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ABSTRACT
Small noncoding microRNAs act as post-transcriptional regula-
tors of gene expression involved in diverse biologic functions.
Pregnane X receptor (PXR, NR1I2), a member of the superfamily
of nuclear receptors, is a transcription factor governing the
transport and biotransformation of various drugs and other
chemicals. In the present study, we identified a specific micro-
RNA (miR) involved in regulating the expression and functionality
of human PXR (hPXR). According to bioinformatics analysis
employing three commonly used algorithms (TargetScan,miRanda,
and DIANA-microT-CDS), miR-18a-5p was predicted to be the
top candidate microRNA regulator of hPXR. Consequently, this
microRNA was selected for detailed experimental investigation.
As shown in cell-based dual-luciferase reporter gene assays,
functional interaction occurred between miR-18a-5p and the

microRNA recognition element of miR-18a-5p in the 39-untranslated
region of hPXR mRNA. Transfection of LS180 human colorectal
adenocarcinoma cells with anmiR-18a-5pmimic decreased hPXR
mRNAandprotein expression, whereas transfection of LS180 cells
with an miR-18a-5p inhibitor increased hPXR mRNA and protein
expression. The decrease in hPXR expression by the miR-18a-5p
mimic was associatedwith a reduction in the extent of hPXR target
gene (CYP3A4) induction by rifampin and rilpivirine. Treatment of
untransfected LS180 cells with either of these hPXR agonists
decreased endogenous expression of miR-18a-5p, and this pre-
ceded the onset of CYP3A4 induction. In conclusion, miR-18a-5p
is a negative regulator of hPXR expression and the hPXR agonists
rifampin and rilpivirine are chemical suppressors of miR-18a-5p
expression.

Introduction
Consisting of approximately 17–25 nucleotides (Wang et al.,

2013), microRNAs (miR) are small noncoding RNAs present
not only intracellularly but also in various body fluids, including
blood and urine (Beermann et al., 2016). By their action onmod-
ulatingmRNAdegradation or translational repression (Iwakawa
and Tomari, 2015), microRNAs control the post-transcriptional
regulation of genes participating in various physiologic and
pathophysiological processes, such as development and differ-
entiation, metabolism, etiology of many cancers, and certain
infections (Hammond, 2015). Emerging evidence suggests a
potentially important role for microRNA in drug absorption,
distribution, metabolism, and excretion, as indicated by find-
ings that various drug-metabolizing enzymes, drug transporters,
and associated nuclear receptors are targets of specific micro-
RNAs (Dluzen and Lazarus, 2015; He et al., 2015).

Pregnane X receptor (PXR, designated as NR1I2) belongs
to the superfamily of nuclear receptors and is a member of
the NR1I subfamily that includes vitamin D receptor (VDR,
designated as NR1I1) and constitutive androstane receptor
(CAR, designated as NR1I3) (Alexander et al., 2015). PXR has
been linked to diverse biologic processes, ranging from energy
metabolism (Gao and Xie, 2010) to various pathophysiological
conditions, such as inflammatory bowel disease (Shah et al.,
2007), bile acid toxicity (Staudinger et al., 2001), and dyslipi-
demia (Gao and Xie, 2012). It also controls the expression of
various genes encoding transporters and drug-metabolizing
enzymes involved in the distribution and elimination of endobi-
otics and xenobiotics (Chai et al., 2013). Studies over the past
decade have shown a complex network of transcriptional, post-
transcriptional, and post-translational mechanisms regulating
the expression and action of human PXR (hPXR) (Staudinger
et al., 2011; Smutny et al., 2013).
Over 500 human microRNAs have been deemed to meet the

criteria for microRNA annotation (Fromm et al., 2015). How-
ever, relatively little is known about the identity of individual
microRNAs involved in the regulation of hPXR (Dluzen and
Lazarus, 2015). In a previous study on a panel of 25 human liver
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samples, the levels of hPXRmRNA expression did not correlate
with the levels of hPXR protein expression, suggesting the
involvement of a post-transcriptional mechanism(s) in hPXR
expression (Takagi et al., 2008). As determined in a cell-based
reporter gene assay, miR-148a was shown to regulate hPXR
expression by binding tomicroRNA recognition elements (MRE)
in the 39-untranslated region (39-UTR) of hPXR mRNA (Takagi
et al., 2008). In a panel of 24 liver samples from theChineseHan
population, a lack of correlation was demonstrated between
miR-148a levels and hPXR translational efficiency, as assessed
by the ratio of hPXR protein/hPXR mRNA (Wei et al., 2013).
Similarly, miR-148a levels did not correlate with hPXR mRNA
or CYP3A4 mRNA levels in a cohort of 92 liver samples from
Caucasians (Rieger et al., 2013). Other studies have impli-
cated miR-30c-1-3p (Vachirayonstien and Yan, 2016), miR-34a
(Ramamoorthy et al., 2012; Lamba et al., 2014), and miR-449a
(Ramamoorthy et al., 2012) in the regulation of hPXR. Overall,
muchremains tobe investigated to identify individualmicroRNAs
as determinants of the expression and functionality of hPXR.
Given that a single mRNA can be targeted by multiple

microRNAs (Kim, 2005), the present study was performed to
identify a novel microRNA as a regulator of hPXR. Therefore,
we performed bioinformatics analysis to identify microRNAs
with sequence complementary to the 39-UTR of hPXR mRNA
and conducted a series of cell-based assays to determine the
effect of a select microRNA on the expression and functional-
ity of hPXR. The experimental approaches involved in silico
prediction, cell-based reporter gene assay,mimic and inhibitor
of microRNAs to modulate microRNA expression, and hPXR
and CYP3A4 (a hPXR target gene) expression assays. Our
novel results indicate negative regulation of hPXR expression
by microRNA-18a-5p and suppression of miR-18a-5p expres-
sion by the hPXR agonists rifampin and rilpivirine.

Materials and Methods
Chemicals and Reagents. TaqManmicroRNAAssay Kit for hsa-

miR-18a-5p (miR-18a-5p) (cat. no. 4427975, assay ID no. 002422) and
hsa-miR-16-5p (miR-16-5p) (cat. no. 4427975, assay ID no. 000391);
mirVana microRNA Mimic Negative, Control #1 (mimic control) (cat.
no. 4464058); hsa-miR-18a-5p mirVana microRNA Mimic (miR-18a-
5p mimic) (cat. no. 4464066, assay ID no. MC12973); mirVana
microRNA Inhibitor Negative, Control #1 (mimic control) (cat. no.
4464076); hsa-miR-18a-5pmirVanaMicroRNA Inhibitor (miR-18a-5p
inhibitor) (cat. no. 4464084, assay ID no. MH12973); hsa-miR-16-5p
mirVanaMicroRNAMimic (miR-16-5pmimic) (cat. no. 4464066, assay
ID no. MC10339); TaqManMicroRNA Reverse Transcription Kit (cat.
no. 4366596); Qubit RNA HS Assay Kit (cat. no. Q32855); TRIzol
Reagent; SuperSignal West Femto Maximum Sensitivity Substrate;
PicoGreen Double-Stranded DNA Quantification Kit; Lipofectamine
RNAiMAX; Lipofectamine 2000; and UltraPure distilled water were
purchased from Life Technologies/Thermo Fisher Scientific (Burling-
ton, ON, Canada). EvaGreen 2� qPCRMasterMix-ROXandTaqProbe
2� qPCR MasterMix-ROX were bought from Applied Biologic Mate-
rials (Richmond, BC, Canada). The Dual-Luciferase Reporter Assay
System and P450-Glo CYP3A4 (Luciferin-IPA) Assay Kit were from
Promega (Madison, WI). Recombinant human PXR, CAR, and VDR
proteins were purchased from OriGene Technologies (Rockville, MD).
Anti-hPXR H-11 primary antibody, horseradish peroxidase-conjugated
anti-mouse secondary antibody (sc-2005), andRIPALysis Buffer System
were purchased from Santa Cruz Biotechnology (Dallas, TX), and
the anti-b-actin antibody (TA306308) was purchased from OriGene
Technologies. DC Protein Assay Kit was purchased from Bio-Rad
Laboratories (Mississauga, ON, Canada).

Plasmids. The internal controlRenilla reniformis luciferase pGL4.74
[hRluc/TK] plasmid and the pGL3-promoter vector were purchased from
Promega. The portion of hPXR mRNA from 11041 to 11064 upstream
of the coding sequence was identified as an miR-18a-5p MRE using
www.microRNA.org, an online bioinformatics tool (Betel et al., 2008).
The predicted MRE of miR-18a-5p (three copies of 59-GGT-ACC-GAA-
GAA-CCA-TTT-ACA-TGC-ACC-TTA-GAA-GAA-CCA-TTT-ACA-
TGC-ACC-TTA-GAA-GAA-CCA-TTT-ACA-TGC-ACC-TTA-CTC-
GAG-39; hPXR-MRE-18a-5p is underlined and italicized) in the 39-
UTR of hPXR mRNA was amplified and cloned into the pGL3-promoter
vector using Kpn1 and Xho1 restriction sites downstream of the
luciferase gene. This construct was named pGL3-promoter-hPXR-
MRE18a-5p. Similarly, three copies of the complementary sequence
of miR-18a-5p MRE (59-GGT-ACC-CTT-CTT-GGT-AAA-TGT-ACG-
TGG-AAT-CTT-CTT-GGT-AAA-TGT-ACG-TGG-AAT-CTT-CTT-GGT-
AAA-TGT-ACG-TGG-AAT-CTC-GAG-39; complementary sequence of
miR-18a-5p is underlined and italicized) was amplified and cloned into
the pGL3-promoter vector. This construct was named pGL3-promoter-
hPXR-MRE18a-5p-REV. A portion containing perfect matching
sequence of the mature miR-18a-5p (59-GGT-ACC-CTA-TCT-GCA-
CTA-GAT-GCA-CCT-TAC-TCG-AG-39; complementary-18a-5p isunder-
lined and italicized) was amplified and cloned into the pGL3-promoter
vector. This constructwas named pGL3-promoter-complementary-18a-5p.
Each of these constructs was synthesized at GenScript (Piscataway, NJ).

Cell Culture. LS180 human colorectal adenocarcinoma cells (CL-
187) (AmericanTypeCultureCollection,Manassas, VA)were cultured
as described previously (Yeung et al., 2008), with the exception that
minimum essential medium (MEM)/Earle’s balanced salt solution
was the culture medium and MEM/nonessential amino acid (1�) was
added. All cell-based assays were conducted in supplemented culture
medium containing 10% v/v charcoal-stripped fetal bovine serum.

Transient Transfection and Luciferase Reporter Gene
Assays. A microRNA mimic is a small, chemically modified double-
stranded RNA used experimentally to provide overexpression of a
microRNA of interest (Schaeffer et al., 2012), whereas a microRNA
inhibitor is a small, chemically modified single-stranded RNA mole-
cule designed to bind specifically to and decrease the expression of an
endogenous microRNA of interest (Laganà et al., 2014). The effects of
an miR-18a-5p mimic and an miR-18a-5p inhibitor on the functional-
ity of the 39-UTR of hPXR mRNA were investigated in transiently
transfected LS180 cells, which were seeded in 24-well plates (Biolite,
cat. no. 930186; Thermo Fisher Scientific, Burlington, ON, Canada) at
a density of 100,000 cells per well in a volume of 0.5 ml of the culture
medium described above. At 24 hours post-plating, cells were trans-
fected with 50 ml of a master transfection mix containing Lipofect-
amine 2000 transfection reagent (1.5 ml/well), serum-free Opti-MEM
(44.5 ml/well), pGL4.74 [hRluc/TK] (internal control; 10 ng/well), a
construct containing the pGL3-promoter backbone (200 ng/well), and
either miR-18a-5p mimic (50 nM) or miR-18a-5p inhibitor (50 nM) for
48 hours, according to the manufacturer’s protocol. Control cells were
transfected with the same concentration (50 nM) of a mimic control or
an inhibitor control. The pGL3-promoter-containing construct was: 1)
pGL3-promoter-hPXR-MRE18a-5p, 2) pGL3-promoter-hPXR-MRE18a-
5p-REV, 3) pGL3-promoter-complementary-18a-5p, or 4) the control
empty vector (pGL3-promoter). Firefly luciferase and Renilla reniformis
(internal control) luciferase activities were quantified and normalized
(Sharma et al., 2013).

Transfection and Drug Treatment of LS180 Cells for De-
termination of microRNA and mRNA Expression. LS180 cells
were seeded in 100-mm culture dishes (cat. no. 430167; Corning Inc.,
Corning, NY) at a density of 1 � 106 cells per dish. At 24 hours post-
plating, cells were transfected with an miR-18a-5p mimic or an miR-
18a-5p inhibitor (at the final concentration and duration as specified
in each figure legend) in a master transfection mix (1000 ml) contain-
ing Lipofectamine RNAiMAX transfection reagent (15 ml) and serum-
free Opti-MEM. In specific experiments, transfected LS180 cells were
treated with rifampin (10 mM), rilpivirine (5 mM), or dimethyl sulfoxide
(DMSO; 0.1% v/v; vehicle control) for 24 hours. Subsequently, cell
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samples were processed for determination of microRNA and mRNA
expression as described below.

Isolation and Quantitation of Total RNA. Total RNA was
isolated using TRIzol and quantified using the Qubit RNA HS Assay
Kit. A working solution of Qubit RNAHSReagent (1:200 dilution) was
prepared in Qubit RNA HS Buffer. Samples were prepared by adding
1 ml of total RNA to 199 ml of a working solution of Qubit RNA HS
Reagent. After brief mixing, samples were incubated at room tempera-
ture for 2minutes. Total RNAwas quantified in aQubit 2.0 fluorometer
at an excitation maximum wavelength of 644 nm (bandwidth, 45 nm)
and an emission maximum wavelength of 673 nm (bandwidth, 55 nm).

Determination of miR-18a-5p and miR-16-5p Expression.
Total RNA was reverse transcribed using primers specific for miR-
18a-5p or miR-16-5p (TaqMan microRNA Assay Kit, assay ID no.
002422 for miR-18a-5p and assay ID no. 000391 for miR-16-5p) and
reagents supplied in the TaqMan microRNA Reverse Transcription
Kit. Briefly, each 15 ml of a reverse transcription reaction contained
5 ml total RNA (100 ng total RNA), 3 ml of 5� reverse transcription
stem-loop primers specific for miR-18a-5p or miR-16-5p, and 7 ml of
reverse transcription master mix. The reverse transcription master
mix contained 1 ml (5 units) of MultiScribe Reverse Transcriptase,
1.5 ml of 10� reverse transcription buffer, 0.19 ml of RNAse inhibitor
(3.8 units), 0.15 ml of dNTP (1 mM final concentration), and 4.16 ml of
UltraPure distilled water. Reverse transcription (RT) was conducted
at 16°C for 30 minutes followed by 42°C for 30 minutes, 85°C for
5 minutes, and 4°C for 10 minutes. Polymerase chain reaction (PCR)
was performed in a StepOnePlus Real-Time PCR System (Applied
Biosystems, Burlington, ON, Canada). Each 20 ml of a PCR reaction
contained 10 ml of TaqProbe 2� qPCR MasterMix-ROX, 1 ml of 20�
PCR primers specific for miR-18a-5p or miR-16-5p (TaqMan microRNA
AssayKit, assay IDno. 002422 formiR-18a-5pandassay IDno. 000391 for
miR-16-5p), 1 ml of the RT product, and 8 ml of UltraPure distilled water.
The PCR cycling condition was 95°C for 10 minutes followed by 40 cycles
of 95°C for 15 seconds and 60°C for 60 seconds. The level of miR-
18a-5p was quantified and normalized to that of miR-16-5p.

Determination of hPXR and CYP3A4 mRNA Expression.
Total RNA was reverse transcribed and total cDNA concentrations
were quantified (Sharma et al., 2013). hPXR cDNA, CYP3A4 cDNA,
hypoxanthine phosphoribosyltransferase 1 (HPRT) cDNA, and cyclo-
philin cDNA were amplified using gene-specific primers (Lau et al.,
2011; Sharma et al., 2015) in a StepOnePlus Real-Time PCR System.
Each 20 ml of a PCR reaction contained 10 ml of EvaGreen 2� qPCR
MasterMix-ROX, 5 ml of gene-specific primers (0.3 mM final concen-
tration), and 5 ml of the RT product (i.e., 10 ng total cDNA for the
amplification of CYP3A4 cDNA and hPXR cDNA, 5 ng total cDNA
for the amplification of HPRT cDNA, and 0.5 ng total cDNA for the
amplification of cyclophilin cDNA). The PCR cycling condition was
95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds, 55°C
for 10 seconds, and 60°C for 50 seconds. The levels of hPXR and
CYP3A4mRNAwere quantified and normalized toHPRTmRNA level
and cyclophilin mRNA level (Lau et al., 2010; Sharma et al., 2015).

Immunoblot Analysis of hPXR Protein Expression. Whole-
cell lysate was prepared using the RIPA Lysis Buffer System. Total
protein concentration in cell lysate was quantified using the DC
Protein Assay Kit (Bio-Rad Laboratories). Whole-cell lysate (75 mg total
cellular protein) was separated on 12% SDS-PAGE and transferred onto
an Immobilon-P polyvinylidene fluoride membrane (EMD Millipore,
Etobicoke, ON, Canada). After blocking in 5% milk, the membrane was
incubated overnight at 4°C with anti-hPXR H-11 monoclonal antibody
(1:500). Subsequently, the membrane was washed and incubated at
room temperature with a horseradish peroxidase-conjugated anti-mouse
antibody (1:5000). Proteins were visualized using SuperSignal West
Femto Maximum Sensitivity Substrate (600 ml) and images of the
protein bands were recorded (FluorChem 8800 Gel Box Imager; Alpha
Innotech, San Leandro, CA). Densitometric analysis of each protein
bandwasperformedusing theNIH ImageJ software (National Institutes
of Health, Bethesda, MD). b-Actin (OriGene Technologies, Rockville,
MD) was used as a loading control.

Determination of CYP3A4 Activity. CYP3A4 activity was
measured using the P450-Glo CYP3A4 (Luciferin-IPA) Assay Kit.
Briefly, LS180 cells were plated in 24-well plates at a density of
150,000 cells per well using supplementedMEM/Earle’s balanced salt
solution culture medium as indicated above. At 24 hours post-plating,
cells were transfected with 50 nM mimic control or an miR-18a-5p
mimic using Lipofectamine RNAiMAX transfection reagent. At 48 hours
post-transfection, the culture medium was replaced with 0.5 ml of fresh
supplemented culture medium containing a CYP3A4 inducer (10 mM
rifampin or 5 mM rilpivirine) or DMSO (0.1% v/v; vehicle control) and
incubated for 24 hours. At the end of the treatment period, culture
medium in each well was replaced with 0.3 ml of medium containing
3mMCYP3A4Luciferin-IPA substrate, and cellswere incubated at 37°C
for 1 hour. Subsequently, 50 ml of the incubation mixture was mixed
with 50 ml of the Luciferin Detection Reagent. Reaction mixtures were
incubated at room temperature for 20 minutes. Luminescence was
measured in a GloMax 96 microplate luminometer (Promega). Back-
ground luminescence was measured in wells devoid of cells but contain-
ing the Luciferin-IPA substrate. Results are expressed as fold-increase
over the vehicle-treated control group.

Data Analysis. In experiments where there were two groups, data
were analyzed by the two-tailed, independent Student’s t test. In
experiments where there were two factors, data were analyzed by two-
way analysis of variance and, where appropriate, followed by the
Student-Newman-Keuls multiple comparison test (SigmaPlot 11.0;
Systat Software, Inc., San Jose, CA). The level of statistical signifi-
cance was set a priori at P , 0.05.

Results
Prediction of miR-18a-5p MRE in the 39-UTR of hPXR

mRNA. As shown in Supplemental Table S1,miR-18a-5pwas
the top candidate microRNA regulator of hPXR, as predicted
by three of the most commonly used bioinformatics tools in
microRNA analysis: TargetScan (Whitehead Institute for
Biomedical Research, Cambridge, MA; http://www.targets-
can.org), miRanda (http://www.microrna.org), and DIANA-
microT-CDS (OMIC Tools, Le-Petit-Quevilly, France; https://
omictools.com) (Riffo-Campos et al., 2016). The predicted MRE
of miR-18a-5p in the 39-UTR of hPXR mRNA ranged from
position 1041 to 1064 upstream of the coding sequence (Fig. 1).
This information about the MRE was used in designing var-
ious reporter plasmids to investigate the potential involve-
ment ofmiR-18a-5p in regulation of the 39-UTRof hPXRmRNA.

Fig. 1. Schematic representation of the sequence complementarity
between miR-18a-5p and the predicted MRE on the 39-UTR of hPXR
mRNA. At the 59 end, number 1840 refers to the start of the coding
sequence that continues to position 3141, with a stop codon at 3142–3144.
The predicted MRE for miR-18a-5p (23-nucleotide sequence) is located at
position 1041–1064 upstream to the coding sequence in the 39-UTR of
hPXR mRNA.
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The miR-18a-5p MicroRNA Targeted the 39-UTR of
hPXR mRNA in LS180 Cells. Plasmids were cloned into
the pGL3-promoter vector downstream of the luciferase gene
(Fig. 2A). As shown in Fig. 2B, the luciferase activity was less
in cultured LS180 cells cotransfected with an miR-18a-5p
mimic and pGL3-promoter-hPXR-MRE-18a-5p than the lucif-
erase activity in cells cotransfected with an miR-18-5p mimic
and pGL3-promoter (empty vector control) or in cells cotrans-
fected with a mimic control and pGL3-promoter-hPXR-MRE-
18a-5p (construct containing three copies of miR-18a-5p
MRE). There was a further decrease in luciferase activity in
cells cotransfectedwith anmiR-18a-5pmimic and pGL3-promoter-
complementary-18a-5p (construct with perfect matching com-
plement of miR-18a-5p). As expected, the miR-18a-5pmimic did
not influence the luciferase activity in cells transfected with
pGL3-promoter-hPXR-MRE-18a-5p-REV (construct containing
three copies of the complementary sequence of miR-18a-5p
MRE). As shown in Fig. 2C, the luciferase activity was greater
in cultured LS180 cells cotransfected with an miR-18a-5p inhib-
itor and pGL3-promoter-hPXR-MRE-18a-5p than the luciferase

activity in cells cotransfected with an miR-18-5p mimic and
pGL3-promoter or in cells cotransfected with a mimic control
and pGL3-promoter-hPXR-MRE-18a-5p. There was a further
increase in luciferase activity in cells cotransfectedwith anmiR-
18a-5p mimic and pGL3-promoter-complementary-18a-5p. As
expected, themiR-18a-5p inhibitordidnot influence the luciferase
activity in cells transfected with pGL3-promoter-hPXR-MRE-
18a-REV-5p. Collectively, the results from the complementary
experiments involving miR-18-5p mimic (Fig. 2B) and miR-18a-
5p inhibitor (Fig. 2C) showed that the miR-18a-5p MRE in the
39-UTR of hPXR mRNA was functional.
Expression Profile of miR-18a-5p in LS180 Cells

Transfected with a Mimic or Inhibitor of miR-18a-
5p. Initial experiments confirmed that transfection reagent,
mimic control, and treatment with either rilpivirine or rifampin
did not alter miR-16-5p level (data not shown). Therefore, the
level of miR-18a-5p was normalized to that of miR-16-5p.
Transfection of LS180 cells with an miR-18a-5p mimic (25 nM)
led to an increase inmiR-18a-5p expression, as assessed 24hours
post-transfection. Prolonging the duration of transfection to

Fig. 2. Functional interaction between miR-18a-5p and the MRE of miR-18a-5p in the 39-UTR of hPXR mRNA in LS180 cells. (A) Diagrammatic
representation of pGL3-promoter (empty vector control), pGL3-promoter-hPXR-MRE18a-5p (reporter construct containing three copies of miR-18a-5p
MRE), pGL3-promoter-hPXR-MRE18a-5p-REV (reporter construct containing three copies of complementary sequence of miR-18a-5p MRE), and pGL3-
promoter-complementary-18a-5p (reporter construct with perfect matching complement of miR-18a-5p). All plasmid sequences were inserted
downstream of the firefly luciferase gene using Kpn1 and Xho1 restriction sites. At 24 hours post-plating, LS180 cells were transfected with 50 nM of
a mimic control (B), an miR-18a-5p mimic (B), an inhibitor control (C), or an miR-18a-5p inhibitor (C) and one of the following constructs: 1) pGL3-
promoter (empty vector control), 2) pGL3-promoter-hPXR-MRE18a-5p, 3) pGL3-promoter-hPXR-MRE18a-5p-REV, or 4) pGL3-promoter-complementary-18a-
5p (each at 200ng/well) for 48hours.Cellswere also transfectedwithpGL4.74 [hRluc/TK] (10ng/well, internal control). Firefly luciferase andRenilla reniformis
luciferase activities were measured and normalized as described underMaterials and Methods. Data are expressed as mean6 S.E.M. for three independent
experiments performed in triplicate. *Significantly different from the group cotransfectedwith the corresponding reporter plasmid andmimic control, and the
group cotransfected with the pGL3-promoter (empty vector control) and an miR-18a-5p mimic (P , 0.05). Luc, luciferase.
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48 and 72 hours decreased the measured level of miR-18a-5p,
in comparisonwith themeasuredmiR-18a-5p level at 24 hours
(Fig. 3A). As shown in Fig. 3B, the increase in miR-18a-5p
expression was comparable in cells transfected with either
25 or 50 nM miR-18a-5p mimic for 48 hours (Fig. 3B). By
comparison, transfection of LS180 cells with the miR-18a-5p
inhibitor (25 nM) decreased the measured level of miR-18a-5p
at 24, 48, and 72 hours post-transfection (Fig. 3C). Similar
decreases in the level of miR-18a-5p were obtained with either
25 or 50 nM miR-18a-5p inhibitor (Fig. 3D). On the basis of
these results, the 48-hour transfection period and 50 nM
concentration of the miR-18a-5p mimic or inhibitor were used
in subsequent experiments.
An miR-18a-5p Mimic and an miR-18a-5p Inhibitor

Reciprocally Modulated hPXR Expression in LS180
Cells. The effects of anmiR-18a-5pmimic and anmiR-18a-5p
inhibitor on hPXR expression were investigated. Transfecting
LS180 cells with an miR-18a-5p mimic at a concentration
(25 or 50 nM) that increased the level of miR-18a-5p (Fig. 3, A
and B) was associated with a decrease in the level of hPXR
mRNA (Fig. 4A) and protein (Fig. 4B). Conversely, transfecting
LS180 cells with an miR-18a-5p inhibitor at a concentration
(25 or 50 nM) that decreased the level of miR-18a (Fig. 3, C and
D)was associatedwith an increase in hPXRmRNA (Fig. 4C) and
protein (Fig. 4D) levels. Control immunoblot analysis indicated
that the anti-hPXR antibody reacted with hPXR protein, but it
did not crossreact with human CAR or VDR protein (data not
shown). Overall, miR-18a-5p modulated hPXR expression.
hPXR Agonists Decreased Endogenous Expression of

miR-18a-5p in LS180 Cells. To investigate whether treat-
ment with a hPXR agonist modulated endogenous expression
of miR-18a-5p, a time course experiment was performed in
untransfected LS180 cells treated with rifampin (10 mM),
rilpivirine (5 mM), or DMSO (0.1% v/v; vehicle control) for 3, 6,

12, or 24 hours. As shown in Fig. 5A, rifampin decreased miR-
18a-5p expression as early as 3 hours post-treatment and this
decrease continued until 6 hours post-treatment. The level of
miR-18a-5p returned to the basal level at 12 hours post-
treatment. By comparison, rilpivirine started to decreasemiR-
18a-5p level at 3 hours post-treatment, and levels returned
to basal by 24 hours. The vehicle control (0.1% v/v DMSO) did
not change the level of miR-18a-5p over the 24-hour period. In
the same samples, rifampin and rilpivirine did not modulate
hPXR mRNA level over the 24-hour time period (Fig. 5B).
Control analysis indicated an increase in CYP3A4mRNA level
by rifampin and rilpivirine. However, a novel aspect of our
data are the differential temporal profiles. As shown in Fig. 5C,
the increase in CYP3A4 mRNA level in LS180 cells by rifampin
occurred at 12 and 24 hours post-treatment, whereas it was
not apparent until after 24 hours of rilpivirine treatment.
The same conclusion was drawn regardless of whether the
PXR mRNA and CYP3A4 mRNA levels were normalized to
those of HPRT mRNA (Fig. 5, B and C) or cyclophilin mRNA
(data not shown).
Overexpression of miR-18a-5p Compromised Induc-

ibility of a hPXR Target Gene (CYP3A4) in LS180 Cells
Treated with a hPXR Agonist. The effect of miR-18a-5p
overexpression on hPXR functionality was investigated in
LS180 cells transfected with the miR-18a-5p mimic and
treated with a hPXR agonist, rifampin or rilpivirine. Com-
pared with cells transfected with a mimic control and treated
with rifampin or rilpivirine, themiR-18a-5pmimic attenuated
the extent of CYP3A4 induction by either of these drugs, as
shown by the reduced level of CYP3A4 mRNA (Fig. 6A) and
CYP3A4 catalytic activity (Fig. 6B). The same conclusion was
drawn regardless of whether the CYP3A4 mRNA level was
normalized to that of HPRT mRNA (Fig. 6A) or cyclophilin
mRNA (data not shown).

Fig. 3. Expression profile of miR-18a in LS180
cells transfected with an miR-18a-5p mimic or
inhibitor. At 24 hours post-plating, LS180 cells
were transfected with 25 nM of a mimic control
(A), an miR-18a-5p mimic (A), an inhibitor
control (C), or an miR-18a-5p inhibitor (C) for
24, 48, or 72 hours. In another experiment,
LS180 cells were transfected with 25 or 50 nM
of a mimic control (B), an miR-18a-5p mimic (B),
an inhibitor control (D), or an miR-18a-5p
inhibitor (D) for 48 hours. At the end of the
transfection period, total RNA was isolated and
miR-18a-5p andmiR-16-5p expressionweremea-
sured as described underMaterials andMethods.
The level of miR-18a-5p in each sample was
normalized to the level of miR-16-5p. Data are
expressed as mean 6 S.E.M. for three indepen-
dent experiments performed in triplicate. *Sig-
nificantly different from the corresponding mimic
control group (P , 0.05).
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Discussion
The miR-18a-5p microRNA and the other members in the

miR-17/92 cluster (miR-17-5p, miR-17-3p, miR-19a, miR-19b,
miR-20a, and miR-92a) are oncogenes shown to be over-
expressed in various types of human cancer (Mogilyansky and
Rigoutsos, 2013). In a previous bioinformatics analysis using three
algorithms (TargetScan,microcosm,andmiRDB)andamicroRNA
ranking tool known as MIRNA-DISTILLER (Rieger et al., 2011;
http://www.ikp-stuttgart.de/content/language1/html/10415.asp),
hPXR was predicted to be a target of miR-18a-5p (Rieger et al.,
2013), consistent with the prediction in our study (Supplemental
Table S1). However, prior to our current study, there were no
published experimental data indicating whethermiR-18a-5p had
any functional interaction with key regulators (e.g., hPXR) of genes
involved in drug transport or biotransformation.
Amajor conclusion of our study is that miR-18a-5p is a post-

transcriptional regulator of hPXR. This conclusion is sup-
ported by: 1) bioinformatics analysis of the 39-UTR of hPXR
mRNA identified a MRE for miR-18a-5p; 2) miR-18a-5p MRE
in the 39-UTR of hPXR mRNA was functional in a cell-based
reporter gene assay; and 3) modulation of miR-18a-5p expres-
sion by amimic or inhibitor altered hPXR expression in LS180
cells. It is possible that miR-18a-5p crosstalks with glucocor-
ticoid receptor in mediating its modulatory effect on hPXR, on
the basis of the finding that miR-18a-5p regulates the expres-
sion of glucocorticoid receptor (Vreugdenhil et al., 2009), shown
previously to influence hPXR expression (Pascussi et al., 2001).
However, LS180 cells do not express glucocorticoid receptor
(Maier et al., 2007), nullifying the possibility of a role for the
glucocorticoid receptor in hPXR regulation by miR-18a-5p in
this cell line. Overall, our findings indicate that miR-18a-5p
regulates hPXR expression by targeting its MRE in the 39-UTR
of hPXR mRNA.

Regulation of hPXR expression by miR-18a-5p is associated
with functional consequences, as demonstrated by the finding
that overexpression of miR-18a by LS180 cells transfected
with a mimic of miR-18a-5p compromised the inducibility of a
hPXR target gene (CYP3A4). Consistent with this conclusion,
transfection of LS180 cells with an miR-18a-5p mimic atten-
uated the increase in CYP3A4mRNA expression and CYP3A4
catalytic activity by rifampin and rilpivirine, which are hPXR
agonists andCYP3A4 inducers (Bertilsson et al., 1998; Lehmann
et al., 1998; Sharma et al., 2013). In contrast, transfection with a
mimic ofmiR-18a-5p did not alter CYP3A4 expression in vehicle-
treated control LS180 cells, suggesting a lack of a direct effect
of miR-18a-5p on CYP3A4 basal expression. It should be noted
that miR-18a-5p has sequence complementarity in the 39-UTR
of hPXR mRNA but not in the 39-UTR of CYP3A4 mRNA.
Furthermore, basal CYP3A4 expression is regulated by CCAAT
enhancer-binding protein a (C/EBPa) (Rodríguez-Antona
et al., 2003; Bombail et al., 2004), hepatocyte nuclear factor-3g
(Rodríguez-Antona et al., 2003), and hepatocyte nuclear factor-
4a (Tegude et al., 2007). PXRdoesnot appear toplay a role in the
basal expression of CYP3A because little or no difference exists
in hepatic CYP3A mRNA level between untreated wild-type
mice and untreated PXR knockout mice (Xie et al., 2000;
Ma et al., 2007; Helsley et al., 2013). Overall, miR-18a-5p com-
promised the functionality of hPXR in LS180 cells by atten-
uating the inducibility of a hPXR target gene (CYP3A4).
As shown in the present study, transfection of LS180 cells

with an miR-18a-5p mimic resulted in ∼25-fold increase in
miR-18a-5p level and this was accompanied by ∼30% decrease
in hPXR mRNA level. By comparison, a 25% decrease in miR-
18a-5p level in LS180 cells by an miR-18a-5p inhibitor was
sufficient to elicit a 55% increase in hPXR mRNA level. Such
an apparent difference between a microRNA mimic and a

Fig. 4. hPXR mRNA and protein expression in
LS180 cells transfected with a mimic or an
inhibitor of miR-18a. At 24 hours post-plating,
LS180 cells were transfected with a mimic
control, an miR-18a-5p mimic, an inhibitor con-
trol, or an miR-18a-5p inhibitor (each at 25 or
50 nM) for 48 hours. hPXR mRNA expression in
LS180 cells transfected with a mimic control (A),
an miR-18a-5p mimic (A), an inhibitor control
(C), or anmiR-18a-5p inhibitor (C) wasmeasured
using real-time PCR as described under Mate-
rials and Methods. hPXR mRNA expression was
normalized to HPRT mRNA expression. Lysates
from LS180 cells transfected with a mimic con-
trol (MNC; A), an miR-18a-5p mimic (18M; B), an
inhibitor control (INC; D), or an miR-18a-5p
inhibitor (18I; D) were subjected to SDS-PAGE.
Immunoblots were probed with anti-hPXR H-11
monoclonal antibody as described underMaterials
and Methods. hPXR protein level was normalized
to b-actin protein level. Data are expressed as
mean 6 S.E.M. of three independent experiments
performed in duplicate. *Significantly different
from the corresponding mimic control group
(P , 0.05).
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microRNA inhibitor is consistent with previous observations.
For example, transfection of HepaRG cells with an miR-25-3p
mimic increased miR-25-3p levels by almost 175-fold but
decreased CYP2B6 mRNA level by only ∼40%, whereas
transfection with an miR-25-3p inhibitor decreased miR-25-
3p level ∼75% and this led to a ∼25% increase in CYP2B6

mRNA level (Jin et al., 2016). The low efficiency at which a
microRNAmimic decreases the expression of a target has been
shown for other combinations of microRNA mimic and target,
including miR-148a mimic and hPXR (Takagi et al., 2008),
miR-103 mimic and CYP2C8 (Zhang et al., 2012), and
miR-130-3p mimic and sphingosine 1-phosphate receptor 2

Fig. 5. Effect of rifampin and rilpivirine on endogenous
expression of miR-18a-5p, hPXR mRNA, and CYP3A4
mRNA in untransfected LS180 cells. At 48 hours post-
plating, LS180 cells were untreated or treated with DMSO
(0.1% v/v; control), rifampin (RIF; 10 mM), or rilpivirine
(RPV; 5 mM) for 3, 6, 12, or 24 hours. At the end of treatment
period, cells were lysed and total RNA was isolated, and
microRNA and mRNA levels were quantified by real-time
PCR as described underMaterials andMethods. The level of
miR-18a-5p (A) was normalized to the level of miR-16-5p,
whereas the level of PXR mRNA (B) and the level of
CYP3A4 mRNA (C) were normalized to the level of HPRT
mRNA. Data are expressed as mean 6 S.E.M. for three
independent experiments performed in triplicate. *Signifi-
cantly different from the untreated group and the corre-
sponding DMSO-treated control group (P , 0.05).

Fig. 6. Inducibility of a hPXR target gene (CYP3A4) in
LS180 cells transfected with an miR-18a-5p mimic and
treated with rifampin or rilpivirine. At 24 hours post-
plating, LS180 cells were transfected with 50 nM of an
miR-18a-5p mimic or a mimic control for 48 hours, and
subsequently treated with DMSO (0.1% v/v), rifampin (RIF;
10 mM), or rilpivirine (RPV; 5 mM) for 24 hours. CYP3A4
mRNA (A) and CYP3A4 catalytic activity (B) were de-
termined as described under Materials and Methods. Data
are expressed as mean 6 S.E.M. for three independent
experiments performed in triplicate. *Significantly differ-
ent from the corresponding mimic control group (P , 0.05).
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(Fan et al., 2016). The underlying reason for the low efficiency
of amicroRNAmimic is presently not known, but it may relate
to the chemical modification of the RNA molecule introduced
in the synthesis of a mimic (Søkilde et al., 2015).
Several psychoactive drugs, including harmaline, which is

an indole alkaloid, have been reported to decreasemiR-18a-5p
expression in cultured SH-SY5Y human neuroblastoma cells
(Rodrigues et al., 2011). In the present study, the hPXR
agonists rifampin and rilpivirine decreased the endogenous
expression of miR-18a-5p in untransfected LS180 cells, and
this occurred in a time-dependent manner and preceded the
onset of induction of a hPXR target gene (CYP3A4) by rifampin
and rilpivirine. The temporal profile obtained from our time
course experiment indicated that the reduction in endogenous
miR-18a-5p expression by the drugs was a relatively early
event, which was evident at 3 hours post-drug treatment. The
level ofmiR-18a-5p returned to baseline level by 12 hours after
rifampin treatment and by 24 hours after rilpivirine treat-
ment. Consistent with our finding, rifampin did not alter miR-
18a-5p level in human hepatocytes when assessed at 48 hours
post-drug treatment in a microarray experiment (Takahashi
et al., 2014). Therefore, it is necessary to include early time
points to detect changes in endogenous expression of a micro-
RNA. Although our study is the first to report modulation of
microRNA expression by rilpivirine, previous microarray an-
alyses have shown increased and decreased levels of various
microRNAs by rifampin in primary cultures of human hepa-
tocytes (Ramamoorthy et al., 2013; Takahashi et al., 2014).
The mechanism of miR-18a-5p suppression by rifampin and
rilpivirine is not known, but it may involve perturbation at
one or more of the multiple steps involved in microRNA
biogenesis, such as transcription, nuclear maturation, export
from the nucleus to the cytoplasm, and cytoplasmic processing
(Beermann et al., 2016). Post-transcriptional and epigenetic
alterations are also key determinants governing microRNA
expression (Wang et al., 2013). Future studies will be needed
to elucidate the cellular and molecular mechanisms by which
drugs and other chemicals modulate microRNA expression.
According to the current study, transfection of LS180 cells

with an miR-18a-5p mimic decreased hPXR mRNA and pro-
tein expression when assessed at 48 hours post-transfection.
In contrast, treatment of untransfected LS180 cells with rifam-
pin or rilpivirine did not change hPXRmRNA level at 3, 6, 12, or
24 hours after drug treatment, but this was associated with an
increase in CYP3A4 mRNA level at 12 and 24 hours post-
rifampin treatment and at 24 hours post-rilpivirine treat-
ment. Consistent with our data, previous studies have also
reported a lack of an effect of rifampin on hPXR mRNA and
protein levels when assessed at 24 hours post-rifampin
treatment in LS174T human colorectal carcinoma cells (Kim
et al., 2017), IHH immortalized human hepatocytes (Berthier
et al., 2012), and primary cultures of human hepatocytes
(Ayed-Boussema et al., 2012). However, prolonging the expo-
sure to rifampin to 72 hours is associated with an increase in
hPXR expression, as demonstrated in T84 human colorectal
carcinoma cells (Haslam et al., 2008). Therefore, it appears
there is a lag time for the increase in hPXR expression to be
evident, but a detailed time course study in the same cell culture
model will be needed to characterize the temporal pattern.
Adding to the intricacy, other cellular factors are probably
associated with the interaction between microRNAs, nuclear
receptors, and their target genes. For example, the downregulation

of miR-122, activation of CAR, and induction of CAR target gene
(CYP2B) by phenobarbital are associated with activation of
AMP-activated protein kinase by the drug (Shizu et al., 2012).
Therefore, studies will be required in the future to provide an
understanding of how miR-18a-5p regulates the expression and
functionality of hPXR.
In summary: 1) miR-18a-5p was a post-transcriptional

regulator of hPXR, 2) overexpression of miR-18a-5p compro-
mised the functionality of hPXR by attenuating the inducibil-
ity of a hPXR target gene (CYP3A4) by rifampin and rilpivirine,
and 3) rifampin and rilpivirine decreased the endogenous
expression of miR-18a-5p, as determined in the present study
performed in LS180 human colon adenocarcinoma cells. Given
that PXR is amaster regulator of various genes function in drug
transports and biotransformation (Chai et al., 2013), our finding
on the interaction between miR-18a-5p and hPXR provides
additional insight into the molecular determinants of the in-
terindividual variability in pharmacokinetics and pharmacody-
namics. Suppression of miR-18a-5p expression by rifampin and
rilpivirine may have implications with respect to the proposed
utility of miR-18a-5p as a diagnostic biomarker for various
types of cancers (Komatsu et al., 2014), because of the potential
interference of drug intake on miR-18a-5p expression. Finally,
suppression ofmiR-18a-5phasbeenassociatedwith inhibition of
cell invasion and promote apoptosis (Zhu et al., 2015). Therefore,
drug-mediated suppression of miR-18a-5p may be a target of
interest in future investigations of anticancer strategies.
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