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Abstract 

 

 The UDP-glucuronosyltransferase (UGT) 2B enzymes are important in the detoxification 

of a variety of endogenous and exogenous compounds including many hormones, drugs and 

carcinogens. Identifying novel mechanisms governing their expression is important in 

understanding patient-specific response to drugs and cancer risk factors. In silico prediction 

algorithm programs were utilized to screen for microRNAs (miRNA) as potential regulators of 

UGT2B enzymes with miR-216b-5p identified as a potential candidate. Luciferase data 

suggested the presence of a functional miR-216b-5p binding motif within the 3′ untranslated 

regions of UGTs 2B7, 2B4 and 2B10. Over-expression of miR-216b-5p mimic significantly 

repressed UGT2B7 (P<0.001) and UGT2B10 (P=0.0018) mRNA levels in HuH-7 cells, and 

UGT2B4 (P<0.001) and UGT2B10 (P=0.018) mRNA in Hep3B cells. UGT2B7 protein levels 

were repressed in both HuH-7 and Hep3B cells in the presence of increasing miR-216b-5p 

concentrations, corresponding with significant (P<0.001 and P=0.011, respectively) decreases 

in glucuronidation activity against the UGT2B7-specific substrate, epirubicin. Inhibition of 

endogenous miR-216b-5p levels significantly increased UGT2B7 mRNA levels in HuH-7 

(P=0.0205) and Hep3B (P=0.0068) cells, and increased epirubicin glucuronidation by 85% 

(P=0.057) and 50% (P=0.012) for HuH-7 and Hep3B cells, respectively. UGT2B4 activity 

against codeine and UGT2B10 activity against nicotine were significantly decreased in both 

HuH-7 and Hep3B cells (P<0.001 and P=0.0048, and P=0.017 and P=0.043, respectively) after 

over-expression of miR-216b-5p mimic. This is the first evidence that miRNAs regulate UGTs 

2B7, 2B4 and 2B10 expression and that miR-216b-5p regulation of UGT2B proteins may be 

important in regulating the metabolism of UGT2B substrates.  
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Introduction 

 

 The UGT2B gene subfamily is involved in the metabolic clearance of numerous 

endogenous compounds including bile acids and steroid hormones, as well as exogenous 

agents including a variety of carcinogens and drugs (Stingl et al.). UGT2B enzymes are well-

expressed in the liver (Ohno and Nakajin, 2009) and identifying novel mechanisms of their 

regulation may provide insight into UGT2B enzymatic activity and overall metabolic response in 

humans.  

The UGT2B gene family consists of seven isoforms: UGTs 2B4, 2B7, 2B10, 2B11, 2B15, 

2B17, and 2B28 (Mackenzie et al., 2005). The UGT2B genes contain six coding exons with 

unique, individual promoters and individual 3′ untranslated regions (UTRs) (Mackenzie et al., 

2005; Mackenzie et al., 2010). Given that the UGT2B gene subfamily exhibits >70% DNA 

sequence homology with one another (Riedy et al., 2000; Guillemette et al., 2010), they appear 

to have evolutionarily arisen through successive rounds of gene duplication and replication 

slippage. All UGT2B isoforms, excluding UGT2B28, are well-expressed in the liver in addition to 

other extra-hepatic tissues involved in metabolism including stomach, colon, small intestine and 

kidney (Nakamura et al., 2008; Ohno and Nakajin, 2009; Jones and Lazarus, 2014). In addition, 

several UGT2B isoforms are highly expressed in extra-hepatic tissues locally influenced by 

UGT2B substrates. For instance, UGT2B15 and UGT2B17 metabolize multiple sex steroid 

hormones, including dihydrotestosterone, androsterone, and epiestradiol (Chouinard et al., 

2007; Itaaho et al., 2008), and exhibit high expression in steroidogenic tissues including breast, 

prostate, ovaries, uterus, and testes (Nakamura et al., 2008). 

 While the levels of combined hepatic mRNA expression of the UGT2B gene family is 

close to 70% of total hepatic UGT mRNA abundance, there is also a high degree of variability in 
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the hepatic expression of all UGT2B isoforms (Izukawa et al., 2009). UGT2B7 protein levels can 

vary >4-fold (Izukawa et al., 2009; Sato et al., 2012) and there is no correlation between 

UGT2B7 mRNA and UGT2B7 protein levels within individual human liver tissue samples 

(Izukawa et al., 2009; Ohtsuki et al., 2012). A potential mechanism for regulating the expression 

of UGT2B7 and other UGT2B genes is by microRNAs (miRNAs). miRNA are single-stranded 

RNAs of approximately 22 nucleotides in length that, when coupled with the RNA-induced 

silencing complex (RISC), bind to target mRNA 3′ UTRs and inhibit protein translation, thereby 

reducing protein expression (Bartel, 2009; Carthew and Sontheimer, 2009). miRNA can also 

decrease target mRNA levels, but this effect is dependent on the concentrations of both the 

target mRNA and miRNA genes (Baek et al., 2008; Guo et al., 2010; Mukherji et al., 2011). Due 

to their imperfect binding, miRNA are highly promiscuous and can regulate several different 

genes at a given time. Reciprocally, many mRNAs can be targeted by several different miRNA 

at the same time (Brennecke et al., 2005; Brodersen and Voinnet, 2009). miRNAs are also 

involved in the regulation of multiple members of a single pathway, including upstream 

transcriptional regulators, and this complexity contributes to their role as fine-tuners of protein 

expression. For example, miR-27b regulates the expression of CYP3A4 in human pancreatic 

cancer cells and also regulates the expression of the vitamin D receptor (VDR) - an upstream 

transcriptional inducer of CYP3A4 (Pan et al., 2009).  

Previous work in our laboratory identified miR-491-3p as a novel miRNA regulator of 

UGT1A gene expression (Dluzen et al., 2014). miR-491-3p expression levels were shown to be 

inversely correlated with UGT1A3 and UGT1A6 mRNA levels in normal human liver and 

contributed to observed inter-individual variability of UGT1A gene expression (Dluzen et al., 

2014). Recent studies have demonstrated that miR-376c exhibits an inverse expression level 

with the androgen-metabolizing UGTs 2B15 and 2B17 in prostate cancer cells (Wijayakumara et 

al., 2015). The opposite relationship between miR-376c and UGT2B15/UGT2B17 expression 
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was shown in healthy prostate tissue, suggesting that low expression of miR-376c may 

contribute to prostate cancer development in androgen-dependent tumors by dysregulation of 

androgen signaling (Wijayakumara et al., 2015; Margaillan et al., 2016). 

 In the present study, we provide evidence that miR-216b-5p regulates the expression of 

several UGT2B genes including UGTs 2B7, 2B4 and 2B10.  
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Materials and Methods 

 

Chemicals and Reagents. The pGL3-Promoter luciferase and pRL-TK renilla plasmids 

were obtained from Promega (Madison, WI). All synthesized DNA oligonucleotides used for 3′ 

UTR amplification, site-directed mutagenesis (SDM), and PCR analysis were from Integrated 

DNA Technologies, Inc (Coralville, IA) or Life Technologies (Carlsbad, CA). Lipofectamine 2000 

transfection reagent was from Life Technologies. miRVana miRNA miR-216b-5p mimic 

(#MC12302), miRVana negative control mimic #1 (#4464058), miRVana miRNA miR-216b-5p 

inhibitor (#12302), and negative control inhibitor #1 (#4464076) were purchased from Ambion 

(Austin, TX). Codeine and (-)-nicotine, uridine 5′-diphosphoglucuronic acid (UDPGA), 

alamethicin, and bovine serum albumin (BSA) were from Sigma-Aldrich (St. Louis, MO). 

Epirubicin hydrochloride was purchased from Toronto Research Chemicals (Toronto, ON, 

Canada). Rabbit anti-UGT2B7 and anti-β-actin antibodies were from BD Biosciences (San Jose, 

CA) and Cell Signaling Technologies (Danvers, MA), respectively. All other chemicals were 

purchased from Fisher Scientific (Pittsburg, PA) unless specified otherwise. 

Cells and Culture Conditions. Human embryonic kidney cell line 293 (HEK293), 

human liver adenocarcinoma cell line SK-HEP-1, human hepatocellular carcinoma cell lines 

HepG2 and Hep3B, 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 University, 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% penicillin/streptomycin (Gibco). 

SK-HEP-1 cells were cultured in RPMI 1640 (Gibco) supplemented with 10% FBS, 1% 
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penicillin/streptomycin, and 1% Non-Essential Amino Acids (NEAA). HepG2 and Caco-2 cells 

were cultured in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% NEAA 

(Lonza, Basel, Switzerland). MCF-7 cells were cultured in RPMI 1640 supplemented with 10% 

FBS and 1% penicillin/streptomycin. All cells were grown and maintained in 5% CO2 at 37°C.  

Tissues and miRNA Isolation. Pathologically normal colon and endometrium 

specimens (n=5 each) were obtained from the tissue bank at Pennsylvania State University 

College of Medicine (Hershey, PA). Pathologically normal liver specimens (n=5) and their 

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

Facility (Tampa, FL). 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 

isolated and frozen at -70°C within 3 h post-surgery. Colon, liver, jejunum, endometrium and cell 

line total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Total RNA 

samples from cell lines were subject to on-column DNAse digestion during RNA purification 

(Qiagen). Pooled breast total RNA was purchased from the Biochain Institute (Hayward, CA) 

while 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). RNA 

concentrations were determined using a Nanodrop ND-1000 spectrophotometer (Thermo 

Scientific) and were eluted and stored as aliquots in RNase-, DNAse-free water in a -80°C 

freezer. 

miRNA Binding Site Predictions. The 3′ UTR sequences of UGT2B enzymes were 

obtained from the NCBI Reference Sequence Database. miRNA binding site predictions were 
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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. 

Real-Time Quantitative PCR. cDNAs were synthesized from total RNA using 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 quantify UGT2B7 

(Hs_02556232_s1), UGT2B4 (Hs_02383831_s1), UGT2B10 (Hs_02556282_s1), UGT2B11 

(Hs_01894900_gH), UGT2B15 (Hs_00870076_s1), UGT2B17 (Hs_00854486_sH), and 

Ribosomal protein, large, P0 (RPLP0) (Hs99999902_m1). Taqman microRNA assays (Ambion) 

were used to quantify miR-216b-5p (Cat. # 4427975, ID #002326) and RNU6B endogenous 

control (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 minutes, 95°C for 10 minutes, followed by 40 

cycles of 95°C for 15 sec, 60°C for 1 minute. Reactions included 2x Universal PCR Master Mix 

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

corresponding cDNA, following the manufacturer’s protocol. Each plate included a no DNA 

negative control and all reactions were performed in quadruplicate. Gene expression was 

compared to an endogenous, internal control (RPLP0 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 40 cycles were 

designated as below the limit of detection (B.L.D.).  

Construction of Reporter Plasmids. The luciferase reporter plasmids used in this 

study were constructed by inserting the 3′ UTRs of UGTs 2B7, 2B4 and 2B10 into the XbaI 
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restriction site downstream of the luciferase reporter gene in the pGL3-Promoter vector. Briefly, 

primers containing a XbaI restriction enzyme site (see Table 1) were used to amplify UGT2B 3′ 

UTRs using genomic DNA isolated from the HEK293 cell line. Two sets of primers were used to 

amplify the 3′ UTR of UGT2B7 because of sequence similarities with other UGT2B genes: 

UGT2B7 “outer primers” amplified the UGT2B7 3′ UTR containing 5′ upstream exon and 3′ 

downstream intergenic DNA sequences, and UGT2B7 “inner primers” amplified the UGT2B7 3′ 

UTR from the resulting PCR product from the “outer primers” amplification. Each amplified 

region was cloned into the XbaI restriction site of the pGL3-Promoter vector. The miR-216b-5p 

seed deletion plasmids were created by performing site directed mutagenesis (SDM) using the 

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

reverse mutagenesis primers listed in Table 1. A UGT2B10 vector containing the A>G SNP at 

position 155 of the UGT2B10 3′ UTR was created by SDM with the pGL3-Promoter vector 

containing the ‘wild-type’ (wt) UGT2B10 3′ UTR sequence as template and primers whose 

sequences are also listed in Table 1. Nucleotide sequences of all plasmids used in this study 

were confirmed by DNA sequencing analysis performed at the Pennsylvania State University 

Nucleic Acids Core Facility (State College, PA). 

Luciferase Assays. The pGL3-Promoter vector cloned with each 3′ UTR was co-

transfected with the pRL-TK renilla control vector and miRVana miRNA mimics into HEK293 

cells. The day before transfection, HEK293 cells were seeded onto 24-well plates at 50,000 

cells/well, and after 24 h were co-transfected with 380 ng of UGT2B 3′ UTR-containing pGL3 

plasmid and 20 ng of the pRL-TK plasmid together with either scrambled miRNA control or 

various concentrations of miRNA mimic, using Lipofectamine 2000 transfection reagent 

according to manufacturer’s protocol. Transfected HEK293 cells were harvested 24 h post-

transfection using passive lysis buffer and luciferase activity was measured with a luminometer 
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(Bio-tek Synergy HT, Winooski, VT) using the Dual-Luciferase Reporter Assay System 

(Promega, Madison, WI). All luciferase assay experiments were performed in triplicate. 

Western Blot Analysis. UGT2B7 and β-actin protein levels were determined via 

immunoblotting. For each Western blot, 15 µg of cellular homogenate and loading buffer were 

heated at 90°C for 10 min. Samples were run at 90 V on a 12% acrylamide gel and transferred 

to a polyvinylidene diflouride (PVDF) membrane for 2 h at 33 V. PVDF membranes were 

blocked in 5% milk in Tris-buffered Saline with Tween 20 (TBS-T) for 1 h, probed with primary 

antibody (1:1000 dilution) overnight at 4°C, washed 3x, and incubated with the appropriate 

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

Prime Western Blotting Detection Reagent (GE Healthcare, Pittsburgh, PA) and Hyoblot CL 

autoradiography film (Denville Scientific, Metuchen, NJ). UGT2B7 protein blots were stripped 

and re-probed for β-actin, which served as the loading control. 

Glucuronidation Assays. Cell homogenates for glucuronidation activity assays were 

harvested 48 h post transfection. HuH-7 or Hep3B cells were transfected with either scrambled 

miRNA controls, various concentrations of miR-216b-5p mimic, or 100 nM miR-216b-5p inhibitor 

using 30-50 uL Lipofectamine 2000 in 10 cm dishes, according to the manufacturer’s protocol, 

as previously described (Dellinger et al., 2007). Collected cell pellets were subjected to three 

freeze-thaw cycles and three 10-sec pulses using a hand-held Bio-Vortexer (Biospec, 

Bartlesville, OK) prior to storage at -80°C. Protein concentration was quantified using the BCA 

Protein Assay Kit (Pierce Chemical, Rockford, IL) and measured using either an Appliskan 

Luminometor with SkanIT Software v2.3 (Thermo Scientific) or the Synergy Neo and Gen5 Data 

Analysis Software (BioTek). 

The glucuronidation assays using homogenates from HuH-7 and Hep3B cells were 

performed as described previously (Sun et al., 2007; Sun et al., 2013). HuH-7 and Hep3B cell 
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homogenate (50-300 µg of protein) was incubated at 37°C with 500 µM epirubicin hydrochloride 

for 60 min for UGT2B7, 1 mM of codeine for 90 min for UGT2B4, and 500 µM of nicotine for 14 

h for UGT2B10. Epirubicin and nicotine reactions were terminated in the presence of cold 100% 

acetonitrile while codeine reactions were terminated in the presence of cold 1:1 

methanol:acetonitrile. Reactions were centrifuged for 20 min at 13,000 g and supernatant was 

collected for analysis on UPLC/MS/MS. 

Epirubicin-glucuronide formation was analyzed using a Waters ACQUITY ultra-pressure 

liquid chromatography (UPLC/MS/MS) system (Milford, MA) with a 1.7 µ ACQUITY UPLC 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). Epirubicin gradient elution conditions were performed using a flow rate of 0.5 

mL/min, starting with 95% Buffer A (0.1% formic acid) 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. Epirubicin glucuronides were confirmed by their 

sensitivity to the treatment of β-glucuronidase. Characterization of epirubicin and epirubicin-

glucuronide was conducted using MRM with transitions m/z 544 to 130 for epirubicin and m/z 

720 to 113 for epirubicin-glucuronide. Since an epirubicin-glucuronide standard is not 

commercially available, quantification was based on the ratio of the area under the curves for 

epirubicin-glucuronide versus total epirubicin (epirubicin + epirubicin-glucuronide) and the 

amount of epirubicin (500 µM) added to each glucuronidation assay reaction tube. Data was 

quantified using the MassLynxTM NT 4.1 software within the QuanLynxTM program (Waters). All 

experiments were performed three to five times in independent assays. 

Codeine gradient elution conditions were performed as described above using a flow 

rate of 0.5 mL/min, starting with 80% Buffer A (0.1% formic acid) and 20% Buffer B (0.1% formic 

acid in acetonitrile) for 1 min, followed by 100% Buffer B over the next 2 min, then 20% Buffer B 

through the remainder of the six min run. The codeine-glucuronide was identified by the 
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transition m/z 476.2 to 300.2 and codeine was identified by the single m/z of 300.372. 

Identification of codeine-glucuronide was confirmed by a d3-labeled codeine-glucuronide internal 

standard. Quantification was based on a ratio of codeine-glucuronide to codeine in order to 

maintain consistency across all activity assays for UGT2B enzymes. Data was quantified using 

the MassLynxTM NT 4.1 software with TargetLynxTM program (Waters). All experiments were 

performed in triplicate in independent assays. 

Nicotine glucuronides were analyzed using a Sciex QTRAP 6500 LC-MS/MS System 

(Framingham, MA) with a Waters ACQUITY UPLC BEH HILIC 1.7 µm analytic column (2.1 x 

100 mm). Nicotine elution gradient conditions were performed with a 0.4 mL/min flow rate, 

starting with 80% Buffer B (5 mM NH4Ac in 90% acetonitrile) for 1 min and 50 sec, followed by a 

steep gradient to 100% Buffer A (5 mM NH4Ac in 60% acetonitrile) for 3 min, and then back to 

80% Buffer B for the remainder of the 10 min run. Identification of nicotine-glucuronide was 

confirmed by a d3-labeled codeine-glucuronide internal standard. The transition m/z was 

339.456 to 163.100 for nicotine-glucuronide and nicotine was identified by the transition m/z of 

163.100 to 106 and quantified based on the ratio of nicotine-glucuronide to nicotine using 500 

µM per reaction. Data was quantified using the MultiQuant 2.1 Software and performed in 

triplicate from independent assays.  

Statistical Analysis. Statistical analysis was performed using Graphpad Prism 5 

software (La Jolla, CA). For all studies involving miR-216b-5p miRNA mimic or miR-216b-5p 

inhibitors, the Student’s t-test (two-tailed) and the linear trend test 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. P-values <0.05 were considered statistically 

significant.  
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Results 

 

miR-216b-5p is predicted to bind to the 3′ UTR of several UGT2B genes. The 

miRanda and TargetScan miRNA prediction algorithms were used to analyze 3′ UTR sequences 

from mRNA encoding wild-type, active UGT2B7 (NM_001074), UGT2B4 (NM_021139.2), 

UGT2B10 (NM_001075.5), UGT2B11 (NM_001073.1), UGT2B15 (NM_001076.2), UGT2B17 

(NM_001077.2) and UGT2B28 (NM_053039.1) for potential miRNA binding sites.  miR-216b-5p, 

a conserved miRNA among vertebrates, was the only miRNA candidate to consistently score 

within the top three predicted miRNA candidates by both programs for several UGT2B genes 

including UGTs 2B7, 2B4, 2B10, and 2B28. The only prediction score that fell out of the ‘top 

three’ for miR-216b-5p was for UGT2B4 predicted by miRanda, where miR-216b-5p was 10th 

among predicted miRNA candidates. miR-216b-5p was predicted to bind within the 3′ UTR of 

UGT2B15 by miRanda but not by TargetScan, and was not predicted to bind to the 3′ UTR of 

UGTs 2B11 or 2B17 by either program. Previous studies have demonstrated high expression of 

miR-216b-5p in UGT2B-expressing tissues including pancreas, liver, and other metabolic 

tissues suggesting that this miRNA could be a strong candidate miRNA for regulating UGT2B 

expression (Endo et al., 2013)  

The UGT2B7 3′ UTR contains one potential miR-216b-5p miRNA recognition element 

(MRE) within its 3′ UTR, located 150 nt from the UGT2B7 stop codon (between nt 1,786 and 

1,809 relative to the 5′ end of the UGT2B7 transcript; Fig. 1A). miR-216b-5p MREs were 

predicted for UGTs 2B4, 2B10, and 2B28 at 65, 136, and 142 nt 3′ of their respective translation 

stop codons (Fig. 1, panels B-D). All of the predicted miR-216b-5p MREs contained ‘seed’ 

sequences of 7 (UGT2B4) or 8 (UGTs 2B7, 2B10, and 2B28) nt of perfect complementarity, 

which is associated with a greater translation downregulation (Brennecke et al., 2005).  
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Tissue and cell line expression of miR-216b-5p. To determine the levels of 

expression of miR-216b-5p in tissues and cells with known UGT2B expression, total RNA was 

screened by real-time PCR. miR-216b-5p expression was highest in pancreas (2,897 ± 166), 

followed by kidney (4.6 ± 0.98) > liver (3.3 ± 1.62) > breast (1.6 ± 0.46) > trachea (1.1 ± 0.68) > 

colon (1.0 ± 0.20; set as the reference; Fig. 2). Higher levels of miR-216b-5p were observed in 

the hepatic HuH-7 cell line (34 ± 8.8) as compared to the Hep3B cell line (1.4 ± 0.27; Fig. 2), 

with the Hep3B levels comparable to that observed in multiple human tissues including liver. 

Low levels of miR-216b-5p expression was observed in normal human lung, the lung A-549 cell 

line and the HEK293 cell line; no expression was detected in normal larynx, jejunum, or 

endometrium, or in the SK-HEP-1, HepG2, MCF-7 and Caco-2 cell lines (results not shown). 

In vitro validation of miR-216b-5p target predictions. In vitro validation of the in silico 

miR-216b-5p target predictions was performed for the well-expressed hepatic enzymes, UGTs 

2B7, 2B4, and 2B10. Analysis was not performed for UGT2B28 given its low levels of 

expression in human tissues including human liver (Ohno and Nakajin, 2011). The UGT2B7 3′ 

UTR was cloned downstream of a luciferase reporter gene and transiently transfected into 

HEK293 cells with increasing concentrations of miR-216b-5p miRNA mimic. A significant dose-

dependent repression of luciferase activity was observed for the UGT2B7 3′ UTR in response to 

increasing concentrations of miR-216b-5p (Ptrend<0.0001), with luciferase activity significantly 

reduced in the presence of 1 nM (P=0.037), 10 nM (P=0.023) and 100 nM (P=0.0071) miR-

216b-5p mimic (Fig. 3A, left panel). In order to determine if the predicted UGT2B7 miR-216b-5p 

MRE is the functional binding site for the interaction between miR-216b-5p and the UGT2B7 3′ 

UTR, a deletion of 4 nucleotides within the UGT2B7 3′ UTR luciferase vector MRE was made by 

site-directed mutagenesis (Fig. 1A, underlined). Luciferase activity returned to that of control in 

the presence of 10 nM miR-216b-5p mimic for HEK293 cells over-expressing the mutated 

UGT2B7 3′ UTR containing luciferase vector (Fig. 3A, right panel). These results suggest that 
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miR-216b-5p is functionally binding to the predicted MRE on the UGT2B7 3′ UTR and that the 

interaction causes a decrease in expression of the luciferase gene. 

Similar to that observed for UGT2B7, a significant dose-dependent repression of 

luciferase activity in response to increasing concentrations of miR-216b-5p after transfection of 

HEK293 cells was observed for both the UGT2B4 (Ptrend<0.0001) and UGT2B10 (Ptrend<0.0001) 

3′ UTRs. For the UGT2B4 3′ UTR, the reduction of luciferase activity was significant at 10 nM 

(P=0.024) and 100 nM (P=0.031) of miR-216b-5p, (Fig. 3, panel B left panel). The luciferase 

activity of cell homogenates transfected with the UGT2B10 3′ UTR-containing vector decreased 

at 1 nM (P=0.020), 10 nM (P=0.010), and 100 nM (P=0.0018) of miR-216b-5p (Fig. 3, panel C, 

left panel). Deletion of 4 nucleotides within the predicted miR-216b-5p ‘seed’ sequences of each 

of the UGT2B 3′ UTR-containing luciferase vectors resulted in a reversal of this repression (Fig. 

3B and Fig. 3C, right panels). These results validate the in silico data and suggest that miR-

216b-5p can bind with multiple UGT2B mRNAs. 

A functional miR-216b-5p binding site polymorphism in the UGT2B10 3′ UTR. 

Analysis of the UGT2B10 3′ UTR mRNA sequence within the SNP 500 Cancer Project database 

(Packer et al., 2004) identified a low prevalence (~1% in Caucasians) single nucleotide 

polymorphism (SNP; rs139538767) consisting of an adenine (A) to guanine (G) transition 

located within the predicted miR-216b-5p MRE of the 3′ UTR of UGT2B10 (Fig. 1C; bold, 

underlined). A UGT2B10 3′ UTR luciferase reporter vector containing the G variant was created 

to ascertain whether this polymorphism conferred an effect on the binding of miR-216b-5p. In 

contrast to the significant repression of luciferase activity observed with the wild-type UGT2B10 

3′ UTR, the G variant UGT2B10 3′ UTR exhibited no repression of luciferase activity, a pattern 

similar to that observed for the ‘seed’ deletion control (Fig. 3C, right panel). These data suggest 

that SNPs in MREs lying within a UGT mRNA 3′ UTR could potentially result in differential 

regulation of UGT expression and possibly glucuronidation activities between individuals. 
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Effects of miR-216b-5p on UGT2B mRNA expression in hepatic cell lines. The 

relative expression levels of UGT2B7, UGT2B4, and UGT2B10 were examined in the HuH-7 

and Hep3B cell lines. HuH-7 and Hep3B cells were chosen because both cell lines express 

multiple UGT2B enzymes (Guo et al., 2011) and endogenously express miR-216b-5p (Fig. 2), 

and could therefore potentially serve as an in vitro model for miR-216b-5p UGT2B interactions. 

As determined by qRT-PCR, UGT2B4 exhibited the highest level of mRNA expression of any 

UGT2B isoform, with Hep3B UGT2B4 mRNA expression the highest overall in both cell lines 

(reference set at 1.0; Fig. 4). In HuH-7 cells, UGT2B4 expression levels were 63% that of 

Hep3B UGT2B4 mRNA levels; UGT2B7 expression was 0.07 (Hep3B) and 0.12 (HuH-7) that 

observed for UGT2B4 in Hep3B cells, while UGT2B10 expression was very low in both cell 

lines. 

In order to determine if miR-216b-5p interacts with endogenous UGT2B mRNAs, 50 nM 

of miR-216b-5p miRNA mimic was transfected into the HuH-7 and Hep3B cell lines and mRNA 

levels were determined by qRT-PCR. Decreases in the mRNA levels were observed after over-

expression of miR-216b-5p in HuH-7 and Hep3B cells for UGTs 2B7, 2B4 and 2B10 (Fig. 5). 

Significant decreases were observed for UGT2B7 in HuH-7 cells (P<0.001; Fig. 5A), UGT2B4 in 

Hep3B cells (P<0.001; Fig 5B) and UGT2B10 in both cell lines (P=0.0018 for HuH-7 cells and 

P=0.018 for HepG2 cells; Fig. 5, panels A and B, respectively). No effect was observed for other 

hepatic UGT2B enzymes including UGTs 2B11, 2B15, and 2B17 in either cell line after over-

expression of miR-216b-5p (results not shown). 

To examine the endogenous effects of miR-216b-5p on UGT2B mRNA levels, 100 nM of 

miRNA miR-216b-5p inhibitor was used to transiently inhibit miR-216b-5p function in both cell 

lines. Endogenous levels of miR-216b-5p were significantly repressed by 100- (P=0.026) and 

25- (P=0.0045) fold in HuH-7 and Hep3B cells, respectively, (Fig. 5, panels C and D). The 

mRNA levels of each UGT2B isoform was quantified using qRT-PCR analysis to measure the 
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effect on mRNA expression when endogenous miR-216b-5p is inhibited. UGT2B7 mRNA levels 

were significantly increased in both HuH-7 (P=0.021) and Hep3B (P=0.0068) cells in the 

presence of the miR-216b-5p inhibitor (Fig. 5, panels E and F). A significant (P<0.001) increase 

in mRNA levels was also observed for UGT2B4 when miR-216b-5p was inhibited in HuH-7 cells 

(Fig. 5E). Interestingly, UGT2B10 mRNA levels were significantly repressed in both cell lines 

when miR-216b-5p was inhibited (Fig. 5, panels E and F).  

Effect of miR-216b-5p on UGT2B protein levels and activity in hepatic cell lines. To 

investigate the effect of miR-216b-5p over-expression on UGT2B enzymatic activity, HuH-7 and 

Hep3B cells were transiently transfected with miR-216b-5p mimic and UGT2B protein 

expression and/or enzymatic activities were assessed. While useful specific antibodies are not 

available for most UGT2B enzymes (including UGT2B4 and UGT2B10), a sensitive and specific 

antibody is available from BD Biosciences (San Jose, CA) for the detection of UGT2B7. Using 

this antibody in Western blot analysis, a 47% decrease in UGT2B7 protein after transfection 

with 100 nM miR216b was observed (Fig. 6A). This corresponded with significant decreases in 

UGT2B7 glucuronidation activity (Fig. 6B). Using the UGT2B7-specific substrate epirubicin 

(Innocenti et al., 2001; Zaya et al., 2006), a significant (Ptrend<0.001) dose-dependent decrease 

in epirubicin glucuronidation was observed in assays with 500 µM epirubicin. As compared to 

the scrambled miRNA control, there was a significant (P=0.023) 29% reduction in glucuronide 

formation in HuH-7 cells transfected with 10 nM of miR-216b-5p, a significant (P=0.018) 49% 

reduction at 50 nM of miR-216b-5p, and a significant (P<0.0001) 58% reduction at 100 nM of 

miR-216b-5p. A similar pattern was observed in Hep3B cells, with a 21% decrease in UGT2B7 

protein expression (Fig. 6C) and a significant (P=0.011) 35% decrease in epirubicin 

glucuronidation after transient transfection with 50 nM miR-216b-5p (Fig. 6D). 

To examine the impact of endogenous miR-216b-5p expression on the regulation of 

UGT2B7 in HuH-7 and Hep3B cells, transient transfection with 100 nM miR-216b-5p inhibitor 
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was performed to significantly inhibit miR-216b-5p endogenous expression in the two cell lines. 

An increase of >60% in the levels of UGTB7 protein was observed in miR-216b-5p-inhibited 

HuH-7 cells (Fig. 6E) and this corresponded with a near-significant increase (~85%; P=0.0572) 

in epirubicin glucuronidation activity (Fig. 6F). Similar results were seen in Hep3B cells, where 

UGT2B7 protein expression increased by 45% (Fig. 6G) and epirubicin glucuronidation levels 

were significantly (P=0.012) increased by 50% (Fig. 6H). 

The effect of miR-216b-5p on UGT2B4 enzyme activity was measured via 

glucuronidation activity against codeine. While UGTs 2B4 and 2B7 are the two UGTs that 

exhibit significant and roughly equivalent levels of activity against codeine (Court et al., 2003), 

UGT2B4 is expressed at approximately 5- and 14-times greater levels than UGT2B7 in HuH-7 

and Hep3B cells, respectively (see Fig. 4), suggesting that codeine-glucuronide formation is 

likely driven primarily by UGT2B4 in both cell lines. Possibly due to high expression of UGT2B4 

in HuH-7 cells (see Fig. 4), higher concentrations (50-250 nM) of miR-216b-5p were required for 

transfection to observe an effect on UGT2B4 expression. In HuH-7 cells, codeine-glucuronide 

formation was significantly decreased by 52% (P<0.001) and 54% (P<0.001) at 125 nM and 250 

nM, respectively, with a linear trend towards decreased codeine-glucuronide formation observed 

with increasing concentrations of miR-216b-5p (Ptrend<0.001; Fig. 6I). In Hep3B cells, the 

decrease in codeine-glucuronide formation was 28% (P=0.040), 34% (P=0.027) and 46% 

(P=0.0090) for 10 nM, 25 nM and 50 nM, respectively, with a significant trend towards 

decreased codeine glucuronidation with increased miR-216b-5p (Ptrend=0.0048; Fig. 6J).  

Nicotine was shown to be a selective substrate for UGT2B10 in previous studies (Chen 

et al., 2007; Chen et al., 2008). Activity assays utilizing nicotine were used to evaluate the effect 

of increasing concentrations of miR-216b-5p on UGT2B10 activity. A significant trend 

(Ptrend=0.0035) towards decreasing nicotine-glucuronide formation was observed in HuH-7 cells 

with increasing concentrations of miR-216b-5p, with a reduction in nicotine-glucuronide 
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formation of 31% (P=0.017) at 100 nM miR-216b-5p (Fig. 6K). Similarly, Hep3B nicotine 

glucuronidation activity was significantly (P=0.043) decreased by 47% at 50 nM of miR-216b-5p 

(Fig. 6L). These results indicated that miR-216b-5p’s interaction with UGT2B 3′ UTRs affects 

enzymatic activity.  
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Discussion 

  

This is the first study identifying a miRNA regulator of UGTs 2B7, 2B4 and 2B10. In silico 

miRNA prediction programs were used to identify miR-216b-5p binding motifs within the 3′ 

UTRs of several UGT2B enzymes including UGT2B4, UGT2B7, UGT2B10, and UGT2B28. 

Results from this in silico analysis were validated by in vitro over-expression studies of 

luciferase vectors containing wild-type or mutated UGT2B 3′ UTR MRE sequences, suggesting 

that in silico prediction modeling is a useful tool to predict miRNA-gene interactions within the 

UGT gene family. While UGT2B28 was not examined experimentally in the present study, over-

expression of 10 nM miR-216b-5p resulted in a significant decrease in luciferase activity using 

vectors containing the UGT2B28 3′ UTR in previous studies (Margaillan et al., 2016). 

The positioning of the miR-216b-5p MREs for each UGT2B mRNA are all located 

between 65 and 150 nt downstream of their respective translation stop codons, and this is likely 

related to sequence similarities within the UGT2B gene locus. It has been hypothesized that 

gene duplication events created the UGT2B gene family, with UGT2B4 being an ancestral gene 

(Guillemette et al., 2010). Therefore, it is likely that miR-216b-5p binding sites were duplicated 

and conserved during this process. 

The seed sequence for miR-216b-5p shares seven of eight nucleotides with the seed 

sequence for the closely related miR-216a-5p. There is no predicated binding site for miR-216a-

5p for UGT2B4. Both UGT2B7 and UGT2B10 have a predicted binding site for miR-216a-5p 

that overlap the stop codon, with UGT2B10 having a second predicted miR-216a-5p binding site 

504 nt 3′ of the UGT2B10 stop codon. While it is possible that miR-216b-5p is binding to miR-

216a-5p sites, the luciferase data presented in this study indicate that binding to an alternative 

site is likely minimal. In unpublished studies (Dluzen and Lazarus), miR-216a-5p mimic reduced 
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luciferase activity for both UGT2B7 and UGT2B10 but not UGT2B4, and no significant effect on 

UGT2B expression or protein activity was observed in HuH-7 or Hep3B cells, suggesting that 

miR-216a-5p is not a major regulator of UGT2B expression/activity.      

miR-216b-5p expression levels were quantified in several UGT-expressing tissues, with 

miR-216b-5p exhibiting moderate expression in liver, and highest expression in pancreas. 

These results are consistent with data from the only other previous study investigating tissue 

expression of miR-216b-5p where high hepatic and pancreatic expression of miR-216b-5p was 

also observed (Endo et al., 2013). The fact that miR-216b-5p is expressed hepatically is 

consistent with a potential role in the regulation of hepatic UGT2B expression and in drug 

metabolism. 

Although miR-216b has not been previously linked with drug metabolism, miR-216b 

serves as a tumor-suppressor in liver cancer cells by regulating expression of insulin-like 2 

mRNA-binding protein 2 (IGF2BP) and influencing downstream AKT/mTOR and MAPK 

signaling pathways(Liu et al., 2015). miR-216b levels were shown to be lower in patients with 

hepatocellular carcinoma (HCC) and higher expression is associated with increased 5-year 

survival (Liu et al., 2015). miR-216b targets FGFR1 in pancreatic cancer cells and decreased 

expression is a marker for poor prognosis in pancreatic patients (Egeli et al., 2016). 

In vitro over-expression of miR-216b-5p in the HuH-7 and Hep3B hepatocellular 

carcinoma cell lines resulted in decreased mRNA expression of the three hepatically-expressed 

UGT2B enzymes (UGTs 2B7, 2B4, and 2B10) predicted by in silico models to bind miR-216b-

5p. Interestingly, similar decreases in mRNA expression were not observed for several other 

hepatic UGT2B enzymes after over-expression of miR-216b-5p including UGTs 2B11, 2B15, 

and 2B17. This is consistent with the fact that none of these latter UGTs were predicted to bind 

miR-216b-5p in silico. For UGTs 2B7 and 2B4, these results were corroborated by in vitro 
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studies where endogenous miR-216b-5p was depleted using a miR-216b-5p inhibitor, resulting 

in the up-regulation of mRNA levels for both UGTs 2B7 and 2B4 in at least one or both of the 

hepatocellular carcinoma cell lines tested. The decrease in UGT2B10 expression observed in 

the presence of the miR-216b-5p inhibitor may be due to the presence of another miRNA that 

binds to and competes for the same miR-216b-5p miRNA-binding site. In silico analysis of 

UGT2B10 by both miRanda and TargetScan reveals that miR-379 is predicted to bind to 

UGT2B10 within eight nucleotides of the miR216b MRE but is not predicted to bind the 3′ UTRs 

of both UGTs 2B4 and 2B7. Further studies are required to address this possibility. 

The inhibitory pattern observed for miR-216b-5p on UGT2B mRNA expression was also 

observed for UGT2B7 protein. Epirubicin glucuronidation is primarily mediated by UGT2B7 

(Innocenti et al., 2001; Zaya et al., 2006) and miR-216b-5p over-expression significantly 

reduced epirubicin glucuronide formation in both HuH-7 and Hep3B cells. In addition, depletion 

of endogenous miR-216b-5p using a miR-216b-5p-specific inhibitor increased UGT2B7 protein 

levels and activity in both cell lines. The same pattern of reduced glucuronidation activity after 

over-expression of miR-216 mimic was observed against codeine, a substrate of UGT2B4 

(Court et al., 2003), as well as nicotine, a substrate of UGT2B10 (Chen et al., 2007; Chen et al., 

2008). Together with the fact that miR-216b-5p over-expression also decreased UGTs 2B7, 2B4 

and 2B10 mRNA expression levels, these data indicate that endogenous miR-216b-5p may play 

a role in UGT2B functionality and suggests a potential regulatory mechanism in normal human 

liver and perhaps other tissues where UGTs 2B7, 2B4 and 2B10 are co-expressed with miR-

216b-5p. 

Interestingly, a larger increase in UGT2B7 protein activity was observed in HuH-7 cells 

compared with Hep3B cells when endogenous miR-216b-5p was inhibited. This may reflect the 

fact that endogenous miR-216b-5p expression levels are >30-fold higher in HuH-7 cells 

compared to Hep3B cells and relief from miR-216b-5p regulation would thus impact UGT2B7 
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expression to a greater extent in HuH-7 cells. The normal human liver tissue samples used in 

this study had only approximately 2-fold higher endogenous miR-216b-5p expression compared 

to Hep3B cells. An approximately 25% increase in UGT2B7 glucuronidation in Hep3B cells with 

inhibited miR-216b-5p, and this may better reflect the endogenous repression of UGT2B7 in 

normal liver.  

Interestingly, there is a known SNP within the miR-216b-5p MRE ‘seed’ sequence of the 

UGT2B10 3′ UTR (rs139538767). This polymorphism functions in a manner similar to that 

observed for the UGT2B10 3′ UTR seed deletion control, resulting in an elimination of the 

negative regulation of UGT2B10 3′ UTR luciferase expression after miR-216b-5p over-

expression. These data suggest that this SNP may cause altered regulation of the polymorphic 

UGT2B10 allele. The minor allele frequency of this SNP is low, with a prevalence of ~1% in the 

Caucasian population, but the present study provides the first evidence of a UGT2B 3′ UTR 

SNP with a direct functional role in aberrant miRNA regulation.  

In summary, we provide evidence of a functional miR-216b-5p binding motif within the 3′ 

UTR of several UGT2B isoforms. UGT2B7 and UGT2B4 mRNA and protein expression, as well 

as overall enzymatic activity, were significantly repressed in the presence of over-expressed 

miR-216b-5p and were induced after the addition of miR-216b-5p inhibitor, and this may have 

functional consequences on UGT2B7 and UGT2B4 enzymatic activity in vivo. UGT2B10 mRNA 

levels and glucuronidation activity were also reduced in the presence of the miR-216b-5p mimic. 

In addition, a functional SNP was identified in the UGT2B10 3′ UTR which may modify 

UGT2B10 regulation through a miR-216b-5p-mediated pathway. Together, these data suggest 

that miR-216b-5p may exhibit a regulatory function on the overall glucuronidation activity of 

several UGT2B enzymes and that changes in miR-216b-5p expression or the presence of SNPs 

in miR-216b-5p-binding motifs in UGT2B 3′ UTRs may contribute to inter-individual variability of 

UGT2B expression and affect overall phase II metabolism in humans.  
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Figure Legends 
 

 

Figure 1. In silico prediction and binding of miR-216b-5p to UGT2B isoforms. The 

miRNA prediction algorithms miRanda and TargetScan were used to identify miRNA 

binding candidates for all seven UGT2B isoform mRNAs. miR-216b-5p is predicted to 

bind to a 3′ UTR MRE located within each of the UGT2B7 (panel A), UGT2B4 (panel B), 

UGT2B10 (panel C), and UGT2B28 (panel D) 3′ UTR mRNA sequences (black bars). 

The canonical ‘seed’ sequences of the predicted hybridization between miR-216b-5p 

and each 3′ UTR are located underneath each gene and underlined in black. The 

nucleotide that constitutes a SNP within the UGT2B10 MRE is in bold. 

 

Figure 2. Tissue and cell line expression of miR-216b-5p. Expression levels of miR-

216b-5p were quantified using qRT-PCR and set relative to the lowest-expressing tissue 

(i.e. colon). miR-216b-5p expression is adjusted to the RNU6B endogenous control gene 

in the same samples. The Y-axis is broken into two segments, with a gap between 45 

and 2000 to better adjust for the high expression levels quantified in the pancreas. The 

mean Ct values are listed below the table. Columns represent the mean ± S.E. of three 

independent replicates.  

 

Figure 3. UGT2B 3′ UTR luciferase activity in the presence of miR-216b-5p mimics. 

Luciferase activity of the UGT2B7 (panel A, left), UGT2B4 (panel B, left), and UGT2B10 

(panel C, left) 3′ UTR luciferase reporter vectors co-transfected with increasing 

concentrations of miR-216b-5p mimic or scrambled (100 nM) miRNA control in HEK293 
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cells. Luciferase activity was also examined in the presence of 10 nM scrambled or miR-

216b-5p mimic after each UGT2B miRNA response element was mutated within the 

miR-216b-5p ‘seed’ sequence (‘seed’ deletion columns; right panels). Luciferase activity 

of the UGT2B10 3′ UTR variant SNP in the presence of 10 nM miR-216b-5p was also 

measured (panel C, right). Columns represent mean ± S.E. of at least three independent 

experiments and are normalized to the scrambled miRNA-transfected control. * P<0.05; 

** P<0.01; *** P<0.001. 

 

Figure 4. UGT2B mRNA expression in HuH-7 and Hep3B cells. UGT2B mRNA 

expression was quantified in HuH-7 and Hep3B cells using qRT-PCR. mRNA expression 

was determined using RPLP0 as an internal endogenous control and expressed relative 

to the highest expressing UGT2B mRNA transcript, UGT2B4, in Hep3B cells (set at 1.0 

as the reference). The Y-axis contains a gap between 0.15 and 0.50 to better adjust for 

high UGT2B4 expression levels. Columns represent mean ± S.E. of three independent 

replicates. 

 

Figure 5. UGT2B mRNA levels in HuH-7 and Hep3B cells with miR-216b-5p mimic 

or inhibitor. mRNA levels of UGT2B7, UGT2B4, and UGT2B10 in HuH-7 (panel A) and 

Hep3B (panel B) cells after transfection with 50 nM scrambled or miR-216b-5p mimic 

were quantified by qRT-PCR relative to the endogenous internal control gene RPLP0. 

mRNA levels for each gene are shown relative to the scrambled control (set at 1.0 as the 

reference). Endogenous expression levels of miR-216b-5p were quantified using qRT-

PCR in the presence of 100 nM scrambled or miR-216b-5p inhibitor in HuH-7 (panel C) 

and Hep3B (panel D) cells. miR-216b-5p expression levels were quantified against the 
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RNU6B endogenous internal miRNA control gene and each gene is shown relative to 

the scrambled miRNA inhibitor control (set as 1.0). The mRNA expression levels of 

UGT2B7, UGT2B4, and UGT2B10 were quantified using qRT-PCR in the presence of 

100 nM scrambled or miR-216b-5p inhibitor in HuH-7 (panel E) and Hep3B (panel F) 

cells. Each gene was quantified against the endogenous internal control gene RPLP0 

and each gene is shown relative to the scrambled miRNA inhibitor control (set as 1.0). 

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

*** P<0.001. 

 

Figure 6. UGT2B7 protein expression and UGT2B glucuronidation activity in the 

presence of miR-216b-5p mimic or inhibitor. Panel A; Representative blot of HuH-7 

UGT2B7 protein expression after transfection of 10 nM, 50 nM, or 100 nM miR-216b-5p 

mimic or 100 nM of scrambled miRNA mimic control. UGT2B7 protein bands were 

normalized to β-actin band intensities and compared to normalized UGT2B7 protein 

bands from cells transfected with scrambled miRNA control. Panel B; UGT2B7 

glucuronidation activity against epirubicin in HuH-7 cells transfected with 10 nM, 50 nM, 

or 100 nM miR-216b-5p mimic or 100 nM of scrambled miRNA control. Panel C, Top; 

Representative blot of Hep3B UGT2B7 protein expression in the presence of 50 nM of 

scrambled control or miR-216b-5p mimic. Panel D; UGT2B7 glucuronidation activity 

against epirubicin in Hep3B cells transfected with 50 nM scrambled or miR-216b-5p 

mimic. Panel E; Representative blot of UGT2B7 protein expression in HuH-7 cells 

transfected with 100 nM of scrambled or miR-216b-5p inhibitor. Panel F; UGT2B7 

glucuronidation activity against epirubicin in HuH-7 cells transfected with 100 nM of 

scrambled or miR-216b-5p inhibitor. Panel G; Representative blot of UGT2B7 protein 

expression in Hep3B cells transfected with 100 nM of scrambled or miR-216b-5p 
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inhibitor. Panel H, bottom; UGT2B7 glucuronidation activity against epirubicin in Hep3B 

cells transfected with 100 nM scrambled or miR-216b-5p inhibitor. Panel I, UGT2B4 

glucuronidation activity against codeine in HuH-7 transfected with 250 nM scrambled 

miRNA mimic or 50 nM, 125 nM, or 250 nM miR-216b-5p mimic. Panel J, UGT2B4 

glucuronidation activity against codeine in Hep3B cells transfected with 50 nM 

scrambled miRNA mimic or 10 nM, 25 nM, or 50 nM miR-216 mimic. Panel K, UGT2B10 

glucuronidation activity against nicotine in HuH-7 cells transfected with 100 nM 

scrambled miRNA mimic or 10 nM, 50 nM, or 100 nM miR-216b-5p mimic. Panel L, 

UGT2B10 glucuronidation activity against nicotine in Hep3B cells transfected with 50 nM 

scrambled or miR-216b-5p mimic. Columns represent the mean ± S.E. of three 

independent experiments.  * P<0.05; ** P<0.01, ***P<0.001.  
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Table 1. List of PCR primers used for UGT2B 3′ UTR PCR amplification, cloning, and luciferase mutational analysis. 
Primer  Sequence 
  
Outer UGT2B7 3′ UTR For 5’ – CCTTCGGGTTGCAGCCCACGAC – 3’  
Outer UGT2B7 3’ UTR Rev  5’ – ATAGGCTCTCAGGATTCAGAGGGGAGGG – 3’   
Inner UGT2B7 3’ UTR For 5’ – GCTATCTAGAGTTATATCTGAGATTTGAAGCTGGAAAACC – 3’  
Inner UGT2B7 3’ UTR Rev  5’ – GCTATCTAGATAAGGCTTTATCTTATTTTTTATTTTCCG – 3’ 
UGT2B4 3’ UTR For 5’ – GCTATCTAGATTACGTCTGAGGCTGGAAGCTG – 3’  
UGT2B4 3’ UTR Rev 5’ – GCTATCTAGACACAATCCTGCATGAAATGATCC – 3’  
UGT2B10 3’ UTR For  5’ – GCTATCTAGAGGGATTAGTTATATCTGAGATTTGAAGCTGG – 3’  
UGT2B10 3’ UTR Rev  5’ – GCTATCTAGACCTAAGTCATCATGACCATGGCTCAGAGTG – 3’  
UGT2B7 216b Del. SDM For  5’ – CCTTGTCAAATAAAAATTTGTTTTTCAGTTACCACCCAGTTCATGGTT – 3’  
UGT2B7 216b Del. SDM Rev  5’ – TAACCATGAACTGGGTGGTAACTGAAAAACAAATTTTTATTTGACAAAG – 3’  
UGT2B4 216b Del. SDM For 5’ – TTATTACAACAATAAGACGTTGTGATACAATTCCTTTCTTCTTGTG – 3’ 
UGT2B4 216b Del. SDM Rev 5’ – CACAAGAAGAAAGGAATTGTATCACAACGTCTTCTTGTTGTAATAA – 3’  
UGT2B10 216b Del. SDM For 5’ – CTACCTTGTCAAGTAAAATTTGTTTTTCATTTACCACCCAGTTAATG – 3’  
UGT2B10 216b Del. SDM Rev  5’ – CCATTAACTGGGTGGTAAATGAAAAACAAATTTTTACTTGACAAGGTAG – 3’  
UGT2B10 SNP rs139538767 SDM For  5’ – CAAGTAAAAATTTGTTTTTCAGAGGTTTACCACCCAGTTAATGGTTAG – 3’  
UGT2B10 SNP rs139538767 SDM Rev 5’ – CTAACCATTAACTGGGTGGTAAACCTCTGAAAAACAAATTTTTACTTG – 3’  
miR-216b-5p 5’ – AAATCTCTGCAGGCAAATGTGA – 3’  
  

SDM, site-directed mutagenesis; Del, deletion; For, forward; Rev, reverse; SNP, single nucleotide polymorphism  
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