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ABSTRACT

Background Dubin-Johnson syndrome (DJS), a rare
autosomal recessive liver condition, is caused by biallelic
loss-of-function mutations of the ABCC2 gene. This study
aimed to investigate genetic variations in the drug efflux
transporter ABCC2 (MRP2) gene in patients with DJS and
to characterise the expression and mechanism of the
ABCC2 gene variant.

Methods Trio whole exome sequencing was performed
in the family to identify the genetic causes. Bioinformatics
analysis was performed to assess pathogenicity. In in
vitro experiments, site-directed mutagenesis was used to
introduce ABCC2 variants in constructs then expressed

in HEK293T, HuH-7 and HepG2 cell lines. The expression
of total and cell membrane MRP2 was quantified in cells
expressing the wild-type or variant forms. Chloroquine and
MG132 were used to evaluate the effects of p.R393W on
lysosomal and/or proteasomal degradation.

Results The twin probands carry DJS-associated variants
¢.1177C>T (rs777902199) in the ABCC2 gene inherited
from the father and the ¢.3632T>C mutation in the other
allele inherited from the mother. The ABCC2 variant,
¢.1177C>T, results in a p.R393W substitution in MRP2
that is highly conserved among vertebrates, drastically
decreasing the expression of mutant protein by promoting
proteasomal degradation. Another variant ¢.3632T>C
results in a p.L1211P substitution in MRP2, decreasing
the expression of membrane MRP2 but not changing the
expression of total protein.

Conclusion These results strongly suggest that the
p.R393W variant affects the stability of the MRP2 protein
and decreases its expression by ubiquitin-mediated
proteasomal degradation, and the p.L1211P decreases
the expression of membrane MRP2, indicating that these
two variants, respectively, cause a loss-of-function of the
MRP2 protein and membrane MRP2 ultimately leading to
DJS development.

INTRODUCTION

Dubin-Johnson syndrome (D]JS) is an auto-
somal recessive disorder characterised by
intermittent or chronic conjugated hyper-
bilirubinaemia and liver pigmentation.'
DJS occurs in all races and affects both
sexes.”” This disease is caused by a deficiency

. Dan Wang
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Dubin-Johnson syndrome (DJS) is associated with
ABCC2 gene variants. ABCC2 gene encodes multi-
drug resistance-associated protein 2 (MRP2). The
ABCC2 variants resulted in loss of function of the
MRP2 protein.

WHAT THIS STUDY ADDS

= In this work, we identified compound heterozygous
variants ¢.1177C>T (p.R393W) and ¢.3632T>C
(p.L1211P) in a DJS twin probands. Our in vitro re-
sults first showed that the ABCC2 p.R393W variant
affects the stability of the MRP2 protein by promot-
ing its degradation via proteasomal pathway, and
ABCC2 p.L1211P variant decreases the expression
of membrane MRP2, indicating that these two vari-
ants, respectively, cause a loss-of-function of the
MRP2 protein and membrane MRP2 ultimately lead-
ing to DJS development.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our study expands the genotypic spectrum of

ABCC2 variants of DJS and our understanding of the
molecular mechanisms of this disease.

in non-bile acid organic anion transfer from
hepatocytes to the canaliculus.*

The human ABCC2 (adenosine
triphosphate-binding cassette subfamily C
member 2) gene, located at chromosome
10q24, encodes the human MRP2 protein
(multidrug resistance-associated protein 2),
which localises on the hepatocytes’ apical
membrane and serves as a biliary trans-
porter. It contains 17 transmembrane helices
including three membrane-spanning domains
(MSD) and two nucleotide-binding domains
(figure 1A).* MRP2 is a specific non-bile acid
organic anion transporter that traffics from
the endoplasmic reticulum to the canalicular
membrane of hepatocytes, where it serves
before recycling to the endosomal vesicles.
As a biliary transporter, MRP2 promotes
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Topology model of MRP2 protein and pedigree of the studied family and the ABCC2 exome sequencing results. (A)

Localisation of the R393 and L1211 in a predicted topology model of MRP2 protein. The full-length model was generated by the
open-source tool Protter (http://wlab.ethz.ch/protter/start/). (B) Sequencing analysis of the ABCC2 gene indicates the disease-
associated variant of probands (II-2, II-3), the missense mutation 1177C>T predicated to cause the mutation Arg393Trp (R393W)
in the amino-acid sequence of the MRP2 protein heredity from the father (I-1) and (C) the missense mutation 3632T>C (L1211P)
inherited from the mother (I-2). (D) Pedigree of the family presenting ABCC2 variants. Circles and squares represent females and
males, respectively. Half-black filled symbols represent heterozygous mutation carriers, and the question mark symbol indicates
the normal subject without genetic examination. The black-filled symbols represent the twin probands. MSD, membrane-

spanning domain; NBD, nucleotide-binding domain.

the ATP-dependent excretion of conjugate compounds
including glutathione, sulfate and glucuronide into the
canaliculi from the cytoplasm of hepatocytes.*

Genetic variations in ABCC2 may alter transporter
expression and be related to a Variety of inherited and
acquired cholestatic liver disorders.”” The pharmacoki-
netics and consequent pharmacological and toxicolog-
ical drugs’ effects may be altered by a malfunctioning
transporter gene which determines the propensity of an

individual to develop hyperbilirubinaemia.®” Using candi-
date gene methodology, it was discovered in 1997 that
the ABCC2 gene is associated with DJS."" By performing
next generation sequencing in patients affected by DJS,
several naturally occurring variants were found in ABCC2
sequence, including exon skipping, nonsense, missense,
small deletions or insertions, and splice site variations,
causing truncated and dysfunctional MRP2.""™'° Previous
studies have yielded initial insight into the mechanisms
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by which DJS-causing variants in the ABCC2 gene alter
MRP2 function, resulting in the inhibition of bile acid
excretion as well as ineffective transport of bilirubin out
of hepatocytes.'® These findings are related to aberrant
protein synthesis, and for missense variants to alter sublo-
calisation or secretory activity, which may cause MRP2 to
remain in the endoplasmic reticulum rather than moving
to the canalicular membrane, or finally to increased
protein degradation.

The degradation of proteins in cells is a sophisti-
cated and orderly process that ensures that proteins are
constantly updated, including processing damaged and
misfolded proteins, undesirable components, responding
to upstream signals and degradation and protein synthesis
from an amino acid cycle. The ubiquitin-proteasome
system (UPS) and autophagy use proteasomes and lyso-
somes, respectively, as their primary proteolytic machinery
for protein destruction in cells. UPS and autophagy are
both necessary for the management of protein quality
and quantity.'’

Here, we report two cases of DJS in a 6-month-old
dizygotic twin presenting with mild conjugated hyper-
bilirubinemia. Whole exome sequencing (WES) results
indicated that the probands carried compound hetero-
zygous variants in the ABCC2 gene: the ¢.1177C>T (p.Ar-
2393Trp, rs777902199, NM_000392.5) inherited from the
father and the ¢.3632T>C (p.Leul211Pro, NM_000392.5)
inherited from the mother.

The variant ¢.3632T>C in ABCC2has not been reported
before, we found that L1211P substitution could decrease
the expression of membrane MRP2 but not change the
expression of total MRP2 protein. However, rs777902199
has been reported correlated with DJS,"® ' we investigated
its functional impact. We found that the R393 amino
acid position, which is disrupted by this variant, is highly
conserved among vertebrates and that the R393W substi-
tution drastically decreased the MRP2 protein expres-
sion leading to an increase in proteasomal degradation,
resulting in a more than 60% reduction in protein levels.

MATERIALS AND METHODS

Consent to participate

The probands with DJS and their family were enrolled
from The First Affiliated Hospital of Wenzhou Medical
University. Written informed consent for genetic analysis
was obtained from both the parents.

WES and Sanger sequencing

We collected peripheral blood samples (3—5mL) from the
probands and their parents. Genomic DNA was extracted
and purified using Genomic DNA Purification Kit (Ther-
moFisher Scientific, Waltham, Massachusetts, USA),
and subsequently fragmented into random segments
and captured using an Agilent Sure Select Human All
Exome V6 Kit (Agilent Technologies, USA). WES was
performed by in-solution hybridisation, followed by high-
throughput paired-end sequencing on a NovaSeq 6000

platform (Illumina, San Diego, California, USA) which
has a sensitivity of >99% to examine >95% of the target
regions, with a reading length of 150bp. Alignment to
the GRCh37/hgl9 human reference genome sequence
was performed using a Burrows-Wheeler alignment tool
(V.0.7.15). The gene variants were filtered and annotated
using TGex (https://geneyx.com/geneyxanalysis/). The
databases we used in this study include population data-
bases (dbSNP, 1000G and gnomAD) and disease data-
bases (UCSC, HGMD, OMIM, DECIPHER and ClinVar).
According to the ACMG (American College of Medical
Genetics and Genomics) guidelines, the pathogenicity
of variants were classified into five categories: benign,
likely benign, uncertain significance, likely pathogenic,
pathogenic. Sanger sequencing was performed to vali-
date the suspected variants in the probands and their
parents. Primers were designed to amplify exon and
intron boundaries by PCR. The products were sequenced
using a 3500xL Genetic Analyzer (Applied Biosystems,
Waltham, Massachusetts, USA).

In silico structural variant prediction assay

Public algorithms such as SIFT (http://sift.bii.a-star.
edu.sg/), Polyphen2, REVEL, MutationTaster (http://
www.mutationtaster.org/), CADD (https://cadd.gs.wash-
ington.edu/) and PROVEAN were used to assess vari-
ants pathogenicity. The topological model of the human
MRP2 transporter was generated using the online tool
Protter (http://wlab.ethz.ch/protter/start/). Secondary
structures of the protein variants were predicted using
NVOPRO (https:/ /www.novopro.cn/tools/secondary-
structure-prediction.html). The SWISS_MODEL (http://
swissmodel.expasy.org/) was used to construct the three-
dimensional structures of the protein variants. The splice
mutation site was analysed with RDCCS (https://rddc.
tsinghua-gd.org/).

Plasmids construction

A FLAG-ABCC2"" plasmid expressing human ABCC2 was
purchased from Miaoling Bioscience (Wuhan, China).
The cDNA of ABCC2 was amplified by PCR and inserted
into the pcDNAS3.1-FLAG vector. The ABCC2"" cDNA was
used as a template to generate R393W and L1211P variants
c¢DNA clone using the Mut Express II Fast Mutagenesis
Kit V2 (Vazyme, Nanjing, China). All the plasmids were
confirmed by sequencing. Primer sequences for gener-
ating R393W were as follows: forward: 5-CAAGCTGG
GTGTAAAAGTATGGACAGCTATCATGGCTTCTG-3'
and reverse: 5-CAGAAGCCATGATAGCTGTCCATA
CTTTTACACCCAGCTTGAAG-3'. Primer sequences for
generating L1211P were as follows: forward: 5-GTGG
CTTGCAATTCGCCCGGAGCTGGTTGGGAAC-3"  and
reverse:  5-GGTTCCCAACCAGCTCCGGGCGAATTGC
AAGCCACCTG-3'.

Cell culture, transfection and drug treatment
Human embryonic kidney (HEK293T) cells and human
liver cancer cell lines, HuH-7 and HepG2, were obtained
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from the American Type Culture Collection (Wash-
ington, DC, USA). The cell lines were cultured at 37°C
with 5% CO, in Dulbecco’s modified Eagle’s medium,
with 10% fetal bovine serum and 1% penicillin-strep-
tomycin. According to the manufacturer’s instructions
of Lipofectamine 3000 (Glpbio Technology, Montclair,
California, USA), cells were transfected with equal
amounts pcDNA3.1-ABCC2"", pcDNAS.1-ABCC2¥Y,
pcDNAS3.1 was used as vector control. For further study,
the transfected cells were treated with autophagy-
lysosome pathway inhibitor chloroquine (CHL) (Glpbio
Technology) at 100pM for 24hours before harvest, or
ubiquitin-proteasome pathway inhibitor MG132 (Glpbio
Technology) at 10pM for the indicated time (0hour,
2.5hours, bhours, 10hours, 20hours) before harvest.
For the halflife assay, equal amounts of HEK293T cells
were transfected with equal amounts of pcDNA3.1-AB-
CC2"" and pcDNAS.1-ABCC2YY plasmids. Cells were
harvested for western blotting at 0, 2.5, 5 and 7.5hours
after treatment with 100 mg/mL cycloheximide (CHX).

Cell membrane protein isolation

Membrane protein was isolated using the Mem-PER Plus
Kit (ThermoFisher Scientific). 5x10° cells were scraped off
the surface of the plate. The harvested cells were centri-
fuged at 300xg for 5min, and the Cell Wash Solution was
used to wash the cell pellet. The cytosolic and nuclear
proteins were removed. The solubilised membranes
and membrane-associated proteins were harvested and
subjected to downstream applications.

Western blot analysis

Cells were harvested using ice-cold PBS and lysed in RIPA
buffer with protease inhibitors (Tris-HCl, 50 mM; Triton
X-100, 1%; deoxycholate, 1%; NaCl, 150 mM; and SDS,
10%). Protein concentration was determined using the
Pierce BCA Protein Assay Kit (ThermoFisher Scientific).
The cell lysates were separated on 10% Tris-glycine sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gels
and transferred onto PVDF membranes. Primary anti-
bodies against MRP2 (1:1000; Abcam, Cambridge, Massa-
chusetts, USA) and FLAG-tag (1:7500; Sigma-Aldrich, St.
Louis, Missouri, USA) were used for western blot analysis
according to standard protocols. After incubation with
horseradish peroxidase (HRP)-conjugated secondary
antibodies (1:8000) for lhour at room temperature,
Immobilon Western Chemiluminescent HRP Substrate
(Thermo Fisher Scientific) was used to detect immuno-
complexes on the membrane. Target protein band inten-
sities were semiquantified and normalised to GAPDH
(1:2000, Cell signaling Technology, Danvers, Massachu-
setts, USA) or Na™-K™-ATPase (1:1000, Cell signaling
Technology).

Indirect immunofluorescence staining

HEK293T cells were transfected with equal amounts of
pcDNAS.1-ABCC2Y", pcDNA3S.1-ABCC2¥"Y or vector
pcDNAS3.1, respectively. Cells were cultivated in the

presence or absence of 10 pM MG132 for 24 hours. Then
the cells were fixed using 4% paraformaldehyde for
20 min and blocked with blocking buffer (BSA) for 1 hour
at room temperature. To detect MRP2 protein, cells were
incubated with anti-MRP2 (1:300) as the primary anti-
body at 4°C overnight. After washing with phosphate buff-
ered saline (PBS) three times, cells were incubated with
DyLight 594 goat anti-rabbit IgG antibody (1:500; Jackson
ImmunoResearch, Baltimore, Pennsylvania, USA) for
1.5hours at room temperature. Finally, the immunofluo-
rescence of the cells was observed and photographed by a
confocal microscope (TCS SP8; Leica, Wetzlar, Germany).

Statistical analysis

At least three different runs of each experiment were
completed. All data are expressed as mean+SD, and the
unpaired Student’s t-test followed by Welch’s correction
was used to compare the two groups. The criterion for
statistical significance was p<0.05. GraphPad Prism .9.3
(San Diego, California, USA) was used to analyse the data.

RESULTS

Clinical characteristics of the DJS twins

The dizygotic female twin probands were born from non-
consanguineous healthy parents after an uneventfully
pregnancy obtained by in vitro fertilisation. Family history
was unremarkable; the older sister was healthy. At the age
of 6 months, a clinical diagnosis of DJS was suspected,
based on biochemical evidences of direct hyperbiliru-
binaemia. Haemolysis, metabolic liver diseases, obstruc-
tion or dilation of the biliary tree, viral hepatitis and
CMV infection, malignant tumours, and drug-induced or
autoimmune liver diseases were ruled out. The clinical
features of the twins are shown in online supplemental
table 1. At the age of 6 months, total bilirubin and direct
bilirubin were 94pmol/L and 83pmol/L in proband 1,
and 62 pmol/L and 57 pmol/L in proband 2, respectively.
The 7y-glutamyl transpeptidase, total bile acid, alkaline
phosphatase and albumin levels were within the normal
range during follow-up to 2 years old. Aminotransferase
levels elevated at 6 months, and gradually returned to
normal at the age of 2 years. Blood and urine tandem mass
spectrometry findings were normal. Abdominal ultraso-
nography revealed no obstruction or dilation of the hepa-
tobiliary tract in either proband. Liver stiffness measured
by FibroScan was 1.2Kpa and 1.8Kpa in proband 1 and
proband 2 at the ages of 2 years, respectively.

WES revealed two rare missense variants in the ABCC2 gene

WES analysis identified in both twins the same compound
heterozygous variants of the ABCC2 gene (figure 1B,C).
The missense ¢.1177C>T variant (NM_000392.5), inher-
ited from the father (I-1), substituted tryptophan to
the conserved arginine at position 393 (p.R393W). The
missense variant ¢.3632T>C (NM_000392.5), inher-
ited from the mother (I-2), changed leucine to proline
at position 1211 (p.L1211P) (figure 1D). Both parents
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Figure 2 Results of in silico assay. (A) Alignment of multiple MPR2 protein sequences across species. The ABCC2 ¢.1177C>T
resulted in an R393W substitution in MRP2 protein in the conserved amino acid region in different species. *Represents the
position of the R393 is indicated by the red box. (B) Prediction of amino acid values. Arrow and blue dot indicate the position
of R393. (C) Localisation of R393 and L1211 in MRP2 by SWISS_MODEL. (D) In wild-type MRP2 protein, R393 forms hydrogen

bonds with G389, M397, Q429 and N1193. In mutant MRP2 protei

n, the hydrogen bond between W393 and Q429, and N1193

were broken, and a new hydrogen bond was formed between W393 and M424. (E) In wild-type MRP2 protein, L1211 forms
hydrogen bonds with L1207 and G1215. In mutant MRP2 protein, the hydrogen bond between P1211 and L1207 were broken.

were heterozygous variant carriers. The p.R393W variant
(rs777902199), already previously reported'® ', was a
rare variant with a minor allele frequency (MAF) of
0.00003 in the general population, according to public
database (gnomAD), classified as Likely Pathogenic
by ACMG guidelines and predicted as damaging or
possible damaging by bioinformatic tools (online supple-
mental table 2). The p.L1211P was a novel variant not

>

previously described. Its MAF in the general popula-
tion was unknown. Bioinformatic functional prediction
demonstrated it was a damaging/possibly damaging
variant (online supplemental table 2).

In silico structural variant prediction assay
To further investigate the possible effects of the missense
variant ¢.1177C>T (p.R393W) on protein stability and
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Figure 3 The protein expression of MRP2™%W was decreased in three cell lines. Western blot bands and the quantification
demonstrated that at equal transfection efficiency of pcDNA3.1-ABCC2"-FLAG and pcDNA3.1-ABCC2R***W_FLAG in HEK293T
(A-C), HuH-7 (D-F), and HepG2 (G-I) cell lines, the protein levels of overexpressed MRP2™3%W were significantly lower than

that of MRP2"". All data are expressed as mean+SEM. Asterisks (*) represent statistically significant differences (***p<0.001,

****p<0.0001, n=3 replicates).

function, we performed in silico mutational modelling of
the domains for which structural information was avail-
able. The missense variant c.1177C>T (p.R393W) was
located in the MSDI of MRP2 (figure 1A). Sequence
comparison showed that amino acid 393 of MRP2 was
conserved among vertebrate orthologs (figure 2A), and
the prediction of amino acid values at position 393 is 1.08

at a high score (figure 2B). The 3D structure (figure 2C)
visualised amino acid substitutions and locations in the
functional domains of the MRP2 protein revealing that
R393 was involved in hydrogen bonding with residues
G389, M397, Q429 and N1193 (figure 2D), the L1211
involved in hydrogen bonding with residues 11207 and
G1215 (figure 2E). The p.R393W variation removed
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Figure 4 The total MRP2"2""P protein level remains unchanged and membrane MRP2"2""P was decreased. (A-C) Western
blot bands and the quantification demonstrated that at equal transfection efficiency of pcDNA3.1-ABCC2"-FLAG and
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significance.

all hydrogen bonds except M397 and created a new
hydrogen bond with M424 (figure 2D). The hydrogen
bond between P1211 and L.1207 is broken in the p.LL1211P
variation (figure 2E). Because these two variants were in
the functionally active sites of the protein, they might
have harmful effects on MRP2 protein activity.

MRP2 protein expression was decreased in cell lines
expressing mutant p.R393W_MRP2

Genomic ABCC2 expresses a small amount of endog-
enous MRP2 protein. To investigate the effect of the
p-R393W substitution on MRP2 synthesis, equal amounts
of plasmids expressing wild-type (WT) or mutant
c.1177C>T ABCC2 were transfected into different cell
lines: HEK293T, HuH-7 and HepG2. To ensure the accu-
rate transient expression of ABCC2, the ABCC2 gene was
placed in front of three repeated FLAG tags. Western
blotting revealed that the p.R393W_MRP2 (MRP2"**VY)
protein levels were about 42%, 27% and 52% of WT_
MRP2 (MRP2"") in HEK293T, HuH-7 and HepG2 cell
lines, respectively (figure 3). The coexpressed FLAG-tag

showed that the protein levels were approximately 37%,
7% and 10% in these groups, respectively (figure 3).

The p.L1211P ABCC2 variant does not change the expression
of total MRP2 protein but decrease the expression of
membrane MRP2

To investigate the effect of the p.L1211P substitution on
MRP2 synthesis, equal amounts of plasmids expressing
WT or mutant ¢.3632T>C ABCC2 were transfected into
HEK293T cell line. Western blotting revealed that the
expression of MRP2"'*""" protein did not change in
HEK293T compare to MRP2WT (figure 4A-C). However,
the results of membrane MRP2 (mMRP2) level displayed
that the level of mMRP2""*'"" was reduced to 30%
compared with mMRP2"" (figure 4D,E).

The p.R393W ABCC2 variant does not affect subcellular
localisation

To investigate whether the ABCC2¥"" substitution leads
to subcellular mislocalisation, we transfected HEK293T
cells with FLAG-tagged ABCC2 constructs and detected
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Figure 5 The subcellular localisation of MRP2™%¥W. HEK293T cells were transfected with ABCC2 wild-type or its variant
plasmid. Empty pcDNA3.1 was vector control (A, B). Immunofluorescence assay showed the decreased MRP2R***Vexpression
both in cell membrane and cytoplasm. (C, D) Expression of membrane MRP2 (MMRP2) was detected by cell fractionation and
western blot. Na*-K"-ATPase was used as the loading control for cell membrane. (E) The normalisation of mMRP2 to total MRP2
(MMRP2/tMRP2), total MRP2 protein images in figure 3A was used for normalisation. All data are expressed as Mean+SEM.
Asterisks (*) represent statistically significant differences (***p<0.0001, n=3). ns, no significance.

the MRP2 protein by immunofluorescence analysis.
The results of fluorescence showed that MRP2YT local-
ised to the cell membrane and cytoplasm, while the
MRP2¥W mutant was significantly reduced both in the
cell membrane and cytoplasm (figure 5A,B). Cell frac-
tionation was performed to further detect the membrane
MRP2 (mMRP2) level: western blotting displayed that the
level of mMRP2"*Y yyas reduced to 40% compared with
mMRP2VT (figure 5C,D). However, after normalising the
total MRP2 (tMRP2) expression, the mMRP2MW did

not differ from mMRP2V" (figure 5E), implying that the
remarkable reduction of mMRP2®%*W might result from
an overall decrease in MRP2*"*Y protein levels.

The p.R393W substitution accelerated MRP2 degradation via
the proteasomal pathway

We then explored the mechanism underlying the decrease
of MRP2®W protein expression. RDDC* online analysis
predicted that the p.R393W variant in ABCC2 is unlikely
to be involved in RNA splicing (online supplemental
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indicated that proteasome blockage MG132 accumulated
MRP2™%W axpression and attenuated the difference between
the wild-type and mutant MRP2. (I, J) Whereas lysosome
blockage chloroquine (CHL) failed to elevate the mutant
MRP2 protein level. All data are expressed as mean+SEM
Asterisks (*) represent statistically significant differences
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Figure 7 The pathogenic mechanism model of ABCC2
p.R393W variant. (A) The p.R393W variant of ABCC2
affects the stability of the MRP2 protein and promotes its
degradation via proteasome pathway.

figure 1), implying that this variant may not alter the
cDNA expression of ABCC2. Then, we treated HEK293T
cells with cycloheximide to block protein synthesis. The
half-life of MRP2"" and MRP2®**Y were approximately
5hours and 2.5hours, respectively (figure 6A-C). The
shorter halflife of MRP2™" indicates that p.R893W
variant induces faster degradation than WT MRP2.

To further elucidate the degradation pathway of
MRP2M™W  HEK293T cells overexpressing either
MRP2"" or MRP2®Y were treated with DMSO as a
solvent control, the proteasome inhibitor MG132 for 0,
2.5, 5, 10 or 20 hours, or the lysosome inhibitor chloro-
quine (CHL) for 24hours. MG132 significantly induced
MRP2Y" and MRP2***W accumulation, and the protein
levels of MRP2®*V gradually elevated with prolonged
treatment with MG132 (figure 6D-F). In contrast, CHL
failed to accumulate MRP2®*Y protein (figure 6G,H).
Figure 6I,] depicts the immunofluorescence images of
HEK293T cells expressing MRP2"" or MRP2®*" that
were incubated with or without 10 pM MG132 for 24 hours.
After treatment, MRP2""*Y expression increased both in
cell membrane and plasma. Taking together, these results
demonstrated that the p.R393W ABCC2variant promoted
MRP2 degradation via proteasomal pathway.

DISCUSSION
In the present study, we report the clinical manifestations
of ABCC2 variants in a dizygotic Chinese twin with DJS
and we investigated the biological and functional conse-
quences of the ABCC2variants ¢.1177C>T and ¢.3632T>C.
The probands exhibited the typical clinical presenta-
tion of conjugated hyperbilirubinaemia. Total bile acid
and albumin levels were within the normal range during
follow-up. Clinical symptoms and biochemical tests
suggested a diagnosis of DJS. Actually, the diagnosis of
DJS relies on clinical symptoms, liver histopathological
manifestations or Sanger sequencing of the causative
gene.”’ The average period between symptom onset and
diagnosis is 13 years, indicating that DJS remains poorly
understood and underdiagnosed''; the low incidence and
paucisymptomatic nature of the disease may explain this.
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Because liver biopsies are invasive procedures, genetic
testing is crucial for the early identification of DJS mainly
in patients paucisymptomatic or with atypical presenta-
tions, such as newborn cholestasis.

In our study, WES revealed that both twin probands
were compound heterozygotes for two variants in ABCC2
gene: one (c.1177C>T; p.R393W), already previously
described,18 derived from their father and the other one
(c.3632T>C; p.L1211P), described here for the first time,
from their mother. The parents, both carriers of a hetero-
zygous variant and with a normal ABCC2allele to compen-
sate for MRP2 functions, were healthy, as expected due to
the autosomal recessive inheritance of DJS.

Although novel and diverse ABCC2 variants are being
rapidly uncovered by genetic analysis and found to
be associated with MRP2 deficiency, the mechanisms
by which genetic variants influence MRP2 expression
remain unclear. Multiple mechanisms, including stability
of the ABCC2 mRNA,*! ** regulation of ATPase activity,”
maturation and movement of MRP2 to the Golgi complex
from the endoplasmic reticulum resulting in increased
degradation of the MRP2 protein,” * interaction with
microRNAs,” and susceptibility to ubiquitin-mediated
proteasomal degradation?”” have been reported in
previous studies.

MRP2 mainly localises in the canalicular or apical
membrane of hepatocytes after synthesis in cellular
plasma. A previous study showed the localisation of
MRP2 protein was compromised by the p.G693R muta-
tion of ABCC2.” In our study, through functional assays,
we demonstrated that mutant p.R393W MRP2 protein
expression was significantly lower than that of WT and
that the halflife of mutant MRP2 was shorter. We demon-
strated that p.R393W substitution did not lead to subcel-
lular mislocalisation, implying that the remarkable
reduction of MRP2 expression in the cell membrane
might result from an overall decrease in p.R393W MRP2
protein level; little is known about the underlying mech-
anisms. Autophagy and the ubiquitin-proteasome path-
ways play a significant role in maintaining protein levels
in cells. We investigated the effect of MG132, an inhibitor
of proteasomal proteolysis,”® on the protein expression
levels of the p.R393W variant in HEK293T cells; prote-
asome inhibition induced a significant time-dependent
increase in MRP2 levels. In contrast, lysosomal inhi-
bition by chloroquine did not affect protein levels. In
conclusion, our cell-based experiments indicated that
the p.R393W substitution (rs777902199) could decrease
MRP2 expression by enhancing MRP2 degradation via
the proteasome (figure 7). It is of great interest to under-
stand how the inhibition of proteasomal protein degra-
dation by MG132 to increasing the cells expressing the
R393W variant protein, and this research can be carried
out in the future. Also, we had not conducted in vivo
animal experiments for validation, these were limitations
in our research.

The other variant detected in the present study in
ABCC2, ¢c.3632T>C variant, resulted in an amino acid

substitution at the highly conserved position of L1211
in MRP2. Similar to the p.R393W variant, p.L1211P is a
missense mutation located in the MSD2 domain of the
MRP2 protein. Although this variant has not been previ-
ously described, in silico analysis predicted that this
variant may be pathogenic. Functional study showed that
p-L1211P resulted in decreased cell membrane MRP2
protein expression (figure 4).

CONCLUSIONS

In this study, we described dizygotic twin probands
with DJS who were compound heterozygotes for two
variants in ABCC2 gene: ¢.1177C>T; p.R393W and the
novel ¢.3632T>C; p.L1211P. Although we reported only
one family, and more cases and additional studies are
required, we proposed for the first time that the decrease
in MRP2 protein levels, related to the p.R393W vari-
ants, was due to increased proteasomal degradation; the
¢.1177C>T variant leads to an amino acid substitution at
the highly conserved position R393 of MRP2, decreasing
protein stability and consequently increasing its degra-
dation, significantly reducing the mutant protein levels.
And the variant ¢.3632T>C could decrease membrane
MRP2 protein expression. Moreover, with this study, we
contributed to highlighting the role of genetic analysis,
and particularly WES, for the diagnosis of DJS, mainly in
patients with atypical or paucisymptomatic presentations.
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