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Role of MicroRNAs in the Regulation of Cytochrome P450s and Transcriptional Factors
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MicroRNAs (miRNAs) are endogenous ~22-nucleotide non-coding RNAs that regulate gene expression through
the translational repression or degradation of target mRNAs. The human genome contains over 1400 miRNAs and over
602% of human mRNAs are predicted to be targets of miRNAs. The miRNAs have roles in fine-tuning the expression of
their target genes forming intricate networks. Research on miRNA is growing exponentially, and it is now clear that
miRNAs can potentially regulate every aspect of cellular processes such as differentiation, proliferation and apoptosis as
well as a large range of physiological processes such as development, immune response, metabolism, tumor formation,
and disease development. The roles of miRNAs in the metabolism of xenobiotics and endobiotics have only recently
been revealed. This review describes the current knowledge on the regulation of cytochrome P450s and transcriptional
factors by miRNAs, and its physiological and clinical significance, which were disclosed in our studies. The miRNA ex-
pression is readily altered by chemicals, carcinogens, drugs, hormones, stress, or diseases, and the dysregulation of
specific miRNAs might lead to changes in the drug metabolism potency or pharmacokinetics as well as pathophysiologi-
cal changes. Utilizing miRNAs opens a new era in the fields of drug metabolism and pharmacokinetics as well as toxicol-
ogy.
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sor microRNA (pre-miRNA) &72%. =D, pre-
miRNA 13 Exportin-5 % /7 U CHEfUEIZHHE S N
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2 (Ago2), tar-RNA-binding proteins (TRBP) 7 & T
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bhd. Lnl, TOXIEHTIE, miRNA OE
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I R % Jurkat #if11Z pre-miR-27b & & HITHE AT
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2). —7, miR-27b OFEH & D&y MCF-7 g iz
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Fig. 1. Homology between Human, Mouse, and Rat CYP1B1 mRNAs and the Predicted Target Sequences of miR-27b
CYP1B1 mRNAs in human, mouse, and rat are ~5 kb in length and consist of three exons. The numbering refers to the translation start site as 1. The sequence
of MRE27b is located on +4358 to 44381 in the 3’-UTR of human CYP1BI1. Highly conserved regions are shown in gray color. Bold letters: seed sequence.
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Fig. 2. Luciferase Assay with Reporter Constructs Containing MRE27b or 3’-UTR of Human CYPI1BI in Jurkat or MCF-7 Cells
A series of reporter constructs was transfected into Jurkat cells with precursor for miR-27b or control, or into MCF-7 cells with AsO for miR-27b or control.
Values are expressed as percentages of the relative luciferase activity of pGL3 promoter plasmid. Each column represents the mean=+S.D. of three independent ex-

periments. *p<(0.05.

I —ECIEMHIZEMEZ R L 7275, miR-27b IZx9 %
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Expression of miR-27b in Human Breast Cancerous and Adjacent Noncancerous Tissues (A) and the Relationship between

the Expression Levels of miR-27b and CYP1B1 Protein Level in Human Breast Cancer (B)
The expression levels of pre-miR-27b and CYP1BI protein were determined by real-time RT-PCR and immunostaining, respectively. *p<{0.05, **p<{0.01, ***

p<0.001.
Human VDR mRNA
161 1444 MRE125b 4669
G7mpppG —| ORF Poly A
1786 to 1813
Human 5'-ACAGGAGAAAUGCAUCCAUUCCUCAGGGACAG-3'
Mouse 5'-GCAGAAGAGAUGAGUCCAUUCCUCAGGGACAG-3'
Rat 5'-GCAGAAGAGACGCAUUCACUCCUCAGGGACAG-3"'
Dog 5'-ACAGGAGAAAUGCAUCCAUCCCUCAGGGACAG-3"'
NN | IRRRERRRE
hsa-miR-125b 3' AGUGUUC---A-AU--CCCA-GAGUCCCU 5'
Fig. 4. Schematic Representation of Human VDR mRNA and the Predicted Target Sequence of miR-125b

The numbering refers to the 5'-end of mRNA as 1. The sequence of MRE125b is located on +1786 to + 1813 in the 3’-UTR of human VDR. Highly conserved

sequence is shown in gray color. Bold letters: seed sequence.

The author acknowledges permission of John Wiley & Sons for use of this figure from our previous paper.?
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miR-125b 7 VDR O F Bz il il L T\ % g% %=
el 725 —t7 vt1izkD MRE125b
DEERERIC BN TN D Z EMRE N, miR-125b
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Fig. 5. Electrophretic Mobility Shift Assay to Evaluate the Endogenous VDR Protein Level

The 32P labeled probe containing the VDRE in human CYP24 promoter was incubated with in vifro-synthesized VDR (rVDR) and RXRa (rRXRa) or the
nuclear extract prepared from the precursors for miR-125b or control-transfected MCF-7 cells (A). The mature miR-125b level was determined by real-time RT-
PCR analysis (B). The relative density of the shifted band including VDR/RXRa complex was shown as the mean=+S.D. of three independent experiments (C).

%D <0.001.

The author acknowledges permission of John Wiley & Sons for use of this figure from our previous paper.?
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VDR QU N> RTHD 1a,25-P ROFT EF I
> Dy DAEIZKD, ENELRT THS CYP24
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125b I X D FEICHH /- (Fig. 6). LI EXD,
t b VDR 7% miR-125b iC & o> THEHE S TN
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F-ERE N 12, CYP24 OBl $H miR-125b
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Fig. 6. Induction of CYP24 mRNA in MCF-7 cells by 1¢,25-
dihydroxyvitamin Dj

The precursors for miR-125b or control (50 nm) were transfected into
MCE-7 cells. After 72 h, the cells were treated with 100 nm 1e,25-dihydrox-
yvitamin D; or 0.1% ethanol (vehicle) for 24 h and then CYP24 mRNA lev-
els were determined by real-time RT-PCR and normalized with the GAPDH
mRNA level. Each column represents the mean+S.D. of three independent
experiments. *p<(0.05, ***p<0.001.

The author acknowledges permission of John Wiley & Sons for use of
this figure from our previous paper.?
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8.5 T ® The precursors for miR-125b or control (20 nm) were transfected into
g‘% 1.0 1.0 MCEF-7 cells. After 24 h, the cells were treated with 1 um 1e,25-dihydrox-
< & yvitamin D; or 0.1% ethanol (vehicle) for 48-96 h and then crystal violet as-
E says were performed. Values are expressed as percentages change in growth
5 0.5 0.5 relative to the cell viability in the precursor for control-transfected cells in the
absence of lo,25-dihydroxyvitamin D; after 48 h incubation. Each point
represents the mean +S.D. of three independent experiments. *p<0.05, **p
0.0 0.0 <0.01, ***p<C0.001, compared with the vehicle. p<0.05, *p<0.01, "p<
Control AsO for Control Pr?i{:ulriggfor 0.001, compared with the precursor for control.
miR-125b miR-

Fig. 7. Effects of miR-125b on the Endogenous CYP24 Pro-
tein Level in KGN or MCF-7 Cells

AsO for miR-125b or control (2.5 pmol/4 X105 cells) were transfected
into KGN cells and precursors for miR-125b or control (84 pmol/1.68 X103
cells) were transfected into MCF-7 cells. After 72 h, total RNA and whole
cell lysate were prepared. The expression levels of mature miR-125b were de-
termined by Northern blot analysis (A). The expression levels of CYP24
protein were determined by Western blot analysis and normalized with S-ac-
tin protein level (B). Each column represents the mean+S.D. of three in-
dependent experiments. *p<(0.05, ***p<0.005

This figure is from our previous paper® with permission of The Ameri-
can Society for Pharmacology and Experimental Therapeutics.
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ICBSEE T S fragile site FICEHET S &5, DNA
I —BOBRENERFEREZEZAENTVWS .Y
miR-125b |3 pre-miR-125b-1 & pre-miR-125b-2 O 2
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EETFIEZENEN 11q24.1 & 21ql12 10 H 5.
1192324 1 3E.23 A, IIEDN A, BB AIRETRE
L5<,0721q11-21 BN A, BEDA, BN
o, IREEDS A, DS A7e ETREL G WHEEETH
%.9 Z D71 miR-125b O FEH BN AR T
KFLTWBHDEEZSND.

CYP24 I3IEHRIE S 2 > D @ 24 fL/KEE AL S
L, RIEMAT5BETHD. EHEEES

The author acknowledges permission of John Wiley & Sons for use of
this figure from our previous paper.?

> Dy O RFEIT N VDR EREMHALICHRD
% CYP24 78 & H1Z miR-125b 12 & D HlfHl S T
H5ZEMHASHITRYD, ENNREFYI D3 IZLD
M EEIHEIERIC EO X D kiR 2 -5 T hn
SERICHR > /=, % 2T, MCF-7 #ifig @ HEHfRE % 31
fid3ZETRAMLAEEZA, HIRHEMHAER 1o,25-
PEROFIEY I D ICLDFEEICHHE SN,
Z D MHIZHEIL pre-miR-125b DEAIC I DK T L
7z (Fig. 8). L7=h>T, ZOEKREZMAETFTIZ
miR-125b {3 VDR (Z3f 9 % #2552 8 Se i IR
T EMNHSNZIE >, TRODENAMMTIE
miR-125b OFEHME T L TH O, VDR 24 L7z
JE TV F 2 B K & 8 5 AR BA RS Y B Y T 2 1]
RetEME A 5Nk,

6. miR-148a (CL 2 /L /T X &K (PXR)
DORBEE & CYPIAL RIFEADEEY)

t b CYP3A4 [T K OVNZICm < FBH L, &
A DK 50% 1ITBI 59 % i © HE IR KW AH
£ Tdh 2. CYP3A4 DIBIE0REHEIEMEICIE 100
BEEORERM[AENRD SNDN, BELETLE
THREAZEZFFATER . EHE 513 CYP3A4 &
TORBUCHBERRENZRZIT T VLT > X 2R
f& (pregnane X receptor, PXR) @ 3’-UTR 23
L T miR-148a BB HIMNFEET H 2 &2 N L
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Fig. 9. Schematic Representation of Human PXR and CYP3A4 mRNAs and the Predicted Target Sequence of miR-148a
The numbering refers to the 5"-end of mRNA as 1. The sequence of MRE148a is located on +3359 to 43386 in the 3’-UTR of human PXR mRNA and + 1745

to +1767 in the 3’-UTR of human CYP3A4 mRNA. Bold letters: seed sequence.
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Fig. 10.

Cells

A series of reporter constructs was transfected into HEK293 cells with precursor for miR-148a or control, or into HepG2 cells with AsO for miR-148a or con-

trol. Values are expressed as percentages of the relative luciferase activity of pGL-3 promoter plasmid. Each column represents the mean +S.D. of thee independent
experiments. *p<{0.05, **p<{0.01 compared with pGL3, ""p<(0.01, ""p<C0.001 compared with precursor or AsO for control.

Luciferase Assay with Reporter Constructs Containing MRE148a in the 3’-UTR of PXR or CYP3A4 in HEK293 or HepG2

(Fig. 9), f@ftL7=& Z %, miR-148a |3 CYP3A4
IR ESER LW, PXR OFB 2 HI912
L (Fig. 10), CYP3A4 ORBIEICHELZHZ T

WabZEEHSMNI U (Fig. 11). # >N\ 7 EZ
DNA N 5 #EE X117 mRNA IZEDONWTE KR I N
L2, NEHTIEEL N TORHZZIT TN 5D,
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Fig. 11. Effects of Overexpression of miR-148a on the En-
dogenous PXR Level and the Induction of CYP3A4 mRNA
in LS180 Cells

The precursors for miR-148a or control (50 nm) were transfected into
LS180 cells. After 72 h, the cells were harvested and nuclear extracts were
isolated. The PXR and RXRa protein levels were determined by Western
blot analysis (A). The precursor-transfected LS180 cells were treated with 50
pm rifampicin or 0.1% DMSO for 24 h and the CYP3A4 mRNA levels were
determined by real-time RT-PCR and normalized with the GAPDH mRNA
level. Data are the mean+S.D. of three independent experiments. **p<
0.01, ***p<0.001; NS: Not significant.
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Fig. 12. Schematic Representation of miR-148a-dependent
Post-transcriptional Regulation of Human PXR Affecting
the Expression Level of CYP3A4 in Human Livers

*p<0.05, **p<0.01, ***p<0.001.
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Fig. 13. Effects of miR-24 and miR-34a on the Human HNF4« Protein or mRNA Levels (A) and Its Downstream Genes (B)

The precursors for miR-24, miR-34a or control (50 nm) were transfected into HepG2 cells. After 48 h, total RNA and whole cell lysates were prepared. The
HNF4q protein levels were determined by Western blot analysis and normalized with GAPDH protein level (A). The HNF4a mRNAs levels (A) and the CYP7A1,
CYP8B1, CYP27Al, and PEPCK mRNA levels (B) were determined by real-time RT-PCR analysis and normalized with GAPDH mRNA level. Each column
represents the mean=+S.D. of three independent experiments. **p<{0.01, ***p<C0.001.
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Fig. 14. The Regulatory Loop of miR-24, miR-34a and
HNF4¢ in Bile Acid Synthesis

Bile acids are known to activate protein kinase C (PKC) and reactive
oxygen species (ROS) generation, resulting in the activation of mitogen-acti-
vated protein kinase (MAPK) pathway. The expression of miR-24 and miR-
34a is induced by MAPK-dependent and -independent pathways, respective-
ly. In turn, miR-24 and miR-34a negatively regulate the HNF4a. The down-
regulation of HNF4« decreases the expression of bile acid-synthesizing en-
zymes CYP7A1 and CYP8BI resulting in the decrease of bile acids. ERK; ex-
tracellular signal-regulated kinase, MEK; MAPK/ERK kinase, MKK;
mitogen-activated protein kinase kinase, PMA; phorbol 12-myristate 13-
acetate.
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