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expression of multidrug resistance protein MRP4 via
regulation of circRNA in human renal cells
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Multidrug resistance–associated protein 4 (MRP4), a
member of the C subfamily of ATP-binding cassette trans-
porters, is highly expressed in the kidneys of mammals and is
responsible for renal elimination of numerous drugs. Adeno-
sine deaminase acting on RNA 1 (ADAR1) has been reported
to regulate gene expression by catalyzing adenosine-to-inosine
RNA editing reactions; however, potential roles of ADAR1 in
the regulation of MRP4 expression have not been investigated.
In this study, we found that downregulation of ADAR1
increased the expression of MRP4 in human renal cells at the
posttranscriptional level. Luciferase reporter assays and
microarray analysis revealed that downregulation of ADAR1
reduced the levels of microRNA miR-381-3p, which led to the
corresponding upregulation of MPR4 expression. Circular
RNAs (circRNAs) are a type of closed-loop endogenous non-
coding RNAs that play an essential role in gene expression by
acting as miRNA sponges. We demonstrate that ADAR1
repressed the biogenesis of circRNA circHIPK3 through its
adenosine-to-inosine RNA editing activity, which altered the
secondary structure of the precursor of circHIPK3. Further-
more, in silico analysis suggested that circHIPK3 acts as a
sponge of miR-381-3p. Indeed, we found overexpression of
circHIPK3 induced the expression of MRP4 through its
interference with miR-381-3p. Taken together, our study
provides novel insights into regulation of the expression of
xenobiotic transporters through circRNA expression by the
RNA editing enzyme ADAR1.

Multidrug resistance–associated protein 4 (MRP4), enco-
ded by the ABCC4 gene, is one of the ABC transporters and
highly expressed in proximal renal tubules, bone marrow, and
the brain of mammals (1–3). MRP4 recognizes a variety of
compounds as substrates and transports them to the extra-
cellular fluids (4). In the kidney, MRP4 participates in the
elimination of many drugs, affecting their renal clearance.
The expression of MRP4 is regulated in a tissue-dependent
manner. Highly expressed transcription factors, such as
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PPARα, NRF2, and AHR, are thought to be involved in the
transcription of ABCC4 mRNA in human renal cells (5). In
addition to transcriptional regulation, posttranscriptional
regulation has been demonstrated to be involved in MRP4
expression (6).

MicroRNA (miRNA) is a small noncoding RNA that binds
to the 30 untranslated region (30UTR) of target mRNA,
inducing mRNA degradation or transcriptional inhibition (7).
Recent studies suggest that some members of the ABC
transporter family are subject to miRNA-mediated gene
regulation (8). For example, the downregulation of miR-298 in
doxorubicin-resistant human breast cancer cells induced high
expression of P-glycoprotein, conferring doxorubicin resis-
tance (9). Several miRNAs are also found to regulate the
expression of MRP4 (8). miR-124a and miR-506 reduce MRP4
protein levels in HEK293T/17 cells (10), suggesting the role of
miRNAs in regulating the expression of xenobiotic trans-
porters in the human kidney. Although there are many reports
demonstrating miRNA-mediated posttranscriptional regula-
tion of ABC transporters, the regulatory mechanisms under-
lying the expression and function of miRNA have yet to be
elucidated.

Circular RNA (circRNA) is a single-stranded noncoding
RNA that forms a covalently closed loop structure having
neither 50 to 30 polarity nor a polyadenylated tail (11).
Numerous circRNAs act as a “sponge” of miRNAs, becoming
a novel candidate for regulating the function of miRNAs
(12–14). The biogenesis of circRNAs is different from ca-
nonical splicing of linear RNAs; circRNAs are formed by
back-splicing, in which a downstream 50 splice site is joined
to an upstream 30 splice site (15). Back-splicing requires the
canonical 50 and 30 splice sites (16) and the canonical spli-
ceosome assembly (17). In general, the efficiency of back-
splicing is much lower than that of canonical splicing (18);
however, due to their high stability, some circRNAs exhibit
higher expression than their counterpart linear mRNAs (14).
RNA pairing at inverted repetitive elements, such as Alu
elements in primates, in introns flanking the circularized
exon is hypothesized to promote circRNA biogenesis
because it brings the back-splice sites into close proximity
(15, 19).
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Posttranscriptional regulation of MRP4 expression by ADAR1
In addition to these cis-regulatory elements, some RNA-
binding proteins (RBPs) act as trans-acting factors of back-
splicing. Numerous circRNAs are upregulated by quaking
(QKI) during epithelial-mesenchymal transformation (20).
QKI binds to the flanking intron of circRNA-forming exons
and then forms a dimer, bringing the back-splice sites closer
together. Another example of circRNA-related RBPs is aden-
osine deaminase acting on RNA 1 (ADAR1), which suppresses
the biogenesis of several circRNAs (21, 22). ADAR1 catalyzes
adenosine-to-inosine (A-to-I) RNA editing, which is the most
prevalent nucleotide conversion in mammals (23). Inosine
behaves like guanosine as it forms a base pair with cytidine.
Thus, A-to-I RNA editing leads to a codon change, alternative
splicing, and alteration of RNA secondary structure (24). A-to-
I RNA editing on the double-stranded RNA formed in the
precursor of circRNAs diminishes the complementarity and
disrupts RNA pairing, leading to the decreased biogenesis of
circRNAs (21, 22). Although it has broad substrate-recognition
capacity and ubiquitous expression in multiple tissues (23, 25,
26), only a few studies reported the involvement of ADAR1 in
circRNA biogenesis (27–29).

Our previous study demonstrated that ADAR1 regulated
the expression of P-glycoprotein in human renal proximal
tubular epithelial cells (RPTECs) (30). During the analysis of
the role of ADAR1 in the regulation of renal expression of
xenobiotic transporters, we also found that the expression of
MRP4 protein was increased by the downregulation of
ADAR1. ADAR1 controlled MRP4 expression at the post-
transcriptional level. Therefore, we investigated the underlying
mechanism of ADAR1-mediated MRP4 expression in RPTECs
by focusing on the sponging function of circRNA against
miRNA.
Results

Downregulation of ADAR1 increases the expression of MRP4
through the 30UTR of ABCC4 mRNA in human RPTECs

In our previous study (30), ADAR1-knockdown (KD)
RPTECs were prepared by stable expression of small hairpin
RNA (shRNA). No notable bands derived from ADAR1-p150
were detected in RPTECs, but the expression levels of the
ADAR1-p110 isoform were significantly reduced to 40% in the
anti-ADAR1 shRNA-transduced RPTECs (p < 0.01, Fig. 1A).
Therefore, we used these cells to investigate the role of ADAR1
in the regulation of MRP4 expression. In the ADAR1-KD
RPTECs, the mRNA levels of ABCC4 significantly increased
in comparison with mock-transduced RPTECs (p < 0.05,
Fig. 1B). The expression levels of MRP4 increased approxi-
mately 2.7-fold in ADAR1-KD RPTECs (p < 0.01, Fig. 1C).

The protein level of MRP4 is regulated at nearly all stages of
the gene expression process (5). To investigate whether
ADAR1 regulates the expression of MRP4 at the transcrip-
tional level, we constructed a luciferase reporter vector con-
taining the 50 flanking region of the human ABCC4 gene
(ABCC4 upstream::Luc) spanning from bp −1650 to +70 (the
number is the distance in base pairs from the putative tran-
scription start site, +1). The 50 flanking region contains several
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response elements for NRF2, PPARα, and AHR (Fig. S1A),
which are known to regulate transcription of the human
ABCC4 gene (5). The expression levels for these transcrip-
tional factors were not significantly different between mock-
transduced and ADAR1-KD RPTECs (Fig. S1B). Consistent
with this result, luciferase activity derived from ABCC4
upstream::Luc was not significantly altered in ADAR1-KD
RPTECs (Fig. 1D). This suggests that ADAR1 is involved in
the posttranscriptional process of MRP4 expression rather
than transcriptional regulation of the ABCC4 gene. Therefore,
we changed our focus to the posttranscriptional regulation
mechanism promoting MRP4 expression in ADAR1-KD cells.

As translational efficiency is often regulated via 30UTR of
mRNA containing target sites of miRNAs (7), we explored
whether ADAR1 acts on the 30UTR of ABCC4 gene. To ach-
ieve this, the varying lengths of the 30UTR of ABCC4 gene
from bp +1 to +1741 (ABCC4 30UTR +1741::Luc), from +1
to +1192 (ABCC4 30UTR +1192::Luc), and from +1 to +553
(ABCC4 30UTR +553::Luc) were cloned downstream of the
luciferase gene into the pGL4.13 reporter vector (the nucleo-
tide immediately after the stop codon in exon 30 of the human
ABCC4 gene was defined as +1). The luciferase activity of
ABCC4 30UTR +1741::Luc significantly decreased in compar-
ison with the control pGL4.13 reporter vector without con-
taining 30UTR (Fig. 1E), indicating that the 30UTR of ABCC4
mRNA represses the translation of MRP4 protein. The re-
porter activity derived from ABCC4 30UTR +1741::Luc in
ADAR1-KD RPTECs was significantly higher than that in
mock-transduced cells (p < 0.01, Fig. 1E), but downregulation
of ADAR1 had negligible effects on the reporter activities of
ABCC4 30UTR +1192::Luc and ABCC4 30UTR +553::Luc. This
suggests that the 30UTR of ABCC4 mRNA from +1193
to +1741 is responsible for the ADAR1-mediated regulation of
MRP4 expression. The levels of Luciferase mRNA derived
from ABCC4 30UTR +1741::Luc were not significantly
different between mock-transduced and ADAR1-KD RPTECs
(Fig. 1F). Furthermore, the stability of ABCC4 mRNA was also
not significantly affected by the downregulation of ADAR1
(Fig. 1G). Thus, the increased luciferase activity derived from
ABCC4 30UTR +1741 reporter vectors in ADAR1-KD cells was
due to increased translational efficiency rather than the sta-
bilization of mRNA.
miR-381-3p is involved in the ADAR1-mediated translational
regulation of ABCC4 gene

Direct sequencing analysis revealed no ADAR1-mediated A-
to-I RNA editing sites in the 30UTR of ABCC4 mRNA
(Fig. S2). Therefore, we investigated the possibility that
ADAR1 regulates the expression of MRP4 through the medi-
ation of miRNAs. The computational analysis using TargetS-
canHuman (31) identified 25 miRNAs whose target sites are
located in the ABCC4 mRNA 30UTR from bp +1193 to +1741
(Fig. 2A). Microarray analysis also showed 16 miRNAs that
were differentially expressed between mock-transduced and
ADAR1-KD RPTECs. For this analysis, two criteria were set
for selecting upregulated miRNAs: Z-score of 2.0 or higher and



Figure 1. ADAR1 regulates the expression of MRP4 through the 30UTR of ABCC4 mRNA in RPTECs. A, construction of ADAR1-knockdown (KD) RPTECs
with stable expression of shRNA. The expression level of ADAR1 protein was normalized to that of β-ACTIN. Values are the mean with SD (n = 4). The value
of ADAR1 in mock-transduced RPTECs was set at 1.0. **p < 0.01; significant difference between the two groups (t6 = 7.694, p < 0.001; unpaired t test, two
sided). B, the mRNA levels of ABCC4 in mock-transduced and ADAR1-KD RPTECs. The mRNA levels were normalized to those of 18S rRNA. Values are the
mean with SD (n = 3). *p < 0.05; significant difference between the two groups (t4 = 4.178, p = 0.014; unpaired t test, two sided). C, the protein levels of
MRP4 in mock-transduced and ADAR1-KD RPTECs. The protein levels were normalized to those of β-ACTIN. Values are the mean with SD (n = 3). **p < 0.01;
significant difference between the two groups (t4 = 9.165, p < 0.001; unpaired t test, two sided). D, the luciferase activity of ABCC4 upstream::Luc in mock-
transduced and ADAR1-KD RPTECs. Schematic diagrams of luciferase reporter constructs containing the 50 flanking region of the ABCC4 gene are shown in
the upper panel. The numbers in the upper panel indicate the distance in base pairs from the putative transcription start site (TSS, +1). Values are the mean
with SD (n = 4). E, the luciferase activity of ABCC4 30UTR::Luc in mock-transduced and ADAR1-KD RPTECs. Schematic diagrams of luciferase reporter
constructs containing varying length of the 30UTR of the ABCC4 gene are shown in the left panel. The numbers in the left panel indicate the distance in base
pairs from the stop codon (+1). Values are the mean with SD (n = 4). **p < 0.01; significant difference between the indicated groups (F7, 24 = 14.807,
p < 0.001; ANOVA with Tukey–Kramer’s post hoc test). F, the mRNA levels of the Luciferase gene in mock-transduced and ADAR1-KD RPTECs transfected
with luciferase reporter constructs containing the full-length ABCC4 30UTR. The mRNA levels of the luciferase gene were normalized to those of Renilla
Luciferase. Values are the mean with SD (n = 4). G, the stability of ABCC4 mRNA in mock-transduced and ADAR1-KD RPTECs. Cells were treated with 5 μM
actinomycin D (ActD) and RNA was extracted at the indicated time points. The mRNA levels were normalized to those of 18S rRNA. Values are the mean with
SD (n = 3, 4).

Posttranscriptional regulation of MRP4 expression by ADAR1
ratio of 2-fold or greater; and for downregulated miRNAs:
Z-score of −2.0 or lower and ratio of 0.5 or lower. The
expression levels of nine miRNAs increased in ADAR1-KD
RPTECs, whereas those of seven miRNAs decreased in
ADAR1-KD RPTECs (Fig. 2, B and C). By combining these
results, we focused on miR-381-3p as a possible candidate to
regulate the translation of ABCC4 gene. The expression of
miR-381-3p in ADAR1-KD RPTECs was significantly lower
than that in mock-transduced RPTECs (p < 0.01, Fig. 2D). In
this analysis, the expression levels of miR-381-3p were
normalized to those of miR-191-5p, which is recommended as
an endogenous control of miRNA and normalizer of RT and
PCR steps (32). In addition, the luciferase activity of ABCC4
30UTR +1741::Luc in RPTECs was significantly increased by
mutation of the target site of miR-381-3p (p < 0.05, Fig. 2E).
Therefore, the translation of the ABCC4 gene in RPTECs is
J. Biol. Chem. (2022) 298(8) 102184 3



Figure 2. ADAR1 regulates the translation of ABCC4 mRNA into MRP4 protein through mediating miR-381-3p expression. A, schematic diagram
showing the putative target sites of miRNAs in ABCC4 30UTR from +1192 to +1741. The numbers indicate the distance in base pairs from the stop codon (+1).
The miRNA target sites were predicted with TargetScanHuman (Release 7.2). B, MA plot of all miRNAs expressed in mock-transduced and ADAR1-KD RPTECs.
Data were obtained from microarray analysis (accession number GSE192692). The criteria for upregulated miRNAs were set at a ratio of 2-fold or Z-score of
2.0; the criteria for downregulated miRNAs were set at a ratio of 0.5-fold or Z-score of −2.0. C, differentially expressed miRNAs between mock-transduced
and ADAR1-KD RPTECs in the microarray analysis. D, the expression levels of miR-381-3p in mock-transduced and ADAR1-KD RPTECs. The expression levels
were assessed by qRT-PCR and normalized to those of miR-191-5p, which was used as an endogenous control of miRNA and normalizer of RT and PCR steps
(32). Values are the mean with SD (n = 3). **p < 0.01; significant difference between the two groups (t4 = 8.567, p = 0.001; unpaired t test, two sided). E, the
luciferase activity in RPTECs transfected with wildtype (WT) or mutant (MUT) ABCC4 30UTR::Luc. Schematic diagrams of luciferase reporter constructs
containing WT or MUT (mutation in miR-381-3p target site) 30UTR of the ABCC4 gene are shown in the right panel. The numbers in the right panel indicate
the distance in base pairs from the stop codon (+1). Values are the mean with SD (n = 4). **p < 0.01, *p < 0.05; significant difference between the indicated
groups (F2, 9 = 11.252, p = 0.004; ANOVA with Tukey–Kramer’s post hoc test).

Posttranscriptional regulation of MRP4 expression by ADAR1
repressed by miR-381-3p whose expression is under the con-
trol of ADAR1. This RNA editing enzyme may elevate the
expression of miR-381-3p.
circHIPK3 mediates the ADAR1-induced regulation of
miR-381-3p levels

To investigate the underlying mechanism of ADAR1-
induced regulation of miR-381-3p in RPTECs, we focused
on circRNAs for the following reasons: ADAR1 regulates the
biogenesis of circRNAs by RNA editing (21, 22); circRNAs
function as a “sponge” of miRNAs and interfere with their
binding to target RNAs (12, 13); and some circRNAs prevent
the function and expression of miR-381-3p (33–35). As
circRNAs are expressed in tissue- and cell type–dependent
manners (36), we investigated the expression profile of
circRNAs in the kidney of human using the circRNA
expression database circAtlas (37). In the database, 30 circR-
NAs were registered as exhibiting higher expression in the
human kidney (Fig. 3A). Among them, circHIPK3 (circRNA
ID: hsa_circ_0000284) was identified by starBase v2.0 (38) as
having a target site for miR-381-3p (Fig. 3B). Therefore, we
investigated whether the expression of circHIPK3 was altered
in ADAR1-KD RPTECs. For quantification of circHIPK3
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levels, we designed circHIPK3-specific divergent primers to
span the circHIPK3 back-splice junction (Fig. 3C upper),
which is a general method to specifically amplify circRNAs
without amplification of the counterpart linear mRNA (39).
The expression of circHIPK3 in RPTECs was detected by RT-
PCR with the divergent primers (Fig. 3C left), and the
circHIPK3-specific sequence at the back-splice junction was
also confirmed by Sanger sequencing of the PCR product
amplified with the divergent primers (Fig. 3C right). The levels
of circHIPK3 significantly increased in ADAR1-KD RPTECs
(p < 0.05, Fig. 3D), whereas the expression of the counterpart
linear HIPK3 mRNA was not significantly different between
mock-transduced and ADAR1-KD RPTECs (Fig. 3D). To
investigate whether the expression of circHIPK3 is specifically
increased in ADAR1-KD RPTECs, we also assessed the
expression levels of other circRNAs by designing divergent
primers. Of the 30 circRNAs listed in Figure 3A, 22 were
detected in RPTECs, but there were no circRNAs whose
expression were elevated by downregulation of ADAR1
(Fig. S3A). Therefore, among the circRNAs expressed in
RPTECs, circHIPK3 may be more specifically upregulated in
ADAR1-KD RPTECs. In contrast to linear mRNAs such as
HIPK3 and β-ACTIN, circHIPK3 and other circRNAs were
resistant to digestion by RNase R, a 30 to 50 exonuclease



Figure 3. ADAR1 regulates the expression of circHIPK3 in RPTECs. A, 30 highly expressed circRNAs in the human kidney registered in circAtlas database.
FPKM: fragments per kilobase of exon per million mapped reads. B, schematic diagram showing the putative target site of miR-381-3p in circHIPK3. The
interaction of miR-381-3p and the circRNAs was predicted using starBase v2.0. C, validation of circHIPK3 detection by RT-PCR. Divergent primers amplified
the circHIPK3 back-splice junction sequence in the cDNA but not the genomic DNA. Convergent primers amplified both mRNA in cDNA and genomic DNA.
Sanger sequencing confirmed the back-splice junction sequence of the PCR products with the divergent primers (right panel). D, the expression levels of
circHIPK3 and HIPK3 mRNA in mock-transduced and ADAR1-KD RPTECs. The expression levels were normalized to those of 18S rRNA. Values are the mean
with SD (n = 4). *p < 0.05; significant difference between the two groups (t6 = 3.494, p = 0.013 for circHIPK3; unpaired t test, two sided). E, qRT-PCR analysis
for the abundance of circHIPK3, HIPK3 mRNA, and β-ACTIN mRNA in RPTECs treated with RNase R. The amounts of target RNAs were normalized to those in
the mock treatment. F, the stability of circHIPK3 and HIPK3 mRNA in RPTECs. Cells were treated with 5 μM actinomycin D (ActD), and RNA was extracted at
the indicated time points. The expression levels were normalized to those of 18S rRNA. Values are the mean with SD (n = 4).

Posttranscriptional regulation of MRP4 expression by ADAR1
(Figs. 3E and S3B) because circRNAs do not have 50 or 30 ends.
High stability of circHIPK3 was also confirmed in RPTECs
after treatment with 5 μM actinomycin D, a transcription
inhibitor (Fig. 3F).

Next, we investigated whether circHIPK3 is involved in the
regulation of MRP4 expression. For this experiment, we con-
structed circHIPK3 expression vectors in which exon 2 of the
HIPK3 gene and its flanking introns containing inverted
complementary Alu elements were inserted into the multi-
cloning site of pcDNA3.1. The transcripts derived from the
expression vectors were considered to be back-spliced and
form circHIPK3. The expression of circHIPK3 significantly
increased in the RPTECs transfected with the circHIPK3
expression vectors (p < 0.01, Fig. 4A). The expression of MRP4
also significantly increased in the circHIPK3-overexpressing
(OX) RPTECs (p < 0.05, Fig. 4B left), whereas ABCC4
mRNA levels were not affected by circHIPK3 expression
(Fig. 4B right). Transfection of RPTECs with circHIPK3
expression vectors also reduced the levels of miR-381-3p (p <
0.05, Fig. 4C). The stability of miR-381-3p was also decreased
in circHIPK3-OX RPTECs (p < 0.01, Fig. 4D), suggesting that
circHIPK3 decreases the expression levels of miR-381-3p
resulting from its destabilization.

A significant increase in the luciferase activity of ABCC4
30UTR::Luc was detected in RPTECs when cells were trans-
fected with circHIPK3 expression vectors (p < 0.01, Fig. 4E).
The luciferase activity of ABCC4 30UTR::Luc was also
increased by mutation of the target site of miR-381-3p
(Fig. 4E). The circHIPK3-induced increase in luciferase activ-
ity of ABCC4 30UTR::Luc was comparable with that derived
from miR-381-3p target site–mutated ABCC4 30UTR::Luc in
circHIPK3-OX RPTECs. This suggests that circHIPK3 exerts
its sponging function against miR-381-3p, thereby preventing
the miR-381-3p-mediated repression of translation from
J. Biol. Chem. (2022) 298(8) 102184 5



Figure 4. circHIPK3 regulates the expression of MRP4 protein via miR-381-3p. A, the expression levels of circHIPK3 and HIPK3 mRNA in RPTECs
transfected with circHIPK3-expression vector or empty vector (pcDNA3.1). The expression levels were normalized to those of 18S rRNA. Values are the mean
with SD (n = 4). **p < 0.01; significant difference between the two groups (t6 = 11.286, p < 0.001 for circHIPK3; unpaired t test, two sided). B, the protein
levels of MRP4 and mRNA levels of ABCC4 in pcDNA3.1-transfected and circHIPK3-overexpressing (OX) RPTECs. The protein levels were normalized to those
of β-ACTIN, and the mRNA levels were normalized to those of 18S rRNA. Values are the mean with SD (n = 3, 4). *p < 0.05; significant difference between the
two groups (t4 = 3.697, p = 0.021 for MRP4; unpaired t test, two sided). C, the expression levels of miR-381-3p in pcDNA3.1 (control)-transfected and
circHIPK3-OX RPTECs. The expression levels were normalized to those of miR-191-5p. Values are the mean with SD (n = 3). *p < 0.05; significant difference
between the two groups (t4 = 4.473, p = 0.011; unpaired t test, two sided). D, the stability of miR-381-3p in pcDNA3.1-transfected or circHIPK3-OX RPTECs.
The transfected cells were treated with 5 μM actinomycin D (ActD) and RNA was extracted at the indicated time points. The expression levels were
normalized to those of miR-191-5p. The value at 0 h (the time of initiation of ActD treatment) was set at 1.0. Values are the mean with SD (n = 4). **p < 0.01;
significant difference between the indicated groups (F3, 12 = 11.433, p < 0.001; ANOVA with Tukey–Kramer’s post hoc test). E, the luciferase activity derived
from ABCC4 30UTR WT::Luc and ABCC4 30UTR MUT::Luc in pcDNA3.1-transfected and circHIPK3-OX RPTECs. Schematic diagrams of luciferase reporter
constructs containing the 30UTR of ABCC4 gene are shown in the right panel. The numbers in the right panel indicate the distance in base pairs from the stop
codon (+1). Values are the mean with SD (n = 4). **p < 0.01, *p < 0.05; significant difference between the indicated groups (F5, 18 = 83.630, p < 0.001;
ANOVA with Tukey–Kramer’s post hoc test). n.s., not significant.

Posttranscriptional regulation of MRP4 expression by ADAR1
ABCC4 mRNA to MRP4 protein. This circHIPK3/miR-381-3p
axis may play an essential role in the ADAR1-mediated
regulation of MRP4 expression in human renal cells.
ADAR1 regulates the expression of MRP4 with its RNA editing
and dsRNA binding ability

ADAR1-mediated gene expression is known to be not only
in editing-dependent manner but also in editing-independent
manner; ADAR1 enables to modulate gene expression only
through the binding to double-stranded RNA (dsRNA) (40,
41). To investigate how ADAR1 acts on RNAs and modulate
their expressions, we constructed ADAR1 expression vectors
in which RNA editing activity or dsRNA binding ability was
deficient. In the structure of ADAR1 protein, a deaminase
6 J. Biol. Chem. (2022) 298(8) 102184
domain and three repeats of dsRNA-binding domain (dsRBD)
are crucial for RNA editing (Fig. 5A). A point mutation of
Glu617 to Ala617 (E617A) is sufficient to inactivate the RNA
editing activity (42, 43). Mutations of KKxxK motif in each
dsRBD to EAxxA motif (EAA mutation) abolish the dsRNA
binding ability, thus leading to deficiency of RNA editing ac-
tivity (44). In contrast to ADAR1-KD cells (Fig. 1C), the
expression of MRP4 was significantly decreased in wildtype
ADAR1-OX RPTECs (p < 0.01, Fig. 5, B and C), but the
expression levels of MRP4 were not significantly decreased in
E617A-mutated ADAR1-OX and EAA-mutated ADAR1-OX
RPTECs as compared with those in wildtype ADAR1-OX
cells (Fig. 5C). Similar negligible effects of E617A-mutated
and EAA-mutated ADAR1 were observed on the expressions
of circHIPK3 (Fig. 5D) and miR-381-3p (Fig. 5E). These data



Figure 5. ADAR1 regulates the expression of MRP4 with its editing and dsRNA binding ability. A, schematic diagram of the domain structure of
human ADAR1. ADAR1 has a Z-DNA binding domain, three repeats of double-stranded RNA (dsRNA)-binding domain (dsRBD), and a catalytic deaminase
domain. The E617A point mutation abolishes A-to-I RNA editing activity (E617A). Mutation of KKxxK motif in dsRBD to EAxxA abolishes dsRNA binding
ability of ADAR1, thus deficient in A-to-I RNA editing activity. B, construction of ADAR1-overexpression (OX) RPTECs. pcDNA3.1, wildtype (WT), E617A
mutant, or EAA mutant GFP-tagged ADAR1-expressing vectors were transfected into RPTECs with electroporation. Bands derived from endogenous ADAR1
and GFP-tagged exogenous ADAR1 (WT, E617A or EAA) were detected in the Western blotting image. The protein levels of β-ACTIN are shown as loading
control. C, the protein levels of MRP4 in pcDNA3.1-transfected and ADAR1 (WT, E617A, EAA)-OX RPTECs. The protein levels were normalized to those of
β-ACTIN. Values are the mean with SD (n = 3). **p < 0.01; significant difference between the indicated groups (F3, 8 = 9.456, p = 0.005; ANOVA with
Dunnett’s post hoc test). D, the expression levels of circHIPK3 in pcDNA3.1-transfected and ADAR1 (WT, E617A, EAA)-OX RPTECs. The expression levels were
normalized to those of 18S rRNA. Values are the mean with SD (n = 3). **p < 0.01, *p < 0.05; significant difference between the indicated groups (F3, 8 =
25.460, p < 0.001; ANOVA with Dunnett’s post hoc test). E, the expression levels of miR-381-3p in pcDNA3.1-transfected and ADAR1 (WT, E617A, EAA)-OX
RPTECs. The expression levels were normalized to those of miR-191-5p. Values are the mean with SD (n = 5). **p < 0.01; significant difference between the
indicated groups (F3, 16 = 7.647, p = 0.002; ANOVA with Dunnett’s post hoc test).

Posttranscriptional regulation of MRP4 expression by ADAR1
suggested that both RNA editing activity and dsRNA binding
ability of ADAR1 are indispensable for regulation of MRP4
expression via the circHIPK3/miR-381-3p pathway.
ADAR1 suppresses circHIPK3 formation by inhibiting base
pairing in its precursor RNA

In general, most circRNAs are produced by back-splicing, in
which a downstream 50 splice site is joined to an upstream 30

splice site (15); thus, circRNAs and their counterpart mRNAs
are produced from the same transcripts. Back-splicing is often
induced by forming a double-dsRNA structure of inverted
complementary sequences in introns flanking the circularized
exon, which brings these splice sites into close proximity (45).
CircHIPK3 is produced from around exon 2 of the HIPK3 gene
(46). Two inverted Alu elements were located in the flanking
introns of exon 2 of the HIPK3 gene (Fig. 6A). The in silico
prediction analysis for the secondary structure of pre-mRNA
of HIPK3 gene also indicated that introns flanking exon 2
form a stable dsRNA of approximately 270 bp in length
(Fig. 6B). The formed dsRNA structure was sufficiently long to
be bound to and edited by ADAR1, which converts adenosines
in long regions of dsRNA to inosines (25, 26). The RNA
immunoprecipitation (RIP) analysis using exogenous RNA
extracted from RPTECs infected with circHIPK3-expressing
lentivirus revealed that ADAR1 bound to the dsRNA region
in the precursor of circHIPK3 (p < 0.01, Fig. 6C), suggesting
that the biogenesis of circHIPK3 is regulated by A-to-I RNA
editing catalyzed by ADAR1 or its binding capacity.

The search for RNA editing sites using REDIportal, a
comprehensive database (47), revealed that a total of 89 A-to-I
RNA editing sites were registered in the flanking introns of
HIPK3 exon 2 (Fig. S4A). Introduction of mutations into these
registered editing sites diminished the complementarity of the
RNA pairs in precursor of circHIPK3, demonstrating that
A-to-I RNA editing disrupts the RNA pairing (Fig. S4B). Direct
J. Biol. Chem. (2022) 298(8) 102184 7



Figure 6. ADAR1 suppresses circHIPK3 formation by inhibiting base pairing in its precursor RNA. A, schematic diagram of the genomic region of
human HIPK3 exon 2 and its flanking introns with inverted Alu elements (upper panel). CircHIPK3 is formed by back-splicing, in which a 50 splice site in the
downstream region of exon 2 joins to the 30 splice site in the upstream region of exon 2 (lower panel). B, in silico analysis for prediction of RNA secondary
structure of the HIPK3 pre-mRNA (the region from −630 to +2060 of HIPK3 exon 2) by RNAfold. The minimum free energy structure with base-pair
probabilities was calculated to have the lowest value of free energy. Base-pair probabilities are shown by a color spectrum. C, ADAR1 binds to the pre-
cursor of circHIPK3. RPTECs were infected with lentiviral particles expressing precursor of circHIPK3 and RIP was conducted. Left panel shows Western
blotting analysis of ADAR1-RIP immunoprecipitates. Right panel shows qRT-PCR analysis of ADAR1-RIP immunoprecipitates using pre-circHIPK3 targeting
primers listed in Table 1. Values are the mean with SD (n = 3). **p < 0.01; significant difference between the two groups (t4 = 13.102, p < 0.001; unpaired
t test, two sided). D, electropherograms from direct sequencing of the PCR-amplified product of precursor of circHIPK3 derived from lentivirus. The
sequence data were obtained from mock-transduced, ADAR1-overexpression (OX), and ADAR1-KD RPTECs. Triangles indicate the ADAR1-mediated A-to-I
RNA editing sites detected in RPTECs. Percentage represents the editing frequency calculated by the peak height of “G” peak over sum of “A” and “G” peak
heights. Electropherograms were aligned using SnapGene Viewer. E, in silico prediction of RNA secondary structure around the editing sites in precursor of
circHIPK3. Left and right panels show the unedited and edited forms, respectively. The minimum free energy structure with base-pair probabilities was
calculated to have the lowest value of free energy. Base-pair probabilities are shown by a color spectrum. F, the biogenesis efficiency of circHIPK3 derived
from circHIPK3-expression vector with and without the mutation in Alu elements. The efficiency was calculated as the ratio of the expression levels of
circHIPK3 to that of precursor of circHIPK3, which were assessed by qRT-PCR analysis. Values are the mean with SD (n = 5). *p < 0.05; significant difference
between the two groups (t8 = 2.682, p = 0.028; unpaired t test, two sided). RIP, RNA immunoprecipitation; TBP, TATA-binding protein.

Posttranscriptional regulation of MRP4 expression by ADAR1
sequencing analysis of exogenous RNA extracted from
ADAR1-overexpressing or ADAR1-KD RPTECs infected with
circHIPK3-expressing lentivirus also revealed three A-to-I
RNA editing sites in the precursor of circHIPK3 (Figs. 6D and
S4A). To explore whether ADAR1-mediated A-to-I RNA
editing affects the biogenesis of circHIPK3, we constructed
mutated circHIPK3 expression vectors in which the three
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adenosine editing sites were converted to guanine. The mu-
tation destabilized the dsRNA structure in the precursor of
circHIPK3 (Fig. 6E) and significantly reduced the biogenesis of
circHIPK3 (p < 0.05, Fig. 6F). This suggested that ADAR1-
mediated reduction of circHIPK3 levels was, at least in part,
due to the RNA editing in the precursor of circHIPK3. This
ADAR1-induced prevention of circHIPK3 biogenesis may
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enable miR-381-3p to interfere with translation from ABCC4
mRNA to MRP4 protein.
Discussion

MRP4 is an ABC transporter and is distributed in many
tissues and cancer cells. As a xenobiotic transporter, MRP4
recognizes a variety of compounds as substrates and transports
them to the extracellular fluid. The expression of MRP4 is
regulated in a tissue-dependent manner through multiple
processes, transcriptional regulations, posttranscriptional reg-
ulations, and membrane internalization (5, 48, 49). In this
study, we demonstrated that the expression of MRP4 in hu-
man renal cells is regulated by the RNA editing enzyme
ADAR1. A-to-I RNA editing catalyzed by ADAR1 reduced the
production of circHIPK3, resulting in the increased expression
of miR-381-3p, which suppressed the translation from ABCC4
mRNA to MRP4 protein (Fig. 7).

Recent studies reported that several ABC transporters are
subject to miRNA-mediated gene regulation (8). For example,
ABCC4 was reported to be regulated by miR-125a and miR-
125b in hepatocellular carcinoma (6). The expression of
miR-125a and miR-125b was also detected in RPTECs, but
their expression levels were not affected by the downregulation
of ADAR1. In addition, miR-124a and miR-506 were reported
to downregulate MRP4 protein levels in HEK293T/17 cells
(10). The expression levels of miR-124a and miR-506 were
negatively correlated with MRP4 levels in the human kidney
(10). Although the target site of miR-506, but not that of miR-
124, was located in the 30UTR of ABCC4mRNA, no significant
expression of the miRNA was detected in RPTECs. By
combining computational analysis using TargetScanHuman
and molecular experiments, we identified miR-381-3p as a
Figure 7. Schematic diagram of the ADAR1-mediated regulation of MRP4
structure in the precursor of circHIPK3, thereby preventing circHIPK3 biogenesis
the translation from ABCC4mRNA to MRP4 protein. Thus, ADAR1-induced preve
miR-381-3p.
novel regulator of MRP4 expression. miR-381-3p has been
reported to function in the regulation of cancer cell prolifer-
ation (50), inflammation response (51), and drug resistance
(52). Similar to its effects on ABCC4 mRNA, miR-381-3p
targets the 30UTR of ABCB1 mRNA and promotes cisplatin
sensitivity in breast cancer cells (52) This suggests that miR-
381-3p is involved in the posttranscriptional regulation of
other xenobiotic transporters. Further studies are required to
investigate the effects of miR-381-3p on the regulation of
MRP4 in other organs and under pathological conditions.

Recent evidence has demonstrated significant roles of
circRNAs in the regulation of the immune system (53), cell
proliferation (46), and neuronal function (54). CircRNAs have
a wide range of functions in the regulation of gene expression.
As the most elucidated function to date, circRNAs function as
competing endogenous RNAs, which are defined as the sponge
that entraps miRNAs and prevents their binding to target
mRNAs (55). CircHIPK3 is one of the typical circRNAs acting
as a competing endogenous RNA. For example, circHIPK3 was
reported to promote cell proliferation by inhibiting the func-
tion of miR-124 (46). CircHIPK3-mediated regulation of
miR-338-3p function also underlies the alteration of insulin
secretion (56). In human hepatocellular carcinoma, circHIPK3
is suggested to regulate the expression of MRP4 via sponging
miR-124-3p and miR-4524 (57). On the other hand, our study
revealed that circHIPK3 regulates the expression of MRP4 via
sponging miR-381-3p in human renal cells. This difference
was probably due to miRNA expression profile, which varies in
a tissue- and cell type–dependent manner (58). Indeed, the
expression of miR-124-3p and miR-4524 was undetectable in
RPTECs, and the expression level of miR-381-3p in the kidney
was approximately 2.6-fold higher than that in the liver ac-
cording to the human miRNA tissue atlas, a comprehensive
expression in human renal cells. ADAR1 edits and destabilizes the dsRNA
. circHIPK3 binds to miR-381-3p and reduces its expression levels, promoting
ntion of circHIPK3 biogenesis leads to the reduction of MRP4 expression via
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database of miRNA expression (59). Consequently, the target
and function of circRNAs depend on the expression levels of
miRNA in each tissue or cell type.

Although circRNA entraps miRNAs thereby preventing
their binding to target mRNAs, it remains to be clarified how
circRNA decreases the expression levels of target miRNAs
(60, 61). In this study, we demonstrated that the increased
expression of circHIPK3 in RPTECs led to the destabilization
of miR-381-3p and thus decreased its expression levels. In
both intracellular and extracellular fluids, most miRNAs are
thought to be stable. The degradation mechanism of miRNA,
especially after being entrapped by circRNA, is yet to be
elucidated (62). Further studies are required to uncover the
circRNA-mediated regulation of miRNA stability and its
degradation.

A-to-I RNA editing is the most prevalent nucleotide con-
version in mammals (23). ADAR1 catalyzes A-to-I RNA
editing on dsRNA in not only protein coding regions of
mRNA, but also in noncoding regions that often contain Alu
elements. Thus, ADAR1 has been thought to act as a regulator
of miRNA production (63, 64). In this decade, circRNA was
demonstrated to function as an miRNA sponge and also
recognized as a promising novel noncoding RNA in gene
regulation (12, 13). The biogenesis of circRNA is regulated by
cis-regulatory elements and trans-acting factors. RNA pairing
formed across the introns that flank the circularized exon is
the most effective cis-regulatory element. ADAR1 acts as a
trans-acting factor by disrupting the RNA pairing, resulting in
the decreased formation of circRNA. The RNA editing enzyme
converts adenosines to inosines in the dsRNA that is longer
than approximately 50 bp (25, 26), which are often observed in
the cis-regulatory elements of circRNA formation (65).
Therefore, ADAR1 appears to exert a broad range of effects on
circRNA expression. However, our understanding of the role
of ADAR1 in the formation of circRNA is limited. Only a few
studies have reported ADAR1-mediated circRNA expression
(27–29). In the present study, we found that ADAR1 is
involved in the regulation of circHIPK3 production.

Inosine is an analog of guanosine, forming base pairs with
cytidine in a Watson–Crick bonding configuration. Thus,
inosine is recognized as guanosine in downstream processes
such as splicing and translation (23). Using these characteris-
tics, A-to-I RNA editing is usually detected by Sanger
sequencing; edited adenosine is read as guanosine in the
electropherogram. We also used Sanger sequencing to detect
and quantify A-to-I RNA editing in the precursor of circH-
IPK3. Three adenosines were considered to be edited because
their editing levels increased and decreased in ADAR1-OX and
in ADAR1-KD RPTECs, respectively. The editing levels of
three adenosines were relatively low (less than 10%), which was
possibly due to an experimental limitation. As the endogenous
precursor of circHIPK3 was difficult to be detected even by
PCR, cells were transfected with circHIPK3 expression vectors
and their RNA was applied to Sanger sequencing analysis. The
excessive abundance of circHIPK3 precursor, as an ADAR1
substrate, may lead to the underestimation of RNA editing
levels. Furthermore, ADAR1 has been reported to function not
10 J. Biol. Chem. (2022) 298(8) 102184
only as an RNA editing enzyme but also as a dsRNA-binding
protein (40, 41). The wildtype ADAR1 decreased the expres-
sion of MRP4 protein in RPTECs accompanying with
decreasing and increasing the levels of circHIPK3 and miR-
381-3p, respectively. However, the modulatory effects of
ADAR1 on the expression of MRP4, circHIPK3, and miR-381-
3p disappeared by mutating not only the catalytic deaminase
domain but also the dsRNA-binding domains. Considering the
multiple roles of ADAR1, its binding capacity to dsRNA may
also play a role in the prevention of circHIPK3 biogenesis.
Further studies are required to clarify the detailed role of
ADAR1 in the regulation of circHIPK3 formation.

In this study, we demonstrated that ADAR1 regulates the
expression of MRP4 via the circHIPK3/miR-381-3p regulatory
network in human renal cells (Fig. 7). ADAR1 edits and de-
stabilizes the dsRNA structure in the precursor of circHIPK3,
thereby preventing its formation, whereas circHIPK3 exerts its
sponging function against miR-381-3p, thereby preventing the
miR-381-3p-mediated repression of translation from ABCC4
mRNA to MRP4 protein. Consequently, ADAR1-induced
prevention of circHIPK3 biogenesis may enable miR-381-3p
to interfere with the expression of MRP4 protein. Although
several regulatory factors have been identified to be involved in
the expression process of MRP4 (5), we revealed that miR-381-
3p acts as a novel regulator of MRP4 expression in human
renal cells. In addition to MRP4, several ABC transporters are
responsible for drug excretion. Hereafter, we should system-
atize the regulation mechanism underlying the function and
expression of xenobiotic transporters and make a strategy to
predict the excretion of drugs.

Experimental procedures

Cell culture and treatment

Human RPTECs (SA7K clone) were commercially obtained
from Sigma-Aldrich. Cells were cultured under 5% CO2 at
37 �C in MEMα supplemented with 5.5% RPTEC Complete
Supplement (Sigma-Aldrich), 2.33 mM L-glutamine (Sigma-
Aldrich), 28 μM gentamicin (Sigma-Aldrich), and 14 nM
amphotericin B (Sigma-Aldrich). For RNA stability assay,
RPTECs were treated with 5 μM actinomycin D (FUJIFILM
Wako Pure Chemical Corporation), and cells were collected
for RNA extraction at the indicated time points. For RNase R
treatment, 20 μg of total RNA was incubated at 37 �C for
20 min with or without 2 U/μg of RNase R (Applied Biological
Materials Inc), and the RNA was then purified by the phenol–
chloroform precipitation method.

Construction of ADAR1-KD RPTECs

RPTECs were infected with lentiviral particles expressing
small hairpin RNA (shRNA) against the human ADAR1 gene
(sc-37657-V; Santa Cruz Biotechnology), which contained
three target-specific constructs encoding 19 to 25-nucleotide
shRNA designed to repress the expression of ADAR1. To
select clones stably expressing shRNA, cells were maintained
in a medium containing 5 μg/ml of puromycin (FUJIFILM
Wako Pure Chemical Corporation). Downregulation of



Table 1
Primer sets for quantitative and qualitative RT-PCR analysis of gene
expression

Gene Primers

Human ABCC4
Forward 50-AGTCAATTCTGAAAGCTCCGGTA-30
Reverse 50-CGGCAGCAAATCATCCAAGTG-30

Posttranscriptional regulation of MRP4 expression by ADAR1
ADAR1 was confirmed by Western blotting. To construct
mock-transduced RPTECs as control cells, naive RPTECs were
infected with lentivirus particles derived from pLVSIN-CMV
Pur vector (Takara Bio Inc) and were cultured in
puromycin-containing medium as described above to select
the stably expressing cells.
Human HIPK3
Forward 50-GCACATGTTGTCTGGCCTCAG-30
Reverse 50-TCTCTTCCTGGCTCCCATTCC-30

Human circHIPK3
[divergent]
Forward 50-TATGTTGGTGGATCCTGTTCGGCA-30
Reverse 50-TGGTGGGTAGACCAAGACTTGTGA-30

Human circHIPK3
[convergent]
Forward 50-TTAGTCCCCTGCCACTAAAAGTGA-30
Reverse 50-TGCCGAACAGGATCCACCAACATA-30

Human β-ACTIN
[divergent]
Forward 50-CACCTTCACCGTTCCAGTTT-30
Reverse 50-AGTCATTCCAAATATGAGATGCG-30

Human β-ACTIN
[convergent]
Forward 50-AAACTGGAACGGTGAAGGTG-30
Reverse 50-CGCATCTCATATTTGGAATGACT-30

Human pre-circHIPK3
Forward 50-TATTTGCACTGCCAACTAGTTAAG-30
Reverse (qRT-PCR) 50-CTGAATCCTTATACAGGTTGAGCA-30
Reverse

(direct sequencing)
50-CTAAAGCGCATGCTCCAGAC-30

Human 18S rRNA
Forward 50-AGAAGCCCCTGGCACTCTAT-30
Reverse 50-GCAAAGTGGGCACAGTGATG-30

Luciferase
Forward 50-CAGCGAGAATAGCTTGCAGT-30
Reverse 50-AGGATCTTTTGCAGCCCTTT-30
Western blotting

Total protein of RPTECs was prepared using CelLytic MT
(Sigma-Aldrich) according to the manufacturer’s instructions.
Denatured samples containing 5 μg of protein were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto polyvinylidene
difluoride membranes. The membranes were incubated with
primary antibodies against ADAR1 (1:1000, sc-73408; Santa
Cruz Biotechnology), MRP4 (1:3000, ab15602; abcam), TBP
(1:1000, ab51841; abcam), and β-ACTIN (1:10,000, sc-1616;
Santa Cruz Biotechnology). Specific antigen–antibody com-
plexes were visualized using horseradish peroxidase–
conjugated anti-mouse antibodies (1:10,000, sc-2005; Santa
Cruz Biotechnology) against ADAR1 and TBP, or anti-rat
antibodies (1:10,000, ab97057; abcam) against MRP4 and
ImmunoStar LD (FUJIFILM Wako Pure Chemical Corpora-
tion). Visualized images were scanned using ImageQuant
LAS4010 (FUJIFILM).
Renilla Luciferase
Forward 50-GAGAAGGGCGAGGTTAGACG-30
Reverse 50-CCCGAAGGTAGGCGTTGTAG-30
Quantitative and qualitative RT-PCR analysis for mRNA and

circRNA

Total RNA was extracted from RPTECs using RNAiso Plus
(Takara Bio Inc) according to the manufacturer’s instructions.
The extracted RNA was reversed transcribed using ReverTra
Ace qPCR RT Kit (TOYOBO Co, Ltd). For quantitative real-
time RT-PCR, the cDNA equivalent of 10 ng of RNA was
amplified by PCR using the LightCycler 96 system (Roche
Diagnostics) with THUNDERBIRD Next SYBR qPCR Mix
(TOYOBO Co, Ltd). For qualitative RT-PCR, the cDNA
equivalent of 10 ng of RNA was amplified by the GoTaq Green
Master Mix (Promega) with the divergent or convergent
primers listed in Tables 1 and S1. The PCR-amplified products
were separated by electrophoresis using 2% agarose gel con-
taining ethidium bromide. Signals from the agarose gel were
detected using LAS3000 (FUJIFILM). PCR-amplified products
were confirmed by Sanger sequencing.
Quantitative RT-PCR analysis for miRNA

Total RNA was extracted from RPTECs using the miRNeasy
Mini Kit (QIAGEN) according to the manufacturer’s in-
structions. The extracted RNA was reverse transcribed using
the Taqman Advanced miRNA cDNA Synthesis Kit (Applied
Biosystems). Quantitative real-time PCR analysis was per-
formed using the 7500 Real-time PCR system with Taqman
Fast Advanced Master Mix and miRNA-specific Taqman
Advanced MicroRNA Assays for miR-381-3p (477816_mir;
Applied Biosystems) and miR-191-5p (477952_mir; Applied
Biosystems). The expression levels of miR-381-3p were
normalized to those of miR-191-5p, which has been recom-
mended as an endogenous control of miRNA (32).
Plasmid construction

The upstream region (from bp −1650 to +70, where +1
indicates the transcription start site) and 30UTR (from bp +1
to +1741, to +1192 and to +553, where +1 indicates the stop
codon) of the human ABCC4 gene were amplified using Pri-
meSTAR MAX DNA polymerase (Takara Bio Inc). These se-
quences were subcloned into the pGL4.25 luciferase-reporter
vector (Promega) using KpnI and NheI restriction sites and
into the pGL4.13 luciferase-reporter vector (Promega) using
XbaI and FseI restriction sites. To construct the reporter
vector with mutation in miR-381-3p target site, the comple-
mentary sequence of the seed region of miR-381-3p
(50-TTGTATA-30) on ABCC4 30UTR::Luc was mutated to
the MluI restriction site (50-ACGCGTA-30) using the Pri-
meSTAR Mutagenesis Basal Kit (Takara Bio Inc) according to
the manufacturer’s protocol.

The expression vector of human ADAR1 with C-terminal
GFP-tag was commercially obtained from Origene Technolo-
gies, Inc (RG219761). To construct the RNA editing activity–
deficient ADAR1 (E617A-mutated ADAR1) expression vector,
the DNA sequence of Glu617 (GAA) was mutated to Ala617
(GCA). To construct the dsRNA binding ability–deficient
ADAR1 (EAA-mutated ADAR1) expression vector, each
J. Biol. Chem. (2022) 298(8) 102184 11
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DNA sequence of KKxxK motif in the dsRBD was mutated to
EAxxA motif (dsRBD#1: 50-AAGAAAGTGGCCAAG-30 to
50-GAGGCCGTGGCGGCG-30; dsRBD#2: 50-AAGAAAGT
GGCAAAG-30 to 50-GAGGCAGTGGCAGCG-30; dsRBD#3:
50-AAGAAGCAAGGCAAG-30 to 50-GAGGCCCAAGGGG
CG-30), using the PrimeSTAR Mutagenesis Basal Kit (Takara
Bio Inc) according to the manufacturer’s protocol.

The precursor sequence of circHIPK3 was amplified using
PrimeSTAR MAX DNA polymerase (Takara Bio Inc). The
sequence was subcloned into the pcDNA3.1 vector (Invi-
trogen) using NheI and KpnI restriction sites and into the
pLVSIN-CMV Pur vector (Takara Bio Inc) using XbaI and
NotI restriction sites. To construct the circHIPK3 expression
vector with edited-form mutation in the Alu element, the
unedited sequence (50-CTAAAAATA-30) in the circHIPK3
expression vector was mutated to the edited sequence
(50-CTAGGGATA-30) using the PrimeSTAR Mutagenesis
Basal Kit (Takara Bio Inc) according to the manufacturer’s
protocol. Sequences of primers are listed in Table 2.
Luciferase reporter assay

RPTECs were seeded at a density of 2.0 × 105/well in 24-well
culture plates. Lipofectamine LTX regent (Invitrogen) was
used for reverse transfection with 500 ng of the pGL4.25 re-
porter construct or 200 ng of the pGL4.13 reporter constructs.
Ten nanograms of the pRL-TK vector (Promega) was also
transfected as an internal control reporter. Cells were har-
vested 24 h after transfection, and lysates were analyzed using
the Dual-Luciferase reporter assay system (Promega) with
Table 2
Primer sets for plasmid construction

Gene

Human ABCC4 upstream
Forward for −1651 bp
Reverse for +70 bp

Human ABCC4 30UTR
Forward for +1 bp
Reverse for +1741 bp
Reverse for +1192 bp
Reverse for +553 bp

Human ABCC4 30UTR mutation
Forward
Reverse

Human circHIPK3 expression into pcDNA3.1
Forward
Reverse

Human circHIPK3 expression into pLVSIN-CMV Pur
Forward
Reverse

Human circHIPK3 expression mutation
Forward
Reverse

Human ADAR1 E617A-mut
Forward
Reverse

Human ADAR1 EAA-mut#1
Forward
Reverse

Human ADAR1 EAA-mut#2
Forward
Reverse

Human ADAR1 EAA-mut#3
Forward
Reverse

The numbers indicate the distance from the transcription site (+1) for the upstream vect
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Berthold Lumat3 LB9508 (Berthold Japan Co, Ltd). The ratio
of firefly (derived from pGL4.25 and pGL4.13 reporter con-
structs) to Renilla (derived from pRL-TK) luciferase activity in
each sample served as a measure of normalized luciferase
activity.

miRNA microarray analysis

Total RNA was extracted from mock-transduced and
ADAR1-KD RPTECs using the miRNeasy Mini Kit (QIAGEN).
The quality of the RNA was checked with Experion (Bio-Rad).
In total, 2549 miRNAs were scanned on the SurePrint miRNA
Microarray rel. 21 (Agilent Technologies). To identify upre-
gulated or downregulated miRNAs, we calculated ratios and
Z-scores from the normalized signal intensities of each probe.
Two criteria were set as follows: for upregulated miRNAs, a
ratio of 2.0-fold or Z-score of 2.0; for downregulated miRNAs,
a ratio of 0.5-fold or Z-score of -2.0. The full data have been
deposited in National Center for Biotechnology Information
gene expression omnibus (Accession#: GSE192692).

Overexpression of ADAR1 with electroporation

The suspension of RPTECs (1.0 × 106 cells) was mixed with
10 μg of ADAR1-expression plasmids or pcDNA3.1 in Opti-
MEM I Reduced Serum Medium (Thermo Fisher Scientific).
The cells–plasmids suspension was then transferred to a
cuvette, and the plasmids were transferred to the cells by
electroporation using Super Electroporator NEPA21 (NEPA
GENE, Co, Ltd). Poring pulses were applied at 175 V (pulse
length, 5 ms; pulse interval, 50 ms; number of pulses, 2; decay
Primers

50-CGTGGTACCCAGGGTGGATATGAAGAGCAGC-30
50-ATAGCTAGCCCTGGACCTCAAGCAGGGATG-30

50-GCGCTCTAGAATCCAACCAAAATGTCAAGTC-30
50-TAGGCCGGCCATGGAGATGAAAACTATCATTTA-30
50-TAGGCCGGCCACTCAACATATTACAGCCAC-30
50-TAGGCCGGCCGGTACACACTCCCTACTA-30

50-TTGTACGCGTACATATATTTGTCCTTCG-30
50-TGTACGCGTACAAATGCACACGTG-30

50-CGTGCTAGCTGAGGCAATTCTTGGGCTTTAGG-30
50-CGCGGTACCAGTCACGGGAGCCAAAGAAGTAT-30

50-CGGCTCTAGATGAGGCAATTCTTGGGCTTTAGG-30
50-ATTGCGGCCGCAGTCACGGGAGCCAAAGAAGTAT-30

50-CTCTACTAGGGATAACAAAAATTAGCTGG-30
50-TGTTATCCCTAGTAGAGATGGGGGTTT-30

50-CATGCAGCAATAATCTCCCGGAGAG-30
50-GATTATTGCTGCATGGCAGTCATTGAC-30

50-GAGGCCGTGGCGGCGCAGGATGCAGCTATGA-30
50-CGCCGCCACGGCCTCGCTTCCAGCTTCAG-30

50-GAGGCAGTGGCAGCGCAGATGGCCGCAGA-30
50-CGCTGCCACTGCCTCGCTGGGAGCACTCAC-30

50-GAGGCCCAAGGGGCGCAGGAAGCAGCAGATG-30
50-CGCCCCTTGGGCCTCGCTGTGTGCGCAG-30

or or from the stop codon (+1) for the 30UTR vector.
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rate, 10%), followed by transfer pulses at 20 V (pulse length, 50
ms; pulse interval, 50 ms; number of pulses, 5; decay rate,
40%).

In silico prediction of RNA secondary structure

The secondary structure of the human HIPK3 pre-mRNA
was predicted using RNAfold (66), which computes the
minimum free energy and predicts an optional secondary
structure (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi). The range from −630 to +2060 of HIPK3
exon 2 was input as data with all default options.

RNA immunoprecipitation

RPTECs were infected with lentiviral particles expressing
precursor of circHIPK3. The lentivirus particles were prepared
by the Lentiviral High Titer Packaging Mix with Lenti-X 293T
Cell Line (Takara Bio Inc). Forty-eight hours after trans-
duction, cells were collected and lysed in 1 ml of nuclear
isolation buffer (1.28 M sucrose, 40 mM Tris-HCl pH 7.5,
20 mM MgCl2, and 4% Triton X-100). After the addition of
1 ml of PBS and 3 ml of distilled water to lysates, they were
centrifuged at 2500g for 15 min at 4 �C, and resuspended in
RIP buffer (150 mM KCl, 25 mM Tris-HCl pH 7.4, 5 mM
EDTA, 0.5 mM dithiothreitol, 0.5% Nonidet P-40, 2 μg/ml of
leupeptin, 2 μg/ml of aprotinin, and 100 U/ml of recombinant
RNase inhibitor (TOYOBO Co, Ltd). The resuspended nuclei
were homogenized and centrifuged at 13,000 rpm for 10 min,
and the supernatant was then incubated with anti-ADAR1
antibody (sc-73408; Santa Cruz Biotechnology) or mouse
IgG (Fujifilm Wako Pure Chemical) for 2 h at 4 �C with gentle
rotation, followed by incubation with protein G beads
(Thermo Fisher Scientific) for 1 h at 4 �C. Then, the beads
were washed with RIP buffer three times. A total of 10% of
beads was used for protein elution, while the rest was sub-
jected to RNA extraction using QIAzol Lysis Reagent and
miRNeasy Mini Kit (QIAGEN) and used for quantitative RT-
PCR (qRT-PCR) analysis as mentioned above. During RNA
extraction from immunoprecipitants, DNase treatment was
conducted to avoid contamination of the genomic DNA. %
Input = 2−ΔCt × 100: ΔCt = CtRIP − [Ctinput − Log2(input
dilution factor)]. Sequences of primers for amplification of the
precursor of circHIPK3 (pre-circHIPK3) are listed in Table 1.

Direct sequencing

RPTECs were infected with lentiviral particles expressing
the precursor of circHIPK3. RNA was extracted using the
ReliaPrep RNA Cell Miniprep system (Promega) and treated
with DNase I on columns. A total of 500 ng of RNA was used
for cDNA synthesis with ReverTra Ace qPCR RT Kit
(TOYOBO Co, Ltd). DNA was extracted using the Wizard
Genomic DNA Purification Kit (Promega). The cDNA and
DNA were amplified by the GoTaq Green Master Mix
(Promega) with primers listed in Table 1. The PCR-amplified
products were analyzed by Sanger sequencing using the
same forward primer used in the PCR (Human pre-circHIPK3
in Table 1). Electropherograms were aligned using SnapGene
Viewer (https://www.snapgene.com/snapgene-viewer/).

Statistical analysis

All statistical analyses were carried out using JMP pro 14
(SAS institute Japan). The significance of differences among
groups was analyzed by ANOVA, followed by Tukey–Kramer’s
and Dunnett’s post hoc test. The unpaired t test was used for
the comparison of data between two groups. Equal variances
were not formally tested. A 5% level of probability was
considered to be significant.

Data availability

All data supporting the results of the present study are
included in the article. The full data of microarray analysis
were deposited in National Center for Biotechnology Infor-
mation gene expression omnibus (Accession#: GSE192692).

Supporting information—This article contains supporting
information.

Acknowledgments—We appreciate the technical assistance from
The Research Support Center, Research Center for Human Disease
Modeling, Kyushu University Graduate School of Medical Sciences.
This work was supported in part by the Platform Project for Sup-
porting Drug Discovery, and Life Science Research [Basis for Sup-
porting Innovative Drug Discovery and Life Science Research
(BINDS)] from AMED, Japan (Grant Number JP22 am0101091).

Author contributions—Y. O., S. K., and S. O. conceptualization; Y.
O., M. O., M. H., A. T., and N. M. methodology; M. O. and S. K.
validation; Y. O. formal analysis; Y. O., M. O., M. H., A. T., and N.
M. investigation; Y. O. and S. K. resources; Y. O. writing – original
draft; S. K. and S. O. writing – review & editing; Y. O. visualization;
S. K. and S. O. supervision; S. K. project administration; Y. O., S. K.,
and S. O. funding acquisition.

Funding and additional information—This work was supported in
part by JSPS, Japan KAKENHI Grant (22J10956 to Y. O.), JST, Japan
SPRING (JPMJSP2136 to Y. O.), a Grant-in-Aid for Scientific
Research A (18H04019 to S. K.), and a Grant-in-Aid for Scientific
Research A (22H00442 to S. O.).

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: A-to-I, adenosine-to-
inosine; circRNA, circular RNA; dsRBD, dsRNA-binding domain;
MRP4, multidrug resistance–associated protein 4; OX, over-
expressing; RBP, RNA-binding protein; RIP, RNA immunoprecipi-
tation; RPTEC, renal proximal tubular epithelial cell.

References

1. van Aubel, R. A. M. H., Smeets, P. H. E., Peters, J. G. P., Bindels, R. J. M.,
and Russel, F. G. M. (2002) The MRP4/ABCC4 gene encodes a novel
apical organic anion transporter in human kidney proximal tubules: pu-
tative efflux pump for urinary cAMP and cGMP. J. Am. Soc. Nephrol. 13,
595–603
J. Biol. Chem. (2022) 298(8) 102184 13

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
https://www.snapgene.com/snapgene-viewer/
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref1
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref1
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref1
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref1
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref1


Posttranscriptional regulation of MRP4 expression by ADAR1
2. Belinsky, M. G., Guo, P., Lee, K., Zhou, F., Kotova, E., Grinberg, A., et al.
(2007) Multidrug resistance protein 4 protects bone marrow, thymus,
spleen, and intestine from nucleotide analogue-induced damage. Cancer
Res. 67, 262–268

3. Nies, A. T., Jedlitschky, G., König, J., Herold-Mende, C., Steiner, H. H.,
Schmitt, H.-P., et al. (2004) Expression and immunolocalization of the
multidrug resistance proteins, MRP1–MRP6 (ABCC1–ABCC6), in hu-
man brain. Neuroscience 129, 349–360

4. Leggas, M., Adachi, M., Scheffer, G. L., Sun, D., Wielinga, P., Du, G., et al.
(2004) Mrp4 confers resistance to topotecan and protects the brain from
chemotherapy. Mol. Cell. Biol. 24, 7612–7621

5. Wen, J., Luo, J., Huang, W., Tang, J., Zhou, H., and Zhang, W. (2015) The
pharmacological and physiological role of multidrug-resistant protein 4.
J. Pharmacol. Exp. Ther. 354, 358–375

6. Borel, F., Han, R., Visser, A., Petry, H., van Deventer, S. J. H., Jansen, P. L.
M., et al. (2012) Adenosine triphosphate-binding cassette transporter
genes up-regulation in untreated hepatocellular carcinoma is mediated by
cellular microRNAs. Hepatology 55, 821–832

7. Fabian, M. R., Sonenberg, N., and Filipowicz, W. (2010) Regulation of
mRNA translation and stability by microRNAs. Annu. Rev. Biochem. 79,
351–379

8. Haenisch, S., Werk, A. N., and Cascorbi, I. (2014) MicroRNAs and their
relevance to ABC transporters. Br. J. Clin. Pharmacol. 77, 587–596

9. Bao, L., Hazari, S., Mehra, S., Kaushal, D., Moroz, K., and Dash, S. (2012)
Increased expression of P-glycoprotein and doxorubicin chemoresistance
of metastatic breast cancer is regulated by miR-298. Am. J. Pathol. 180,
2490–2503

10. Markova, S. M., and Kroetz, D. L. (2014) ABCC4 is regulated by
microRNA-124a and microRNA-506. Biochem. Pharmacol. 87, 515–522

11. Chen, L.-L., and Yang, L. (2015) Regulation of circRNA biogenesis. RNA
Biol. 12, 381–388

12. Hansen, T. B., Jensen, T. I., Clausen, B. H., Bramsen, J. B., Finsen, B.,
Damgaard, C. K., et al. (2013) Natural RNA circles function as efficient
microRNA sponges. Nature 495, 384–388

13. Memczak, S., Jens, M., Elefsinioti, A., Torti, F., Krueger, J., Rybak, A., et al.
(2013) Circular RNAs are a large class of animal RNAs with regulatory
potency. Nature 495, 333–338

14. Chen, L. L. (2020) The expanding regulatory mechanisms and cellular
functions of circular RNAs. Nat. Rev. Mol. Cell Biol. 21, 475–490

15. Zhang, X.-O., Wang, H.-B., Zhang, Y., Lu, X., Chen, L.-L., and Yang, L.
(2014) Complementary sequence-mediated exon circularization. Cell
159, 134–147

16. Vo, J. N., Cieslik, M., Zhang, Y., Shukla, S., Xiao, L., Zhang, Y., et al.
(2019) The landscape of circular RNA in cancer. Cell 176, 869–881.e13

17. Starke, S., Jost, I., Rossbach, O., Schneider, T., Schreiner, S., Hung, L. H.,
et al. (2015) Exon circularization requires canonical splice signals. Cell
Rep. 10, 103–111

18. Zhang, Y., Xue, W., Li, X., Zhang, J., Chen, S., Zhang, J.-L., et al. (2016)
The biogenesis of nascent circular RNAs. Cell Rep. 15, 611–624

19. Jeck, W. R., Sorrentino, J. A., Wang, K., Slevin, M. K., Burd, C. E., Liu, J.,
et al. (2013) Circular RNAs are abundant, conserved, and associated with
ALU repeats. RNA 19, 141–157

20. Conn, S. J., Pillman, K. A., Toubia, J., Conn, V. M., Salmanidis, M.,
Phillips, C. A., et al. (2015) The RNA binding protein quaking regulates
formation of circRNAs. Cell 160, 1125–1134

21. Rybak-Wolf, A., Stottmeister, C., Gla�zar, P., Jens, M., Pino, N., Giusti, S.,
et al. (2015) Circular RNAs in the mammalian brain are highly abundant,
conserved, and dynamically expressed. Mol. Cell 58, 870–885

22. Ivanov, A., Memczak, S., Wyler, E., Torti, F., Porath, H. T., Orejuela, M.
R., et al. (2015) Analysis of intron sequences reveals hallmarks of circular
RNA biogenesis in animals. Cell Rep. 10, 170–177

23. Nishikura, K. (2010) Functions and regulation of RNA editing by ADAR
deaminases. Annu. Rev. Biochem. 79, 321–349

24. Eisenberg, E., and Levanon, E. Y. (2018) A-to-I RNA editing — immune
protector and transcriptome diversifier. Nat. Rev. Genet. 19, 473–490

25. Nishikura, K., Yoo, C., Kim, U., Murray, J. M., Estes, P. A., Cash, F. E.,
et al. (1991) Substrate specificity of the dsRNA unwinding/modifying
activity. EMBO J. 10, 3523–3532
14 J. Biol. Chem. (2022) 298(8) 102184
26. Eggington, J. M., Greene, T., and Bass, B. L. (2011) Predicting sites of
ADAR editing in double-stranded RNA. Nat. Commun. 2, 319

27. Shi, L., Yan, P., Liang, Y., Sun, Y., Shen, J., Zhou, S., et al. (2017) Circular
RNA expression is suppressed by androgen receptor (AR)-regulated
adenosine deaminase that acts on RNA (ADAR1) in human hepatocel-
lular carcinoma. Cell Death Dis. 8, e3171

28. Ma, C., Wang, X., Yang, F., Zang, Y., Liu, J., Wang, X., et al. (2020)
Circular RNA hsa_circ_0004872 inhibits gastric cancer progression via
the miR-224/Smad4/ADAR1 successive regulatory circuit. Mol. Cancer
19, 157

29. Shen, P., Yang, T., Chen, Q., Yuan, H., Wu, P., Cai, B., et al. (2021)
CircNEIL3 regulatory loop promotes pancreatic ductal adenocarcinoma
progression via miRNA sponging and A-to-I RNA-editing. Mol. Cancer
20, 51

30. Omata, Y., Yamauchi, T., Tsuruta, A., Matsunaga, N., Koyanagi, S., and
Ohdo, S. (2021) RNA editing enzyme ADAR1 governs the circadian
expression of P-glycoprotein in human renal cells by regulating alterna-
tive splicing of the ABCB1 gene. J. Biol. Chem. 296, 100601

31. Agarwal, V., Bell, G. W., Nam, J.-W., and Bartel, D. P. (2015) Pre-
dicting effective microRNA target sites in mammalian mRNAs. Elife 4,
e05005

32. Peltier, H. J., and Latham, G. J. (2008) Normalization of microRNA
expression levels in quantitative RT-PCR assays: identification of suitable
reference RNA targets in normal and cancerous human solid tissues. RNA
14, 844–852

33. Zhang, P.-F., Pei, X., Li, K.-S., Jin, L.-N., Wang, F., Wu, J., et al. (2019)
Circular RNA circFGFR1 promotes progression and anti-PD-1 resistance
by sponging miR-381-3p in non-small cell lung cancer cells. Mol. Cancer
18, 179

34. Gu, F., Zhang, J., Yan, L., and Li, D. (2020) CircHIPK3/miR-381-3p axis
modulates proliferation, migration, and glycolysis of lung cancer cells by
regulating the AKT/mTOR signaling pathway. Open Life Sci. 15,
683–695

35. Bi, L., Zhang, C., Yao, Y., and He, Z. (2021) Circ-HIPK3 regulates YAP1
expression by sponging miR-381-3p to promote oral squamous cell car-
cinoma development. J. Biosci. 46, 20

36. Liang, D., and Wilusz, J. E. (2014) Short intronic repeat sequences
facilitate circular RNA production. Genes Dev. 28, 2233–2247

37. Wu, W., Ji, P., and Zhao, F. (2020) CircAtlas: an integrated resource of
one million highly accurate circular RNAs from 1070 vertebrate tran-
scriptomes. Genome Biol. 21, 101

38. Li, J.-H., Liu, S., Zhou, H., Qu, L.-H., and Yang, J.-H. (2014) starBase v2.0:
decoding miRNA-ceRNA, miRNA-ncRNA and protein–RNA interaction
networks from large-scale CLIP-Seq data. Nucleic Acids Res. 42,
D92–D97

39. Panda, A., and Gorospe, M. (2018) Detection and analysis of circular
RNAs by RT-PCR. Bio Protoc. 8, e2775

40. Chen, T., Xiang, J. F., Zhu, S., Chen, S., Yin, Q. F., Zhang, X. O., et al.
(2015) ADAR1 is required for differentiation and neural induction by
regulating microRNA processing in a catalytically independent manner.
Cell Res. 25, 459–476

41. Sakurai, M., Shiromoto, Y., Ota, H., Song, C., Kossenkov, A. V., Wick-
ramasinghe, J., et al. (2017) ADAR1 controls apoptosis of stressed cells by
inhibiting Staufen1-mediated mRNA decay. Nat. Struct. Mol. Biol. 24,
534–543

42. Lai, F., Drakas, R., and Nishikura, K. (1995) Mutagenic analysis of double-
stranded RNA adenosine deaminase, a candidate enzyme for RNA editing
of glutamate-gated ion channel transcripts. J. Biol. Chem. 270,
17098–17105

43. Baker, A. R., and Slack, F. J. (2022) ADAR1 and its implications in cancer
development and treatment. Trends Genet. https://doi.org/10.1016/j.tig.
2022.03.013

44. Valente, L., and Nishikura, K. (2007) RNA binding-independent dimer-
ization of adenosine deaminases acting on RNA and dominant negative
effects of nonfunctional subunits on dimer functions. J. Biol. Chem. 282,
16054–16061

45. Chen, L. L. (2016) The biogenesis and emerging roles of circular RNAs.
Nat. Rev. Mol. Cell Biol. 17, 205–211

http://refhub.elsevier.com/S0021-9258(22)00626-3/sref2
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref2
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref2
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref2
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref3
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref3
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref3
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref3
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref4
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref4
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref4
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref5
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref5
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref5
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref6
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref6
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref6
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref6
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref7
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref7
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref7
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref8
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref8
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref9
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref9
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref9
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref9
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref10
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref10
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref11
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref11
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref12
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref12
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref12
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref13
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref13
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref13
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref14
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref14
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref15
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref15
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref15
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref16
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref16
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref17
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref17
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref17
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref18
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref18
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref19
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref19
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref19
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref20
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref20
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref20
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref21
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref21
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref21
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref21
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref22
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref22
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref22
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref23
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref23
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref24
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref24
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref25
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref25
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref25
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref26
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref26
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref27
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref27
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref27
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref27
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref28
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref28
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref28
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref28
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref29
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref29
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref29
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref29
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref30
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref30
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref30
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref30
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref31
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref31
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref31
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref32
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref32
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref32
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref32
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref33
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref33
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref33
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref33
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref34
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref34
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref34
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref34
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref35
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref35
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref35
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref36
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref36
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref37
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref37
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref37
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref38
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref38
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref38
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref38
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref39
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref39
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref40
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref40
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref40
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref40
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref41
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref41
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref41
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref41
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref42
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref42
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref42
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref42
https://doi.org/10.1016/j.tig.2022.03.013
https://doi.org/10.1016/j.tig.2022.03.013
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref44
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref44
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref44
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref44
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref45
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref45


Posttranscriptional regulation of MRP4 expression by ADAR1
46. Zheng, Q., Bao, C., Guo, W., Li, S., Chen, J., Chen, B., et al. (2016)
Circular RNA profiling reveals an abundant circHIPK3 that regulates cell
growth by sponging multiple miRNAs. Nat. Commun. 7, 1–13

47. Picardi, E., D’Erchia, A. M., Lo Giudice, C., and Pesole, G. (2017)
REDIportal: a comprehensive database of A-to-I RNA editing events in
humans. Nucleic Acids Res. 45, D750–D757

48. Xu, S., Weerachayaphorn, J., Cai, S.-Y., Soroka, C. J., and Boyer, J. L.
(2010) Aryl hydrocarbon receptor and NF-E2-related factor 2 are key
regulators of human MRP4 expression. Am. J. Physiol. Liver Physiol. 299,
G126–G135

49. Moffit, J. S., Aleksunes, L. M., Maher, J. M., Scheffer, G. L., Klaassen, C.
D., and Manautou, J. E. (2006) Induction of hepatic transporters multi-
drug resistance-associated proteins (Mrp) 3 and 4 by clofibrate is regu-
lated by peroxisome proliferator-activated receptor alpha. J. Pharmacol.
Exp. Ther. 317, 537–545

50. Yang, X., Ruan, H., Hu, X., Cao, A., and Song, L. (2017) miR-381-3p
suppresses the proliferation of oral squamous cell carcinoma cells by
directly targeting FGFR2. Am. J. Cancer Res. 7, 913–922

51. Jiang, X., Yu, M., Zhu, T., Lou, L., Chen, X., Li, Q., et al. (2020) Kcnq1ot1/
miR-381-3p/ETS2 axis regulates inflammation in mouse models of acute
respiratory distress syndrome. Mol. Ther. Nucleic Acids 19, 179–189

52. Yi, D., Xu, L., Wang, R., Lu, X., and Sang, J. (2019) miR-381 overcomes
cisplatin resistance in breast cancer by targeting MDR1. Cell Biol. Int. 43,
12–21

53. Li, X., Liu, C.-X., Xue, W., Zhang, Y., Jiang, S., Yin, Q.-F., et al. (2017)
Coordinated circRNA biogenesis and function with NF90/NF110 in viral
infection. Mol. Cell 67, 214–227.e7

54. You, X., Vlatkovic, I., Babic, A., Will, T., Epstein, I., Tushev, G., et al.
(2015) Neural circular RNAs are derived from synaptic genes and regu-
lated by development and plasticity. Nat. Neurosci. 18, 603–610

55. Salmena, L., Poliseno, L., Tay, Y., Kats, L., and Pandolfi, P. P. (2011)
A ceRNA hypothesis: the rosetta stone of a hidden RNA language? Cell
146, 353–358
56. Stoll, L., Sobel, J., Rodriguez-Trejo, A., Guay, C., Lee, K., Venø, M. T.,
et al. (2018) Circular RNAs as novel regulators of β-cell functions in
normal and disease conditions. Mol. Metab. 9, 69–83

57. Hu, H., Wang, Y., Qin, Z., Sun, W., Chen, Y., Wang, J., et al. (2021)
Regulation of MRP4 expression by circHIPK3 via sponging miR-124-3p/
miR-4524-5p in hepatocellular carcinoma. Biomedicines 9, 497

58. Landgraf, P., Rusu, M., Sheridan, R., Sewer, A., Iovino, N., Aravin, A.,
et al. (2007) A mammalian microRNA expression atlas based on small
RNA library sequencing. Cell 129, 1401–1414

59. Ludwig, N., Leidinger, P., Becker, K., Backes, C., Fehlmann, T., Pallasch,
C., et al. (2016) Distribution of miRNA expression across human tissues.
Nucleic Acids Res. 44, 3865–3877

60. Li, W., Shan, B., Cheng, X., He, H., Qin, J., Zhao, H., et al. (2022) circRNA
Acbd6 promotes neural stem cell differentiation into cholinergic neurons
via the miR-320-5p-Osbpl2 axis. J. Biol. Chem. 298, 101828

61. Zheng, W., Sun, L., Yang, L., and Xu, T. (2021) The circular RNA
circBCL2L1 regulates innate immune responses via microRNA-
mediated downregulation of TRAF6 in teleost fish. J. Biol. Chem.
297, 101199

62. Kim, C. K., and Pak, T. R. (2020) miRNA degradation in the mammalian
brain. Am. J. Physiol. Cell Physiol. 319, C624–C629

63. Kawahara, Y., Zinshteyn, B., Sethupathy, P., Iizasa, H., Hatzigeorgiou, A.
G., and Nishikura, K. (2007) Redirection of silencing targets by adenosine-
to-inosine editing of miRNAs. Science 315, 1137–1140

64. Kawahara, Y., Zinshteyn, B., Chendrimada, T. P., Shiekhattar, R., and
Nishikura, K. (2007) RNA editing of the microRNA-151 precursor blocks
cleavage by the Dicer–TRBP complex. EMBO Rep. 8, 763–769

65. Dong, R., Ma, X.-K., Chen, L.-L., and Yang, L. (2017) Increased
complexity of circRNA expression during species evolution. RNA Biol. 14,
1064–1074

66. Lorenz, R., Bernhart, S. H., zu Siederdissen, C. H., Tafer, H., Flamm, C.,
Stadler, P. F., et al. (2011) ViennaRNA package 2.0. Algorithms Mol. Biol.
6, 26
J. Biol. Chem. (2022) 298(8) 102184 15

http://refhub.elsevier.com/S0021-9258(22)00626-3/sref46
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref46
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref46
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref47
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref47
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref47
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref48
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref48
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref48
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref48
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref49
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref49
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref49
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref49
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref49
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref50
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref50
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref50
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref51
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref51
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref51
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref52
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref52
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref52
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref53
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref53
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref53
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref54
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref54
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref54
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref55
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref55
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref55
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref56
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref56
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref56
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref57
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref57
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref57
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref58
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref58
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref58
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref59
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref59
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref59
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref60
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref60
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref60
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref61
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref61
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref61
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref61
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref62
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref62
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref63
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref63
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref63
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref64
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref64
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref64
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref65
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref65
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref65
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref66
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref66
http://refhub.elsevier.com/S0021-9258(22)00626-3/sref66

	RNA editing enzyme ADAR1 controls miR-381-3p-mediated expression of multidrug resistance protein MRP4 via regulation of cir ...
	Results
	Downregulation of ADAR1 increases the expression of MRP4 through the 3′UTR of ABCC4 mRNA in human RPTECs
	miR-381-3p is involved in the ADAR1-mediated translational regulation of ABCC4 gene
	circHIPK3 mediates the ADAR1-induced regulation of miR-381-3p levels
	ADAR1 regulates the expression of MRP4 with its RNA editing and dsRNA binding ability
	ADAR1 suppresses circHIPK3 formation by inhibiting base pairing in its precursor RNA

	Discussion
	Experimental procedures
	Cell culture and treatment
	Construction of ADAR1-KD RPTECs
	Western blotting
	Quantitative and qualitative RT-PCR analysis for mRNA and circRNA
	Quantitative RT-PCR analysis for miRNA
	Plasmid construction
	Luciferase reporter assay
	miRNA microarray analysis
	Overexpression of ADAR1 with electroporation
	In silico prediction of RNA secondary structure
	RNA immunoprecipitation
	Direct sequencing
	Statistical analysis

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


