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Abstract

The UDP-glucuronosyltransferase (UGT) 1A enzymes are involved in the phase II metabolism of 

many important endogenous and exogenous compounds. The nine UGT1A isoforms exhibit high 

inter-individual differences in expression but their epigenetic regulation is not well-understood. 

The purpose of the present study was to examine microRNA (miRNA) regulation of hepatic 

UGT1A enzymes and determine if that regulation impacts enzymatic activity. In silico analysis 

identified miRNA 491–3p (miR-491–3p) as a potential regulator of the UGT1A gene family via 

binding to the shared UGT1A 3’ untranslated region common to all UGT1A enzymes. 

Transfection of miR-491–3p mimic into HuH-7 cells significantly repressed UGT1A1 (P<0.001), 

UGT1A3 (P<0.05), and UGT1A6 (P<0.05) mRNA levels. For UGT1A1, this repression correlated 

with significantly reduced metabolism of raloxifene into raloxifene-6-glucuronide (ral-6-gluc; 

P<0.01) and raloxifene-4’-glucuronide (ral-4’-gluc; P<0.01). In HuH-7 cells with repressed 
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miR-491–3p expression, there was a significant increase (~80%; P<0.01) in UGT1A1 mRNA and 

a corresponding increase in glucuronidation of raloxifene into ral-6-gluc (50%, P<0.05) and ral-4’-

gluc (22%, P<0.01). Knockdown of endogenous miR-491–3p in HepG2 cells did not significantly 

alter UGT1A1 mRNA levels, but did increase the formation of ral-6-gluc (50%, P<0.05) and 

ral-4’-gluc (34%, P<0.001). A significant inverse correlation between miR-491–3p expression and 

both UGT1A3 (P<0.05) and UGT1A6 (P<0.01) mRNA levels was observed in a panel of normal 

human liver specimens, with a significant (P<0.05) increase in UGT1A3 and UGT1A6 mRNA 

levels observed in miR-491–3p non-expressing versus expressing liver specimens. These results 

suggest that miR-491–3p is an important factor in regulating the expression of UGT1A enzymes in 
vivo.

Introduction

MicroRNA (miRNA) are dynamic epigenetic regulators of gene expression in both normal 

tissue development as well as tumor biology. miRNA post-transcriptionally repress protein 

expression primarily by binding to the 3’-untranslated region (UTR) of target mRNA and the 

inhibition of protein synthesis (Guo et al., 2008; Carthew and Sontheimer, 2009). Acting as 

a genetic switch and/or fine-tuner of protein expression, miRNA regulation can account for 

not only mild (e.g. two-fold ) protein repression, but can also cause mRNA destabilization to 

dramatically reduce protein output (Baek et al., 2008; Selbach et al., 2008; Mukherji et al., 

2011).

miRNA are short, ~22-nucleotide long, single-stranded RNA species that are gene-encoded 

and transcribed as a primary transcript (pri-miRNA) by RNA polymerase II. Pri-miRNA 

form a hairpin loop structure that is recognized and processed in the nucleus and then 

exported to the cytoplasm as a precursor miRNA(pre-miRNA) consisting of a double-

stranded duplex and stem-loop. The precursor is further processed to cleave off the stem-

loop structure and the RNA duplex is then recognized by the RNA-induced silencing 

complex (RISC) consisting of Argonaute-2 and associated proteins, which degrades the 

passenger strand of the RNA duplex and leaves the mature miRNA (Carthew and 

Sontheimer, 2009). The mature miRNA guides RISC to target mRNA 3’ UTRs (less 

commonly the mRNA open-reading frame or 5’ UTR), with target recognition primarily 

driven by the hybridization of the miRNA ‘seed sequence’ to the mRNA target. This ‘seed 

sequence’ of a target gene is defined as nucleotides 2–8 from the 5’ end of the mature 

miRNA strand and forms perfect complementation to its mRNA target (Bartel, 2009).

The role of miRNA in tissue development is continually being investigated, but research has 

shown miRNA regulation to be a major contributor to tissue and cell homeostasis 

(Khraiwesh et al., 2010; Liu et al., 2012), signaling (Valadi et al., 2007), and oncogenesis 

(Hatziapostolou et al., 2011). The impact of miRNAs on drug response has not been studied 

as extensively. miRNA regulate expression of several human cytochrome P450 (CYP540) 

phase I metabolic enzymes, including the major drug and hormone metabolizing CYPs 3A4, 

2E1, 1B1, and 24 (Tsuchiya et al., 2006; Komagata et al., 2009; Pan et al., 2009; Mohri et 

al., 2010), but there are few studies on other phase I or II enzymes.
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The UDP-glucuronosyltransferase (UGT) phase II metabolic enzyme family primarily 

consists of two large subfamilies, the UGT1As and 2Bs. The UGT1A family, located on 

chromosome 2q37, codes for nine functional protein isoforms sharing alternative 1st exons 

spliced to common exons 2–5. The common 5th exon contains a shared 3’ UTR (Fig. 1A). 

The UGT2B family members, located on chromosome 4q13, are expressed as individual 

genes encoded by six exons each with a unique 3’ UTR (Mackenzie et al., 2005; Nagar and 

Remmel, 2006). The UGTs are generally highly expressed in liver, the primary organ of 

metabolism, but are also expressed extra-hepatically in tissues such as colon, prostate, lung, 

pancreas, kidney, and tissues of the head and neck and other aero digestive tract tissues 

(Nakamura et al., 2008; Bushey and Lazarus, 2012; Jones et al., 2012). Each UGT1A gene is 

regulated by an individual promoter, driving tissue-specific expression. UGTs 1A1, 1A3, 

1A4, 1A5, 1A6 and 1A9 are the primary hepatic isoforms while UGTs 1A7, 1A8, and 1A10 

are exclusively expressed extra-hepatically (Nagar and Remmel, 2006; Nakamura et al., 

2008; Izukawa et al., 2009). The UGTs prime numerous endogenous compounds including 

bilirubin (Bosma et al., 1994) and steroid hormones (Belanger et al., 2003), as well as 

exogenous compounds including drugs, chemotherapeutic agents, and carcinogens (Court et 

al., 2001; Kemp et al., 2002; Nagar and Blanchard, 2006; Nagar and Remmel, 2006; Chen et 

al., 2007; Chen et al., 2008; Balliet et al., 2009; Lazarus et al., 2009; Mizuma, 2009; Chen et 

al., 2010; Chen et al., 2012; Rowland et al., 2013; Sun et al., 2013), for excretion from the 

body by catalyzing the conjugation of a sugar moiety (e.g. glucuronide) to its substrate. The 

exon 1-encoded amino-termini of individual UGT enzymes determines their unique 

substrate-specificities; however there is a high degree of substrate over-lap between UGT 

family members (Nagar and Remmel, 2006; Mackenzie et al., 2010).

The UGT1A family members exhibit extensive inter-individual variability of expression that 

contributes to variability in patient response and toxicity (Court et al., 2001). Although 

polymorphisms in the UGT genes and altered transcriptional regulation can contribute to 

altered expression and/or activity of UGT1A enzymes (Wiener et al., 2004; Hoskins et al., 

2007; Chen et al., 2010; Gallagher et al., 2010), these mechanisms do not explain the 

observations that UGT1A mRNA and protein levels often do not correlate (Izukawa et al., 

2009; Oda et al., 2012; Ohtsuki et al., 2012) and that there is a high degree of variability in 

UGT mRNA and protein expression within different tissues and between different 

individuals (Izukawa et al., 2009; Ohno and Nakajin, 2009). Such observations suggest an 

epigenetic mechanism of post-transcriptional regulation may be affecting UGT protein 

expression. We hypothesized that miRNA regulate expression of UGT1A isoforms and that 

this may contribute to inter-individual variability in UGT1A expression.

The present study is the first to examine miRNA interactions within the UGT1A family of 

enzymes. In this study, in silico approaches were used to screen for possible miRNA 

interactions with the UGT1A family of enzymes and functional studies were then performed 

to examine the potential role of miRNA on UGT1A gene expression. Evidence is presented 

demonstrating that miR-491–3p may be an important regulator of hepatic UGT1A 

expression and activity.
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Materials and Methods

Chemicals and reagents.

The pGL3-Promoter and pRL-TK renilla plasmids were obtained from Promega (Madison, 

WI). All synthesized DNA oligos used for 3’ UTR amplification, site-directed mutagenesis 

(SDM), and polymerase chain reaction (PCR) analysis were from Integrated DNA 

Technologies, Inc (Coralville, IA). Lipofectamine 2000 transfection reagent was from Life 

Technologies (Carlsbad, CA). miRVana miRNA mimic miR-491–3p (#4464066), negative 

control #1 mimic (#4464058), miRVana miRNA inhibitor miR-491–3p (#4464084), and 

negative control #1 inhibitor (#4464076) were purchased from Ambion (Austin, TX). 

Uridine diphosphate glucuronic acid (UDPGA), raloxifene, alamethicin, and bovine serum 

albumin (BSA) were obtained from Sigma-Aldrich (St. Louis, MO). Ral-6-glucuronide 

(ral-6-gluc), ral-4’-glucuronde (ral-4’-gluc), raloxifene-d4, ral-6-gluc-d4, ral-4’gluc-d4, and 

epirubicin hydrochloride were purchased from Toronto Research Chemical (Toronto, ON, 

Canada). Rabbit anti-UGT2B7 and anti-calnexin antibodies were from BD Biosciences (San 

Jose, CA) and Cell Signaling Technologies (Danvers, MA), respectively. Goat anti-rabbit 

secondary antibody conjugated to hydrogen peroxidase was from Thermo Scientific 

(Waltham, MA). All other chemicals used were purchased from Fisher Scientific (Pittsburg, 

PA) unless otherwise specified.

Cell lines and Culture Conditions.

Human embryonic kidney cell line 293, human hepatocellular carcinoma cell lines HepG2 

and Hep3B, human liver adenocarcinoma cell line SK-HEP-1, human prostate carcinoma 

cell line LNCaP, human colon adenocarcinoma cell line Caco-2, human breast 

adenocarcinoma cell line MCF-7, and human lung carcinoma cell line A-549 were 

purchased from the American Type Culture Collection (ATCC, Manassas, VA). The human 

hepatocellular carcinoma cell line HuH-7 was a kind gift from Dr. Jianming Hu (Penn State 

Hershey College of Medicine, Hershey, PA). Hep3B, HEK293, A-549, and HuH-7 cells 

were cultured in DMEM (Gibco, Carlsbad, CA) supplemented with 10% FBS (Atlanta 

Biologicals, Lawrenceville, GA) and 1% penn/strep (Gibco). HepG2 and Caco-2 cells were 

cultured in DMEM supplemented with 10% FBS, 1% penn/strep, and 1% non-essential 

amino acids (Lonza, Basel, Switzerland). SK-HEP-1 and LNCaP cells were cultured in 

RPMI 1640 (Gibco) supplemented with 10% FBS, 1% penn/strep, and 1% NEAA. MCF-7 

cells were cultured in RPMI 1640 supplemented with 10% FBS and 1% penn/strep. All cells 

were grown and maintained at 37°C with 5% CO2.

Tissues and miRNA Isolation.

Normal colon and endometrium specimens (n=5 each) were obtained from the tissue bank at 

Penn State University College of Medicine while normal liver specimens and their matching 

total RNA were obtained from the H. Lee Moffitt Cancer Center Tissue Procurement Facility 

(n=39). All protocols involving the collection and analysis of tissue specimens from these 

tissue banks were approved by the Institutional Review Boards at their respective institutions 

and were in accordance with assurances filed with and approved by the United States 

Department of Health and Human Services. Normal jejunum tissue specimens were 

purchased from the Sun Health Research Institute (Sun City, AZ). All tissue samples were 
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isolated and frozen at −70°C within 2 h post-surgery. Colon, liver, jejunum, endometrium 

and cell line total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, 

Germany). All total RNA samples from cell lines were subject to on-column DNAse 

digestion during RNA purification (Qiagen). Pooled normal breast total RNA was purchased 

from the Biochain Institute (Hayward, CA) while normal lung, pancreas, larynx, trachea, 

and kidney RNA was purchased from Clontech (Mountain View, CA) or Agilent (Santa 

Clara, CA). Small RNA (<200 nt) containing the miRNA fraction was isolated and purified 

from total RNA using the mirVana miRNA Isolation Kit (Ambion). All RNA concentrations 

were ascertained using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific) and 

was eluted and stored in RNase-, DNAse-free water in a −80°C freezer.

miRNA Binding Site Predictions.

The 3’ UTR of the UGT1A enzyme locus was obtained from the UCSC Genome Browser 

(hg18 assembly). miRNA binding site predictions were obtained using, (i) TargetScan 

(Lewis et al., 2005), scored with the Total Context+ score as described in Garcia et. al 

(Garcia et al., 2011), and (ii) miRanda, algorithm v3.0 (Betel et al., 2008) with the following 

parameters: Gap Open Penalty, −8.00; Gap Extend, −2.00; Score Threshold, 50.00; Energy 

Threshold, −20.00 kcal/mol; Scaling Parameter, 4.00.

Quantitative Real-time (qRT)-PCR.

cDNAs were synthesized from mRNA using total RNA and the SuperScript First-Strand 

Synthesis Kit (Invitrogen, Carlsbad, CA). miRNA cDNAs were synthesized using the 

Taqman MicroRNA Reverse Transcription Kit (Ambion). Taqman gene expression assays 

(Applied Biosystems, Carlsbad, CA) were used to amplify UGTs 1A1 (Hs02511055_s1), 

1A3 (Hs04194492_g1), 1A4 (Hs016555285_s1), 1A5 (Hs01374521_s1), 1A6 

(Hs01592477_m1), 1A9 (Hs02516855_gH), RPLPO (Hs99999902_m1), and 2B7 

Hs02556232_s1) in HuH-7 and HepG2 cells. Taqman miRNA assays (Ambion) were used to 

amplify the expression of miR-491–3p (Cat. # 4427974, ID #002360) and RNU6B (Cat 

#4427975, ID #001093) in all cell lines and tissue samples. PCR reactions were performed 

in 10 µL reactions in 384-well plates using an ABI 7900HT Sequence Detection System 

with incubations performed at 50°C for 2 min; 95°C for 10 min; and 40 cycles of 95°C for 

15 sec, 60°C for 1 min. Reactions included 2x Universal PCR Master Mix (Applied 

Biosystems), Taqman gene expression primers or Taqman miRNA primers, and 

corresponding cDNA according to the manufacturer’s protocol. Each plate was run with 

negative control (no DNA template) and all assays were performed in quadruplicate. Gene 

expression was compared to an endogenous, internal control (RPLPO for mRNA or RNU6B 

for miRNA) using the 2-ΔΔC
T method (Livak and Schmittgen, 2001). CT values were 

determined using the SDS 2.4 software (Applied Biosystems) and amplification CT values 

higher than 36 cycles were designated as below the limit of detection (B.L.D.). Samples 

lacking any amplification curves were also designated B.L.D.

Construction of reporter plasmids.

The luciferase report plasmids used in this study were constructed by inserting the common 

UGT1A 3’ UTR into the XbaI restriction site located downstream of the luciferase reporter 

gene in the pGL3-Promoter vector. Briefly, primers (sense, 5’-
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GCTATCTAGAGAAGTGGGTGGGAAATAAGGTAA-3’; and antisense, 5’-

GCTATCTAGAGAAACTTGCCCAGCACTTCATAGCT-3’) modified with the XbaI 
digestion site at both ends were used to amplify the UGT1A subfamily 3’ UTR 

(corresponding to nucleotides +1618 to +2301 of the human UGT1A1 mRNA, and 683 

nucleotides in length) using genomic DNA isolated from the HEK293 cell line. The PCR-

amplified region was cloned into the XbaI restriction site of the pGL3-promoter vector using 

standard protocols. The pGL3-seed deletion plasmid was created by performing SDM using 

the QuikChange II Site Directed Mutagenesis Kit (Agilent, Santa Clara, CA) and the sense 

and antisense primers ‘5-TCATTTTATTCTTATTAAG-

GAAATACTTTAAATTAATCAGCCCCAGAGTGCTT-3’ and 5’- 

AAGCACTCTGGGGCTGATTA-ATTTAAAGTATTTCCTTAATAAGAATAAAATGA-3’, 

respectively. Nucleotide sequences of all plasmids used in this study were confirmed by 

DNA sequencing analysis performed at the Penn State University Nucleic Acid Facility 

(State College, PA).

Luciferase Assays.

The pGL3-Promoter vector cloned with the UGT1A 3’ UTR (termed ‘pGL3-

UGT1A3’UTR’) was co-transfected with the pRL-TK renilla control vector into HEK293 

cells. The day before transfection, HEK293 cells were seeded onto 24-well plates at a 

density of approximately 50,000 cells/well, and after 24 h, 380 ng of pGL3-UGT1A3’UTR 

plasmid and 20 ng pRL-TK plasmid were co-transfected together with various 

concentrations of either scrambled miRNA control or miRNA mimic using Lipofectamine 

2000 transfection reagent. HEK293 cells were harvested 24 h after transfection using passive 

lysis buffer, and luciferase activity was measured with a luminometor (Bio-tek Synergy HT, 

Winooski, VT) using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI). 

Renilla luciferase served as the internal control.

Glucuronidation Assays.

Preparation of cell homogenates for glucuronidation activity assays was performed as 

previously described (Dellinger et al., 2007) after cells were transfected with 50 uL 

Lipofectamine 2000 in 10 cm dishes for 48 h according to manufacturerer’s protocol. HuH-7 

or HepG2 cells were transfected with either 50 nM scrambled miRNA controls, 50 nM 

miR-491–3p mimic, or 50 nM miR-491–3p inhibitor. Collected cell pellets were freeze-

thawed 3x in liquid nitrogen and subjugated to 3× 10-sec pulses using a hand-held Bio-

Vortexer (Biospec, Bartlesville, OK) prior to storing of 50 µL aliquots at −80°C. Protein 

concentrations within the cell homogenates were quantified using the BCA Protein Assay 

Kit (Pierce Chemical, Rockford, IL) and measured using an Appliskan Luminometor and 

SkanIT Software v2.3 (Thermo Scientific).

The glucuronidation assays using homogenates from HuH-7 and HepG2 cells were 

performed essentially as described previously (Sun et al., 2007; Sun et al., 2013). HuH-7 and 

HepG2 cell homogenate (100–300 µg) was incubated with 50 µM raloxifene for 90 min, or 

500 µM epirubicin hydrochloride for 60 min. Raloxifene glucuronidation reactions were 

terminated by the addition of 25 µL cold 100% acetonitrile and centrifuged before the drying 

of the supernatant in a speedvac and reconstitution in 40 µL of 1:1 water:acetonitrile; 
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epirubicin reactions were terminated in the presence of 25 µL of cold 100% acetonitrile, 

centrifuged for 20 min at 13,000 g and supernatant was collected for analysis on 

UPLC/MS/MS.

Stock solutions of raloxifene, ral-6-Gluc, and ral-4’-Gluc and their deuterated internal 

standards were prepared in DMSO. Raloxifene, ral-6-Gluc, and ral-4’-Gluc were combined 

into a standard stock solution with final concentrations of 25 µg/mL, 100 µg/mL, and 100 

µg/mL, respectively. Deuterated internal standards were combined in DMSO to final 

working concentrations of 50 µg/mL for raloxifene, ral-6-Gluc, and ral-4’-Gluc. The 

combined standard solution was then serially diluted in 1:1 water:acetonitrile to make 

standard working solutions from 50 ng/mL-51.2 µg/mL for raloxifene, and 1.25 ng/mL-1.28 

µg/mL for ral-6-Gluc and ral-4’-Gluc. Standard calibration samples were prepared daily by 

spiking 1.0 µL of the combined internal standard into each of the serial-diluted working 

solutions (500 ng/mL final concentrations for each deuterated internal standard). All 

solutions were kept at −20°C before use.

Calibration standards as well as formed raloxifene and epirubicin glucuronides were 

analyzed using a Waters ACQUITY ultra-pressure liquid chromatography-UV detector 

(UPLC/UV) system (Milford, MA) with a 1.7 µ ACQUITY UPLIC BEH C18 analytical 

column (2.1 mm x 50 mm, Waters, Ireland) in series with a 0.2 µm Waters assay frit filter 

(2.1 mm). Raloxifene gradient elution conditions were performed as previously described 

(Sun et al., 2013). Epirubicin gradient elution conditions were performed using a flow rate 

of 0.5 mL/min, starting with 95% Buffer A (0.1% formic acid in water) and 5% Buffer B 

(0.1% formic acid in acetonitrile) for 30 sec, a subsequent linear gradient to 50% Buffer B 

over 2.5 min, and then 100% Buffer B maintained over the next 2 min. Raloxifene and 

epirubicin glucuronides were confirmed by their sensitivity to the treatment of β-

glucuronidase.

Quantification of raloxifene, ral-6-gluc, and ral-4’-gluc was performed as previously 

described (Sun et al., 2013). Quantification of epirubicin and epirubicin-glucuronide was 

determined based on the ratio of epirubicin-glucuronide versus unconjugated epirubicin after 

calculating the area under the curve for the epirubicin-glucuronide and epirubicin peaks 

using a known amount of epirubicin in each reaction as a reference. Data was quantified 

using the MassLynxTM NT 4.1 software with QuanLynx™ program (Waters). All standard 

curves were constructed by plotting the ratio of analyte peak area to corresponding internal 

standard peak area. All experiments were performed in triplicate in independent assays.

Western blot analysis.

UGT2B7 protein levels were determined via immunoblotting. HuH-7 and HepG2 protein 

homogenate was adjusted to equal volumes of loading buffer and heated at 90°C for 10 min. 

Samples were run at 90 V on a 10% acrylamide gel and transferred to a polyvinylidene 

diflouride (PVDF) membrane for 2 h at 33 V. PVDF membranes were blocked in 5% milk in 

TBS with Tween-20 (TBS-T) for 1 h, probed with UGT2B7 or calnexin primary antibody 

(1:1000 dilution for each) overnight at 4°C, washed 3x in TBS-T, followed by goat anti-

rabbit secondary antibody (1:5000 dilution). Protein bands were visualized using the 

Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare, Pittsburgh, PA) 

Dluzen et al. Page 7

Drug Metab Rev. Author manuscript; available in PMC 2018 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Hyoblot CL autoradiography film (Denville Scientific, Metuchen, NJ). Calnexin 

expression levels served as a loading control.

Statistical Analysis.

Statistical analysis was performed using Graphpad Prism 5 software (La Jolla, CA). For 

studies involving miR-491–3p miRNA mimic or miR-491–3p inhibitors, the Student’s t-test 

(two-tailed) was used to compare experimental groups with scrambled miRNA controls. For 

statistical analysis of expression levels of genes labeled B.L.D., a Ct value of 40 was 

assigned to generate the necessary 2-ΔΔC
T values needed for statistical comparison. For the 

analysis of UGT1A1, 1A3, 1A6, and 1A9 vs. miR-491–3p mRNA expression in human liver 

specimens, a one-tailed Spearman correlation was used. In this analysis, for those specimens 

with no miR-491–3p expression, they were assigned a Ct value half that of the lowest 

miR-491–3p expressing liver specimen. For comparison of UGT1A1, 1A3, 1A6, and 1A9 

mRNA levels in miR-491–3p-expressing vs. non-expressing human liver specimens, the 

one-tailed Mann Whitney t-test was used. P-values <0.05 were considered statistically 

significant.

Results

In silico analysis of miRNA binding to UGT1A mRNA.

The human UGT1A gene locus consists of nine alternative first exons spliced to common 

exons 2–5, with all nine UGT1A enzymes sharing the same 3’ UTR (Fig. 1A). The mRNA 

corresponding to the UGT1A 3’UTR was analyzed by the miRanda (v3.0) and TargetScan 

algorithms to identify miRNAs that could potentially target UGT1A mRNAs (Enright et al., 

2003; John et al., 2004; Lewis et al., 2005). miRanda is an excellent model algorithm due to 

its emphasis on stringent base-pairing of the seed region supplemented by downstream 

binding near the 3’ end of the miRNA gene (Betel et al., 2008). TargetScan is a similarly 

effective model algorithm due to its emphasis on contributions from binding position, 3’ 

pairing, and miRNA target site abundance (Garcia et al., 2011). miRNA 491–3p (miR-491–

3p) was the highest scoring prediction by miRanda to bind the UGT1A common 3’ UTR, 

followed by miR-148a and miR-136. TargetScan also identified these three miRNAs as 

strong candidates to bind the UGT1A 3’ UTR, with miR-491–3p having the highest overall 

total context+ score of the three miRNAs. miR-491–3p targets the common UGT1A 3’ UTR 

at a position 92–114 base pairs (bp) downstream of the UGT1A stop codon [termed the 

miR-491–3p miRNA recognition element (MRE)] (Fig. 1B). This predicted MRE contains 

the canonical 8-nucleotide miRNA “seed” sequence of perfect complementation between 

miR-491–3p and the UGT1A 3’ UTR (Fig. 1B, bottom, underlined). The MREs for miRs 

148a and miR-136 target regions corresponding to bp 512–533 and 610–633, respectively, 

downstream of the UGT1A stop codon. Like that observed for miR-491–3p, both contain a 

8-nucleotide “seed” sequence of perfect complementation with the UGT1A 3’ UTR (Fig. 

1B, bottom, underlined).

Effect of miR-491–3p on UGT1A 3’ UTR-mediated luciferase activity.

To determine whether any of the predicted miRNAs described above (miR-491–3p, 

miR-148a, and miR-136) could potentially affect UGT1A expression in vitro, the UGT1A 3’ 
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UTR was cloned into the luciferase pGL3-promoter vector immediately 3’ of the luciferase 

open reading frame (Fig. 1C). The pGL3-UGT1A3’UTR plasmid was transiently co-

transfected into HEK293 cells with scrambled negative control or miR-491–3p, miR-148a, 

or miR-136 miRNA mimics together with the renilla luciferase plasmid (serving as a 

transfection control). HEK293 cells are an ideal cell line for studying heterologous 

expression of UGT1A enzymes since they do not exhibit endogenous UGT1A expression 

(Nakamura et al., 2008). Compared to the scrambled miRNA-transfected control, luciferase 

activity was significantly repressed at both 1 nM (P<0.05) and 2 nM (P<0.05) miR-491–3p 

mimic concentrations, corresponding to a 43 and 48% loss, respectively, of luciferase 

activity (Fig. 1D). To confirm that this inhibition was due to miRNA-491–3p binding to the 

UGT1A 3’ UTR miR-491–3p MRE, a 4-bp deletion mutation was created within the MRE 

seed sequence within the pGL3-UGT1A3’UTR (termed ‘pGL3-UGT1A3’UTR/SeedDel; 

Fig. 1C). While no significant difference in luciferase activity was observed between the 

seed deletion mutant and the negative scrambled miRNA control, a significant (P<0.05) 1.5-

fold increase in luciferase expression was observed between cells over-expressing the wild-

type pGL3-UGT1A3’UTR versus cells over-expressing the mutant pGL3-UGT1A3’UTR/

SeedDel plasmids using 2 nM miR-491–3p mimic (Fig. 1D). No significant alteration in 

luciferase activity was observed in co-transfections with either the miR-148a and miR-136 

mimics (data not shown).

miR-491–3p expression in UGT-expressing tissues and cell lines.

To determine the levels of miR-491–3p expression in cells with known UGT expression, 

total RNA was screened from a variety of normal human tissues and cell lines by 

quantitative real-time (qRT)-PCR (Fig. 2). miR-491–3p expression was highest in colon 

(25.6 ± 5.9) followed by trachea (12.0 ± 4.0) > lung (6.5 ± 0.81) > breast (3.0 ± 1.1) > liver 

(1.0 ± 0.11; set as reference; Fig. 2A). Of the 39 livers analyzed, 12 exhibited no expression 

of miR-491–3p; of the remaining samples, up to 4.0-fold differences in miRNA-491–3p 

expression were observed for 26 of the samples (a 7.8-fold difference was observed for the 

remaining sample; Fig. 2B). High miR-491–3p expression was also observed in Hep3B, 

HuH-7, HepG2, and SK-HEP-1 cells, exhibiting between 6.2–15.0-fold higher levels of 

miRNA-491–3p expression as compared to the lowest expressing individual liver specimen 

(Fig. 2B). Low levels of miR-491–3p expression were observed in the Caco-2, MCF-7, 

HEK293 and LNCaP cell lines; no expression was detected in jejunum, pancreas, kidney, 

larynx, and endometrium, or in the A-549 lung carcinoma cell line (data not shown).

UGT1A expression in miR-491–3p-expressing cell lines.

To identify a hepatic cell culture model that could be used to monitor the effects of 

miR-491–3p on hepatic UGT1A expression, UGT1A expression was quantified by qRT-

PCR in both the HuH-7 and HepG2 cell lines. UGT1A1 exhibited the highest level of 

expression of any hepatically-expressed UGT in both cell lines, with the levels in HuH-7 

cells 40-fold higher than that observed in HepG2 cells (P<0.001; Fig. 2C). UGT1A1 

exhibited >400- and 15-fold higher levels of expression than the next-most well-expressed 

UGT enzyme, UGT1A6, in HuH-7 and HepG2 cells, respectively. HuH-7 and HepG2 cells 

also expressed the hepatic UGTs 1A3, 1A4, and 1A9. Neither cell line expressed UGT1A5 

(Fig. 2C).
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Effects of miR-491–3p on UGT1A expression and glucuronidation activity.

To identify which hepatic UGT1A enzyme is regulated by miR-491–3p, HuH-7 cells were 

transiently transfected with miR-491–3p mimic and UGT1A mRNA levels were assayed by 

qRT-PCR. miR-491–3p-transfected HuH-7 cells exhibited a significant (P<0.001) 48% 

decrease in UGT1A1 mRNA levels as compared to scrambled miRNA-transfected control 

cells (Fig. 3A). In addition, UGTs 1A3 (P<0.05) and 1A6 (P<0.05) mRNA were also 

decreased in the presence of miR-491–3p, with UGT transcript levels reduced by 35% and 

27%, respectively. Serving as a negative control, the levels of UGT2B7 mRNA, with its own 

unique 3’ UTR different from the common UGT1A 3’ UTR and not predicted to bind 

miR-491–3p, did not significantly change after miR-491–3p transfection (Fig. 3A). The 

expression of UGTs 1A4 and 1A9 were not significantly repressed after transfection of 

miR-491–3p (data not shown).

Since UGT1A1 was the only UGT1A family member that was relatively well-expressed in 

the miRNA-491–3p-expressing HuH-7 and HepG2 cell lines and because UGT1A1 

exhibited the largest variation in UGT1A expression after miR-491–3p over-expression, the 

role of miR-491–3p in regulating UGT1A1 expression and activity was examined 

specifically. Raloxifene, a chemotherapeutic agent used in the prevention of breast cancer in 

postmenopausal women (Jordan et al., 2001), is exclusively metabolized by the UGT1A 

family of enzymes, with the major raloxifene glucuronide, ral-6-gluc, formed primarily by 

UGT1A1 in human liver, while both UGTs 1A1 and 1A9 contribute to hepatic ral-4’-gluc 

formation (Kemp et al., 2002; Mizuma, 2009; Trdan Lusin et al., 2011; Sun et al., 2013). 

Since UGT1A1 mRNA expression levels are ~469-fold and ~15-fold higher than UGT1A9 

mRNA levels in HuH-7 and HepG2 cells respectively (Fig, 2C), levels of raloxifene 

glucuronidation activity can serve as a specific marker for UGT1A1 activity and overall 

protein expression.

As a marker of UGT1A1 activity, the levels of ral-6-gluc and ral-4’-gluc formation were 

monitored in homogenates from HuH-7 cells transiently transfected with miR-491–3p 

mimic versus scrambled miRNA-transfected controls. In HuH-7 cell homogenates, both 

ral-6-gluc and ral-4’-gluc formation were significantly reduced by 40% (P<0.01) and 38%, 

(P<0.01), respectively, after transfection of miR-491–3p mimic as compared to scrambled 

miRNA-transfected controls (Fig. 3B). No change in UGT2B7 protein levels were observed 

as determined by Western blot analysis, and no difference in UGT2B7 glucuronidation 

activity was observed against epirubicin, a specific substrate for UGT2B7 (Innocenti et al., 

2001; Zaya et al., 2006), in the presence of miR-491–3p mimic as compared to scrambled 

controls (Fig. 3C). Interestingly, no effect on UGT1A1 expression or activity was observed 

in HepG2 cells after transfection of miR-491–3p mimic as compared to scrambled miRNA-

transfected controls (results not shown).

To further examine the endogenous effect of miR-491–3p on the expression and downstream 

activity of UGT1A1, HuH-7 cells were transiently transfected with 100 nM miR-491–3p 

inhibitor for 48 h. Endogenous miR-491–3p levels were significantly (P<0.01) reduced to 

below the level of detection in the presence of inhibitor as compared to scrambled miRNA 

inhibitor control (Fig. 4A). UGT1A1 mRNA levels were correspondingly significantly 

(P<0.01) elevated (~80%) in the presence of inhibitor as compared to scrambled control 
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(Fig. 4B). This increase in UGT1A1 mRNA levels corresponded with significant increases 

in ral-6-gluc (50%; P<0.05) and ral-4’-gluc (22%; P<0.01) formation for HuH-7 

homogenates with repressed miR-491–3p levels as compared to scrambled control inhibitor-

treated cell homogenates (Fig. 4C). No differences in (i) UGT2B7 mRNA levels (Fig. 4B), 

(ii) UGT2B7 protein levels (Fig. 4D), or (iii) glucuronidation activity against epirubicin 

(Fig. 4D) were observed in HuH-7 homogenates with repressed miR-491–3p levels.

A similar pattern was observed for the same miRNA inhibitor experiments performed in 

HepG2 cells. Endogenous miR-491–3p levels in HepG2 cells were significantly (P<0.001) 

repressed in the presence of inhibitor when compared to scrambled control (Fig. 5A). While 

UGT1A1 mRNA levels were not significantly altered in the presence of repressed miR-491–

3p (Fig. 5B), miR-491–3p inhibition in HepG2 cells significantly increased ral-6-gluc and 

ral-4’-gluc formation by nearly 50% (P<0.05) and 34% (P<0.001), respectively (Fig. 5C). 

No difference in, (i) UGT2B7 mRNA levels (Fig. 5B), (ii) UGT2B7 protein levels (Fig. 5D), 

or (iii) glucuronidation activity against epirubicin (Fig. 5D) were observed in HepG2 

homogenates with repressed miR-491–3p levels.

Hepatic UGT vs. miR-491–3p expression in human liver specimens.

To assess whether there was any functional effect of miR-491–3p expression on UGT1A 

expression, the expression of UGTs 1A1, 1A3, 1A6, and 1A9 was examined by qRT-PCR in 

a panel of normal human liver specimens. A significant inverse correlation was observed 

between UGT1A3 mRNA and miR-491–3p expression levels in 38 liver specimens which 

expressed UGT1A3 (Spearman r = −0.296; P<0.05; Fig. 6A). A significantly (P<0.05) 

higher level of UGT1A3 expression was observed in miR-491–3p non-expressers as 

compared to miR-491–3p expressers in these specimens (Fig. 6B). Similar to that observed 

for UGT1A3, a significant inverse correlation was also observed between UGT1A6 mRNA 

and miR-491–3p expression in the same liver specimens expressing UGT1A6 mRNA (n=37; 

Spearman r = −0.487; P<0.01; Fig. 6C). Also similar to that observed for UGT1A3, a 

significantly higher (P<0.05) level of UGT1A6 expression was observed in the miR-491–3p 

non-expressers as compared to expressers (Fig. 6D). No correlation existed between 

UGT1A1 or UGT1A9 mRNA levels and miR-491–3p expression was observed in the same 

panel of liver specimens, and no difference in UGT1A1 or UGT1A9 mRNA levels was 

observed between miR-491–3p-expressing versus miR-491–3p-non-expressing liver 

specimens (results not shown).

Discussion

This is the first study to examine the regulation of the UGT family of enzymes by miRNA. 

In silico prediction modeling using both miRanda and TargetScan indicated that miR-491–

3p was the top candidate to bind to the UGT1A 3’ UTR. While miR-491–3p and two other 

top candidate miRNAs (miR-148a and miR-136) were tested using the luciferase reporter 

assay, only miR-491–3p repressed luciferase activity in vitro. These data were further 

confirmed in the UGT1A1-expressing HuH-7 cell line, as miR-491–3p over-expression was 

shown to significantly inhibit UGT1A1 expression and glucuronidation activity, while 

inhibition of miR-491–3p was shown to significantly induce UGT1A1 expression and 
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glucuronidation activity. In addition, deletion of the seed sequence within the 3’ UTR 

miR-491–3p MRE of the UGT1A1 gene resulted in an elimination of these effects, 

suggesting specificity of action.

The expression of UGTs 1A3 and 1A6 were significantly and inversely correlated with 

miR-491–3p expression levels in a panel of normal human liver specimens examined in this 

study. Furthermore, a significant difference in UGT1A3 and UGT1A6 mRNA expression 

was observed in liver specimens stratified by miR-491–3p-expression versus miR-491–3p-

non-expression. Together, these data strongly suggest that miR-491–3p plays a role in the 

regulation of UGT1A expression and activity and may contribute to the observed inter-

individual variability of several UGT1A genes in humans.

While a significant increase in UGT1A1 expression and enzyme activity was observed in 

HepG2 cells after inhibition of miRNA-491–3p, no effect on UGT1A1 mRNA levels or 

activity was observed in HepG2 cells after miR-491–3p over-expression. This contrasts with 

the inhibitory effect observed for both UGT1A1 mRNA expression and enzyme activity 

after miR-491–3p over-expression in HuH-7 cells. This difference is likely due to the higher 

miR-491–3p:UGT1A1 expression ratio observed between HepG2 and HuH-7 cells. This 

ratio difference is due mainly to the difference in expression of UGT1A1 in the two cell 

lines – UGT1A1 is expressed in HepG2 cells at levels well below (~40-fold less) that 

observed in HuH-7 cells; there is a ~5-fold difference in miR-491–3p expression levels 

between the two cell lines. In HepG2 cells where the miR-491–3p:UGT1A1 expression ratio 

is high, it is likely that further expression of miR-491–3p has little effect on UGT1A1 

expression and subsequent activity – it may already be at saturating levels, a situation that is 

less likely to be observed for HuH-7 cells where the miR-491–3p:UGT1A1 expression ratio 

is significantly lower. When miR-491–3p is inhibited, a significant effect on UGT1A1 

expression and subsequent activity would be expected in both cell lines.

While significant inverse correlations were observed between both UGT1A3 and UGT1A6 

mRNA levels and miR-491–3p expression in normal human liver specimens, no such 

association was observed for UGT1A1. Similarly, while a significant difference in UGT1A3 

and UGT1A6 mRNA expression was observed in miR-491–3p expressing versus miR-491–

3p non-expressing liver specimens in this study, no difference was observed for UGT1A1 

expression. The fact that no association was observed between UGT1A9 mRNA levels and 

miR-491–3p expression is consistent with the fact that UGT1A9 was not shown to be 

affected by miR-491–3p in vitro. Previous studies have shown that UGTs 1A3 and 1A6 are 

expressed at levels up to 10- and 3-fold lower, respectively, than UGT1A1 in normal human 

liver (Izukawa et al., 2009; Ohno and Nakajin, 2009). Similar to that described above for cell 

lines, the miR-491–3p:UGT1A expression ratio is therefore higher for UGT1A1 than for 

UGT1A3 and UGT1A6 in human liver, and changes in hepatic miR-491–3p expression may 

only significantly affect the lower mRNA expression of hepatic UGTs like UGTs 1A3 and 

1A6. These results do not rule out the possibility that miR-491–3p regulates UGT1A1 

protein expression in human liver. Future studies are required to examine the impact of 

miR-491–3p expression on the enzymatic activity of UGT1A1 in liver specimens over-

expressing miR-491–3p.
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The levels of both UGT1A1 mRNA and enzyme activity were significantly altered in HuH-7 

cells whereas in HepG2 cells only UGT1A1 enzyme activity was affected after over-

expression of miR-491–3p. This may reflect different cell-specific mechanisms of miR-491–

3p regulation of UGT1A1 protein expression. It is likely that the alterations in UGT1A1 

activity observed in HuH-7 cells are via a reduction in mRNA levels, presumably through 

mRNA degradation. In HepG2 cells, with no observable reduction in UGT1A1 mRNA levels 

after miR-491–3p over-expression, the primary mechanism of protein repression could be 

through translational inhibition or relocation and sequestering of UGT1A1 mRNA into P-

bodies, where mRNA can be stored with RISC for later usage or until degraded (Macfarlane 

and Murphy, 2010). Cell-specific miRNA regulation of protein expression is observed for 

other genes. For example, hepatocyte nuclear factor 4 alpha (HNF4α) is regulated in HepG2 

cells by miR-24 and miR-34a. Mechanistically, miR-24 reduces HNF4α protein expression 

primarily via mRNA degradation; whereas miR-34a primarily regulates HNF4α expression 

via translational inhibition (Takagi et al., 2010). In HuH-7 cells, peroxisome proliferator-

activated receptor alpha (PPARα) is primarily regulated by miR-21 and miR-27b via 

translation inhibition (Kida et al., 2011), while in HepG2 cells PPARα is regulated by 

miR-141 via reduced mRNA expression levels (Hu et al., 2012). In both cases, however, the 

differential effect observed between cell lines was manifested by two different miRNA 

species. For UGT1A1, this differential cell line effect was linked to the same miRNA 

(miR-491–3p).

It is possible that the UGT1A 3’ UTR is not the sole region where miRNA may play a role 

in UGT1A regulation, as there are other genes which are regulated by miRNA predicted to 

bind within the 5’ untranslated or coding regions. For example, miR-24 regulates HNF4α 
protein expression primarily by binding within the mRNA coding region (Takagi et al., 

2010). In the present studies, no effect on UGT1A glucuronidation activity was observed 

when levels of miR-125a-3p were altered in either HepG2 or Huh7 cells (results not shown). 

As miR-125a-3p was the miRNA predicted by miRanda to bind within non-3’UTR UGT1A 

sequences with the most efficacy, this suggests that miRNA regulation of UGT1A 

expression is primarily via binding to the UGT1A 3’UTR. It is also possible that the 

prediction programs used in this analysis (miRanda and TargetScan) failed to adequately 

predict the binding of other miRNA within these UGT1A sequences. miRNA-pull-down 

techniques using the UGT1A 3’ UTR as a probe could be used to better assess this 

possibility (Roff et al., 2012).

Interestingly, the expression of the hepatic UGT1A4 and UGT1A9 were not significantly 

regulated by miR-491–3p over-expression in the present studies. This may be due to UGT1A 

mRNA secondary structure potentially interfering with miR-491–3p and/or protein binding. 

We analyzed the mRNA secondary structures for UGTs 1A1, 1A3, 1A4, 1A6, and 1A9 

using the RNA Fold software (Gruber et al., 2008) to better asses this possibility 

(Supplementary Fig. 1). While UGTs 1A3 and 1A4 had the most similar structure, each 

UGT1A isoform exhibited a unique secondary structure and this may impact miR-491–3p 

binding to each isoform (Supplementary Fig. 1). mRNA secondary structure can play an 

important role in miRNA regulation and targeting, as previous reports have identified 

polymorphisms within mRNA 3’ UTRs that alter miRNA regulation due to changes in 
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mRNA secondary structure (Haas et al., 2012). Further studies will be necessary to better 

assess this possibility.

While miR-491–3p was shown to be expressed hepatically, it was also shown to be 

expressed in several other normal human tissues including colon, lung, trachea, and breast. 

In fact, the expression of miR-491–3p was higher in these tissues than was observed in liver. 

Therefore, in addition to playing a potential role in whole-body metabolism via hepatic 

mechanisms, miR-491–3p could be playing an important role in regulating local metabolism 

within these extra-hepatic tissues. Further studies are required examining the effects of 

miR-491–3p on UGT1A expression for non-hepatic human tissues.

In summary, this is the first evidence demonstrating that miRNA regulate phase II UGT 

metabolic enzymes. Results from both in vitro studies in cell lines and human tissue 

phenotype data are presented demonstrating that UGTs including 1A3, 1A6, and possibly 

other UGT1A enzymes including UGT1A1 are regulated by miR-491–3p. Alterations in the 

expression of UGT1A enzymes by miR-491–3p may be an important mechanism controlling 

phase II metabolism and may play an important role in modulating drug response in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The UGT1A gene locus and potential miR-491–3p miRNA recognition elements (MRE) 
within the common UGT1A 3’ UTR.
A, The 9 alternative UGT1A first exons code for unique enzymes. UGTs 1A1, 1A6, and 

1A9 (dark boxes) are further highlighted in panel B. B, Alignment of three representative 

UGT1A mRNAs (1A1, 1A6, and 1A9) to highlight the common 3’ UTR region. The 

miR-491–3p MRE begins +92 nucleotides from the stop codon for all UGT enzymes and the 

region spans 24 nucleotides in length. The miR-148a (spanning 22 nucleotides) and 

miR-136 (spanning 24 nucleotides) MREs begin at +512 and +610 nucleotides, respectively, 

from the stop codon. The predicted hybridization structure between the UGT1A 3’ UTR and 

the miR-491–3p, miR-148a, and miR-136 MREs are enlarged at the bottom. Highlighted 

above the black bars are the MRE ‘seed’ sequences. C, Schematic of the pGL3-Promoter 

luciferase vector with the SV40 promoter and the SV40 poly-A tail, including the XbaI 3’ 

UTR restriction digest cloning site. The pGL3-UGT1A 3’UTR luciferase vector contains the 

first 683 nucleotides of the UGT1A family 3’ UTR, encompassing the wild-type miR-491–

3p MRE. The pGL3-UGT1A 3’UTR/Seed Deletion vector contains all sequences of the 

pGL3-UGT1A 3’ UTR vector except for a four nucleotide deletion within the miR-491–3p 

MRE ‘seed sequence’. X’s indicate deleted base positions. D, Luciferase activity of UGT1A 

3’ UTR luciferase reporter vectors co-transfected with miR-491–3p mimic or scrambled 

miRNA control in HEK293 cells. Columns represent mean ± S.E. of three independent 

experiments. * P<0.05.
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Figure 2. Tissue and cell line expression of miR-491–3p and UGT1A family members.
A, Relative expression levels of miR-491–3p in several UGT-expressing tissues. Expression 

levels were quantified using qRT-PCR and set relative to the lowest-expressing tissue (i.e. 

liver). B, Expression levels of mature miR-491–3p in individual normal livers and in liver 

cancer cell lines. Expression levels were quantified by qRT-PCR. miR-491–3p expression 

was adjusted to the RNU6B endogenous control gene in all tissues and cell lines. Expression 

is shown relative to the lowest overall miR-491–3p-expressing sample (i.e. liver #13; set to 

1.0). C, Comparison of UGT1A mRNA levels between HepG2 and HuH-7 cell lines. mRNA 

expression was adjusted to the RPLPO endogenous control gene and shown relative to the 

highest expressing UGT enzyme in both cell lines (UGT1A1 in HuH-7 cells; set to 1.0). The 

Y-axis is broken into two segments, with a gap between 0.08 and 0.2 to better adjust for the 

high expression of UGT1A1 in HuH-7 cells. UGT1A1 mRNA levels were >40-fold higher 

in HuH-7 cells compared to HepG2. B.L.D., below the limit of detection. Columns represent 

the mean ± S.E. of three independent replicates. *** P<0.001.
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Figure 3. Quantitative analysis of UGT1A mRNA and enzymatic activity in HuH-7 cells.
A, mRNA levels of UGT1A1, 1A3, 1A6, and 2B7 in miR-491–3p transfected HuH-7 cells. 

50 nM of scrambled miRNA or miR-491–3p mimic were transiently transfected into HuH-7 

cells for 48 h. mRNA was isolated and levels were compared to scrambled control (set at 

1.0) for each gene. Genes were normalized to the RPLPO endogenous control gene using the 

2-ΔΔct method. UGT2B7 mRNA levels served as a negative control. Inset, a representative 

semi-quantitative electrophoresis gel of UGT1A1 mRNA. B, UGT1A1 glucuronidation 

activity against raloxifene in HuH-7 cells. UPLC/MS/MS was used to quantify the formation 

of ral-6-gluc (top) and ral-4’-gluc (bottom) from raloxifene substrate in miRNA-transfected 

HuH-7 homogenates. Ral-6-gluc formation and ral-4’gluc formation were significantly 

repressed ~40% and ~38%, respectively. C, UGT2B7 protein levels and glucuronidation 

activity in the presence of 50 nM miR-491–3p miRNA mimic or scrambled control. 

Columns represent the mean ± S.E. of three independent experiments. * P<0.05; ** P<0.01; 

*** P<0.001.
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Figure 4. The effect of miR-491–3p inhibitor on UGT1A1 expression and activity in HuH-7 cells.
A, 100 nM of scrambled inhibitor control or miR-491–3p inhibitor were transiently 

transfected into HuH-7 cells for 48 h. Quantitative analysis of endogenous mature miR-491–

3p expression levels were measured following miRNA isolation from transfected HuH-7 

cells using qRT-PCR with RNU6B as an endogenous control. B, Quantification of UGT1A1 

and UGT2B7 mRNA levels by qRT-PCR in HuH-7 cells in the presence of 100 nM 

miR-491–3p inhibitor or scrambled control. Quantification was performed with RPLPO 

serving as the endogenous expression control gene using the 2-ΔΔct method. Inset, a 

representative electrophoresis gel of the RT-PCR of UGT1A1 mRNA levels. C, UGT 

glucuronidation activity against raloxifene in HuH-7 cells with inhibited miR-491–3p. 

UPLC/MS/MS was used to quantify the formation of ral-6-gluc (top) and ral-4’-gluc 

(bottom) from raloxifene substrate in miR-491–3p-inhibited HuH-7 cell homogenates. D, 
UGT2B7 protein levels and glucuronidation activity in the presence of 100 nM miR-491–3p 

miRNA mimic or scrambled control. Columns represent the mean ± S.E. of three 

independent experiments. B.L.D., below the limit of detection. * P<0.05; ** P<0.01.
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Figure 5. The effect of miR-491–3p inhibitor on UGT1A1 expression and activity in HepG2 cells.
A, One hundred nM scrambled inhibitor control or miR-491–3p inhibitor were transiently 

transfected into HepG2 cells for 48 h. Quantitative analysis of endogenous mature miR-491–

3p expression levels were measured following miRNA isolation from transfected HepG2 

cells using qRT-PCR and the RNU6B endogenous control. B, Quantification of UGT1A1 

and UGT2B7 mRNA levels by qRT-PCR in HuH-7 cells in the presence of 100 nM 

miR-491–3p inhibitor or scrambled inhibitor control. Quantification was performed with 

RPLPO serving as the endogenous expression control gene using the 2-ΔΔct method. C, UGT 

glucuronidation activity against raloxifene in HepG2 cells with inhibited miR-491–3p. 

UPLC/MS/MS was used to quantify the formation of ral-6-gluc (top) and ral-4’-gluc 

(bottom) from raloxifene substrate in miR-491–3p- inhibited HepG2 cell homogenates. D, 
UGT2B7 protein levels and glucuronidation activity in the presence of 100 nM miR-491–3p 

miRNA inhibitor or scrambled inhibitor control. Columns represent the mean ± S.E. of three 

independent experiments. B.L.D., below the limit of detection. * P<0.05; *** P<0.001.
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Figure 6. Expression of UGT1A3 and UGT1A6 mRNA versus miR-491–3p in human liver 
specimens.
Levels of UGT1A3 (n=38; panels A and B) and UGT1A6 (n=37; panels C and D) mRNA 

vs. miR-491–3p were quantified in normal liver samples via qRT-PCR and normalized to 

RPLPO and RNU6B, respectively. For panels A and B, expression levels are shown relative 

to the lowest expressing sample (set to 1.0) for each gene, with those specimens with no 
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miR-491–3p expression assigned a Ct value half that of the lowest miR-491–3p expressing 

liver specimen. A, UGT1A3 mRNA vs. miR-491–3p expression was examined using the 

Spearman ranking method. B, UGT1A3 mRNA expression levels were examined in liver 

specimens stratified by expression vs. no expression of miR-491–3p. C, UGT1A6 mRNA vs. 

miR-491–3p expression was examined using the Spearman ranking method. D, UGT1A6 

mRNA expression levels were examined in liver specimens stratified by expression vs. no 

expression of miR-491–3p. Dots represent the mean ± S.E. of three independent replicates.
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