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Up-regulation of miR-let7a-5p Leads

to Decreased Expression of ABCC2 in
Obstructive Cholestasis

Natarajan Balasubramaniyan,' Michael W. Devereaux,' David J. Orlicky

2 Ronald J. Sokol,! and Frederick J. Suchy1

Adenosine triphosphate-binding cassette subfamily C member 2 (ABCC2/Abcc2) is critically important to biliary ex-
cretion of many endobiotic and xenobiotic compounds, and is a major driving force for bile acid—independent bile
flow. Abcc2 expression is reduced at the messenger RNA (mRNA) and protein levels in various forms of experimental
cholestasis. In a microRNA (miRNA) screen of mouse liver after biliary obstruction, we found that miRNA let7a-5p
was significantly up-regulated approximately 4-fold. Similarly, ABCC2 mRNA was depleted and miRNA let7a-5p was
elevated over 4-fold in livers of children with biliary atresia compared with normal livers. In silico analysis predicted
that let7a-5p would target the 3’ untranslated region (3’ UTR) of ABCC2/Abcc2 RNA. The objective of this study
was to determine whether let7a-5p contributes to the depletion of ABCC2/Abcc2 in cholestasis. To demonstrate the
functional importance of miRNA let7a-5p in regulating the expression of ABCC2, co-transfection of a let7a-5p mimic
and an ABCC2-3’ UTR luciferase construct into Huh-7 cells led to a marked inhibition of luciferase activity by about
60%-70% compared with controls, which was reversed by a let7a-5p mimic inhibitor. Expression of this mimic led to
a significant decrease in endogenous ABCC2 mRNA and protein levels in a Huh-7 liver cell line, which could be
blocked by expression of a let7a-5p mimic inhibitor. Injection of a lentivirus let7a-5p inhibitor into normal mouse
liver or into mouse liver after common bile duct ligation led to a significant increase in endogenous Abcc2 mRNA
and protein levels and a depletion of let7a-5p mRNA levels compared with untreated, saline-injected livers or livers
treated with an inactive lentivirus control. Conclusion: These studies demonstrate that miR-let7a-5p is involved in regu-
lating ABCC2/Abcc2 expression, and is aberrantly up-regulated in obstructive cholestasis. (Hepatology Communications
2019;3:1674-1686).

he adenosine triphosphate (ATP)-binding
cassette subfamily C member 2 (ABCC2,
also known as the multidrug resistance pro-
tein 2, MRP2) is a multispecific, ATP-dependent
efflux transporter that is encoded by the ABCC2
gene and located on the liver canalicular mem-
brane.’ ABCC2 transports a large number of
amphipathic, usually multivalent organic anion con-
jugates from the liver into bile including bilirubin

glucuronides, glutathione conjugates, leukotrienes,
some heavy metals, and sulfated and glucuronidated
substrates.>* ABCC2 is also a major driving force
for bile acid-independent bile flow through the
secretion of reduced glutathione.(4) Glucuronide-
conjugated and sulfate-conjugated bile acids are also
transported by ABCC2.*)’ ABCC2 plays a central
role in the biliary excretion of conjugated biliru-
bin.! Patients with Dubin-Johnson Syndrome, who
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harbor polymorphisms in the ABCC2 gene, exhibit
impaired secretion of conjugated bilirubin and other
organic anions into bile.) Abcc2 function is known
to be impaired in various models of intrahepatic
and obstructive cholestasis, resulting in conjugated
hyperbilirubinemia.®) Both Abcc2 messenger RNA
(mRNA) and protein levels are depleted in experi-
mental cholestasis, but the mechanisms underlying
these changes have not been well defined.®

The expression and function of ABCC2 are likely
subject to complex regulatory mechanisms in health
and disease. MicroRNAs (miRNAs) have emerged as
important regulators of gene expression.®” MiRNAs
are a family of small noncoding RNA molecules
(containing approximately 22 nucleotides) that post-
transcriptionally repress gene expression by base
pairing to sequence motifs in the 3’ untranslated
region (3" UTR) of target mRNAs, leading to trans-
lational repression or mRNA degradation.®” Over
1,800 miRNAs have been identified in the human,
and more than 45,000 miRNA target sites are pre-
dicted to reside within 3’ UTRs of human RNAs.®®
MicroRNAs are important in normal cellular pro-
cesses, but dysregulation of miRNA expression has
been associated with disease.’'V In a miRNA screen
of mouse liver after biliary obstruction, we found that
miRNA let7a-5p was significantly up-regulated about
4-fold, and was predicted to target the 3 UTR of
ABCC2/Abcc2 RNA. In limited, published studies,
let7a-5p has not been well studied in various forms of
experimental liver disease, including biliary obstruc-
tion when miRNAs were measured in plasma or liver
tissue, and has no known role in regulating the expres-
sion of ABCC2/Abcc2. The goal of this study was
to determine the functional importance of let7a-5p
in regulating ABCC2/Abcc2 through in witro and

in vivo studies.
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Materials and Methods

ANIMALS

Common bile duct ligation (CBDL) was performed
in 8-week-old male C57Bl/6 mice as described pre-
viously, using a protocol approved by the Institutional
Animal Care and Use Committee of the University
of Colorado, Denver, Colorado."? Mice were fed
standard chow and were subjected to surgeries in the
morning after an overnight fast. Briefly, laparotomy was
performed on mice in which the common bile duct
was ligated proximally and distally and severed in the
middle. Total serum bile acids were estimated by a kit
from Trinity Biotech (Ireland) to ensure that success-
ful cholestasis was achieved (data not shown). Sham
surgery was performed on control mice in which lap-
arotomy and manipulation of the common bile duct
was performed, but the bile duct was not ligated. Livers
from sham-operated and bile duct-ligated mice were
collected at 3 days following ligation. In limited stud-
ies, partial bile duct ligation was done by looping a lig-
ature around the common bile duct and an adjacent 7.0
surgical needle.1'¥ When the ligature is tied carefully
and the needle is removed, a reproducibly narrowed but
defined lumen remained that results in cholestasis. All
animals received humane care according to the criteria
outlined in the Guide for the Care and Use of Laboratory
Animals prepared by the National Academy of Sciences
and published by the National Institutes of Health.

HUMAN SAMPLES

Liver biopsy samples from 3 infants with biliary
atresia at the time of Kasai portoenterostomy and
from three normal livers were obtained from a pedi-
atric liver biobank at the University of Colorado. In
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this internal review board—approved protocol, consent
was obtained from parents for use of residual tis-
sue from clinically indicated liver biopsies and from
unused pediatric donor tissue from reduced-size liver
transplants.

CELLS AND CELL CULTURE

The human hepatoma cell line Huh-7 was cultured
in Roswell Park Memorial Institute (RPMI) 1640
medium with fetal bovine serum (FBS) and antibi-
otics, as previously described.® All cells were grown
in 5% CO, in a humidified incubator maintained at
37°C.The cell lines were obtained from the American
Tissue Culture Collection (Manassas, VA).

MATERIALS

Antibodies to MRP2/ABCC2 (ab3373) were
obtained from Abcam (Cambridge, MA), anti-FXR
(farnesoid X receptor)/NRIH4 (252165) antibodies
from Abbiotec (San Diego, CA), the anti-BSEP
(bile salt export pump)/ABCB11 (PAB4697) anti-
body from Abnova (Taipei, Taiwan), the NTCP
(Na/taurocholate  co-transporting  polypeptide)/
SLC10A1 (GTX17430) antibody from Gene Tex
(Irvine, CA), and the anti-B-actin (A5316) antibody
from Sigma-Aldrich (St. Louis, MO). Cell culture
media, FBS, and Lipofectamine 2000 were obtained
from Invitrogen (Carlsbad, CA). MicroRNA mim-
ics, inhibitors, and negative controls were obtained
from Exiqon/Qiagen (Boston, MA). Mission syn-
thetic mmu-let-7a-5p lenti-miRNA inhibitors
(MLTUDO0195) were obtained from Sigma-Aldrich.
Ath-miR416, a negative control (HLTUDO001C)
sequence from Arabidopsis thaliana with no homol-
ogy to human and mouse gene sequences, was
obtained from Sigma-Aldrich. All other chemicals
were from Sigma-Aldrich or Fisher Scientific unless
otherwise stated.

PLASMID CONSTRUCTS

The 3" UTR luciferase plasmids for the human
pMIR/hABCC2 were a generous gift from
Dr. M. Ananthanarayanan (Yale University, New
Haven, CT). All of the positive clones containing
3" UTR inserts were verified by restriction enzyme
mapping and sequenced using the ABI 377 DNA
sequencer model (SeqGen, Inc., Torrance, CA).
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BIOINFORMATICS

An in silico search for possible miRNA-
binding sites in the 3’ UTR of the ABCB11/Abcb11
(BSEP), ABCC2/Abcc2 (MRP2), SLC10A1/SIc10al
(NTCP), and NR1H4/Nr1h4 (FXR) gene was per-
formed using miRANDA (Memorial Sloan-Kettering
Cancer Center, New York, NY), DIANA-microT-
CDS (Alexander Fleming Biomedical Science
Research Center, Athens, Greece), and miRBase
(Faculty of Life Science, University of Manchester,
Manchester, United Kingdorn).(lé’m

MicroRNA POLYMERASE CHAIN
REACTION ARRAY

An miRNA polymerase chain reaction (PCR) array
used a kit and protocol from Qiagen.'® Briefly, the
miScript PCR System (Qiagen) consists of the miScript
IT RT Kit, miScript miRNA PCR Array, and miScript
SYBR Green PCR Kit. MicroRNA was extracted using
the miRNeasy kit (Qiagen). Contaminating DNA was
removed using the RNase-Free DNase Set (Qiagen)
on-column digestion protocol as per manufacturer’s
instructions. The single complementary DNA (cDNA)
was prepared by the miScript II RT kit. MiScript
miRNA PCR Arrays are mature miRNA-specific for-
ward primers (miScript Primer Assays) that are arrayed
in biologically relevant pathway-focused and whole
miRNome panels. These PCR arrays are provided in
ready-to-use 96-well plates. Each assay in a miScript
miRNA PCR Array was verified to ensure sensitive
and specific detection of mature miRNA by real-time
PCR. A web-based miScript miRNA PCR Array data
analysis tool (Qiagen) was used for the analysis of real-
time PCR data. After the raw threshold cycle (CT)
data were uploaded, the tool automatically performed
all fold-change calculations using the AACT method of

relative quantification.

TRANSIENT TRANSFECTION
WITH miR-199a-5p, miR223-3p, AND
let-7a-5p

To investigate the effect of let-7a-5p, miR-199a-5p,
and miR-223-3p on ABCC2 mRNA and protein
expression, Huh-7 cells were seeded in 12-well plates
(8 x 10* cells/mL). miR-199a-5p and miR-223-3p
were also elevated 4-5-fold after CBDL (Supporting
Table S1), but were not predicted to target the 3’
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UTR of ABCC2/Abcc2. After 24 hours, cells were
transfected with 100 nM miRNA mimics or anti-
miRNA inhibitors and the corresponding negative
controls (Exiqon/Qiagen) by using Lipofectamine
RNAiMax diluted in Opti-MEM I (both purchased
from Invitrogen) at a final concentration of 3 mM.
After 8 hours of incubation, the transfection medium
was replaced with fresh complete growth medium.
At 48 hours and 72 hours after transfection, the total
mRNA and protein were isolated by using TRIzol
reagent (Life Technologies, Carlsbad, CA) and
M-PER (Mammalian Protein Extraction Reagent,
Pierce Biotechnology, Waltham, MA) containing pro-
teolytic and phosphatase inhibitor mixture (Sigma-
Aldrich). Messenger RNA and protein were quantified
in three independently performed experiments.
Because the expression of SLC10A1 (NTCP) is
very low in Huh-7 cells, Huh-7 cells were transfected
with an NTCP expression plasmid 24 hours before
transfection of miRNA mimics and inhibitors.

WESTERN BLOTTING AFTER
MIMIC, INHIBITOR, OR NEGATIVE
CONTROL TRANSFECTIONS

To examine the eftect of let7a-5p, miR-199a-5p, and
miR-223-3p overexpression, Huh-7 cells were plated in
6-well plates at a density of 1 x 10° cells/well 24 hours
before transfection. The following day, the cells were
transfected with mimics, inhibitors, or negative con-
trols at a concentrations of 50, 75, and 100 nm after
complexing with Lipofectamine RNAiMax at a ratio
of 1:3 (uL/pL) in Opti-MEM medium. The cells were
tfed with RPMI 1640 medium after 24 hours. Forty-
eight and 72 hours after transfection, protein extracts of
Huh-7 cells transiently transfected with control, mim-
ics, and inhibitors were lysed for 15 minutes on ice in
150 pL of M-PER (Pierce Biotechnology) containing
protease and phosphatase inhibitor mixtures. Cell debris
was removed by centrifugation at 16,000 rpm (21,130g)
for 15 minutes at 4°C in an Eppendorf microcentrifuge.
Protein concentration in the supernatant was estimated
using bovine serum albumin as standard (Bio-Rad
Laboratories, Hercules, CA). A total of 50-75 pg of
protein in 1 x Laemmli buffer was loaded per lane of
4%-20% Mini-Protean TGX precast gels (Bio-Rad)
and run at 200 volts for 40 minutes. Prestained Precision
Plus Protein Dual Color Standards (Bio-Rad) were also

run on the same gels to estimate the protein molecular
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size. The fractionated proteins were blotted using a Bio-
Rad Semi-dry blotter (Trans-Blot SD semi-dry blotter
cell) to precut the PVDF membranes (Immunoblot
PVDF membrane, 70 x 8.5 cm) in Tris glycine/
methanol (20%) buffer at 20 V for 90 minutes. Following
protein transfer, the blots were blocked with 5% Nonfat
Dry Blot Omniblok (American BioAnalytical, Natick,
MA) in 1 x blocking bufter (diluted from 10 x Tris-
buffered saline with 0.5% Tween 20 [Kirkegaard &
Perry Lab Inc., Gaithersburg, MD]). Following block-
ing, incubation with primary antibodies (to BSEP,
MRP2, NTCP, FXR, and p-actin) with secondary
peroxidase-conjugated antibodies and the washing steps
was done as previously described.® Signals developed
with Clarity western ECL substrate (Bio-Rad) were
quantitated using the Bio-Rad ChemiDoc System.

TOTAL RNA ISOLATION AND
REAL-TIME PCR ASSAYS

Total RNA was isolated from Huh-7 cells using
the RNAeasy Mini Kit (Qiagen, Gaithersburg, MD)
according to the manufacturer’s (9)
Quantitation of RNA was done using Nanodrop
2000. Complementary DNA synthesis was carried out
using the Affinity Script Multi Temperature cDNA
Synthesis Kit (Agilent Biotechnologies, Santa Clara,
CA) on 2 pg of total RNA according to the manufac-
turer’s directions. The cDNA was diluted 10-fold, and
5 pL of the diluted cDNA (100 ng) per well was used
for real-time quantitative PCR using SYBR Green as
the detection method with Power SYBR Green PCR
Master Mix (Thermo Fisher Scientific, Waltham, MA)
gene expression. Oligonucleotide primers used in the
SYBR Green real-time quantitative PCR assays were
provided on request. In SYBR Green assays, normal-
ization was achieved using 36B4 as a housekeeping
control, and p-actin level assays. All real-time quantita-
tive PCR were done using an ABI QuantStudio 7 Flex
Real-Time PCR System machine (SeqGen). Relative
expression was calculated using the comparative C.
method (AAC, method) according to the manufactur-
er’s instructions (Applied Biosystems, Foster City, CA).

instructions.

LUCIFERASE REPORTER GENE
ASSAYS

A 440-base pair DNA amplicon of the 3" UTR
region of the human ABCC2 mRNA with let7a
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-5p target site was obtained by reverse-transcription
PCR (RT-PCR) using specific oligonucleotides for-
ward (CAGTGCTCCCTGGCTAGCGGACT) and
(AGACAGGGTCTCTTCCTGATCTG).
Point mutations were introduced into human ABCC2
3" UTR using a QuikChange II XL Site-Directed
Mutagenesis Kit (Agilent, Santa Clara, CA) and
appropriate mutant oligos. Mutants were confirmed
by nucleic acid sequencing, and those plasmids were
used for the transfection.

reverse

Wild type:
hABCC2wt-3'UTR-5"tatgaatacagcacaa T GTA
TCAGTTTTAATAT Tggggatcattagcat-3’
Mutant:
hABCC2mu-3'UTR-5"tatgaatacagcacaaTG
GCTCGTTGCTAGCAT Tggggatcattagcat-3’

The fragments were subcloned into the pMIR-
REPORT luciferase vector (Applied Biosystems), re-
sulting in a cytomegalovirus-driven expression construct
Luc-ABCC2-3" UTR. Huh-7 cells were plated in
24-well plates at a density of 1 x 10° cells/well 24 hours
before transfection. MicroRNA mimics and inhibitors
and negative controls 1 and 2 (Exiqon) were transfected
at a final concentration of 50 nm in combination with
Luc-ABCC2-3" UTR (0.25 pg/well) in Opti-MEM
complexed to Lipofectamine 2000 at a ratio of 1:3
(pg:pL) according to the manufacturer’s instructions.
LNA-modified mimics and inhibitors (Exiqon) were
used because the unmodified reagents showed nonspe-
cific effects. Twenty-four hours later, the medium was
changed to RPMI 1640 medium. Forty-eight hours
after transfection, cell lysates were prepared in 250 pL
of 1 x Passive Lysis Buffer (Promega, Madison, WI).
Firefly and Renilla luciferase activities were assayed
in 50 pL of the lysate using the Dual Luciferase Kit
(Promega) according to the manufacturer’s instructions
using a luminometer (Promega). Relative luciferase ac-
tivities were reported after normalization of the indi-
vidual values to Renilla luciferase.?”)

MISSION SYNTHETIC miRNA
INHIBITOR-LENTIVIRAL
CONSTRUCTS

Each miRNA inhibitor construct was cloned and
the sequence verified to ensure a match to the tar-
get miRNA. The lentiviral transduction particles were
produced from sequence-verified lentiviral plasmid
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vectors. The lentiviral miRNA inhibitors were cloned
into the TRC2-pLKO-puro vector (Sigma-Aldrich).
The manufacturer’s instructions were followed to pro-
duce more virus. Huh-7 cells were transduced with
lentiviral particles containing the miRNA inhibitors.
MicroRNA targets were validated by quantitating
target protein and/or mRNA levels in response to
miRNA down-regulation.

Lentiviral constructs were injected directly into the
left lobe of mouse liver immediately after CBDL or
sham surgery, as done by others with injection into
tissue.?"? A total of 100 pL of the concentrated
lentivirus solution (1.9 x 10" TU/mL) was withdrawn
by a 0.5-cc insulin syringe with a 28.5G needle. The
left lateral lobe was slowly infused with the viral con-
struct to a total volume of 100 pL. The slow infusion
allowed for effective spreading of the virus into the
tissue without back flow. Livers from sham-operated
and bile duct-ligated mice were collected at 3 days
after ligation (fourth day).

STATISTICAL ANALYSIS

Data are expressed as mean = SEM. When two groups
were compared, the two-tailed paired Student # test was
used. For comparison of multiple groups, an ordinary
one-way analysis of variance followed by Tukey’s pos# hoc
multiple comparison test were done using Prism 8 soft-
ware. A P value of less than 0.05 was considered statis-
tically significant. All experiments using cultured cells or
mouse livers were repeated at least 3 times. A minimum
of 3 animals were used in each experiment.

Results

Abcc2 IS A DIRECT TARGET OF
miRNA let7a-5p

A Mouse Liver miFinder miScript miRNA PCR
Array from Qiagen was used to study the expression
of miRNAs abundantly expressed or best character-
ized in liver tissue after biliary obstruction. Among
the numerous miRNAs that were significantly up-
regulated or down-regulated in mouse livers (n = 3
in each group) after CBDL compared with sham-
operated mice, miRNA let7a-5p was up-regulated
about 4-fold (Supporting Table S1). A 4-fold increase
in let7a-5p miRNA levels was confirmed by RT-PCR
analysis (Fig. 1). In silico analysis using miRANDA,
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FIG. 1. The effect of CBDL on expression of let7a-5p. Three
days of CBDL ligation led to an over 4-fold increase in let7a-5p
miRNA levels compared with livers from sham-operated mice on

RT-PCR analysis. *P < 0.01.
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DIANA-microT-CDS, and miRBase microRNA
target prediction algorithms all identified a potential
miRNA let7a-5p binding site in the 3" UTR of Abcc2
and ABCC2 mRNAs. The alignments of let7a-5p
with mouse and human 3’ UTRs are shown in Fig. 2.

As previously reported, Abcc2 mRNA and pro-
tein levels were significantly depleted after 3 days of
CBDL in the mouse (Fig. 3A,B).(5) Similar results
were found in a less severe cholestatic model of partial
CBDL (pCBDL) with depletion of Abcc2 mRNA
and protein levels and up-regulation of let7a-5p
miRNA (Supporting Fig. SIA-D).

ABCC2 mRNA was also significantly depleted
and miRNA Let7a-5p elevated over 4-fold in livers
of infants with biliary atresia compared with normal

livers (Fig. 4A,B).
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Abcc2 HAS A FUNCTIONAL
let7a-5p RESPONSIVE ELEMENT IN
THE 3' UTR

To demonstrate the functional importance of
miRNA let7a-5p in regulating the expression of
ABCC2, we cloned the 3’ UTR of ABCC2 mRNA
immediately downstream of a luciferase reporter.
Co-transfection of a let7a-5p mimic and the ABCC2-
3" UTR-luciferase construct into Huh-7 cells led to a
marked inhibition of luciferase activity by about 60%-
70% compared with controls (Fig. 5A), which was
reversed by a let7a-5p mimic inhibitor. Site-directed
mutagenesis of the putative let7a-5 binding site in the
ABCC2-3" UTR prevented the inhibitory effect of
the let7a-5p mimic on luciferase expression (Fig. 5B).
miR-223-5p and miR199b-3p were also up-regulated
about 4-fold after CBDL (Supporting Table S1),
but overexpression of mimics for these miRNAs had
no effect on the expression of the ABCC-3" UTR-
luciferase construct, which lacks a binding site for

these miRNAs (Fig. 5C,D).

EXPRESSION OF let7a-5p IN HUH-7
CELLS LEADS TO DEPLETION OF
ABCC2 mRNA AND PROTEIN

To investigate the effects of let7a-5p on endog-
enous ABCC2 expression, Huh-7 cells were trans-
fected with a let7a-5p mimic. Overexpression of
the let7a-5p mimic but not the miR 223-3p and
miR199b-3p mimics led to a significant decrease in
ABCC2 mRNA levels (Fig. 6A). Overexpression of
a let7a-5p mimic inhibitor blocked the effect of the

let7a-5p mimic, and led to an increase in endogenous

ABCC2/Abcc2-3’UTR alignment with let7a-5p

Let7a-5p
| [

U---GAGGUAG-UAGGUUGUAUAGUU

Abcc2 5’ -ACUGAGCUGGGGAGAUAGCUCGGUUGU-UAGGGUGCUU-3’

Let7a-5p

N
ABCC2

UG-A-GGUAGUAGGUUGU-AUAGUU

57 -CAGCACAAU-GUAUCAGUUU-UAAUAUUGGGGAUCAUU-3’

FIG. 2. Predicted binding sites for the seed sequence of let7a-5p in the 3’ UTR of Abec2 (mouse) and ABCC2 (human) mRNAs using

the bioinformatic tools.
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FIG. 3. Effect of 3 days of CBDL in the mouse on Abcc2 mRNA and protein expression. There was significant depletion of Abcc2
mRNA (Fig. 1A) and protein levels (Fig. 1B) on RT-PCR and western blot analysis, respectively, in CBDL versus sham-operated mice.

Experiments with CBDL mice were repeated 3 times. *P < 0.01.
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FIG. 4. Expression of ABCC2 mRNA and let7a-5p in infants with biliary atresia. Decreased expression of ABCC2 mRNA (Fig. 4A)
and up-regulation of let7a-5p (Fig. 4B) was found in livers of 3 children with biliary atresia versus livers of 3 healthy children on RT-PCR

analysis. P < 0.01.

ABCC2 mRNA levels (Fig. 6B). In contrast, expres-
sion of the miR 223-3p and miR199b-3p mimics
and mimic inhibitors had no effect on ABCC2
mRNA levels. Expression of let7a-5p also markedly
suppressed ABCC2 protein levels in Huh7 cells but
had no effect on the amounts of BSEP (ABCB11),
NTCP (SLC10A1), or FXR (NR1H4) proteins
(Fig.7A,B.). Thiseffectwas blocked by co-transfection
of let7a-5p mimic inhibitor.
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SILENCING OF let7a-5p BY
LENTIVIRUS let-7a-5p INHIBITOR
CONSTRUCT INCREASES
EXPRESSION OF HEPATIC Abcc2

Before the in vivo experiments, we tested whether
a lentivirus let-7a-5p inhibitor construct could affect
let7a-5p and ABCC2 expression in Huh-7 cells. This

construct led to a significant decrease in let7a-5p
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FIG. 5. Effect of a let7a-5p mimic and a mimic inhibitor on expression of an ABCC2-3" UTR-luciferase construct expressed in Huh7
cells 48 hours after transfection. (A) Expression of a let7a-5p mimic significantly repressed luciferase activity. The activity of the mimic
was completely reversed by a mimic inhibitor. (B) The effect of the let7a-5p mimic on luciferase activity was completely abrogated by
mutation of the putative let7a-5p binding site in the ABCC2-3’ UTR. The miR199a-5p (C) and miR223-3p (D) mimics had no effect
on the expression of an ABCC2-3’ UTR-luciferase construct expressed in Huh7 cells. Each panel represents the mean + SEM of three

separate experiments. #p<0.01.

mRNA (Fig. 8A) and a marked increase in ABCC2
mRNA (Fig 8B) and protein levels (Fig. 8C,D) in
these cells compared with controls.

In an effort to understand the physiological
role of let7a-5p, we injected normal mouse liver or
mouse liver after BDL with saline, a lentivirus-let7a-
5p inhibitor, or an inactive lentivirus control. The
objective was to competitively bind the inhibitor to
let7a-5p and prevent it from regulating its endoge-
nous target. In normal mouse liver, injection of the
lentivirus-let7a-5p inhibitor construct led to a sig-
nificant depletion of let7a-5p mRNA levels and an
increase in endogenous Abcc2 mRNA and protein
levels, compared with untreated mouse livers or livers
treated with an inactive lentivirus control (Fig. 9A-D).
Similar to the in vifro data and experiments in normal

mouse liver, expression of the lentivirus-let7a-5p
inhibitor construct in livers after CBDL significantly
decreased the let7a-5p miRNA (Fig. 10A) levels and
led to an increase in Abcc2 mRNA and protein lev-
els (Fig. 10B-D). Similar results were also observed
in mice after pCBDL (Supporting Fig. S2A-D). As
expected, the lentivirus-let7a-5p inhibitor construct
also increased the Abcc2 protein levels in sham-
operated mice above the untreated and control virus-

treated livers (Fig. 10D; Supporting Fig. S2D).

Discussion

The excretion of amphipathic, multivalent organic
anion conjugates across the canalicular membrane
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FIG. 6. Effect of a let7a-5p mimic on endogenous ABCC2 mRNA in Huh-7 cells. Overexpression of the let7a-5p mimic but not the
miR 223-3p and miR199b-3p mimics led to a significant decrease in ABCC2 mRNA levels. In contrast, expression of the miR 223-
3p and miR199b-3p mimics had no effect on ABCC2 levels. Expression of a let7a-5p mimic and mimic inhibitor led to an increase in
endogenous ABCC2 mRNA levels (Fig. 6B), whereas expression of the miR 223-3p and miR199b-3p mimics and inhibitors had no effect

on ABCC2 mRNA levels. *P < 0.01.
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FIG. 7. Western blot showing the effect of a let7a-5p mimic on endogenous ABCC2 protein levels in Huh-7 cells (Fig. 7A). Transfection
of a let7a-5p mimic into Huh-7 cells led to a significant decrease in ABCC2 protein levels which could be blocked by expression of a
let7a-5p mimic inhibitor. Expression of let7a-5p had no effect on the amounts of BSEP, NTCP, or FXR proteins in Huh-7 cells (Fig. 7B).
Quantification of blots using the Bio-Rad ChemiDoc System. *Mean + SEM of three separate experiments. *P < 0.01.
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FIG. 8. The effect of a lentivirus let7a-5p inhibitor on endogenous let7a-5p and ABCC2 expression in Huh-7 cells. Cells were infected
with a lentivirus let-7a-5p inhibitor construct and analyzed after 48 hours. This construct led to a significant decrease in let7a-5p mRNA
(A) and a marked increase in ABCC2 mRNA (B) and protein levels (C,D) in these cells compared with controls. *P < 0.001.

into bile is mediated by an adenosine triphosphate—
dependent conjugate export pump, which has been
designated as MRP2 or ABCC2. ABCC2 primar-
ily functions to mediate the elimination of bile acid
conjugates, glutathione conjugates, and conjugated
metabolites of numerous drugs and other xenobiot-
ics.V ABCC2 is primarily an organic anion trans-
porter, but weakly basic drugs may be co-transported
with glutathione.

Conjugated hyperbilirubinemia is a cardinal fea-
ture of obstructive cholestasis, and is closely linked
to the activity of ABCC2.%® Abcc2 function is
impaired in various experimental models of intra-
hepatic and obstructive cholestasis, including treat-
ment by endotoxin, ethinylestradiol, or CBDL. In a
study by Trauner et al., cholestasis in these rat mod-
els resulted in a marked decrease in Abcc2 protein
and its tissue localization on the canalicular mem-
brane.”) Abcc2 mRNA levels diminished profoundly
after endotoxin and CBDL, but did not change after
ethinylestradiol treatment. The underlying molecular

mechanisms for these changes were unclear. The
decreased expression of ABCC2 in complete biliary
obstruction may be beneficial, as continued transport
into an obstructed bile duct would be futile. However,
the same depletion of Abcc2 also occurs in other
forms of cholestasis, including partial biliary obstruc-
tion, which is demonstrated in Supporting Fig. S2. As
a compensatory mechanism, the expression of other
transporters such as basolateral MRP3 (ABCC3)
is up-regulated in cholestasis, allowing transport of
anionic conjugates into sinusoidal blood.”)

There is increasing recognition that the expres-
sion of numerous miRNAs is altered in almost all
acute and chronic liver diseases.””” MicroRNAs have
well-defined roles in cell proliferation, differentiation,
cell death, organogenesis, and maintenance of organ
function. MicroRNAs act by imperfect binding to
complementary sequences in the 3° UTR of target
mRNA, leading to either cleavage of the mRNA or
repression of protein translation. 6) Let7a-5p has not
been previously associated with regulation of ABCC2/
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FIG. 9. Effect of a lentivirus let7a-5p inhibitor on endogenous let7a-5p and Abcc2 expression in normal mouse liver. In normal mouse
livers, injection of the lentivirus-let7a-5p inhibitor construct led to a significant depletion of let7a-5p mRNA levels and an increase in
endogenous Abcc2 mRNA and protein levels compared with untreated mouse liver or liver treated with an inactive lentivirus control.

*P<0.01.

Abcc2 or other liver transporters that contribute to
bile formation, and its behavior in cholestatic liver
disease has not been well studied. In a study focusing
primarily on cholangiocytes, Glaser et al. observed an
over 15-fold elevation of let-7 miRNA in hepatocytes
isolated from mice after CBDL.“* The major finding
in our study was that microRNA let7a-5p regulates
the expression of Abcc2 in normal and cholestatic
mouse liver. Let7a-5p was found to be up-regulated
about 4-fold after CBDL in the mouse and in chil-
dren with biliary atresia, and 77 si/ico analysis predicted
that it would target Abcc2. In vifro experiments then
demonstrated that expression of a let7a-5p mimic
depressed Abcc2 mRNA and protein levels as well as
the activity of an ABCC2-3"UTR-luciferase construct
in Huh-7 cells. Mutation of the putative binding site
in the ABCC2-3'UTR abrogated the inhibitory effect
of the let7a-5p mimic. Transfection of mimics for
other miRNAs up-regulated in obstructive cholestasis
had no effect on ABCC2 expression. Moreover, injec-
tion of a lentivirus-let7a-5p inhibitor construct into

1684

normal mouse liver or mouse liver after CBDL led
to a significant increase in endogenous Abcc2 mRNA
and protein levels and a depletion of let7a-5p mRNA
levels compared with livers injected with saline or an
inactive lentivirus construct.

Let-7 miRNA was originally discovered in the
nematode with a high level of evolutionary conser-
vation from the worm to the human.*® The let-7
miRNA family consists of 11 closely related genes.(%)
The gene for let-7a is located on the chromosome
22 q13.31 associated with CpG islands. Its known
functions include inhibition of cell migration, inva-
sion, as well as epithelial-mesenchymal transition by
targeting several oncogenes. However, the biologi-
cal functions of this and other miRNAs in health
and disease are complex, and likely are tissue, cell,
and context-specific. Over 329 target genes of let-
7a-5p have been identified in low-throughput or
high-throughput miRNA targeting studies from the
MiRTarBase miRNA Targets data set, but did not
include ABCC2.%>?¥ ABCC5 and ABCC10 are
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FIG. 10. Effect of a lentivirus let7a-5p inhibitor on let7a-5p and Abcc2 expression in mouse liver after CBDL. After CBDL, injection of

a lentivirus-let7a-5p inhibitor led to a significant decrease in let7a-

5p mRNA levels (10A) and an increase in endogenous Abcc2 mRNA

(10B) and protein levels (10C and 10D) compared with untreated mouse liver or liver treated with an inactive lentivirus control. *P < 0.01.

apparent targets but the localization and function of
these transporters are not well understood in liver.*”
Because a gene can be regulated by many different
miRNAs depending on the cellular context, it is not
surprising that ABCC2 expression in HepG2 cells
and in human peripheral blood monocytic cells is
regulated by miRNA-379.4%% Moreover, miR-297
modulates multidrug resistance in human colorectal
carcinoma by down-regulating ABCC2.%7

ABCC2 is regulated at multiple levels in health and
disease, including membrane retrieval and reinsertion,
translation, and transcription.(l) Our studies indicate
that miRNA let7a-5p regulates Abcc2 in normal liver,
and is dysregulated after CBDL. Although we have
provided evidence that let7a-5p has a role in regulating
ABCC2/Abcc2, there are other epigenetic and tran-
scriptional mechanisms that also affect ABCC2/Abcc2
expression in obstructive cholestasis. We have previ-
ously shown that mixed lineage leukemia 3, a histone
H3 lysine 4 lysine methyltransferase, is depressed after
CBDL in mice, and this epigenetic mark is essential
to activation of Abcc2 by the nuclear receptor FXR.®?

We have also reported that transcription factor nuclear
factor kappa B (NF-kB) suppresses the transactivation
of ABCC2 by FXR in vitro, and that NF-kB activa-
tion in the context of obstructive cholestasis in mice
establishes a repressive chromatin environment at the
promoters of several FXR-target genes, including the
promoter of Abcc2 through recruitment of HDACs and
corepressors.(ls) It is likely that these and other medi-
ators act in concert with let7a-5p to repress ABCC2
expression in cholestasis, but the relative importance
of each pathway during the progression of liver dis-
ease has not been defined. However, our finding that
injection of a lentivirus-let7a-5p inhibitor construct
into mouse liver after CBDL restored Abcc2 mRNA
and protein levels to levels measured in control livers
would suggest that this miRNA is particularly import-
ant in regulating Abcc2 expression. It is interesting
that the effects of cholestasis on Abcc2 expression
are organ-specific in that renal Abcc2 expression is
preserved, allowing urinary excretion of toxic organic
anions and xenobiotics under conditions in which bil-
iary excretion is impaired.?
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