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MiR-128-3p mediates MRP2 internalization
in estrogen-induced cholestasis through
targeting PDZK1

Graphical abstract

The regulation of PDZK1 pece ante
on MRP2 localization PDZK1

17B-estradiol

ﬂ Position 457-463 of PDZK1 3 UTR

wt: 5. CATGCAAAATACACACTGTGG. 3'
Establishment of the EIC model

It

r )

The relationship between PDZK1 and

miR-128-3p was validate in vitro

miR-128-3 | H
3. UUUCUCUGGCCAAGUGACACU.. 5'

2t
H
8
g1
H

= mimicNC
- iRA28-3p mimic

The molecular mechanism of MRP2
localization via miR-128-3p targeting

Healthy Liver Cholestatic Liver

MRP2 T
mau.us.spT 00 Q MRPZL
el [ ]
g 1 11
PDZK1 l
MRP2 localization T
Highlights

GMﬂécfigjr

PDZK1 downregulation promoted MRP2 internalization in
the EIC model: Our study revealed that PDZK1 expression
was downregulated, increasing internalization of multidrug

resistance-associated protein 2 (MRP2) in the liver of estrogen-

induced cholestasis (EIC).

miR-128-3p targeted PDZK1, regulating the localization of
MRP2 in EIC: We identified miR-128-3p as a key microRNA
that targets the 3'-untranslated region (3'-UTR) of PDZK1,
inhibiting the expression of PDZK1, finally promoting MRP2
internalization and exacerbating cholestatic liver injury.

Therapeutic potential of restoring PDZK1 expression:
Suppressing miR-128-3p or increasing PDZK1 expression could
enhance the membrane localization of MRP2, thus alleviating
EIC severity.
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In brief

miR-128-3p inhibited the expression of
PDZK1 by targeting PDZK1, leading to the
internalization of MRP2 and exacerbating
cholestatic liver disease, which might

be a crucial mechanism involved in the
progression of EIC. These findings illuminated
the miR-128-3p function in hepatic PDZK1/
MRP2 regulation and the exact mechanism
via which this regulation occurs, highlighting
the existence of different targets and
potential strategies in the treatment of EIC.
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ABSTRACT

Estrogens have been reported to cause dysfunction in biliary transport systems, thereby inducing cholestasis.
Multidrug resistance-associated protein 2 (MRP2) is a transporter responsible for independent bile flow. Emerging
evidence indicates that PDZ domain containing 1 (PDZK1) regulates localization of MRP2; however, PDZK1's role
and regulatory machinery in MRP2-mediated estrogen-induced cholestasis (EIC) remain unclear. Herein, in a mouse
model of EIC, we observed downregulated PDZK1 expression in the liver and enhanced intracellular domain MRP2
internalization. Notably, expression of miR-128-3p, a potential biomarker of estrogen-related cholestasis discovered
by our group, was significantly elevated. We demonstrated that miR-128-3p targeted the 3’-untranslated region of
PDZK1 in EIC and consequently promoted MRP2 internalization. Accordingly, miR-128-3p suppression upregulated
PDZK1, thereby suppressing MRP2 internalization and significantly attenuating cholestatic liver disease. Furthermore,
we observed MRP2 internalization and PDZK1 downregulation, as well as excessive miR-128-3p, in clinical samples
from patients with cholestatic liver injury. Overall, our findings illustrate that miR-128-3p inhibits PDZK1 expression,
thereby inhibiting the membrane localization of MRP2 in EIC. Enhancing or restoring PDZK1 expression might
therefore have therapeutic potential for cholestatic liver injury.

Keywords: miR-128-3p, estrogen-induced cholestasis, MRP2, PDZK1, localization

further clarifying the pathogenesis of EIC is critical to
enable the identification of new therapeutic targets.
Aberrant expression and function of bile transport-

1. INTRODUCTION

Cholestatic liver diseases include a variety of disorders

that affect bile formation and/or flow, thus generally
resulting in progressive hepatobiliary injury, and ulti-
mately fibrosis and cirrhosis [1-3]. Estrogen-induced
cholestasis (EIC) occurs in pregnant people, who are
particularly vulnerable to the condition during the sec-
ond or third trimester; this condition is also called intra-
hepatic cholestasis of pregnancy (ICP) [4]. EIC varies in
incidence from 0.2% to 5.6%, and is strongly associated
with both race and geographic region [4, 5]. The only
FDA-approved medication for EIC treatment is ursode-
oxycholic acid [6]; however, 40% of patients have an
unsatisfactory treatment response [7, 8]. Therefore,
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ers lead to dysfunction in the hepatobiliary transport
system and are currently considered important con-
tributors to estrogen-induced liver damage [9-12]. The
dynamic plasma membrane insertion and internaliza-
tion of multidrug resistance-associated protein 2 (MRP2)
are involved in bile formation [13, 14]. Razori and Yano
et al. have found that internalization of MRP2 on the
plasma membrane correlates with cholestasis severity
[15, 16]. In addition, MRP2 internalization is involved
in estradiol-17p-d-glucuronide-induced cholestasis [17].
However, the regulation of MRP2 membrane localiza-
tion, as well as estrogen-mediated regulation of MRP2
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localization and function, remain to be clarified. Thus,
further exploration of the mechanism regulating MRP2
membrane localization in the liver of EIC remains
necessary.

The accurate expression and localization of trans-
porters on the plasma membrane require interactions
among various proteins, particularly scaffold proteins.
PDZ domain containing 1 (PDZK1) is a protein scaf-
fold with distinct domains for protein-PDZ interaction.
PDZK1 modifies the intracellular signals transduction,
membrane localization, and transport function of many
membrane transporters, particularly ion channels and
drug transport proteins [18, 19]. MRP2 and several
organic anion transport proteins are interaction part-
ners of PDZK1; this interaction increases membrane
localization and the activity of these transporters [12,
20-23]. However, whether MRP2 membrane localization
regulated by PDZK1 plays a role in EIC remains unknown.

MicroRNAs (miRNAs), comprising 18-25 nucleo-
tides, bind mRNA 3’-untranslated regions (3'-UTRs) and
post-transcriptionally suppress the expression of target
genes [24]. These RNAs participate in several cellular
processes, including proliferation, apoptosis, and polar-
ization [24]. Accumulating evidence indicates a strong
link between the aberrant expression of specific miRNAs
and the incidence of liver disease [25-27]. The miRNA
miR-199a-5p is upregulated in obstructive cholestasis
and inhibits BSEP expression [28]. Aberrantly upregu-
lated miR-let7a-5p has been found to downregulate
MRP2 expression in obstructive cholestasis [29]. In our
previous study, the miRNAs miR-128-3p, miR-7706, and
miR-877-3p were found to be markedly upregulated in
patients with ICP and therefore might be potential bio-
markers for ICP diagnosis [30]. However, whether these
miRNAs regulate PDZK1 expression and MRP2 localiza-
tion in EIC remains unclear.

This study examined a mouse model with 17p-estra-
diol (17B-EE)-induced cholestasis and demonstrated
that miR-128-3p expression was associated with PDZK1
downregulation, and subsequently resulted in abnor-
mal localization of MRP2 and cholestatic liver disease.
Our findings therefore suggest a potential alternative
direction and target for EIC diagnosis and treatment.

2. MATERIALS AND METHODS

2.1 Experimental animals

Male C57BL/6 mice (6-8 weeks of age, weighing 19-20
g each) were obtained from the Center of Experimental
Animals of Tongji Hospital, Tongji Medical College,
Huazhong Science and Technology University. All ani-
mal experiments were approved by the institution’s
Ethics Committee on Animal Experimentation (TJH-
202106008). Recommended procedures for the han-
dling and care of experimental animals, as outlined in
National Institutes of Health guidelines, were strictly
followed. The mice were reared under a 12-hour light/
dark cycle and fed a standard laboratory pellet diet.
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They were provided with an unrestricted supply of food
and water. Before the commencement of the tests, all
mice acclimated for 1 week.

For 5 days, a 17B-EE propylene glycol solution was
administered via subcutaneous injection to establish
the EIC model [8]. Mice were injected with miR-128-3p
antagomir (100 M) or miR-antagomir negative control
(NC) (100 pM) via the tail vein. In addition, in vivo viral
transduction was performed by tail vein injection of puri-
fied AAV9 containing a liver-specific PDZK1 promoter
at 4.81 x 10" viral particles per mouse. After 6 days of
overnight fasting, all mice were euthanized. Serum and
hepatic tissue were collected and stored at -80°C.

2.2 Serum TBIL, ALP, TBA, AST, and ALT

We used commercial kits from JianCheng in Nanjing,
China, to determine the enzymatic activity of total bili-
rubin (TBIL), total bile acid (TBA), alkaline phosphatase
(ALP), aspartate aminotransferase (AST), and alanine
aminotransferase (ALT), according to the manufactur-
er's directions.

2.3 Cell culture and transfection

Dulbecco’s modified Eagle’s medium (Gibco, China)
containing 10% fetal bovine serum, 0.25 ng/mL ampho-
tericin B, and 100 pg/mL streptomycin was used to cul-
ture LO2 and Aml12 cells, which were incubated at 37°C
in a humid environment with 5% CO,. The medium was
changed at intervals of 48 hours. Transfection was per-
formed 24 hours after cells had been seeded onto six-
well plates. Subsequently, quantitative real-time PCR
(qRT-PCR) and western blotting analysis were conducted
on the collected cells.

2.4 Assessment of MRP2 activity

Primary mouse hepatocytes were harvested by liver
perfusion, as previously reported [31]. Medium con-
taining 100 pM dinitrophenyl S-glutathione (DNP-SG)
was used to culture cells for half an hour. Subsequently,
the cells were incubated for 15 min with 17B-EE after
the transfection of AAV9-PDZK1 and AAV9-Vector with
Lipofectamine 2000. In addition, primary hepatocytes
were transfected with miR-128-3p mimic, mimic NC,
miR-128-3p inhibitor, or inhibitor NC (QINGKE, China)
with Lipofectamine 2000 (Invitrogen), according to the
manufacturer’s directions.

The transport activity of MRP2 in primary hepatocytes
was evaluated by measurement of DNP-SG excretion,
and MRP2 content was evaluated with high-performance
liquid chromatography in all samples, with authenticated
standards [32].

2.5 Hematoxylin and eosin staining

Sections 5 pm thick were cut from the liver after fixa-
tion in 4% paraformaldehyde for 24 hours and embed-
ding in paraffin. Hematoxylin and eosin (H&E) solution
(Beyotime, China) was used to stain the sections according
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to the manufacturer’s instructions. An optical microscope
(Zeiss, Germany) was used to capture the images.

2.6 qRT-PCR

PDZK1, transporter genes, miRNAs (Table 1), and their
relative expression in mouse liver cells and tissues
were quantified with qRT-PCR. In brief, we followed
the manufacturer’s guidelines for extracting total RNA
from cells or tissues with TRIzol reagent (Invitrogen Life
Technologies, Carlsbad, USA). Subsequently, miRNAs
and mRNAs were detected with a Mir-X miRNA gRT-PCR
TB Green kit (Takara Biotechnology Co., Ltd., Japan) and
PrimeScript RT Master Mix (Takara Biotechnology Co.,
Ltd., Japan). SYBR Premix Ex Taq (Takara Biotechnology
Co., Ltd., Japan), and a StepOnePlus Real-Time PCR sys-
tem (Applied Biosystems, USA) were used for qRT-PCR
evaluation of gene expression. The 2-22¢t approach was
used to quantify expression levels relative to B-actin and
U6 mRNA and miRNA normalization standards, respec-
tively. To ensure statistical validity, each sample was
examined three times. The gene primer sequences are
illustrated in Table 2.

2.7 Preparation of liver membranes

Differential centrifugation was used to prepare mem-
brane fractions enriched in plasma membranes [17, 33].
Protein concentrations were measured with the method
of Gilboa et al. [34], with bovine serum albumin (BSA)
as a standard.

Table 1 | Sequences of miRNAs.

Genes Sequences

miR-7706 5'-UGAAGCGCCUGUGCUCUGCCGAGA-3'
miR-877-3p 5-UGUCCUCUUCUCCCUCCUCCCA-3’
miR-128-3p 5'-UCACAGUGAACCGGUCUCUUU-3'
miR-1306-5p 5'-CCACCUCCCCUGCAAACGUCCA-3"
miR-30c-5p 5-UGUAAACAUCCUACACUCUCAGC-3'

Table 2 | Primer sequences.

2.8 Western blot analysis

A phosphatase inhibitor A/B, protease inhibitor cocktail,
and 1 mM phenylmethanesulfonyl fluoride were added
to the RIPA lysis solution used to isolate total protein. A
BCA protein assay reagent kit (Beyotime Biotechnology,
China) was used to measure protein concentrations.
Thereafter, total proteins were isolated through 10%
sodium dodecyl sulfate polyacrylamide gel electropho-
resis, then transferred to a PVDF membrane (Merck
Millipore Ltd., Ireland), which was blocked for 1 hour at
37°Cin Tris-buffered saline with 5% nonfat dry milk. The
following antibodies were added to the membrane and
incubated overnight at 4°C: mouse anti-PDZK1 (Santa
Cruz Biotechnology, Inc.) (1:1000), rabbit anti-MRP2
(Cell Signaling Technology, CST, USA) (1:1000), rabbit
anti-BSEP (Cell Signaling Technology, CST, USA) (1:1000),
rabbit anti-NTCP (Absin) (1:1000), rabbit anti-MDR
(Beijing Boaosen Biotechnology Co., Ltd.) (1:1000), rab-
bit anti-OATP1A1 (Novus Biologicals, USA) (1:1000), and
rabbit anti-pB-actin (Abcam, Cambridge, UK) (1:10000).
Subsequently, the membrane was treated with corre-
sponding horseradish peroxidase—conjugated secondary
antibodies and incubated for 1 hour at 20°C. A G:BOX
Chemi XRQ Imaging System (Syngene, UK) was used to
visualize the protein bands, and ImageJ) was used for
quantification.

2.9 Dual-luciferase reporter gene assays
Fragments of the wild-type or mutant 3’-UTR of PDZK1
containing miR-128-3p binding domains were cloned
into the pmirGLO Dual-Luciferase miRNA Target
Expression Vector. According to the manufacturer’s
guidelines, miR-128-3p mimic or mimic control (mim-
ic-NC) was introduced into AmI12 cells via Lipofectamine
2000 transfection. A Dual-Luciferase Reporter Assay
System Protocol was used to detect luciferase activity.

2.10 Liver samples from patients with PBC

Sections of normal human liver tissue adjoining the can-
cerous tissue were used as controls. These samples were
obtained from Tongji Hospital at Huazhong University

Genes Forward primer Reverse primer

PDZK1 5'-CCAGGCCTCACATTGGAATCTA-3’ 5'-TTCTGCCCCTCTTGTTTGGA-3'
MRP2 5-AACATCTGCTTCCCTTGAGGC-3' 5'-TCCAGGGCACTTCTGTTACG-3’
BSEP 5'-CTTCTCCTGGCTCCCTCAAA-3’ 5'-CAGGTAGTGTCAGTGGCCTTT-3'
MDR 5-CAGTGGCTCTTGAAGCCGTA-3’ 5-TCCTTCGCAAAGTCAGCCAA-3'
NTCP 5-CCCAACGTACCCCAGAAAGTT-3' 5'-ATACGTTGTGCGCCTCCATC-3’
OATP1A1 5'-AGCATTTGGCCTGTCCTTATCT-3' 5'-TCTGGCCATGTGCAATCTTT-3'
B-actin 5-GAGCGCAAGTACTCTGTGTG-3' 5-AAACGCAGCTCAGTAACAGTC-3'
U6 5-CTCGCTTCGGCAGCACA-3’ 5-AACGCTTCACGAATTTGCGT-3’
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of Science and Technology. Surgical resection was used
to acquire liver slices (4-5 pm thick) from individuals
diagnosed with PBC. The study was approved by the
Human Ethics Committee of Tongji Hospital, Huazhong
University of Science and Technology (TJ-IRB20230901).

2.11 In situ hybridization of miR-128-3p
FAM-labeled U6 or miR-128-3p probe (Baigiandu
Biotechnology Co., Ltd.) was used to hybridize liver
sections overnight at 55°C in a hybridization solution.
After slides were rinsed with 1x SSC buffer, sheep anti-
FAM-POD (Abcam, Cambridge, MA) diluted 1:250 in
blocking solution was applied and incubated at ambi-
ent temperature for 1 hour. Thereafter, the Alexa
Fluor-conjugated secondary antibody Alexa Fluor 549
goat anti-rabbit immunoglobulin G (IgG) (Cell Signaling
Technology) was added and incubated 1 hour at ambi-
ent temperature. The nuclei in the slides were stained
by incubation with DAPI (1 mg/mL) for 8 minutes. A con-
focal microscope was used to acquire the images.

2.12 Immunofluorescence

Fluorescence staining of PDZK1 and transporters was
performed to determine the changes in their expres-
sion and localization in EIC. Liver samples were par-
affin-embedded after fixation for 24 hours with 4%
paraformaldehyde, then sliced at a thickness of 5 pm.
Before incubation of samples with antibodies to PDZK1
and transporters overnight, the slides were blocked
with phosphate-buffered saline containing 1% bovine
serum albumin and 0.3% Triton X-100, and pretreated
with 0.3% BSA to prevent non-specific binding. Next,
the slides were treated with goat anti-mouse IgG Alexa
Fluor 488 or goat anti-rabbit IgG Alexa Fluor 568 second-
ary antibodies in the dark for 1 hour. A confocal laser
scanning microscope was used to acquire the images.

2.13 Statistical analysis

GraphPad Prism 8 was used for data analysis. A t-test
was used to compare two groups, whereas a one-way
analysis of variance was used to examine differences
among multiple groups. Data are reported as mean =
SD. p < 0.05 was chosen as the threshold for statistical
significance.

3. RESULTS

3.1 Establishment of the EIC model

To evaluate the successful establishment of the EIC
model, we assessed body weight, liver index, liver his-
tology and plasma biochemical markers [3, 6]. The body
weight in EIC mice was initially elevated, but on the
third day was lower than that observed in the control
mice (Figure 1A), whereas the liver index was markedly
elevated (Figure 1B). Serum AST, ALT, ALP, TBA, and TBIL
levels in the model group were considerably higher than
those in the control group (Figure 1C). Histological eval-
uation of the liver revealed a normal structure in the
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control mice, but inflammatory cell infiltration and a
disordered hepatic structure in the EIC mice (Figure 1D).
According to the above findings, the EIC model appeared
to have been successfully established.

3.2 Expression of liver transporters in EIC and
co-localization with PDZK1

To explore the roles of liver transporters and PDZK1 in
EIC, we detected the expression of transporters and their
co-localization with PDZK1. On day 5 of the modeling
study, the hepatic mRNA expression of NTCP, OAPT1A1,
and MRP2 was lower, whereas no significant difference
in BSEP and Mdr mRNA levels was observed, in EIC com-
pared with control mice (Figure 2A). Moreover, NTCP,
OATP1A1, BSEP, MDR, and MRP2 protein expression
decreased in 17B3-EE-treated mice on day 5 (Figure 2B).
Co-localization of PDZK1 and the major hepatic trans-
porters NTCP, OATP1A1, BSEP, MDR, and MRP2 was
assessed. The results revealed co-localization of PDZK1
with OATP1A1 or MRP2, but less co-localization was
observed in EIC mice than control mice (Figure 2C).
Overall, these findings demonstrated diminished NTCP,
OATP1A1, BSEP, MDR, and MRP2 protein expression,
and co-localization of PDZK1 with OATP1A1 and MRP2,
in EIC.

3.3 Diminished PDZK1 expression and MRP2
membrane localization in EIC

A previous study has indicated that PDZK1 modu-
lates intracellular trafficking of OATP1A1 through
the recruitment of motor proteins to vesicles contain-
ing intracellular OATP1A1 [20]. Therefore, we focused
on the association between MRP2 localization and
PDZK1. According to our findings, 17B-EE substantially
decreased PDZK1 expression (Figure 3A, B). To explore
the changes in MRP2 localization in EIC, we detected the
expression of MRP2 in hepatocyte cytoplasm and mem-
branes. In EIC mice, compared with control mice, MRP2
expression was markedly lower in membranes, but
higher in the cytoplasm (Figure 3C, D). Changes in MRP2
localization revealed that MRP2 was confined primarily
to the membranes in control mice (Figure 3E). After 17p-
EE administration, the cholestatic agent altered MRP2
membrane localization, as indicated by as an increase in
MRP2 containing vesicular-like structures in the hepat-
ocyte cytoplasm (Figure 3E). Together, these findings
indicated diminished PDZK1 expression and MRP2 inter-
nalization in EIC.

3.4 PDZK1 overexpression ameliorates liver injury
by increasing MRP2 membrane localization and
transport activity in EIC mice

To confirm the function of PDZK1 in EIC, we generated
the plasmids AAV9-PDZK1 and AAV9-Null (control) by
cloning PDZK1 and flanking sequences into an AAV9
vector under control of a mouse albumin promoter.
The diminished expression of PDZK1 in EIC was reversed
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by AAV9-PDZK1 (Figure 4A-C). PDZK1 overexpression
resulted in significantly lower levels of AST, ALT, ALP,
TBA, TBIL, and DBIL levels than observed in the 17B-EE
+ AAV9-Null group (Figure 4D), and ameliorated the
inflammatory cell infiltration and disordered hepatic
structure in EIC mice (Figure 4E). These results suggested
that PDZK1 protects EIC mice against cholestatic liver
injury.

Furthermore, we observed diminished expression
of MRP2 on membranes in the 17B-EE + Vector group;
however this affect was reversed in the 17B3-EE + AAV9-
PDZK1 group in vitro and in vivo (Figure 5A, B), and the
internalization of MRP2 was ameliorated (Figure 5C) in
the 17B-EE + AAV9-PDZK1 group. In addition, PDZK1
overexpression attenuated the decreased excretion of
DNP-SG by hepatocytes treated with 17B-EE (Figure 5D).
Overall, these findings demonstrated that the hepat-
ocyte-specific expression of PDZK1 ameliorated EIC
through a mechanism involving increased MRP2 expres-
sion, membrane localization, and transport activity.

162
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3.5 miR-128-3p suppresses PDZK1 expression by
binding the 3'-UTR of PDZK1

We previously analyzed miRNA microarray profiles
in blood samples from patients with ICP and healthy
pregnant people, and identified five candidate upreg-
ulated miRNAs [30]. Herein, we measured the expres-
sion of these miRNAs in vitro and in vivo, to determine
the functions of the dysregulated miRNAs in EIC. The
EIC model showed much higher levels of miR-128-3p
expression in vitro and in vivo than observed in con-
trols (Figure 6A, B). We performed bioinformatic pre-
diction with TargetScan8.0 (https://www.targetscan.org/
vert_80/) and identified potential miR-128-3p binding
sites in the PDZK1's 3’-UTR (Figure 6C). We examined the
possibility that miR-128-3p’s binding site in the 3'-UTR of
PDZK1 might inhibit the protein. The miR-128-3p mimic
effectively suppressed luciferase activity. Interestingly,
this suppression was eliminated after mutation of the
binding site in the 3'-UTR of PDZK1 (Figure 6C). The
relationship between PDZK1 and miR-128-3p was also

©2025 The Authors. Creative Commons Attribution 4.0 International License
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as mean + SD. *p < 0.05, **p < 0.01 and ***p < 0.001, vs the control group.

detected in Aml12 and LO2 cells transfected with the
miR-128-3p mimic/inhibitor or NC. The results were con-
sistent with those of the luciferase reporter gene assays.
Indeed, in vitro, the miR-128-3p mimic downregulated
PDZK1 expression to a greater extent than the NC; how-
ever, the miR-128-3p inhibitor group exhibited opposite
effects (Figure 6D, E). According to these findings, miR-
128-3p was found to negatively regulate and directly
target PDZK1.

3.6 miR-128-3p inhibition ameliorates EIC liver
injury

We used miR-128-3p antagomir to suppress hepatic
miR-128-3p expression to further investigate the func-
tion of this miRNA in EIC. Significant downregulation
of miR-128-3p expression was observed after antagomir
treatment (Figure 7A), thus resulting in a lower liver
index in the EIC group than the 17B-EE + miR-antag-
omir NC group (Figure 7B). Furthermore, miR-128-3p
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Figure 4 | PDZK1 overexpression alleviates cholestatic liver injury in EIC.
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(A) Relative PDZK1 gene expression, detected by qRT-PCR in mice transfected with AAV9-PDZK1 (n = 8). (B) PDZK1 protein expression, detected
by western blotting in mice transfected with AAV9-PDZK1 (n = 4). (C) Immunofluorescence staining of PDZK1. (D) DBIL, AST, ALP, ALT, TBA,
and TBIL levels in the serum in each group (n = 8). (E) Representative liver H&E staining from mice. Results are shown as mean + SD. *p < 0.05,
**p < 0.01 and ***p < 0.001, vs the control + vector group; *p < 0.05, #p < 0.01 and #**p < 0.001, vs 17B-EE + Vector group.

downregulation significantly suppressed the 17p-EE-
induced increases in serum DBIL, TBA, ALP, AST, TBIL,
and ALT levels (Figure 7C), and alleviated EIC liver
injury (Figure 7D). Therefore, miR-128-3p suppression
decreased the hepatotoxicity mediated by 17p-EE.

3.7 miR-128-3p perturbs MRP2 membrane
localization and transport activity by targeting
PDZK1 in EIC

To further investigate the molecular mechanism through
which miR-128-3p modulates biological functions in EIC,
we assessed the levels of PDZK1 expression and mem-
brane localization of MRP2 in control mice and EIC mice
that received miR-128-3p antagomir injections. PDZK1
expression was restored in the liver when miR-128-3p
was suppressed (Figure 8A, B). In addition, MRP2 expres-
sion on membranes was greater than that observed in
the 17B-EE + miR-antagomir NC group (Figure 8C), and
the internalization was abrogated in the 17B-EE + miR-
128-3p antagomir group (Figure 8D). The secretory rate
of DNP-SG was also assessed to determine whether
MRP2 transport activity was compromised during its
internalization from the membrane. The concentration
of MRP2 substrate markedly decreased after 15 min-
utes of miR-128-3p mimic treatment but was restored
by miR-128-3p inhibitor treatment (Figure 8E). Overall,
miR-128-3p was found to have an indispensable role in
facilitating MRP2 internalization by blocking PDZK1,
and miR-128-3p suppression abolished the decrease in
MRP2 transport activity in EIC.

3.8 miR-128-3p is upregulated, and PDZK1 and
MRP2 membrane levels are diminished, in the
livers of patients with PBC

Our in vitro and in vivo studies indicated that miR-
128-3p considerably influenced the internalization of
MRP2 in EIC through its regulation of PDZK1. To deter-
mine the applicability of our findings in cholestatic
mice and humans, we studied the livers of patients
with PBC and control livers (normal liver tissue adja-
cent to liver cancer tissues), given that specimens
from patients with EIC are typically inaccessible. The
hepatic miR-128-3p levels were higher (Supplementary
Figure 1A), whereas the hepatic protein level of
PDZK1 was markedly lower, in PBC livers than con-
trol livers (Supplementary Figure 1B). In addition,
the MRP2 internalization from the plasma membrane
into the intracellular domains increased in PBC liver
(Supplementary Figure 1B). These results further sup-
ported that miR-128-3p mediates MRP2 internalization
in cholestatic liver injury by targeting PDZK1.
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4. DISCUSSION

In this study, upregulation of miR-128-3p expression in
EIC mice increased MRP2 internalization by inhibiting
the PDZK1, thereby exacerbating cholestatic liver injury.
Our findings revealed a regulatory role of miR-128-3p
in  MRP2 localization and function through PDZK1
(Figure 9), thus suggesting a promising therapeutic
strategy for EIC treatment.

Bile transporters such as BSEP and MRP2 are dynam-
ically internalized and inserted into the membrane,
where they regulate bile flow from the intracellular
pool of vesicles [17, 35]. Excessive internalization of
bile transporters leads to cholestasis. MRP2 contrib-
utes to the formation of bile flow in a manner not
dependent on bile salts, through ATP-dependent
transport of glutathione and glutathione conjugates
[18, 36]. Estradiol-17B-d-glucuronide induces changes
in the activity and localization of MRP2, manifesting
as endocytic internalization of MRP2 and sustained
cholestasis [17, 37]. However, the regulatory mecha-
nism underlying MRP2 internalization by estrogens
remains unclear.

Important functions of PDZK1 include targeting
proteins to cell membranes, controlling the activity
of transmembrane proteins, and assembling proteins
into signaling complexes for effective transmission
[12, 18]. The interaction of PDZK1 with organic anion
transporting polypeptides 2B1 (OATP2B1) influences
their localization and function, thereby contributing
to distinct pharmacokinetic mechanisms mediated by
OATP2B1 [21, 38]. In addition, PDZK1 stabilizes and sorts
OATP1A2, OCTN2, and OATP1A [21, 39, 40]. Recently,
studies have demonstrated that MRP2 physically inter-
acts with PDZK1 [12, 41]. This interaction is achieved
primarily through the C-terminal sequence of MRP2,
which promotes the localization and transport func-
tion of MRP2 on the membrane [42]. The PDZ domains
of PDZK1 fold, thereby forming peptide-binding clefts
and mediating interactions with the C-terminal NSTKF
of MRP2 [23, 43]. Moreover, pull-down studies have
identified MRP2’s interaction with PDZK1, via the PDZ
domain motif in the C-terminus of MRP2 [19]. The phos-
phorylation of the C-terminus of MRP2 increases bind-
ing to PDZK1 and enhances the membrane localization
of MRP2 [12]. Normal MRP2 membrane localization
is considerably compromised by removal of the PDZ
domain motif [23]. We have also observed diminished
PDZK1 and MRP2 expression in our previous study on
EIC [18]. However, the mechanism through which PDZK1
regulates MRP2 localization has not been studied in EIC.
Therefore, additional in vitro and in vivo investigations
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Figure 5 | PDZK1 overexpression alleviates internalization of MRP2 in EIC.

(A, B) MRP2 expression on membranes in vitro (A) and in vivo (B), detected by western blotting (n = 4). (C) Membrane localization of MRP2, detected
by immunostaining. (D) Excretion of the MRP2 substrate DNP-SG by mouse primary hepatocytes (n = 4). Results are shown as mean =+ SD.
*p < 0.05, **p < 0.01 and ***p < 0.001, vs the control + vector group; #p < 0.05, #p < 0.01 and #*#p < 0.001, vs 17p-EE + Vector group.
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Figure 6 | PDZK1 is negatively regulated by miR-128-3p.

(A) Levels of five candidate upregulated miRNAs in the liver in EIC mice (miR-128-3p, miR-877-3p, miR-7706, miR-1306-5p, and miR-30c-5p).
(B) miR-128-3p expression in AmI12 and LO2 cells. (C) Sequences of potential miR-128-3p binding sites in PDZK1's 3'-UTR and dual luciferase
activity assay to confirm direct association between miR-128-3p and PDZK1's 3'-UTR. (D) PDZK1 expression in Aml12 cells, determined with
gRT-PCR and western blotting. (E) PDZK1 expression in LO2 cells, determined with gRT-PCR and western blotting. Results are shown as mean =

SD (n=4). *p <0.05, **p < 0.01 and ***p < 0.001, vs the control group or mimic/inhibitor NC group.

168 Acta Materia Medica 2025, Volume 4, Issue 1, p. 157-173
©2025 The Authors. Creative Commons Attribution 4.0 International License



Acta
Materia
Medica

>

£33
- 25 M
g KKk = Control
2 204 —
ca™ o HHH = 178-EE
S & _
2% 1.51 B3 17B-EE+Antagomir-NC
S . = 178-EE+miR-128-3p antagomir
3 g 104
2%
g 05
&
0.0-
30
-y -y
2 20— E,
: (/2]
< <
£ £
S 10 3
2 [
n n
0_

25— xkk
L | — |
_ 20 %k k
= -
° © 154
£ g
= = 10+
m
a =

Figure 7 | Inhibition of miR-128-3p ameliorates EIC liver injury.

(A) miR-128-3p expression in the liver in EIC mice. (B) Liver index. (C) DBIL, AST, ALP, ALT, TBA, and TBIL levels in the serum in each group. (D)
H&E image of liver section (200x magnification). Results are displayed as mean + SD (n = 8). *p < 0.05, **p < 0.01 and ***p < 0.001, vs the
control group; #p < 0.05, #p < 0.01 and #*##p < 0.001, vs the 17B-EE + Antagomir NC group.

of MRP2 membrane localization and its liver regulatory
mechanism remain necessary.

Our study indicated PDZK1 colocalization with MRP2
in the liver, whereas this colocalization was diminished in
EIC mice. In addition, 17B-EE induced internalization of
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MRP2 from the membrane into the cytoplasm. However,
PDZK1 overexpression promoted MRP2 expression on
the membrane, reversed its internalization, and ame-
liorated EIC. Our results confirmed the inhibition of
PDZK1-mediated MRP2 localization as an important
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Figure 8 | miR-128-3p mediates MRP2 internalization in EIC by regulating PDZK1.

(A) PDZK1 protein expression, detected by western blotting. (B) PDZK1 protein expression, assessed with immunofluorescence. (C) MRP2
on the membrane, assessed with western blotting. (D) MRP2 on the membrane, assessed with immunostaining. (E) Excretion of DNP-SG, an
MRP2 substrate, by mouse primary hepatocytes. Results are shown as mean + SD (n=4). *p < 0.05 and **p < 0.01, vs the control group, mimic/

inhibitor NC; #p < 0.05 and #p < 0.01 vs 17B-EE + antagomir NC group.

pathological mechanism in EIC. However, the regulatory
mechanism underlying estrogen-mediated impairment
of PDZK1/MRP2 remains unknown.

MiRNAs influence various processes in the body, such
as proliferation, apoptosis, differentiation, inflam-
mation, and metabolism, by binding complementary
sequences in the 3'-UTRs of specific mRNAs and lead-
ing to mRNA degradation or translational repression
[44]. The expression of miRNAs is altered in acute and
chronic liver disease. One possible mechanism through
which miRNA dysregulation might contribute to the
pathophysiology of liver disease is interfering with gene
regulatory networks [45]. Interest in the possible func-
tion of microRNAs (miRNAs) in the bile transport process
of EIC has recently surged [28, 29]. Our previous study
has indicated significantly upregulated expression of
five miRNAs in patients with ICP [30]. The roles of these
upregulated miRNAs in EIC were evaluated in this study
through detection of their expression in EIC and pre-
diction of their target genes. We discovered that miR-
128-3p was upregulated in EIC mice and patients with
ICP [30], and subsequently bound the 3’-UTR of PDZK1,

17B-EE

o , miR-128-3P |

BTN

Hepatocyte

f Upregulation ‘ Downregulation

thereby regulating PDZK1 expression and function.
Moreover, miR-128-3p has been studied in several dis-
orders, including lung cancer [46], liver cancer [47], and
rheumatoid arthritis [48]. Zhao et al. have shown that
miRNA-128-3p, targeting sirtuin 1, can promote oxida-
tive stress and aggravate doxorubicin-mediated liver
damage [25]. miR-128-3p had not previously been asso-
ciated with regulation of MRP2 and bile formation, and
its effect in EIC had not been well studied. We hypoth-
esize that miR-128-3p decreases MRP2 expression and
membrane localization through regulation of PDZK1,
thus limiting bile efflux and aggravating EIC.

This study provides the first definitive evidence that
miR-128-3p contributes to the progression of EIC in vitro
and in vivo models. Our in vitro experiments demon-
strated that miR-128-3p mimics decreased PDZK1-3'-
UTR-luciferase construct activity, as well as PDZK1
protein and mRNA expression. Moreover, miR-128-3p
inhibitor treatment led to substantial upregulation of
PDZK1 and MRP2, and reversed endocytosis, thus ulti-
mately alleviating EIC. In addition, we collected the liv-
ers of patients with PBC and control livers (normal liver

Cholestasis

—> Activation

= Inhibition

Figure 9 | miR-128-3p mediates MRP2 internalization in EIC by targeting PDZK1.

Acta Materia Medica 2025, Volume 4, Issue 1, p. 157-173 171

©2025 The Authors. Creative Commons Attribution 4.0 International License



Acta
Materia
Medica

tissue adjacent to liver cancer tissues) for examination,
because bio-specimens from EIC patients are usually
inaccessible. The livers of patients with PBC also showed
upregulation of miR-128-3p, marked downregulation
of PDZK1, and internalization of MRP2 into intracellu-
lar domains, thus suggesting that miR128-3p/PDZK1/
MRP2 might be a shared mechanism underlying multi-
ple forms of cholestatic liver injury. However, additional
research is required to validate this hypothesis.

In conclusion, miR-128-3p inhibited MRP2 mem-
brane localization and transport activity by directly
downregulating PDZK1; this mechanism might be
crucial in the progression of EIC. These findings illumi-
nated miR-128-3p’s function in hepatic PDZK1/MRP2
regulation and the exact mechanism underlying this reg-
ulation, thus highlighting the existence of novel targets
and potential strategies for EIC treatment. Therefore,
suppressing miR-128-3p or increasing PDZK1 expression
might enhance the membrane localization of MRP2 and
consequently alleviate EIC severity.
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