sinusoidal regurgitation of bile acids may trigger aberrant

metabolic derangement of membrane phospholipids in

the long term. It is also likely that paracrine excretion of

bile acids into the sinusoidal space may induce an inflam-

matory response to the local innate immune cells, which

may trigger a cytotoxic attack from the immune cells to

the hepatocytes, resulting in cholestasis. Further investiga-

tion is under way to reveal this mechanism.

Our culture system induces hepatic differentiation into

cells in a monolayer, where the apical membrane covers a

wider surface area of the cells than the physiological bile

canalicular structure of the hepatocytes. This condition

limits the pharmacokinetic properties of BSEP function in

i-Heps compared with that in hepatocytes in vivo. We

used isogenic pairs of i-Heps to quantify the specific func-

tion of BSEP in hepatocytes; however, further advance-

ment in bioengineering technology of microfluidics is

required to overcome this limitation.
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In summary, our findings reveal potentially novel mech-

anisms that underlie the pathophysiology of BSEP defi-

ciency and may provide potential targets for therapeutic

intervention in patients with PFIC2.
EXPERIMENTAL PROCEDURES

Human Specimens
The study protocol conformed to the ethical guidelines of the 1975

Declaration of Helsinki and was approved by the institutional re-

view board of Cincinnati Children’s Hospital Medical Center (ID:

2014-6705). Liver tissues from the subject were obtained from

the explanted liver. Human primary hepatocytes in culture were

purchased from GIBCO Fresh Hepatocytes service (Thermo Fisher,

Waltham, MA) as described previously (Asai et al., 2017).

Cell Culture and Differentiation of iPSCs to

Hepatocyte-like Cells
The iPSCs (clone: 1383D6) were derived from a healthy donor and

provided by Kyoto University with a thorough characterization of

pluripotency and karyotype (Takayama et al., 2017). For the repro-

duction of the study, we performed experiments on another iPSC

clone (clone: TkDA3; kindly provided by K. Eto and H. Nakauchi).

The results are summarized in Figures S4–S6. We generated iPSCs

from the donated cells with the standard method of Yamanaka

four-factor transfection. Protocols for endoderm differentiation,

hepatic specification, and hepatocyte maturation were modified

from previously described protocols and reported in the Supple-

mental Methods (Asai et al., 2017).

Measurement of Bile Acid Concentration in Culture

Medium
Stable isotope-labeled TCA (sodium TCA, [2,2,4,4-2H4]TCA, here

referred to as D4-TCA) was purchased from Cambridge Isotope

Laboratories (Tewksbury, MA). The detailed methods of the tracer

experiments and liquid chromatography-mass spectrometry are

described in the Supplemental Methods.

Statistics
All in vitro experiments were performed at least in triplicate. Exper-

imental values are expressed as the mean ± SEM, and statistical

significance was determined by two-tailed Student’s t test or by

two-way ANOVA for comparison between three or more groups,

followed by Bonferroni’s multiple comparison post hoc tests with

a significance set at p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2020.12.008.

AUTHOR CONTRIBUTIONS

H.H., E.A., M.S., and A.A. designed and performed experiments,

analyzed the data, and wrote the manuscript; S.O., K.S., A.F.,

E.K., Y.S., A.M., N.N., and W.Z. performed experiments and

analyzed the data; H.K., S.H., T.N., Y.H., C.M., K.S., and T.T.
322 Stem Cell Reports j Vol. 16 j 309–323 j February 9, 2021
contributed to experimental design and interpretation of the

data and wrote the manuscript.

CONFLICTS OF INTEREST

A.A. and H.H. are listed as inventors on a patent related to this

study, International Publication No. WO 2020/097555. K.S. holds

equity in Asklepion Pharmaceuticals LLC and Aliveris s.r.l. and is a

consultant to Retrophin.

ACKNOWLEDGMENTS

We thank Drs. William Balistreri, Jorge A. Bezerra, and JamesWells

for their advice in scientific discussion and manuscript prepara-

tion.We thank Sanjay Subramanian for his work in immunohisto-

chemistry experiments. We also thank Drs. K. Eto, M. Otsu, and H.

Nakauchi at Tokyo University and Dr. Yamanaka at CiRA for

providing iPSCs. This work was supported by NIH grant P30

DK078392, a Pilot & Feasibility Award, the AASLD Foundation

(Pinnacle Research Award), the NASPGHAN Foundation (George

Ferry Young Investigator Award), the Cincinnati Children’s

Research Foundation (Procter Scholar Award) to A.A., and NIH

R01DK107530 and NIH R01DK123181 to T.N.

Received: January 6, 2020

Revised: December 13, 2020

Accepted: December 14, 2020

Published: January 14, 2021
REFERENCES

Alrefai,W.A., andGill, R.K. (2007). Bile acid transporters: structure,

function, regulation and pathophysiological implications. Pharm.

Res. 24, 1803–1823.

Asai, A., Aihara, E., Watson, C., Mourya, R., Mizuochi, T., Shivaku-

mar, P., Phelan, K., Mayhew, C., Helmrath, M., Takebe, T., et al.

(2017). Paracrine signals regulate human liver organoid matura-

tion from induced pluripotent stem cells. Development 144,

1056–1064.

Ballatori, N., Li, N., Fang, F., Boyer, J.L., Christian, W.V., and Ham-

mond, C.L. (2009). OST alpha-OST beta: a key membrane trans-

porter of bile acids and conjugated steroids. Front. Biosci Land-

mark Ed 14, 2829–2844.

Ballatori, N., Christian, W.V., Wheeler, S.G., and Hammond, C.L.

(2013). The heteromeric organic solute transporter, OSTa–OSTb/

SLC51: a transporter for steroid-derived molecules. Mol. Aspects

Med. 34, 683–692.

Bove, K.E., Heubi, J.E., Balistreri, W.F., and Setchell, K.D.R. (2004).

Bile acid synthetic defects and liver disease: a comprehensive Re-

view. Pediatr. Dev. Pathol. 7, 315–334.

Briz, O., Romero, M.R., Martinez-Becerra, P., Macias, R.I.R., Perez,

M.J., Jimenez, F., Martin, F.G.S., and Marin, J.J.G. (2006). OATP8/

1B3-mediated Cotransport of Bile Acids andGlutathione an export

pathway for organic anions from hepatocytes? J. Biol. Chem. 281,

30326–30335.

Bruyn, T.D., Fattah, S., Stieger, B., Augustijns, P., and Annaert, P.

(2011). Sodium fluorescein is a probe substrate for hepatic drug

https://doi.org/10.1016/j.stemcr.2020.12.008
https://doi.org/10.1016/j.stemcr.2020.12.008
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref1
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref1
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref1
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref2
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref2
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref2
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref2
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref2
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref3
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref3
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref3
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref3
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref4
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref4
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref4
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref4
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref5
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref5
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref5
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref6
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref6
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref6
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref6
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref6
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref7
http://refhub.elsevier.com/S2213-6711(20)30503-8/sref7


transport mediated by OATP1B1 and OATP1B3. J. Pharm. Sci. 100,

5018–5030.

Cheung, L., Flemming, C.L., Watt, F., Masada, N., Yu, D.M.,

Huynh, T., Conseil, G., Tivnan, A., Polinsky, A., Gudkov, A.V.,

et al. (2014). High-throughput screening identifies Ceefourin 1

and Ceefourin 2 as highly selective inhibitors of multidrug resis-

tance protein 4 (MRP4). Biochem. Pharmacol. 91, 97–108.

Christian,W.V., Li, N., Hinkle, P.M., and Ballatori, N. (2012). b-Sub-

unit of the osta-Ostb organic solute transporter is requirednot only

for heterodimerization and trafficking but also for function. J. Biol.

Chem. 287, 21233–21243.

Ellis, J.L., Bove, K.E., Schuetz, E.G., Leino, D., Valencia, C.A.,

Schuetz, J.D., Miethke, A., and Yin, C. (2018). Zebrafish abcb11b

mutant reveals strategies to restore bile excretion impaired by

bile salt export pump deficiency. Hepatology 67, 1531–1545.

Imagawa, K., Takayama, K., Isoyama, S., Tanikawa, K., Shinkai, M.,

Harada, K., Tachibana, M., Sakurai, F., Noguchi, E., Hirata, K., et al.

(2017). Generation of a bile salt export pump deficiencymodel us-

ing patient-specific induced pluripotent stem cell-derived hepato-

cyte-like cells. Sci. Rep. 7, 41806.

Jansen, P.L., Strautnieks, S.S., Jacquemin, E., Hadchouel, M., Sokal,

E.M., Hooiveld, G.J., Koning, J.H., Jager-Krikken, A.D., Kuipers, F.,

Stellaard, F., et al. (1999). Hepatocanalicular bile salt export pump

deficiency in patients with progressive familial intrahepatic chole-

stasis. Gastroenterology 117, 1370–1379.

Jones, D.E.J. (2016). Obeticholic acid for the treatment of primary

biliary cirrhosis. Expert Rev. Gastroenterol. Hepatol. 10, 1091–

1099.

Keitel, V., Burdelski, M., Warskulat, U., Kühlkamp, T., Keppler, D.,
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