Received: 19 November 2019

Revised: 22 April 2020

Accepted: 13 May 2020

DOI: 10.1111/liv.14518

ORIGINAL ARTICLE

Liver | WILEY

Functional rescue of an ABCB11 mutant by ivacaftor: A new
targeted pharmacotherapy approach in bile salt export pump

deficiency

Elodie Mareux®

Tounsia Ait-Slimane®

Mauricette Collado-Hilly! | Anne Davit-Sprau

Isabelle Callebaut®

YInserm, Physiopathogénése et traitement
des maladies du foie, UMR_S 1193,
Hepatinov, Université Paris-Saclay, Orsay,
France

2Paediatric Hepatology & Paediatric Liver
Transplant Department, Reference Center
for Rare Paediatric Liver Diseases, FILFOIE,
ERN RARE LIVER, Assistance Publique-
Hoépitaux de Paris, Faculty of Medicine
Paris-Saclay, CHU Bicétre, Le Kremlin-
Bicétre, France

3Inserm, Centre de Recherche Saint-
Antoine (CRSA), UMR_S 938, Institute of
Cardiometabolism and Nutrition (ICAN),
Sorbonne Université, Paris, France

4CHU Bicétre, Biochemistry Unit, Assistance
Publique-Hépitaux de Paris, Le Kremlin-
Bicétre, France

*Muséum National d’Histoire Naturelle,
UMR CNRS 7590, Institut de Minéralogie de
Physique des Matériaux et de Cosmochimie,
IMPMC, Sorbonne Université, Paris, France

Correspondence

Emmanuel Jacquemin, Service d'Hépatologie
et de transplantation hépatique
pédiatriques, Département de Pédiatrie,
Centre Hospitalier Universitaire de Bicétre,
78 rue du Général Leclerc, 94275 Le
Kremlin-Bicétre cedex, France.

Email: emmanuel.jacquemin@aphp.fr

Funding information

EM was supported by “Ministére de
I'Enseignement Supérieur, de la Recherche
et de I'lnnovation” (Paris, France). RA

| Martine Lapalus!
| Jean-Louis Delaunay®

| Emmanuel Gonzales'?

| Rachida Amzal' | Marion Almes? |
| Pauline Adnot! |

|24 | Thomas Falguiéres! |

| Emmanuel Jacquemin'-?

Abstract

Background & Aim: The canalicular bile salt export pump (BSEP/ABCB11) of hepato-
cytes is the main adenosine triphosphate (ATP)-binding cassette (ABC) transporter
responsible for bile acid secretion. Mutations in ABCB11 cause several cholestatic
diseases, including progressive familial intrahepatic cholestasis type 2 (PFIC2) often
lethal in absence of liver transplantation. We investigated in vitro the effect and po-
tential rescue of a BSEP mutation by ivacaftor, a clinically approved cystic fibrosis
transmembrane conductance regulator (CFTR/ABCC?7) potentiator.

Methods: The p.T463| mutation, identified in a PFIC2 patient and located in a highly
conserved ABC transporter motif, was studied by 3D structure modelling. The mu-
tation was reproduced in a plasmid encoding a rat Bsep-green fluorescent protein.
After transfection, mutant expression was studied in Can 10 cells. Taurocholate
transport activity and ivacaftor effect were studied in Madin-Darby canine kidney
(MDCK) clones co-expressing the rat sodium-taurocholate co-transporting polypep-
tide (Ntcp/SIc10A1).

Results: As the wild-type protein, Bsep™*®' was normally targeted to the canali-
cular membrane of Can 10 cells. As predicted by 3D structure modelling, taurocho-

late transport activity was dramatically low in MDCK clones expressing Bsep'¢%'.

Ivacaftor treatment increased by 1.7-fold taurocholate transport activity of Bsep'*¢°!
(P < .0001), reaching 95% of Bsep™! activity. These data suggest that the p.T463I
mutation impairs ATP-binding, resulting in Bsep dysfunction that can be rescued by
ivacaftor.

Conclusion: These results provide experimental evidence of ivacaftor therapeutic

potential for selected patients with PFIC2 caused by ABCB11 missense mutations

Abbreviations: ABC, ATP-binding cassette; ATP, adenosine triphosphate; BA, bile acid; BSEP/Bsep, bile salt export pump; CFTR, cystic fibrosis transmembrane conductance regulator;
GFP, green fluorescent protein; MDCK, Madin-Darby canine kidney; MDR3, multidrug resistance protein 3; MSD, membrane spanning domain; NBD, nucleotide binding domain; Ntcp,
Na-taurocholate cotransporting polypeptide; PFIC2, progressive familial intrahepatic cholestasis type 2; TC, taurocholate; wt, wild type.
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1 | INTRODUCTION

Numerous studies have shown that mutations in the ABCB11 gene,
encoding the bile salt export pump (BSEP), are associated with
several cholestatic diseases of hepatocellular origin, the most se-
vere form being progressive familial intrahepatic cholestasis type
2 (PFIC2).12 BSEP is expressed at the canalicular membrane of
hepatocytes and is the main ATP-binding cassette (ABC) trans-
porter responsible for bile acid (BA) secretion.! As other members
of the superfamily of ABC transporters, BSEP is characterized by
two membrane-spanning domains (MSDs) involved in substrate
specificity and export, and two nucleotide-binding domains (NBDs)
providing the energy to pump substrates across the membrane
against their electrochemical gradients.>® In PFIC2, impaired bil-
iary BA secretion leads to decreased bile flow, BA accumulation
in hepatocytes, ongoing hepatocellular damage and increased
risk of hepatocellular carcinoma. Clinical signs of cholestasis usu-
ally appear within the first year of life with jaundice and pruritus.
Medical therapy with ursodeoxycholic acid (UDCA) and surgical
therapy such as biliary diversion may provide some symptomatic
relief. Nevertheless, in the majority of cases, liver transplantation
is required before adulthood because of unremitting pruritus, he-
patic failure or hepatocellular carcinoma. Numerous PFIC2-causing
ABCB11 mutations have been reported, mostly nonsense, mis-
sense and splicing mutations, but also small insertions, deletions
and duplications.z""7 Regarding the missense mutations, some of
them affect the processing or trafficking of the protein, thereby
causing its retention in the endoplasmic reticulum and subsequent
mistargeting to the canalicular membrane. We have previously
shown that 4-phenylbutyrate, a clinically approved pharmacologi-
cal chaperone drug could rescue mistrafficking of some BSEP mis-
sense mutants.®? Other ABCB11 missense mutations, especially
those involving the NBDs, lead to a correctly targeted protein
whose BA transport activity is impaired.2*5 In two major series re-
porting on 165 ABCB11 mutations identified in patients with severe
BSEP deficiency, 90 (55%) were missense mutations including 44
(27%) that were located in the NBDs.*” NBDs are well-conserved
throughout the ABC superfamily and contain specific motifs in-
volved in ATP-binding and/or hydrolysis, such as the Walker-A
and Walker-B motifs, the A-, D-, H-, and Q-loops, and the LSGGQ
(Leu-Ser-Gly-Gly-Gln) signature which is unique to the ABC super-
family.3 Ivacaftor (VX-770, Kalydeco®, Vertex Pharmaceuticals) is
a clinically approved potentiator treatment for some class Ill CFTR
(cystic fibrosis transmembrane conductance regulator, ABCC7)

affecting BSEP function. This could represent a significant step forward for the care

of patients with BSEP deficiency.

ABC transporters superfamily, cholestatic liver diseases, paediatrics, PFIC2, potentiator,

Lay Summary

e Mutations in ABCB11/BSEP cause or predispose to sev-
eral liver disorders, the most severe form being progres-
sive familial intrahepatic cholestasis type 2 (PFIC2).

e More than half of PFIC2 patients do not or poorly re-
spond to medical treatment and/or surgical biliary diver-
sion and require liver transplantation.

e Our in vitro study shows that the p.T463| mutation of
BSEP, identified in a PFIC2 patient, leads to a defect of
canalicular bile acid transport activity and that ivacaftor,
a clinically approved potentiator, can rescue this func-
tional defect.

e This proof of concept suggests that ivacaftor might con-
stitute an efficient targeted pharmacotherapy approach
for some selected PFIC2 patients carrying ABCB11 mu-
tations that impairs BSEP function. This could represent
a significant step forward for the care of patients with
BSEP deficiency.

mutations which are mainly located in the NBDs.1%1! Interestingly,
it has been shown that ivacaftor could also increase the function of
some MDR3 (multidrug resistance protein 3, ABCB4) mutants re-
sulting from mutations located in NBDs and responsible for PFIC3,
another chronic cholestatic liver disease.'? However, the ability
of potentiators to increase the function of BSEP mutants affect-
ing BA transport activity has not been studied. BSEP ATP-binding
sites having a strong similarity with those of CFTR and MDR3, we
selected the p.T4631 mutation, identified in a PFIC2 patient and
located in the Walker-A motif of the first BSEP nucleotide binding
domain (NBD1). Herein, we report that the p.T463| mutant is cor-
rectly located at the canalicular membrane of hepatocytes but that
its BA transport activity is decreased and that ivacaftor can rescue
this functional defect.

2 | MATERIALS AND METHODS
2.1 | Patient's data and molecular modelling

The patient harbouring the p.T463| mutation was referred to
the paediatric hepatology unit of Bicétre Hospital at age nine
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months. ABCB11 gene analysis, liver immunohistochemistry
using anti-human BSEP and MDRS3 antibodies and analyses
of bile composition were performed as previously reported.®
Liver samples were obtained from the Centre de Ressources
Biologiques des Hépitaux Universitaires Paris-Saclay, France.
Informed consent was obtained from the parents and this
study protocol conformed to the ethical guidelines of the 1975
Declaration of Helsinki as reflected in a priori approval by the in-
stitution's human research committee (Comité de Protection des
Personnes, Hopital Bicétre, Le Kremlin-Bicétre, France). Model
of the 3D structure of the ABCB11 NBD1/NBD2 assembly was
built with Modeller v9.15% using as a template the experimental
structure of the MJ0796 NBD1/NBD2 heterodimer in complex
with ATP (pdb 112t),** solved at 1.9 A, as described previously for
the modelling of the ABCB4 NBD1/NBD2 assembly.12 We have
used this MJO796 3D structure, rather than other 3D structures
sharing higher sequence similarities with ABCB11, because of the
high resolution observed within the ATP-binding sites. The se-

quence alignment used for modelling is given in Figure S1.

2.2 | DNA constructs and mutagenesis

The plasmid pEGFP-N1 encoding a rat wild type (wt) Bsep-green flu-
orescent protein (GFP) fusion protein was a gift from J.L Boyer (Yale

).1> Patient's mutation

University School of Medicine, New Haven, CT
¢.1388 C>T, p.T4631 was introduced using the QuikChange Lightning
Site-Directed Mutagenesis kit (Agilent Technologies) according to
the manufacturer's instructions. The primers used for mutagenesis
were 5-AGTGGGGCTGGGAAGAGTATAGCATTACAGCTC-3' (for-
ward) and 5-GAGCTGTAATGCTATACTCTTCCCAGCCCCACT-3'
(reverse). Rat Bsep was used because of its high degree of homol-
ogy with its human ortholog and a higher level of expression in
cultured cells.’® Furthermore, the p.T4631 mutation is located in a
highly conserved region between human BSEP and rat Bsep. The

whole construct was verified by Sanger sequencing.

2.3 | Cell culture and transfection

Can 10 cells were transiently transfected with the plasmids encod-
ing Bsep-GFP (wt or T463l), as described.®? This well-characterized
rat hepatocellular polarized line expresses only minimal level of
Bsep and forms bile canaliculi, thus allowing the study of the subcel-
lular localization of Bsep mutants.®?” Madin-Darby canine kidney
(MDCK) cells, a well-characterized polarized kidney cell line allow-
ing measurement of Ntcp- and Bsep-mediated bile acid vectorial
transport,'®!? were transfected with the plasmids encoding Bsep-
GFP (wt or T463l) using Fugene HD transfection reagent (Promega),
according to the manufacturer's instructions. Stable transfected
clones were obtained by selection with 600 pg/mL G418 (Sigma-
Aldrich Chimie) for 3 weeks and were subsequently grown in the
presence of 300 ug/mL G418, then sorted by limiting dilution.

iver WILEY--2
INTERNATIONAL

2.4 | Immunofluorescence and confocal microscopy

Immunofluorescence analyses were performed as described.®?
For Can 10 cells, primary antibodies were a mouse anti-GFP (1:80;
Roche Diagnostics) and a rat anti-zonula occludens 1 (undiluted; a
gift from B.R Stevenson,?° Edmonton). For confluent MDCK clones,
primary antibodies were a rabbit anti-GFP (1:500; Abcam), a mouse
anti-cMyc (1:250; BD Pharmigen) and the rat anti-zonula occludens
1 (see above). Appropriate goat anti-immunoglobulin G Alexa Fluor
488 and Alexa Fluor 594 secondary antibodies (1:500; Molecular
Probes) were used as described.®’ The coverslips, embedded in
mounting medium containing DAPI (Sigma-Aldrich Chimie), were
examined with a confocal microscope (Eclipse TE-2000-Nikon-C1)
equipped with 60x objective and serial xy optical sections with a
z-step of 0.3 um were taken using NIS-Elements software (Nikon).

2.5 | Quantification of cells targeting Bsep to the
canalicular pole

Can 10 cells expressing Bsep-GFP (wt or T463l) and forming bile
canaliculi were examined by epifluorescence microscopy. Bile cana-
liculi were identified by phase contrast and by immunolocalization
of ZO-1 (at the seal of bile canaliculi). Among Bsep-GFP-positive Can
10 cells forming canaliculi, the percentage of cells expressing Bsep-
GFP at the canalicular membrane was determined (40-100 cells
were examined per coverslip, two coverslips were used per culture

and three independent cultures of Can 10 cells were performed).

2.6 | Expression of Ntcp in MDCK Bsep
expressing clones

The rat cDNA of the sodium-taurocholate co-transporting poly-
peptide (Ntcp/Slc10A1) was cloned into the lentiviral vector pLenti-
cMyc-DDK-IRES-Puro (PS100069, OriGene). The MDCK clones
with the highest Bsep-GFP (wt or T463l) expression and parental
MDCK cells were infected with lentiviral particles containing the
recombined plasmid at a multiplicity of infection of 30 and recom-

binant cells were selected with 3 pg/mL of puromycin (Ozyme).

2.7 | Immunoblot analyses

Cell lysates from cultured MDCK clones and immunoblotting were per-
formed as described?! using mouse anti-GFP (1:500; Roche Diagnostics),
anti-cMyc (1:500; BD Pharmigene) and anti-p-actin (1:3000, Sigma
Aldrich) antibodies incubated overnight in PBS with 0.05% tween fol-
lowed by horseradish peroxidase-linked mouse-specific secondary
antibodies (GE Healthcare). Development of peroxidase activity was
performed with an ECL detection kit (BioRad). Bsep-GFP, Ntcp-cMyc
and f-actin electrophoretic patterns were separately quantified on gels
using ImagelJ software (US National Institutes of Health). Bsep-GFP and
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FIGURE 1 Immunohistochemical
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detection of BSEP and MDR3 in the

liver of the PFIC2 patient. A and B, BSEP
staining (brown) in normal human liver

(A) and patient liver (B). C and D, MDR3
staining (brown) in normal human liver (C)
and patient liver (D). Nuclei are also shown
(blue). The livers display normal canalicular
staining (A, C, D) and faint canalicular

staining (B). Insets are magnified areas

MDR3

indicated by dashed squares. Bars: 50 um

Ntcp-cMyc relative expressions were normalized to the expression of

B-actin.

2.8 | Taurocholate transport assay and
ivacaftor treatment

Parental MDCK cells and MDCK clones stably expressing Bsep-GFP and/
or Ntcp-cMyc were seeded on polyethylene terephthalate membrane in-
serts (pore size 3 um; Falcon) in 24-well plates at a density of 10* cells/
insert. During the five following days, the integrity of cell monolayers
was assessed by transepithelial electrical resistance measurements and
Lucifer yellow permeability tests.?? Culture medium was replaced by
prewarmed transport buffer (in mmol/L: 118 NaCl, 23.8 NaHCO,, 4.83
KCl, 0.96 KH,PO,, 1.2 MgSO,, 12.5 HEPES, 5 glucose, and 1.53 CaCl,,
adjusted to pH 74) in apical and basal compartments, in the absence or
presence of ivacaftor (Cliniscience). Ivacaftor was used at a concentration
of 10 pmol/L, as previously reported for the rescue of class Ill CFTR and
MDR3 mutants.'®2 Taurocholate (TC, 0.9 pmol/L, Sigma-Aldrich) and [°H]
Taurocholate (PHITC, 0.1 pmol/L, 1 pCi/mL, Perkin Elmer) were added in
the basal compartment.’? After two hours, the apical buffer was collected,
membrane inserts were washed with ice-cold PBS, then cells were lysed
with 120 uL 1% Triton X-100. Transcellular transport and intracellular ac-
cumulation of [PH]TC were calculated from the radioactivity measured by
scintillation counter (Hidex 300 SL) in the apical buffer and cell lysates re-
spectively. Aliquots (50 uL) of cell lysates were used to determine protein
concentration (DC Protein Assay Kit, BioRad), with bovine serum albumin
as a standard. Transport data were normalized to protein amount.

2.9 | Statistical analyses

Data are expressed as means * standard error of the mean (SEM).
Statistical analyses were performed using ANOVA, except for the quanti-
fication of canalicular Bsep-GFP positive Can 10 cells which was analysed
using the Student t test. A P value < .05 was considered to be significant.

3 | RESULTS

3.1 | The p.T4631 mutation of BSEP and 3D
structure modelling of human BSEP NBDs

The p.T463I missense mutation of BSEP was identified in one allele
of ABCB11 in a PFIC2 patient harbouring the p.R1057X nonsense
mutation in the other allele.*>”23 This nonsense mutation leads to
the introduction of a premature termination codon in NBD2 and
predicts premature truncation of BSEP, resulting in the absence of
protein synthesis through a nonsense-mediated mRNA decay pro-
cess.? Immunostaining of the liver from this patient revealed a faint
but positive canalicular staining of BSEP, as compared to the normal
human liver (Figure 1A,B), without alteration of the MDR3 staining
(Figure 1C,D). Moreover, biliary BA concentration in this patient was
low (1 mmol/L, N> 10).¢ Therefore, it is likely that the positive canali-
cular BSEP immunostaining observed in the liver of the patient is due

PT463! mutant.

to normal canalicular targeting of the BSE
BSEP consists of 1321 amino acids distributed in a tandemly dupli-
cated structure composed of two MSDs (MSD1 and MSD2) and two
cytoplasmic NBDs (NBD1 and NBD2). There are two composite ATP-
binding sites formed at the interface of the head-to-tail NBD1/NBD2
heterodimer (site A and B). Each site is indeed composed of Walker-A/
Walker-B motifs from one NBD and the signature motif of the other
NBD (Figure 2A). In contrast with MDR3, BSEP has asymmetric ATP-
binding sites, one of them (site A) being degenerate with the following
distinctive amino acids: Y429 (A loop), K461-S462 (Walker A), Q503
(Q loop), M584 (Walker B), H615 (H-loop), L1219-S1220-R1221-
G1222-E1223 (ABC signature) (Figure 2). As for other asymmetric ABC
transporters, it is expected that this site is catalytically inactive, with
long-term ATP-binding at the NBD interface.?* The p.T463I missense
mutation is located within the Walker-A motif of NBD1 and belongs
to the degenerate site A. The 3D structure modelling predicts that
this residue interacts with the ATP a-phosphate (Figure 2B). Its sub-
stitution is thus expected to prevent or disturb ATP-binding, hindering
ATP-induced NBDs dimerization and resulting in BSEP dysfunction.
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FIGURE 2 Organization of human BSEP and 3D structure modelling of ATPbinding site A. A, The ATP-binding sites (site A and B) of BSEP
are formed by the Walker-A (WA) and Walker-B (WB) motifs of one NBD and the ABC signature of the other NBD. The p.T463| mutation (in
red) belongs to the WA motif of NBD1, within the degenerate ATP-binding site A. B, View (ribbon representation) of the model of the 3D
structure of BSEP degenerate ATP-binding site A, in which amino acid T463I (depicted in green with atomic details) is interacting with the

ATP a-phosphate (dashed lines).

p™63in Can

3.2 | Subcellular localization of Bse
10 cells

T4631

Localization of Bsep was compared to that of Bsep"! in Can

10 cells after transient Bsep-GFP expression. As the wt pro-

tein, BsepT463'

was located at the canalicular membrane, deline-
ated by the tight junction-associated protein ZO-1 (Figure 3A).
Quantification showed that all Bsep-GFP-positive Can 10 cells
forming canaliculi expressed Bsep (wt or T463l) exclusively at the
canalicular membrane (Figure 3B). These observations indicate that
the p.T463I mutation did not impair the intracellular trafficking of

Bsep.

3.3 | Generation of MDCK clones stably expressing
Bsep and Ntcp

The Bsep-mediated BA secretion was evaluated in MDCK clones sta-
bly expressing Bsep-GFP (wt or T463l) and/or Ntcp-cMyc. The latter is
a basolateral transporter allowing BA entry into MDCK cells. It is also
important to note that MDCK cells are reported not to endogenously
express Bsep.lc”'25 The appropriate expressions of Bsep and Ntcp, at
the apical and basolateral membrane of MDCK cells, respectively, were
checked using immunodetection techniques and confocal imaging. On
immunoblotting, Bsep-GFP (apparent molecular mass of 190 kDa) was
detected in MDCK-Bsep"t, MDCK-Bsep"t/Ntcp and MDCK-Bsep™¢!/
Ntcp clones (Figure 4A; Figure S2A). The expression of Ntcp-cMyc was
detected at 53 kDa in MDCK-Ntcp, MDCK-Bsep"!/Ntcp and MDCK-
BsepT463'/Ntcp clones (Figure 4A; Figure S2B). Quantification of Bsep-
GFP and Ntcp-cMyc electrophoretic patterns displayed expression
levels of Bsep-GFP and Ntcp-cMyc among MDCK clones that were not
statistically different except for MDCK-Ntcp clone that, as expected, did
not express Bsep-GFP (Figure 4B,C). The subcellular localization of Bsep

(wt or T463l) and Ntcp was assessed using confocal microscopy. Bsep
(wt and T463l) were predominantly located along the apical membrane
of MDCK-Bsep™t, MDCK-Bsep"!/Ntcp and MDCK-Bsep™®/Ntcp cells
(Figure 4D; Figure S2C). This localization is consistent with the normal

canalicular location of Bsep™¢®!

observed in Can 10 cells (Figure 3A) and
in the patient's liver (Figure 1B). As expected, Ntcp was exclusively lo-
cated at the basolateral membrane in MDCK-Ntcp, MDCK-Bsep™!/Ntcp
and MDCK—BsepT463'/Ntcp clones (Figure 4D; Figure S2C). Control pa-
rental MDCK cells did not express detectable amounts of Bsep-GFP or

Ntcp-cMyc on immunoblotting and on confocal imaging (Figure S2A-C).

3.4 | BA transport activity of Bsep™¢°!

effect of ivacaftor

and

The BA transport activity and the effect of ivacaftor were as-
sessed in MDCK clones stably expressing Bsep-GFP (wt or
T4631) and/or Ntcp-cMyc by measuring the intracellular [°H]TC
accumulation and the transcellular transport of [°H]TC across the
monolayers. As previously reported,'? intracellular [*H]TC con-
centration in MDCK clone expressing only Bsep"t was minimal,
whereas in MDCK-Ntcp clone, it was significantly higher indicat-
ing that Ntcp expression is required for the entry of TC into cells
(Figure S2D). In addition, the transcellular transport of [°H]TC in
the apical direction and through the apical membrane was 10.8-
fold higher in MDCK-Ntcp clone compared with MDCK-Bsep*t
clone, suggesting the presence of an apical transporter other
than Bsep that carries TC in MDCK cells (Supporting Figure S2E),
as previously reported.19 The basal to apical flux of BH]TC
was 3.5-fold higher and intracellular [*H]TC concentration was
seven-fold lower compared with MDCK-Ntcp clone, indicating
that Bsep"! efficiently transports TC across the apical mem-
brane (Supporting Figure S2D,E). Thus, our experimental model
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Immunolocalization of Bsep-GFP (wt and T463l) in transiently transfected Can 10 cells. A, Immunolocalization of Bsep*'*-

GFP, BsepT463'—GFP (green) and tight junction protein zonula occludens 1 (ZO-1, red) in transiently transfected Can 10 cells using confocal
microscopy. Dashed lines: transfected cells. *Bile canaliculus. Bars: 10 um. B, Quantification of experiments shown in A. Among Bsep-
GFP-positive cells forming canaliculi, the percentage of cells expressing Bsep-GFP at the canalicular membrane was determined. ns, not

significant (student t test)

allows a precise measurement of BA uptake and export through

14631 mutant

Ntcp and Bsep transporters respectively. The Bsep
likely retains residual transport activity since the intracellular
[PH]TC concentration in MDCK-Bsep'®®'/Ntcp clone was sig-
nificantly lower (P < .0001) than in MDCK-Ntcp clone (42.2 + 3.8
vs 104.0 = 12.5 pmol/mg protein, respectively) and the [°H]TC
transcellular transport detected in MDCK-Bsep™¢3'/Ntcp clone
was significantly higher (P = .0015) than the one measured in the
MDCK-Ntcp clone (177.2 + 8.7 vs 87.4 + 5.1 pmol/mg protein, re-
spectively; Figure 4E,F). However, we observed a marked increase
in intracellular [*H]TC concentration by 2.9-fold (P < .0001) in
MDCK-Bsep'™¢3'/Ntcp clone compared with MDCK-Bsep*“!/Ntcp
clone and the amount of [*H]TC detected at the apical compart-
ment was dramatically decreased (P < .0001), approaching 58%
of the transcellular transport measured in MDCK-Bsep"t/Ntcp
clone (Figure 4E,F). These observations indicate that the BA

transport activity of BsepT4é3'

is impaired. No significant effect
of treatment with ivacaftor (10 umol/L) was observed neither on
the morphology of the cells and the distribution of Bsep-GFP or
Ntcp-cMyc (Figure S3) nor on BA transport activity in MDCK-
Ntcp and MDCK-Bsep“!/Ntcp clones (P> .9999; Figure 4E,F). In
MDCK-Bsep™43!/Ntcp clone, ivacaftor significantly decreased
(P = .0449) intracellular [*H]TC concentration by 1.8-fold and
significantly increased (P < .0001) the transcellular transport of
[*H]TC by 1.6-fold, reaching 95% of the Bsep*! transport activity

(Figure 4E,F).

4 | DISCUSSION

The data presented here provide evidence that functional defect
of a PFIC2-causing BSEP missense mutation could be rescued in
vitro by ivacaftor. The p.T463l mutation was identified in a com-
pound heterozygous patient with the p.R1057X nonsense mu-
tation in the other allele of BSEP. Since PFIC2 is an autosomal
recessive disease, the heterozygous p.R1057X nonsense muta-
tion alone cannot be responsible for the clinical phenotype. Our

hypothesis was that Bsep %!

was correctly targeted to the bile
canaliculi, as we confirmed when expressed in Can 10 cells, but
was not functional, as suggested by the low concentration of BA
measured in patient's bile. However, Bsep ¢ likely retains re-
sidual BA transport activity because the biliary BA concentration
was not decreased as much as usually observed in PFIC2 patients.6
This is in line with our measurements of BA transport activity in
MDCK-Bsep'™¢®'/Ntcp cells.

The p.T4631 mutation occurs in the Walker-A motif of NBD1,
a region highly conserved throughout the vertebrate phylum and
therefore likely containing essential residues for BSEP function.?® In
agreement with these observations, structure modelling predicted
that p.T4631 mutation disrupted interaction with the ATP a-phos-
phate and thereby altered ATP-induced NBD dimerization, which
is critical for BA transport function.* We show that, although cor-

rectly targeted to the canalicular membrane, Bsep™¢® displayed a

FIGURE 4 Studies of Bsep-GFP (wt or T463l) and/or Ntcp-cMyc in stable MDCK clones and effect of ivacaftor. A, MDCK clones stably
expressing Bsep-GFP (wt or T463l) and/or Ntcp-cMyc were lysed and analysed by immunoblotting using anti-GFP and anti-cMyc antibodies.
B and C, Bsep-GFP (B) and Ntcp-cMyc (C) electrophoretic patterns from A were separately quantified and their relative amounts were
calculated and normalized to B-actin. Results are means (+SEM) of at least three experiments. ns: not significant; **P < .01; ***P < .001
(one-way ANOVA). D, Immunolocalization by confocal microscopy of Bsep-GFP (wt or T463l) and Ntcp-cMyc, shown in green and red
respectively. Nuclei (blue) are shown in the merged pictures. Bottom, centre and right panels show x-z, x-y and y-z plane images respectively.
Bars: 10 um. E, Intracellular [PH]TC accumulation and F, Vectorial transport of [BH]TC in MDCK clones expressing Ntcp, Bsep"!/Ntcp

or BsepT463'/Ntcp in the absence (-) or presence (+) of ivacaftor (10 umol/L). Results are means + SEM of at least three experiments per
condition. ns, not significant; *P < .05; **P < .01; ****P < .0001 (two-way ANOVA)



MAREUX ET AL. H 1923
Iiver WILEY
INTERNATIONAL

(A) BsepW!  BsepT463I
Ntcp Ntcp Ntcp
Bsep-GFP ——>| —‘ s —190 kDa

Ntcp-cMyc—»h w "‘,‘1—53 kDa

B-actin— | W . e —42kDa

(B) (€)
> 207 > 2.0 -
= o 5
g £ 15 = 2 |
— - : — 2
£3 | £3
w0 —_ e
c o
Dy 1.0 25 1.0 ]
0 > az
ol 58
G 0.5 32 0.5
Q ]
2 8
m 4
0.0- T 0.0 T T
Ntcp Bsep"tNtcp  Bsep™&//Ntcp Ntcp Bsep“!Ntcp  BsepT#63!/Ntcp
(D) Ntcp-cMyc merge

Bsep"!Ntcp

Bsep'53/Ntcp

(E) (F) *x

*kkk

dekdk

) 1507 o 400- =
E‘ ":‘ dkkk
£ z
S N
£E 5 £ 3007
E% 100 tg.se
Q
Eo 2 5 200
3 E £E
o3 L3
SE 50- g2
S o =g
F i 3= 100
? @
-] (=
£ 0- 0
Ivacaftor - + - + - + Ivacaftor - + - + = +

Ntcp Bsep"!Ntcp  Bsep™®¥/Ntcp Ntcp Bsep™/Ntcp  Bsep'“®®Ntcp



%l—wl Liver

MAREUX ET AL.

INTERNATIONAL
major activity defect. So far, no targeted pharmacotherapy has been
proposed for mutations that affect BSEP function. Ivacaftor, a small
molecule identified by high-throughput screening, was clinically ap-
proved by FDA and EMA for some class IIl CFTR mutations that im-
paired normal channel gating activity. Ivacaftor treatment has been
shown to be safe when used in cystic fibrosis patients and leads to
a significant improvement in respiratory function.'*%” Furthermore,
ivacaftor rescued in vitro the functional defect of class Il MDR3
missense mutants involving the NBDs.}? Considering the motif
conservation and structure-function relationships between BSEP,
CFTR and MDR3, we show here that ivacaftor can also correct the

functional defect of BsepT463I

mutant. This mutant was previously
reported in two families.*> As mentioned earlier, about a quarter
of ABCB11 mutations identified in patients with severe BSEP defi-
ciency are missense mutations located in the NBDs.*” Thereby, this
category of patients might be good candidates for ivacaftor treat-
ment, provided that results of 3D structure analyses and in vitro
studies are supportive.

The mechanism of action of ivacaftor remains largely un-
known. Concerning CFTR, cryo-electron microscopy has recently
revealed, a potential ivacaftor binding site within the MSDs.28 It
has been proposed that the binding of ivacaftor shifts the gating
transitions towards the open state of the channel, regardless of
the dimerization state of the NBDs and in an ATP-independent
manner.?83% On another hand, a research team has proposed an
ATP-dependent mechanism for ivacaftor potentiation®! and, more
recently, demonstrated a clear dependence on the phosphor-
ylation state.®? Ivacaftor has also been shown to stimulate the
ATPase activity of PgP (ABCB1), probably causing a stabilization
of the protein.33 A similar mechanism could be proposed for Bsep,
in which the drug would stabilize the MSDs in a substrate bind-
ing competent conformational state. Further studies are needed
to gain insights into these mechanisms and to define its potential
ATP-dependency.

Our findings show that deficient BA secretion activity due to
a missense ABCB11 mutation can be rescued in vitro by the CFTR
potentiator, ivacaftor. These results provide experimental evidence
that ivacaftor may offer a new therapeutic option for selected pa-
tients with BSEP deficiency due to missense mutations located in
the NBDs. Studies in selected PFIC2 patients are warranted to con-
firm the beneficial effect of ivacaftor. In addition, in PFIC2 patients,
the combination of ivacaftor with a chaperone drug could be an
interesting option to improve the functional level of BSEP mutants
retargeted by a chaperone drug to the bile canaliculus, as it has been

proposed for selected cystic fibrosis patients.®?#
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