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Abstract 

 

 UGT2A1 is a respiratory and aerodigestive tract-expressing phase II detoxifying 

enzyme that metabolizes various xenobiotics including polycyclic aromatic 

hydrocarbons (PAHs). In the present study, a novel exon 3 deletion splice variant was 

identified for UGT2A1 (termed ‘UGT2A1Δexon3’). As determined by reverse-

transcription polymerase chain reaction, UGT2A1Δexon3 was shown to be expressed in 

various tissues including lung, trachea, larynx, tonsil, and colon. The ratio of 

UGT2A1Δexon3:wild-type UGT2A1 expression was highest in colon (0.79±0.08) and 

lung (0.42±0.12) as determined by real-time PCR; an antibody specific to UGT2A1 

showed splice variant protein (termed ‘UGT2A1_i2’) to wild-type protein (termed 

‘UGT2A1_i1’) ratios in the range of 0.5-0.9 in these tissues. Using ultra-pressure liquid 

chromatography, homogenates prepared from UGT2A1_i2-over-expressing HEK293 

cells exhibited no glucuronidation activity against PAHs, including benzo(a)pyrene-7,8-

dihydrodiol (B(a)P-7,8-diol). An inducible in vitro system was created to determine the 

effect of UGT2A1_i2 expression on UGT2A1_i1 activity. Increasing UGT2A1_i2 levels 

resulted in a significant (p<0.01) decrease in the UGT2A1_i1 Vmax against 1-hydroxy 

(OH)-pyrene, 3-OH-B(a)P and B(a)P-7,8-diol; no significant changes in KM were 

observed for any of the three substrates. Co-immunoprecipitation experiments 

suggested the formation of UGT2A1_i1 and UGT2A1_i2 hetero-oligomers and 

UGT2A1_i1 homo-oligomers; co-expression of UGT2A1_i1 or UGT2A1_i2 with other 

UGT1A or UGT2B enzymes caused no change in UGT1A or UGT2B glucuronidation 

activity. These data suggest that a novel UGT2A1 splice variant regulates UGT2A1-
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mediated glucuronidation activity via UGT2A1-specific protein-protein interactions, and 

that expression of this variant could play an important role in the detoxification of 

carcinogens within target tissues for tobacco carcinogenesis. 
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Introduction 

 

The UDP-Glucuronosyltransferase (UGT) family of enzymes catalyzes the 

metabolism of various xenobiotics, including endogenous substrates such as steroid 

hormones and exogenous substrates such as various drugs and carcinogens (Wells et 

al., 2004; Nagar and Remmel, 2006). UGT enzymes are classified into families based 

on sequence and structural homology (Mackenzie et al., 2005). Enzymes in the UGT1A 

and UGT2B families are the most well-known and studied UGTs, with nine functional 

UGT1A isoforms and seven functional UGT2B isoforms previously characterized 

(Mackenzie et al., 2005). In comparison to the UGT1A and UGT2B enzyme families, the 

UGT2A family has been relatively understudied. Recent evidence suggests that one 

member of the UGT2A subfamily, UGT2A1, may be an important enzyme for tobacco 

carcinogen metabolism in respiratory and aerodigestive tract tissues (Bushey et al., 

2011).  

 UGT2A1 was initially cloned from the olfactory epithelium, with enzyme 

expression also reported in fetal lung and brain (Jedlitschky et al., 1999). A later study 

reported UGT2A1 expression in lung and trachea by quantitative real-time polymerase 

chain reaction (PCR) (Nishimura and Naito, 2006). More recent quantitative PCR 

studies have shown UGT2A1 expression to be highest in lung followed by trachea, 

tonsil, larynx, and colon (Bushey et al., 2011). UGT2A1 enzymatic activity was initially 

reported against substrates such as androgens, estrogens, drugs, and phenol odorants 

(Jedlitschky et al., 1999; Itaaho et al., 2008; Sten et al., 2009). Recent studies have 
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shown significant UGT2A1 enzyme activity against polycyclic aromatic hydrocarbons 

(PAHs) implicated in lung and aerodigestive tract carcinogenesis (Bushey et al., 2011). 

While other UGTs such as UGT1A6, UGT1A7, and UGT1A10 have been reported to 

exhibit some activity against certain PAHs, UGT2A1 is the only UGT well-expressed in 

both the respiratory and aerodigestive tracts that exhibits significant glucuronidation 

activity against a broad range of PAHs and their metabolites (Jin et al., 1993; Zheng et 

al., 2002; Dellinger et al., 2006; Nishimura and Naito, 2006; Bushey et al., 2011). Based 

on the expression and activity profile of UGT2A1, this understudied enzyme potentially 

has a crucial role in the local detoxification of activated PAHs in tobacco target tissues. 

 Through the process of alternative splicing, single genes can produce multiple 

mRNA and protein isoforms with varying function. Alternative splicing was initially 

proposed to affect half of all genes, but recent reports suggest that alternative splicing 

may occur in over 90% of all genes (Lander et al., 2001; Wang et al., 2008). Recent 

reports suggest that alternative splicing creates UGT1A diversity at the 3’ end of the 

transcript, through alternative splicing of a novel exon 5b (Girard et al., 2007; Levesque 

et al., 2007). The mRNAs resulting from alternative splicing of exon 5b have been 

shown to have widespread tissue expression, and functional assays have suggested 

that the proteins resulting from exon 5b splice variants are inactive (Girard et al., 2007). 

Proteins resulting from UGT1A exon 5b splice variants have also been shown to interact 

with UGT1A wild-type proteins and negatively modulate wild type UGT1A 

glucuronidation activity through a protein-protein interaction (Girard et al., 2007; 

Levesque et al., 2007; Bellemare et al., 2010). While UGT2B enzymes are comprised of 

six independent exons, alternative splicing has also been described for UGTs 2B4 and 
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2B7, resulting in various non-functional alternatively-spliced UGT2B4 (Levesque et al., 

2010) or UGT2B7 (Menard et al., 2011) variants. These splice variants have also been 

found to be well-expressed in various tissues, and the resulting splice variant proteins of 

UGT2B4 and UGT2B7 have been shown to negatively regulate wild-type UGT 2B4 and 

2B7 glucuronidation activity (Levesque et al.; Menard et al.).  

Similar to the UGT1A locus, diversity in the UGT2A family is created through 

exon sharing. UGT2A1 and UGT2A2 transcripts are comprised of a unique first exon 

joined to common exons 2-6 (Mackenzie et al., 2005; Sneitz et al., 2009). Unique first 

exons in UGT2A1 and UGT2A2 transcripts create variable aglycone-binding domains, 

altering the substrate specificity for each UGT isoform (Nagar and Remmel, 2006). In 

the present study, a novel exon 3 deletion splice variant is described for UGT2A1. This 

variant was hypothesized to negatively regulate UGT2A1 activity, as has been reported 

for other UGT splice variants. Described are studies examining the expression and 

function of this variant (termed ‘UGT2A1Δexon3’) and its potential importance in altering 

overall UGT2A1 glucuronidation activity.  
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Materials and Methods 

 

Materials. Uridine 5’-diphospho-glucuronic acid (UDPGA), alamethicin, β-

glucuronidase, 4-methylumbelliferone (4-MU), 1-hydroxy (OH)-pyrene, and 1-naphthol 

were purchased from Sigma-Aldrich (St. Louis, MO). 1-OH-benzo(a)pyrene [B(a)P], 3-

OH-B(a)P, 7-OH-B(a)P, 8-OH-B(a)P, 5-methyl-chrysene-1,2-diol, dibenzo(a,l)pyrene-

11,12-diol, and B(a)P-7,8-diol were synthesized in the Organic Synthesis Core Facility 

at the Penn State College of Medicine (Hershey, PA). High-pressure liquid 

chromatography (HPLC)-grade ammonium acetate, acetonitrile, and agarose were 

purchased from Fisher Scientific (Pittsburgh, PA). Real-time PCR probes and gene 

expression assays were acquired from Applied Biosystems Inc., Life Technologies 

(Carlsbad, CA). Complete Control Inducible Mammalian Expression System kits, 

Ponasterone A (PonA), and Pfu Polymerase were obtained from Agilent (Santa Clara, 

CA). Dulbecco’s modified Eagles medium (DMEM), Dulbecco’s phosphate-buffered 

saline (minus calcium-chloride and magnesium-chloride), fetal bovine serum (FBS), 

penicillin-streptomycin, geneticin (G418), and blasticidin were purchased from Gibco, 

Life Technologies (Grand Island, NY). The pcDNA 3.1/V5-His-TOPO and 

pcDNA6.2/V5/GW/D-TOPO mammalian expression vectors, the Superscript II RT kit, 

and Hygromycin B were obtained from Invitrogen, Life Technologies (Grand Island, NY). 

The BCA protein assay kit was purchased from Pierce (Rockford, IL). The RNeasy kit, 

QIAquick gel extraction kit, Plasmid Mini kit, and Plasmid Maxi kit were all purchased 
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from Qiagen (Valencia, CA).  All oligonucleotides were purchased from IDT (Coralville, 

IA). 

 

Determination of UGT2A1Δexon3 tissue expression. The UGT2A1 exon 3 

deletion splice variant was initially discovered following reverse-transcription (RT)-PCR 

using pooled lung RNA from three individuals. The primers used to amplify full length 

UGT2A1Δexon3 from lung cDNA were 5’-CATCAAATCTTCTGCATCAAGCCAC-3’ 

(sense; UGT2A1_S1) and 5’-TGACAGGAAGAGGGTATAGTCAGC-3’ (antisense; 

UGT2A1_AS1), corresponding to nucleotides -28 to -4 and +1834 to +1811, 

respectively, relative to the UGT2A1 translation start site. For all PCR reactions, RNA 

was acquired and RT-PCR was completed as previously described (Bushey et al., 

2011). Briefly, 2 μg of RNA from each tissue was used with oligo dTs for RT, with cDNA 

corresponding to 100 ng of RNA used in the subsequent PCR reactions. Unless 

otherwise noted, all PCRs were performed using Pfu Polymerase, with an initial 

denaturing temperature of 94°C for 2 min, 40 cycles of 94°C for 30s, 58°C for 45s, and 

72°C for 2 min, followed by a final cycle of 10 min at 72°C.  

Following the initial discovery of UGT2A1Δexon 3 from pooled lung cDNA, 

additional tissues were screened for UGT2A1Δexon3 mRNA expression by RT-PCR 

and real-time PCR using pooled RNAs from at least three individuals. Primers specific 

to exon 1 5’-GACATGGCTGGAAAATAGACC-3’ (sense) and exon 5 of UGT2A1 5’-

CCATAGGGACTCCGTGGTAAAT-3’ (antisense) of UGT2A1, corresponding to 

nucleotides +276 to +296 and +1165 to +1144, respectively, relative to the translation 

start site were used to screen for UGT2A1Δexon3 expression. RT was completed using 
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RNAs from HEK293 cell lines over-expressing wild-type UGT2A1 or UGT2A1Δexon3 

(see below for Methods), and cDNAs following RT were used as positive controls for 

PCR amplification while water was used as a negative control. PCR products were gel-

purified using a QIAquick gel extraction kit and sequenced by dideoxy sequencing at the 

Penn State University Nucleic Acid Facility (State College, PA) and compared to the 

UGT2A1 sequence in GenBank (NM_006798.3). To verify UGT2A1Δexon3 expression 

in tissues analyzed, PCR reactions were run multiple times with all positive and 

negative controls. Genomic DNA from five individuals was PCR amplified to determine 

whether prevalent splice site polymorphisms exist in introns 2 or 3 of UGT2A1. A sense 

primer specific for the 3’ end of UGT2A1 exon 2 and an anti-sense primer specific for 

UGT2A1 exon 3 were used to amplify intron 2, while a sense primer specific for exon 3 

and an anti-sense primer specific for the 5’ end of UGT2A1 exon 4 were used to amplify 

intron 3. Following PCR amplification the PCR products were gel extracted and 

sequenced. 

A real-time PCR assay was developed to quantitatively assess relative levels of 

wild-type UGT2A1 and UGT2A1Δexon3 transcripts in tissues that were previously 

determined to have UGT2A1 expression. Separate assays were designed to specifically 

amplify wild-type UGT2A1 or UGT2A1Δexon3 (see Figure 1, Panel A). A sense primer 

specific to exon 1 (5’-CTACATGTTTGAAACTCTTTGGAAATC-3’) and a 5’ labeled VIC 

probe (ABI) specific to exon 2 (5’-TCCGAACATATTGGGATT-3’), corresponding to 

nucleotides +660 to +686 and +767 to +784, respectively, relative to the UGT2A1 

translation start site, were used to detect both wild-type UGT2A1 and UGT2A1Δexon3.  

An antisense primer specific to UGT2A1 exon 3 (5’-TTACCTGAGCTCTGGAT-
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AAATTCTTC-3’), corresponding to nucleotides +896 to +871 relative to the UGT2A1 

translation start site, was used to specifically amplify wild-type UGT2A1 transcript, while 

an antisense primer specific to the UGT2A1Δexon3 exon 2 and 4 junction (5’-

TTTCCTTTGTATCTCCATAAAACCTTAG-3’), corresponding to nucleotides +887 to 

+860 relative to the UGT2A1Δexon3 translation start site, was used to specifically 

amplify the UGT2AΔexon3 transcript. Reactions were completed using the standard ABI 

thermal cycling parameters, with human large ribosomal protein (RPLPO; 

Hs99999902_m1) used as a housekeeping gene. cDNAs, corresponding to 20 ng RNA, 

were used for each real-time assay and reactions were performed in triplicate. Real-

time PCR experiments were carried out in the Penn State College of Medicine 

Functional Genomics Core Facility (Hershey, PA) using an ABI 7900 HT thermal cycler 

and data was analyzed using SDS 2.2 software. Assay specificity for wild-type UGT2A1 

or UGT2A1Δexon3 transcripts was confirmed through agarose gel electrophoresis and 

dideoxy sequencing of real-time PCR products. Real-time PCR data was corrected to 

account for the amplification efficiency of each real-time PCR assay, as described 

previously (Jones et al., 2012). The relative tissue expression of UGT2A1Δexon3 

transcript was calculated using the ΔΔCt method relative to the amount of wild-type 

UGT2A1 transcript for each tissue specimen examined.  

 

Generation of an UGT2A1_i2 over-expressing cell line and determination of 

UGT2A1_i2 protein expression. A HEK293 cell line over-expressing wild-type UGT2A1 

(termed ‘UGT2A1_i1’) was previously established (Bushey et al., 2011). A HEK293 cell 

line over-expressing the isoform corresponding to UGT2A1exonΔ3 (termed 
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‘UGT2A1_i2’) was created and cell homogenates were made using a similar protocol 

(described in Supplemental Methods). An antibody designed to recognize UGT2A1 

protein was previously created using a peptide encoded by exon 1, a region common to 

both UGT2A1_i1 and UGT2A1_i2 (Bushey et al., 2011). Levels of UGT2A1_i1 and 

UGT2A1_i2 protein were determined by Western blot analysis using the anti-UGT2A1 

antibody at a 1:500 dilution (as recommended by the manufacturer; Open Biosystems, 

Huntsville, AL) and 50 μg of UGT2A1-over-expressing cell homogenate protein. The 

monoclonal β-actin antibody (Sigma-Aldrich; St. Louis, MO) was used as a loading 

control and the Western blot was done in triplicate. The intensity of UGT2A1 signal was 

measured with the ImageJ program (NIH). Since a UGT2A1 standard is not 

commercially available, the relative protein expression of UGT2A1_i1 and UGT2A1_i2 

in homogenate from each cell line was calculated relative to the β-actin loading control. 

UGT2A1 protein expression was also analyzed in normal human lung and colon 

homogenates prepared from tissues from independent subjects (obtained from Banner 

Sun Health Research Institute, Sun City, AZ) by a similar Western blot procedure, using 

250 μg tissue homogenate prepared using an Omni TH rotor-stator homogenizer in 50 

mM Tris pH 7.5, 1.15% KCl, and 1 mM disodium EDTA. For the determination of 

UGT2A1 expression in colon and lung tissue homogenates, protein from cell lines over-

expressing UGT2A1_i1 and UGT2A1_i2 was mixed in a 1:1 ratio and loaded (60 μg 

total protein) as a positive control. The relative amount of UGT2A1_i2 to UGT2A1_i1 in 

each lung or colon specimen was determined relative to β-actin as described above. 
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Glucuronidation assays. Glucuronidation assays using homogenate from 

HEK293 cells over-expressing UGT2A1_i1 and UGT2A1_i2 were completed essentially 

as previously described (Fang et al., 2002; Wiener et al., 2004a). Briefly, after an initial 

incubation of 100 μg protein homogenate with alamethicin (50 μg/mg protein) for 15 

minutes on ice, glucuronidation reactions were performed in a final reaction volume of 

25 μL at 37°C with 50 mM Tris-HCl (pH 7.4), 10 mM MgCl2, 4 mM UDPGA, and 

between 6 and 800 μM of substrate. Reactions were terminated by the addition of 25 μL 

cold acetonitrile on ice. Reaction mixtures were centrifuged for 10 min at 16,100 g prior 

to the collection of supernatant. Glucuronide formation was determined using a Waters 

Acquity ultra-pressure liquid chromatography (UPLC) System (Milford, MA) as 

previously described (Fang et al., 2002; Wiener et al., 2004b; Dellinger et al., 2007; 

Balliet et al., 2009; Olson et al., 2009; Bushey et al., 2011). The flow rate was 

maintained at 0.5 mL/min and a reverse phase Acquity UPLC BEH C18 - 1.7 μm 2.1 x 

100 mm column was used to separate free substrate and the conjugated glucuronide. A 

gradient of solution A (5 mM NH4OAc pH 5.0, 10% acetonitrile) and solution B (100% 

acetonitrile) was used to elute the glucuronide and substrate from the column. The initial 

solvent gradients and UV absorbance wavelengths used to detect glucuronidation of 

various substrates were described previously (Bushey et al., 2011). Reactions with non-

transfected HEK293 cell homogenate, no substrate added to the reaction mixture, or 

only substrate and no homogenate added to the reaction mixture were used as negative 

controls. Homogenate from a HEK293 cell line over-expressing UGT2A1_i1 was used 

as a positive control.  
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Creation of an UGT2A1_i2 inducible system. Wild-type UGT2A1 was cloned into 

the V5-tagged, blasticidin resistance gene-containing pcDNA6.2/V5/GW/D-TOPO vector 

using a sense primer 5’-CACCATGTTAAACAACCTTCTGC-3’ (UGT2A1_S2) and 

antisense primer 5’-TTCTCTTTTTTTCTTCTTTCCTATCTTACC-3’ (UGT2A1_AS2) 

corresponding to nucleotides +1 to +19 and +1581 to +1552, respectively, relative to the 

UGT2A1 translation start site, amplifying the entire coding region of wild-type UGT2A1 

minus the stop codon (underlined nucleotides in sense primer indicate an CACC 

anchor). An ecdysone-analog inducible mammalian expression system was used to 

regulate UGT2A1_i2 levels, with UGT2A1Δexon3 cloned into the FLAG-tagged, 

hygromycin resistance gene-containing pEGSH vector using a similar sense primer to 

that described above but containing a Xho I restriction site (underlined) on the 5’ end 

(5’-GCACTCGAGATGTTAAACAACCTTCTGC-3’; UGT2A1_S3), and a similar 

antisense primer to that described above with a Xba I restriction site (underlined) on the 

5’ end (5’GATTCTAGACGTTCTCTTTTTTTCTTCTTTCCTATCTTACC-3’; 

UGT2A1_AS3). After plasmid preparations for each clone, vector sequences were 

verified by direct dideoxy sequencing. Eight micrograms each of the 

pEGSH_UGT2A1Δexon3 vector and the G418 resistance gene-containing pERV 

regulatory vector, comprising the inducible system, as well as the pcDNA6.2/V5/GW/D-

TOPO_wtUGT2A1 vector, were stably transfected simultaneously into HEK293 cells 

using a standard lipofectamine protocol. Selection of HEK293 cells over-expressing the 

three vectors was completed using a combination of 400 μg/mL G418, 9 μg/mL 

blasticidin, and 75 μg/mL hygromycin B in DMEM containing 10% FBS. Multiple clones 

were analyzed for inducible gene expression, and a stable clone over-expressing all 
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three vectors simultaneously was chosen based on the efficiency of UGT2A1_i2 

induction.    

 After the creation of the stable UGT2A1_i1_V5/UGT2A1_i2_FLAG/pERV-over-

expressing cell line, UGT2A1_i2 expression was induced with varying levels of the 

ecdysone-analog PonA. HEK293 cells at 50% confluence were treated with 2 μM, 6 μM, 

or 10 μM of PonA in ethanol for 12 h. Vehicle (0.01% ethanol) was added to these cells 

as a negative control. Cells were harvested and homogenates were made as previously 

described (Dellinger et al., 2006; Sun et al., 2006). Protein homogenates from the 

various treatment groups were screened for UGT2A1_i1_V5 and UGT2A1_i2_FLAG 

expression by Western blot analysis using 50 μg of total protein per sample, with the 

analysis of UGT2A1_i2_FLAG induction performed in triplicate. UGT2A1_i1_V5 

expression was determined using a monoclonal mouse V5-HRP antibody (Invitrogen; 

Grand Island, NY) at a 1:5000 dilution, while UGT2A1_i2_FLAG was determined using 

a monoclonal mouse anti-Flag antibody (Sigma-Aldrich; St. Louis, MO) at a 1:1000 

dilution. UGT2A1_i1_V5 and UGT2A1_i2_FLAG expression levels were also confirmed 

using the anti-UGT2A1 antibody described above, with 100 μg of protein homogenate 

from both the control and 10 μM PonA treatment groups used with the anti-UGT2A1 

antibody at a 1:500 dilution.  In all cases, the monoclonal β-actin antibody was used as 

a loading control.  

Following verification of UGT2A1_i1 and UGT2A1_i2 protein levels, homogenate 

was prepared and used for activity assays as previously described (Dellinger et al., 

2007; Sun et al., 2007; Balliet et al., 2009; Olson et al., 2009; Balliet et al., 2010; 

Bushey et al., 2011). Cell lysates were homogenized for 10 sec on ice using a Bio-
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Vortexer (Biospec Products, Bartlesville, OK). Activity was determined against three 

PAHs which were previously shown to be substrates of UGT2A1 (Bushey et al., 2011). 

Activity assays were completed in triplicate for each substrate examined, using the 

control cell line and cell lines treated with 2 μM, 6 μM, or 10 μM of PonA. For each 

substrate, the glucuronidation rate was determined at 8 concentrations that 

encompassed the KM of the substrate. For glucuronidation rate determinations, cell 

homogenate protein levels and incubation times for each substrate were determined 

experimentally to ensure that substrate utilization was less than 10% and to maximize 

the levels of detection while in a linear range of glucuronide formation. Cell lines over-

expressing either UGT2A1_i1_V5 or UGT2A1_i2_FLAG alone were also created using 

an identical protocol for non-tagged UGT2A1_i1 and UGT2A1_i2-over-expressing cell 

lines, with cell homogenates prepared as described above. 

 

UGT2A1_i1 and UGT2A1_i2 co-immunoprecipitation (IP) assays. HEK293 cells 

over-expressing UGT2A1_i1_V5/UGT2A1_i2_FLAG were treated with 10 μM PonA for 

12 h prior to washing with phosphate-buffered saline (PBS) and homogenate 

preparation as described previously (Bellemare et al., 2010). A Dynabead Protein G 

Immunoprecipitation Kit (Invitrogen; Grand Island, NY) using the standard protocol was 

used to determine potential protein interactions. Three μg of a mouse monoclonal anti-

FLAG antibody or 1.5 μg of mouse monoclonal V5 antibody (Santa Cruz Biotechnology; 

Santa Cruz, CA) were incubated with Dynabeads for 15 min with rotation at room 

temperature. Protein lysates at a concentration of 2.5 μg/μL (1250 µg total protein) from 

vehicle- or PonA-treated UGT2A1_i1_V5/UGT2A1_i2_FLAG inducible cells were then 
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incubated with the same Dynabeads for 30 min with rotation at room temperature. 

Following three washes in PBS at room temperature, immunoprecipitated proteins were 

eluted with the provided elution buffer (Invitrogen) under denaturing conditions, heated 

at 90°C for 10 min in loading buffer, and subjected to Western blot analysis using either 

a monoclonal mouse V5-HRP antibody at a 1:5000 dilution or a mouse FLAG-HRP 

antibody (Cell Signaling Technology; Beverly, MA) at a 1:1000 dilution. All co-IP 

experiments were repeated 4x. UGT2A1_i1 homo-oligomerization was investigated 

using a similar protocol (described in the Supplemental Methods). 

 

Co-expression of UGT2A1_i1 and UGT2A1_i2 with other UGT isoforms. 

UGT2A1Δexon3 was cloned into the pcDNA6.2/V5/GW/D-TOPO vector using 

UGT2A1_S2 and UGT2A1_AS2 primers as described above. The newly-created 

pcDNA6.2/V5/GW/D-TOPO_UGT2A1Δexon3 vector was transfected using a standard 

lipofectamine protocol into previously-established stable HEK293 cell lines over-

expressing UGT1A7, UGT1A10, or UGT2B17 (Ren et al., 2000; Dellinger et al., 2006; 

Sun et al., 2006; Chen et al., 2008). The pcDNA6.2/V5/GW/D-TOPO_wtUGT2A1 vector 

described above was also transfected into UGT1A10 and UGT2B17 over-expressing 

cell lines using a standard lipofectamine protocol. Selection of HEK293 cells co-

expressing UGT2A1_i1 or UGT2A1_i2 and UGT1A7, UGT1A10, or UGT2B17 was 

completed using blasticidin (9 μg/mL) and G418 (400 μg/mL). 

Following RNA extraction and RT of RNA from the -co-expressing cell lines, real-

time PCR was performed to determine the relative levels of UGT1A7, UGT1A10, or 

UGT2B17 expression versus wild-type UGT2A1 or UGT2A1Δexon3 expression in each 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 13, 2012 as DOI: 10.1124/jpet.112.198770

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


18 

JPET #198770 

co-expressed cell line. ABI gene expression assays for UGT1A7 (Hs02517015_s1), 

UGT1A10 (Hs02516990_s1), UGT2B17 (Hs00854486_sH), and UGT2A1 

(Hs00792016_m1) were used to determine relative transcript levels. The UGT2A1 ABI 

gene expression assay is specific for UGT2A1 exon 1, enabling the assay to detect 

transcripts from both the wild-type UGT2A1 and exon 3-deleted UGT2A1 splice variant. 

Reactions were completed using the standard ABI protocol, with RPLPO used as a 

housekeeping gene. cDNA corresponding to 20 ng RNA was used for each real-time 

reaction and reactions were performed in triplicate using standard ABI thermal cycling 

parameters. Real-time-PCR data was corrected to account for the amplification 

efficiency of each real-time PCR assay, as described previously (Jones et al., 2012). 

The relative level of UGT2A1 transcript in each cell line was calculated using the ΔΔCt 

method, relative to the amount of UGT1A7, UGT1A10, or UGT2B17 in each co-

expressed cell line. An anti-UGT1A antibody (BD Biosciences; San Jose, CA) at 1:3000 

dilution and the V5-HRP antibody described above at 1:5000 dilution were used in 

Western blot analyses to verify that co-expression had no impact on UGT1A7, 

UGT1A10, or UGT2A1_V5 expression. 

Homogenate was created from each of the HEK293 co-expressed over-

expressing cell lines and glucuronidation assays were completed as described above. 

Glucuronidation assays were performed using homogenates from HEK293 over-

expressing either UGT1A7/UGT2A1_i2, UGT1A10/UGT2A1_i2, or 

UGT2B17/UGT2A1_i2, with 3-OH-B(a)P and/or 1-naphthol as substrates, as PAHs 

were previously shown to be glucuronidated by these UGTs (Zheng et al., 2002; 

Turgeon et al., 2003; Dellinger et al., 2006). Since UGT2A1 exhibits activity against 
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PAHs (Bushey et al., 2011), homogenates from HEK293 cells over-expressing 

UGT1A10/UGT2A1_i1 and UGT2B17/UGT2A1_i1 were used in glucuronidation assays 

with the tobacco specific nitrosamine (TSNA) 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanol (NNAL), which is not a substrate for UGT2A1 but is metabolized by both UGTs 

1A10 and 2B17 (Lazarus et al., 2005; Balliet et al., 2010). As previous co-expression 

studies have reported activity changes to be substrate dependent (Fujiwara et al., 2007; 

Finel and Kurkela, 2008), additional activity reactions were performed using other non-

UGT2A1 substrates, including the flavonoid chrysin for UGT1A7/UGT2A1_i2 (Webb et 

al., 2005), the heterocyclic amine (HCA)  metabolite N-hydroxy-2-amino-1-methyl-6-

phenylimidazo[4,5-b]-pyridine (N-OH PhIP) for UGT1A10/UGT2A1_i1 and 

UGT1A10/UGT2A1_i2 (Dellinger et al., 2007), and ibuprofen for UGT2B17/UGT2A1_i1 

and UGT2B17/UGT2A1_i2 (Turgeon et al., 2003). For chrysin, N-OH PhIP, and 

ibuprofen glucuronidation rate determinations, substrate concentrations were chosen 

which approximated the reported KM from previous experiments.   

 

Data analysis and Statistics. Three independent experiments were performed for 

kinetic analyses and GraphPad Prism 5 software was used to calculate kinetic values. 

Kinetic constants Vmax and KM for all substrates were calculated using the Michaelis-

Menten equation for the rate of product formation versus substrate concentration, with 

data transformed into linear Eadie-Hofstee plots. An ANOVA, followed by a post test for 

linear trend, was used to compare the KM and Vmax of glucuronide formation for the 

various UGT2A1_i1 /UGT2A1_i2 PonA treatment groups. The Students t-test was used 
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to compare mRNA expression levels and enzyme kinetics of homogenate activities 

following co-expression of UGT2A1 with UGT1A7, UGT1A10, or UGT2B17. 
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Results 

 

Relative UGT2A1Δexon3 expression in multiple tissues. Since its original 

discovery in olfactory epithelium (Jedlitschky et al., 1999), UGT2A1 has been shown to 

be expressed in multiple respiratory, digestive, and aerodigestive tract tissues (Bushey 

et al., 2011). In the present study, RT-PCR amplification of UGT2A1 from pooled lung 

RNA yielded two distinct products; wild-type UGT2A1 and a novel variant of UGT2A1, 

which upon direct sequencing was shown to be a splice variant lacking exon 3 

(UGT2A1Δexon3; Figure 1, Panel B). The deletion of this exon creates a transcript that 

is 132 nucleotides shorter, with the open reading frame of the gene remaining intact. 

Independent PCR amplification and sequencing of genomic DNA from five individual 

lung specimens containing both the wild-type and variant isoform showed that UGT2A1 

had no polymorphisms between exons 2 and 4, inclusive of the exons 2 and 4 splice 

sites; the lack of prevalent polymorphisms in these regions was confirmed by analyzing 

this sequence in HapMap (Gibbs, 2003).Following the discovery of this splice variant in 

lung tissue, additional aerodigestive tract tissues known to express wild-type UGT2A1 

were screened for UGT2A1Δexon3 expression. As shown in Figure 1 (Panel C), 

UGT2A1Δexon3 was also expressed in the trachea, larynx, tonsil, and colon; no 

UGT2A1Δexon3 expression was observed in pooled olfactory RNA. Using a custom 

real-time PCR assay (Figure 1, panel A), the relative expression levels of 

UGT2A1Δexon3 were determined relative to wild-type UGT2A1 in each tissue, with 

wild-type UGT2A1 expression in each tissue set to 1.0 as a reference. The relative 
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UGT2A1Δexon3 expression was demonstrated to be the highest in colon (0.79 ± 0.08), 

followed by lung (0.42 ± 0.12) > larynx (0.39 ± 0.05) > trachea (0.27 ± 0.07) > tonsil 

(0.10 ± 0.02) (Figure 1, panel D). In agreement with a previous study analyzing wild-

type UGT2A1 expression (Bushey et al., 2011), no UGT2A1Δexon3 expression was 

detected after multiple RT-PCR attempts or by real-time PCR in tissues of the prostate, 

liver, pancreas, kidney, esophagus, whole brain, olfactory, or breast (results not shown)  

 

UGT2A1_i2 protein expression in a HEK293 over-expressing cell line and in 

tissue homogenates. An antibody against UGT2A1 was previously created and used 

to assess wild-type UGT2A1 (termed ‘UGT2A1_i1’) protein levels in HEK293 over-

expressing cell lines (Bushey et al., 2011). Similarly, a stable HEK293 cell line 

transfected with UGT2A1Δexon3 demonstrated UGT2A1 splice variant protein (termed 

‘UGT2A1_i2’) over-expression using the same antibody (Figure 1, Panel E), with the 

mean level of UGT2A1_i1 protein expression calculated to be 0.92 ± 0.07 versus that 

observed for UGT2A1_i2 (set as 1.0 as a reference) in the two UGT2A1 over-

expressing cell lines. The UGT2A1_i2 protein lacks 44 amino acids that are derived 

from exon 3, creating a protein that is 483 amino acids in length compared to the 527 

amino acids that comprise UGT2A1_i1. Expression of both UGT2A1_i1 and UGT2A1_i2 

were shown in protein homogenates made from normal lung tissues from three donors 

and normal colon tissues from three donors (Figure 1, Panel F). For the lung and colon 

specimens analyzed, UGT2A1_i1 was expressed at marginally higher levels than 

UGT2A1_i2, with the ratios of UGT2A1_i2:UGT2A1_i1 ranging from 0.6 – 0.9 for lung 

and 0.5 – 0.7 for colon.  
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Enzymatic activity of UGT2A1_i2. As UGT2A1Δexon3 RNA and UGT2A1_i2 

protein were shown to be expressed in lung and a variety of other human tissues 

including tissues of the aerodigestive tract, and because UGT2A1_i1 was previously 

shown to be active against PAHs involved in tobacco carcinogenesis (Bushey et al., 

2011), UGT2A1_i2 activity against PAHs and other tobacco carcinogens was 

investigated. Homogenate from UGT2A1_i2-over-expressing HEK293 cells, which was 

shown to express UGT2A1_i2 protein at slightly higher relative levels than the stable 

HEK293 cell line over-expressing UGT2A1_i1 (see Figure 1, Panel E), was used in 

glucuronidation activity assays to determine the enzymatic activity of UGT2A1_i2. While 

cell homogenates over-expressing UGT2A1_i1 demonstrated glucuronidation activity 

against both 3-OH-B(a)P (Figure 2, panel A) and 5-methyl-chrysene-1,2-diol (Figure 2, 

panel C), no glucuronide was detected when UGT2A1_i2 protein was used in the assay 

(Figure 2, panels B and D). No detectable glucuronidation activity was observed for 

UGT2A1_i2-over-expressing cell homogenates against all other PAHs examined 

including 1-OH-pyrene, 1-naphthol, 1-OH-B(a)P, 7-OH-B(a)P, 8-OH-B(a)P, B(a)P-7,8-

diol, and dibenzo(a,l)pyrene-11,12-diol, using up to 400 µg cellular homogenate and 

750 μM substrate in a 18 h incubation (results not shown). The UGT2A1_i2 variant also 

lacked activity against 4-MU, a known UGT2A1 substrate and a common substrate of 

most UGT isoforms (Uchaipichat et al., 2004). UGT2A1_i1 was previously shown to 

have no detectable glucuronidation activity against TSNAs and HCAs (Bushey et al., 

2011); UGT2A1_i2 also had no detectable glucuronidation activity against these 

substrates (results not shown). 
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UGT2A1_i2 modulates UGT2A1_i1 activity. To examine the potential effects of 

increasing levels of UGT2A1_i2 expression on UGT2A1_i1 activity, a co-expression 

system was generated to allow for stable UGT2A1_1 protein levels and UGT2A1_2 

expression levels regulated by the ecdysone analog PonA. In order to more easily 

differentiate between the UGT2A1 isomers in co-IP experiments, UGT2A1_i1 was V5-

tagged and UGT2A1_i2 was FLAG-tagged, both at the C-terminus of the protein. As 

shown by Western blot analysis (Figure 3, Panel A), no detectable expression of 

UGT2A1_i2_FLAG was observed in the vehicle control group. Following the addition of 

increasing dosages of PonA there was a corresponding increase in UGT2A1_i2_FLAG 

levels while UGT2A1_i1_V5 levels remained relatively constant. The UGT2A1_i2 

induction and corresponding protein quantification was completed in triplicate: 2 μM 

PonA treatment induced the mean UGT2A1_i2 levels to 0.28 ± 0.05 relative to 

UGT2A1_i1 (set as 1.0 as a reference in all cases), 6 μM PonA treatment induced the 

mean UGT2A1_i2 levels to 0.76 ± 0.06 relative to UGT2A1_i1, and 10 μM PonA 

treatment induced the mean UGT2A1_i2 levels to 1.18 ± 0.09 relative to UGT2A1_i1. 

Relative UGT2A1_i1_V5 protein levels were calculated for each treatment group and 

used for normalization of kinetic data, with UGT2A1_i1 expression in the control group 

set as the reference at 1.0. UGT2A1_i1 expression was relatively consistent in all 

treatment groups (Figure 3, Panel A). Mean UGT2A1_i1_V5 levels were determined to 

be 0.89 ± 0.08 in the 2 μM PonA treatment group, 0.95 ± 0.06 in the 6 μM PonA 

treatment group, and 0.94 ± 0.04 in the 10 μM PonA treatment group. UGT2A1_i1_V5 

and UGT2A1_i2_FLAG expression levels were confirmed by Western blot using the 
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anti-UGT2A1 antibody (Figure 3, Panel B). Using this antibody, no UGT2A1_i2 was 

detected in the control group and the ratio of UGT2A1_i2:UGT2A1_i1 in the 10 μM 

treatment group (1.1) was approximately equal to that observed using the anti-FLAG 

and anti-V5 antibodies (1.18 ± 0.09) described above. In addition, the relative 

expression of UGT2A1_i1 in the 10 μM PonA treatment group using the anti-UGT2A1 

antibody (0.97) was similar to that observed using the anti-FLAG and anti-V5 antibodies 

(0.94 ± 0.04) described above. 

Activity assays and enzyme kinetics were completed to determine the potential 

impact of UGT2A1_i2 expression on UGT2A1_i1 enzyme activity. The effects of 

UGT2A1_i2 expression on UGT2A1_i1 activity were assessed in glucuronidation 

assays using the PAH substrates 1-OH-pyrene, 3-OH-B(a)P, and B(a)P-7,8-diol. These 

substrates represent PAHs of varying complexity and were all shown to be substrates 

for UGT2A1_i1 in previous studies (Bushey et al., 2011). Representative 

chromatograms using cell homogenates from the control group and the three PonA 

treatment groups against 1-OH-pyrene (Figure 3, Panel C) and Michaelis-Menten 

kinetics curves for three PAHs examined (Figure 3, Panel D) show that increases in 

UGT2A1_i2 expression caused a decrease in the rate of UGT2A1_i1 glucuronide 

formation. Upon kinetic analysis, significant (p < 0.01) trends were observed between 

increasing levels of UGT2A1_i2 expression and decreasing PAH-glucuronide formation 

as determined by Vmax and Vmax/KM for each of the three substrates analyzed (Table 1). 

Homogenate from cells with the highest UGT2A1_i2 expression, which exhibited a 

UGT2A1_i2:UGT2A1_i1 ratio of approximately 1.2, had a ~50% reduction in 

glucuronide formation for all three substrates examined. No significant changes in KM 
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values were observed when UGT2A1_i2 expression was induced, regardless of 

UGT2A1_i2 expression levels. PonA treatment had no effect on the glucuronidation 

activity of homogenates expressing UGT2A1_i1 against 1-OH-pyrene (results not 

shown). The C-terminal V5 tag caused no significant changes in UGT2A1 enzyme 

activity (data not shown), with the enzyme kinetics (Vmax and KM) for the control 

UGT2A1_i1_V5-over-expressing cell homogenates in these experiments similar to 

those reported previously for untagged UGT2A1 against PAHs (Bushey et al., 2011). 

 

UGT2A1_i1 and UGT2A1_i2 hetero-oligomerization. To test whether 

UGT2A1_i2 potentially modulates UGT2A1_i1 glucuronidation activity by a direct 

protein-protein interaction, protein lysate from cells treated with 10 μM PonA was used 

in co-IP experiments. Using an anti-FLAG antibody to immunoprecipitate 

UGT2A1_i2_FLAG and an anti-V5 antibody to detect UGT2A1_i1_V5 by Western blot 

analysis, a band corresponding to UGT2A1_i1_V5 (~57 kDa) was observed (Figure 4, 

Panel A; lane 5). As expected, a UGT2A1_i1_V5 band was observed using the anti-V5 

antibody by Western blot analysis when an anti-V5 antibody was used to pull down 

UGT2A1_i1_V5 (Figure 4, Panel A; lane 4); no bands were observed when no antibody 

was added to the immunoprecipitation lysate (Figure 4, Panel A; lane 3) or when lysate 

was used from HEK293 cell lines over-expressing either UGT2A1_i1_V5 or 

UGT2A1_i2_FLAG alone (Figure 4, Panel A; lanes 1-2). Similarly, a band 

corresponding to UGT2A1_i2_FLAG (~52 KDa) was detected when an anti-V5 antibody 

was used to immunoprecipitate UGT2A1_i1_V5 and an anti-Flag antibody was used to 

detect UGT2A1_i2_FLAG by Western blot (Figure 4, Panel B; lane 5). Again as 
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expected, an UGT2A1_i2_FLAG band was observed by Western blot analysis when an 

anti-FLAG antibody was used to pull down UGT2A1_i2_FLAG (Figure 4, Panel B; lane 

4); no bands were observed when no antibody was added to the immunoprecipitation 

lysate (Figure 4, Panel B; lane 3) or when lysate was used from HEK293 cell lines over-

expressing either UGT2A1_i1_V5 or UGT2A1_i2_FLAG alone (Figure 4, Panel B; lanes 

1-2). 

 

UGT2A1_i1 homo-oligomerization. As UGT2A1_i1 and UGT2A1_i2 were 

shown to form hetero-oligomers, experiments were conducted to determine whether 

UGT2A1_i1 homo-oligomerization also occurs. As described in the Materials and 

Methods, a stable HEK293 cell line was created to co-express UGT2A1_i1_V5 and 

UGT2A1_i1_FLAG. Following treatment with 10 μM PonA, the levels of 

UGT2A1_i1_FLAG were induced to approximately the same levels as UGT2A1_i1_V5, 

while no UGT2A1_i1_FLAG expression was observed in the vehicle control group 

(Figure 5, Panel A). UGT2A1_i1_V5 and UGT2A1_i1_FLAG expression levels were 

confirmed to be relatively equal following Western blot analysis using the anti-UGT2A1 

antibody (Figure 5, Panel B).  Using an anti-FLAG antibody to immunoprecipitate 

UGT2A1_i1_FLAG and an anti-V5-HRP antibody to detect UGT2A1_i1_V5 by Western 

blot analysis, a band corresponding to UGT2A1_i1_V5 was detected (Figure 5, Panel C; 

lane 5). Background bands at an approximate size of 45 kDa were observed in lanes 4 

and 5 in all cases when homo-oligomerization was investigated using an anti-FLAG 

antibody to immunoprecipitate the complex and an anti-V5-HRP antibody for Western 

blot; the cause of these background signals is unknown. Similarly, a band 
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corresponding to UGT2A1_i1_FLAG was detected when an anti-V5 antibody was used 

to immunoprecipitate UGT2A1_i1_V5 and an anti-Flag-HRP antibody was used to 

detect UGT2A1_i1_FLAG by Western blot (Figure 5, Panel D; lane 5). Positive and 

negative controls, identical to those described in detail for UGT2A1_i1 and UGT2A1_i2 

hetero-oligomerization, were used. 

 

  Effect of UGT2A1_i1 or UGT2A1_i2 co-expression on the glucuronidation 

activities other UGT isoforms. To examine whether UGT2A1 isoforms potentially 

modulate the activity of other UGTs, studies were performed co-expressing either 

UGT2A1_i1_V5 or UGT2A1_i2_V5 with UGTs 1A7, 1A10, or 2B17. These UGTs were 

chosen because they are expressed in the respiratory and/or aerodigestive tract and 

are active against tobacco carcinogens (Zheng et al., 2002; Dellinger et al., 2006; 

Gallagher et al., 2007). As determined by real-time PCR, the relative levels of transcript 

in each UGT-co-expressing cell line were not significantly different for the UGT2A1 

isoform as compared to its UGT1A or 2B counterpart (Figure 6, Panel A). Western blots 

demonstrated that UGTs 1A7 and 1A10 were expressed at similar levels when over-

expressed alone or when co-expressed with UGT2A1, and that similar levels of 

UGT2A1_i1_V5 and UGT2A1_i2_V5 protein were observed in each co-expressed over-

expressing cell line (data not shown). 

 Glucuronidation assays were performed using protein from cells over-expressing 

UGT1A or UGT2B enzymes alone or after co-expression with UGT2A1 isoforms. 

Representative Michaelis-Menten curves for UGT1A7- and UGT1A7/UGT2A1_i2 -over-

expressing cell homogenates show similar kinetics against 3-OH-BaP (Figure 6, Panel 
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B). A similar pattern was observed for UGT1A10- and UGT1A10/UGT2A1_i2 -over-

expressing cell homogenates against 3-OH-BaP and for UGT2B17- and 

UGT2B17/UGT2A1_i2 -over-expressing cell homogenates against 1-naphthol (Figure 6, 

Panel B). Glucuronidation assays also showed no significant changes in glucuronidation 

activity for UGT1A10- and UGT1A10/UGT2A1_i1 -over-expressing cell homogenates 

and UGT2B17-and UGT2B17/UGT2A1_i1 -over-expressing cell homogenates against 

the non-UGT2A1 substrate NNAL (results not shown). No significant differences in KM 

or Vmax were observed for any substrate analyzed after UGT1A or 2B co-expression 

with either UGT2A1_i2 or UGT2A1_i1. No significant differences in glucuronidation 

rates of additional substrates were observed using homogenates from cells co-

expressing UGTs 1A7, 1A10, or 2B17 and UGT2A1; this included glucuronidation of the 

flavonoid chrysin by the UGT1A7 co-expressing cell line, glucuronidation of the HCA 

metabolite N-OH PhIP by the UGT1A10 co-expressing cell lines, and glucuronidation of 

ibuprofen by the UGT2B17 co-expressing cell lines (data not shown). In addition, 

UGT2A1_i1 activity against testosterone and the PAH, 5-methylchrysene-1,2-diol, was 

unchanged following co-expression with UGT1A10 or UGT2B17, respectively (data not 

shown). 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 13, 2012 as DOI: 10.1124/jpet.112.198770

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


30 

JPET #198770 

 

Discussion 

 

 The present study is the first to identify and characterize a novel splice variant of 

UGT2A1, demonstrating its expression in multiple tissues at both the level of mRNA and 

protein and its functional importance as an inhibitor of UGT2A1 activity. This variant 

consists of a deletion of exon 3 that results in an inactive UGT2A1 isoform. UGT2A1 

exon 3 is a conserved region throughout all UGT family members (Nagar and Remmel, 

2006) and is also highly conserved with the corresponding region of the mouse ortholog 

UGT2a1 following sequence alignment. The exon 3-encoded protein region of all UGTs 

is hypothesized to form a portion of the UDPGA co-substrate binding pocket necessary 

for UGT function, and similar to the activity results for the splice variant UGT2A1 

isoform in the present study, amino acid point mutations in this region have been 

previously shown to ablate UGT enzyme activity (Miley et al., 2007; Laakkonen and 

Finel; Bushey et al., 2011). 

In addition to possessing no detectable glucuronidation activity, UGT2A1_i2 was 

shown to act as a negative regulator of UGT2A1_i1 activity. This negative regulatory 

effect is similar to that observed for other UGT splice variants, including inactive UGT1A 

splice variants with an alternate exon 5b at the 3’ end of the UGT1A transcript (Girard et 

al., 2007; Levesque et al., 2007). This negative inhibition appears to be due to direct 

binding of the inactive UGT2A1_i2 variant with UGT2A1_i1, a mechanism similar to that 

observed for other UGTs including the UGT1A exon 5b variant (Bellemare et al., 2010). 

Further, a Gln331Stop polymorphism in UGT1A1 leads to a truncated and inactive 

protein, and this protein isoform has been reported to bind to and inhibit wild-type 
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UGT1A1 activity (Koiwai et al., 1996). Ghosh et al. showed that an inactive mutant form 

of UGT1A1, caused by a single amino acid change at codon 127, could bind to and 

inhibit wild-type UGT1A1 activity in a dominant-negative manner (Ghosh et al., 2001). 

Also, recent work has identified inactive UGT2B4 splice variant isoforms that negatively 

regulate wild-type UGT2B4 activity (Levesque et al., 2010), and inactive UGT2B7 splice 

variant isoforms negatively modulate wild-type UGT2B7 activity (Menard et al., 2011).  

In the present study, a PonA-inducible co-expression system was designed to 

control UGT2A1_i2 expression so that its effects on UGT2A1_i1 activity could be 

examined. A linear correlation was observed between the ratio of 

UGT2A1_i2:UGT2A1_i1 expression and overall glucuronidation activity of homogenates 

from co-expressed cells. At the highest level of UGT2A1_i2 induction, with the 

expression of UGT2A1_i2 approximately equal to that of UGT2A1_i1, there was an 

approximately 50% reduction in the rate of glucuronide formation for three PAH 

substrates examined. As the UGT2A1_i2:UGT2A1_i1 ratio decreased, proportional 

increases in UGT2A1_i1 activity were observed against all three PAH substrates. These 

data suggest that UGT2A1_i1 interacts with UGT2A1_i2 in a 1:1 stoichiometry, likely as 

a dimer as proposed for other UGTs (Finel and Kurkela, 2008; Bellemare et al., 2010). 

The in vitro inducible UGT2A1_i2:UGT2A1_i1 ratios observed in this study 

approximated the ratios observed physiologically in several human tissues including 

lung and colon. These UGT2A1_i2:UGT2A1_i1 ratios corresponded with 10-50% 

decreases in the Vmax for UGT2A1_i1-mediated glucuronidation activities against PAH 

substrates; no significant change in UGT2A1_i1 KM due to UGT2A1_i2 co-expression 

was observed. These data suggest that the inhibitory effect of UGT2A1_i2 expression is 
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mediated by removal of UGT2A1_i1 from the active protein pool, rather than an effect 

on UGT2A1_i1 enzyme-substrate affinity. 

UGTs have been shown to reside in the endoplasmic reticulum to form both 

homo- and hetero-oligomers (Fujiwara et al., 2007; Operana and Tukey, 2007; Finel 

and Kurkela, 2008). In vitro UGT co-expression and oligomerization studies have shown 

that UGT interactions are complex, with kinetic changes dependent on the specific UGT 

isoforms interacting and the substrates undergoing glucuronidation (Fujiwara et al., 

2007; Operana and Tukey, 2007; Finel and Kurkela, 2008). The co-IP experiments 

presented in this study suggested hetero-oligomerization occurs between the 

UGT2A1_i1 and UGT2A1_i2 isoforms, and UGT2A1 homo-oligomerization was also 

investigated. In vitro co-IP experiments showed for the first time that UGT2A1_i1 homo-

oligomerization does in fact occur. UGT2A1 co-expression studies were completed with 

two members of the UGT1A sub-family, UGT1A7 and UGT1A10, and UGT2B17 to 

determine any UGT2A1-mediated changes in UGT1A or UGT2B glucuronidation 

activity. Like UGT2A1, UGTs 1A7, 1A10, and 2B17 are expressed in certain tissues of 

the respiratory and aerodigestive tract and exhibit glucuronidation activity against 

multiple tobacco carcinogens (Zheng et al., 2002; Dellinger et al., 2006; Dellinger et al., 

2007; Gallagher et al., 2007). UGT2A1 was determined to have no effect on the 

glucuronidation activity of UGT1A7, UGT1A10 or UGT2B17 against tobacco 

carcinogens, including PAHs, TSNAs and HCAs, suggesting that UGT2A1 does not 

affect the ability of these UGTs to detoxify tobacco carcinogens in vivo and that 

UGT2A1_i2 regulation of UGT activity is UGT2A1-specific.  
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The entire UGT2A family has been understudied, with limited information 

reported on expression and activity of these enzymes. UGT2A3 has been shown to be 

well expressed in the colon, small intestine and liver, with activity reported against bile 

acids (Court et al., 2008). UGT2A2 has been reported to be expressed in the nasal 

mucosa, with broad substrate selectivity reported against various estrogen and 

phenylphenol metabolites (Sneitz et al., 2009). Neither of these enzymes has been 

carefully investigated for aerodigestive tract expression or metabolism against 

carcinogens, and this will be investigated in future studies. UGT2A1 and UGT2A2 have 

both been shown to exhibit glucuronidation activity against similar substrates, with 

UGT2A1 generally having higher glucuronidation rates (Sneitz et al., 2009). Based on 

exon sharing of exon 1 of UGT2A1 or UGT2A2 to common exons 2-6, the same exon 3 

deletion splice variant for UGT2A2 is likely to occur. Future studies are planned to 

determine whether the UGT2A2Δexon3 variant exists and, if so, the expression and 

functional implications of this UGT2A2 variant will be examined. 

The novel UGT2A1_i2 regulatory mechanism described here may allow for 

tighter control of UGT2A1 glucuronidation activity. The expression of both UGT2A1_i1 

and UGT2A1_i2 in multiple human tissues suggests widespread physiological 

importance, particularly as it relates to tobacco-related cancer susceptibility. We 

hypothesize that the balance between active UGT2A1_i1 and inactive UGT2A1_i2 could 

influence carcinogen metabolism in local tissues susceptible to tobacco-induced 

carcinogenesis, with individuals expressing higher amounts of UGT2A1_i2 potentially 

exhibiting higher susceptibility to tobacco related cancers of the respiratory and 

aerodigestive tracts. The potential influence of a UGT2A1 splicing variant on cancer risk 
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could also complicate the findings of genetic epidemiologic studies (including genome-

wide association studies) of UGT2A1, which exhibits at least two prevalent (>4%) 

polymorphisms that alter UGT2A1 enzymatic activity (Bushey et al., 2011). Further 

studies examining the involvement of UGT2A1 genetic and splicing variants on cancer 

susceptibility are currently underway. 
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Figure Legends 

 

Figure 1. Determination of UGT2A1Δexon3 expression. (A) Schematic of 

quantitative real-time PCR assay developed to specifically detect either wild-type 

UGT2A1 or UGT2A1Δexon3. (B) Full-length UGT2A1 was PCR-amplified following RT 

of pooled lung RNA. A UGT2A1 mRNA variant lacking exon 3 (UGT2A1Δexon3), in 

addition to wild-type UGT2A1 mRNA, was discovered following gel extraction and 

dideoxy sequencing of the PCR products. (C) A sense primer specific to exon 1 and an 

antisense primer specific to exon 5 of UGT2A1 were used in RT-PCR to determine 

tissue-specific expression of UGT2A1Δexon3 in tissues that were previously determined 

to express wild-type UGT2A1 (Bushey et al., 2011). For both RT-PCR experiments 

(panels B and C), the cDNA equivalent of 100 ng RNA was used. RNAs from HEK293 

cell lines over-expressing wild-type UGT2A1 or UGT2A1Δexon3 were used as a 

positive control, while water in place of cDNA was used as a negative control.  

(D) Quantitative real-time PCR was completed to determine UGT2A1Δexon3 

expression levels relative to wild-type UGT2A1 expression in human tissues. cDNAs, 

corresponding to 20 ng of RNAs from tissues exhibiting UGT2A1Δexon3 expression 

(panels B and C), were used in conjunction with the custom-designed real-time PCR 

assay described in panel A. Relative UGT2A1Δexon3 expression in each tissue was 

determined by comparing UGT2A1Δexon3 mRNA levels to wild-type UGT2A1 mRNA 

levels, set to 1.0 as a reference. Results, expressed as the mean ± SD of triplicates, 

were normalized to RPLPO RNA expression for each tissue. (E) Representative 

Western blot showing UGT2A1_i2 expression in an over-expressing HEK293 cell line. 
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50 μg of total protein homogenate from cell lines over-expressing UGT2A1_i1 or 

UGT2A1_i2 was loaded to each lane for a Western blot, and expression was 

determined using an anti-UGT2A1 antibody. β-actin was used as a loading control. The 

relative ratio of UGT2A1_i1 or UGT2A1_i2 protein to β-actin was used to determine 

relative protein expression in each over-expressing cell line. (F) Lung and colon tissue 

homogenates (250 μg) were screened for UGT2A1_i1 and UGT2A1_i2 expression; 60 

μg of protein (30 μg of each UGT2A1 isoform) from HEK293 cell lines over-expressing 

UGT2A1_i1 or UGT2A1_i2 was mixed in a 1:1 ratio and used as a positive control. β-

actin was used as a loading control.      

 

Figure 2. UGT2A1_i2 exhibits no detectable glucuronidation activity against 

various PAHs. UGT2A1_i2 activity was determined against PAHs that were previously 

determined to be substrates of UGT2A1_i1. Shown are representative UPLC 

chromatograms of (A) UGT2A1_i1 activity against 3-OH-B(a)P, (B) UGT2A1_i2 activity 

against 3-OH-B(a)P, (C) UGT2A1_i1 activity against 5-methyl-chrysene-1,2-diol, and 

(D) UGT2A1_i2 activity against 5-methyl-chrysene-1,2-diol. 

 

Figure 3. Effect of increasing UGT2A1_i2 expression on UGT2A1_i1 

glucuronidation activity. (A) Representative Western blot showing stable expression 

of UGT2A1_i1_V5 and induction of UGT2A1_i2_FLAG expression in HEK293 cells. 

UGT2A1_i2_FLAG expression was induced through addition of increasing doses of 

Ponasterone A (PonA) for 12 h; 50 μg of total protein homogenate from each PonA 

treatment group was loaded per lane for each Western blot. (B) A Western blot with 100 
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μg protein from the control and 10 μM PonA treatment groups was performed with an 

anti-UGT2A1 antibody to confirm UGT2A1 expression levels detected by the anti-V5 

and anti-FLAG antibodies. For both panels A and B the relative expression of 

UGT2A1_i1, as well as the relative UGT2A1_i2:UGT2A1_i1 ratio, was determined for 

each treatment group. Induction of UGT2A1_i2 expression and Western blots were 

performed in triplicate. In all cases, β-actin was used as a loading control. (C) Shown 

are representative chromatograms showing the effect of increasing UGT2A1_i2 

expression on UGT2A1_i1 activity against 1-OH-pyrene. (D) Michaelis-Menten kinetic 

curves for 1-OH-pyrene, 3-OH B(a)P, and B(a)P-7,8-diol glucuronidation by 

UGT2A1_i1, showing the effect of increasing expression levels of UGT2A1_i2 on 

UGT2A1_i1 enzyme activity. 

 

Figure 4. Hetero-oligomerization between UGT2A1_i1 and UGT2A1_i2 

demonstrated by co-IP. (A) The UGT2A1_i1_V5/UGT2A1_i2_FLAG complex was 

immunoprecipitated with an anti-FLAG antibody, then visualized with a HRP-labeled V5 

antibody (lane 5). Homogenates from cells over-expressing UGT2A1_i1_V5 (lane 1) or 

UGT2A1_i2_FLAG (lane 2) alone were used as negative controls. Dynabeads without 

antibody conjugation were used as an additional negative control (lane 3). The 

UGT2A1_i1_V5:UGT2A1_i2_FLAG complex was immunoprecipitated with an anti-V5 

antibody, and then visualized with an anti-V5-HRP antibody as a positive control (lane 

4). (B) The UGT2A1_i1_V5/UGT2A1_i2_FLAG complex was immunoprecipitated with 

an anti-V5 antibody, then visualized with a HRP-labeled FLAG antibody (lane 5). 

Homogenates from cells over-expressing UGT2A1_i1_V5 (lane 1) or UGT2A1_i2_FLAG 
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(lane 2) alone were used as negative controls. Dynabeads without antibody conjugation 

were used as an additional negative control (lane 3). The 

UGT2A1_i1_V5:UGT2A1_i2_FLAG complex was immunoprecipitated with an anti-

FLAG antibody, and then visualized with an anti-FLAG-HRP antibody as a positive 

control (lane 4). All co-IP experiments were repeated 4-6 times to verify the protein-

protein interactions between UGT2A1_i1 and UGT2A1_i2.     

 

Figure 5. Homo-oligomerization of UGT2A1_i1 demonstrated by co-IP. (A) 

Representative Western blot showing stable expression of UGT2A1_i1_V5 and 

induction of UGT2A1_i1_FLAG expression in inducible co-expressed cell line. 

UGT2A1_i1_FLAG expression was induced through addition of 10 μM PonA for 12 h. 

50 μg of control and PonA treated protein was used for each Western blot, with the ratio 

of UGT2A1_i1 to UGT2A1_i1 expression determined to be approximately 1:1. (B) A 

Western blot using 100 μg protein from the control and 10 μM PonA treatment groups 

was performed using an anti-UGT2A1 antibody to confirm UGT2A1 expression levels 

detected by the anti-V5 and anti-FLAG antibodies in panel A. (C) The 

UGT2A1_i1_V5/UGT2A1_i1_FLAG complex was immunoprecipitated with an anti-

FLAG antibody, then visualized with a HRP-labeled V5 antibody (lane 5). Homogenates 

from cells over-expressing UGT2A1_i1_V5 (lane 1) or UGT2A1_i1_FLAG (lane 2) alone 

were used as negative controls. Dynabeads without antibody conjugation were used as 

an additional negative control (lane 3). The UGT2A1_i1_V5:UGT2A1_i1_FLAG complex 

was immunoprecipitated with an anti-V5 antibody, and then visualized with an anti-V5-

HRP antibody as a positive control (lane 4). (D) The UGT2A1_i1_V5/UGT2A1_i1_FLAG 
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complex was immunoprecipitated with an anti-V5 antibody, then visualized with a HRP-

labeled FLAG antibody (lane 5). Homogenates from cells over-expressing 

UGT2A1_i1_V5 (lane 1) or UGT2A1_i1_FLAG (lane 2) alone were used as negative 

controls. Dynabeads without antibody conjugation were used as an additional negative 

control (lane 3). The UGT2A1_i1_V5:UGT2A1_i1_FLAG complex was 

immunoprecipitated with an anti-FLAG antibody, and then visualized with an anti-FLAG-

HRP antibody as a positive control (lane 4). All co-IP experiments were repeated 4-6 

times to verify UGT2A1_i1 homo-oligomerization. 

 

Figure 6. Glucuronidation activity of UGT1A7, UGT1A10, or UGT2B17 against 3-

OH-B(a)P and 1-naphthol following co-expression with UGT2A1_i1 or UGT2A1_i2. 

(A) Real-time PCR was used to determine approximate mRNA levels of each UGT in 

stable co-expressed HEK293 over-expressing cell lines. ABI gene expression assays 

were used to quantitatively detect levels of UGT2A1, UGT1A7, UGT1A10, or UGT2B17 

transcript. Relative UGT2A1Δexon3 levels were determined by comparing mRNA levels 

of UGT2A1Δexon3 transcript with UGT1A7, UGT1A10, and UGT2B17 mRNA using the 

ΔΔCt method. Similar experiments were completed to determine wild-type (wt) UGT2A1 

mRNA levels relative to UGT1A10 or UGT2B17 levels in additional co-expressed cell 

lines. Data are expressed as the mean ± standard deviation of quadruplicate 

experiments and were normalized to RPLPO protein levels in each cell line and 

corrected for differences in assay efficiencies. (B) Representative Michaelis-Menten 

kinetics curves summarizing activity data using homogenates from HEK293 cell lines 

over-expressing UGT1A7 or UGT1A7 + UGT2A1_i2 against 3-OH-B(a)P, UGT1A10  
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UGT1A10 + UGT2A1_i2 against 3-OH-B(a)P, and UGT2B17 or UGT2B17 + 

UGT2A1_i2 against 1-naphthol. 
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Table 1. Kinetic analysis of the effect of UGT2A1_i2 co-expression on UGT2A1_i1 activity against PAH substrates.a 

 1-HP              3-OH B(a)P      B(a)P-7,8-diol 

 KM Vmax
 Vmax/KM              KM  Vmax  Vmax/KM

             KM Vmax Vmax/KM 

 (μM) (pmol/min/mg) (μL/min/mg)              (μM) (pmol/min/mg) (μL/min/mg)            (μM) (pmol/min/mg) (μL/min/mg) 

          
Vehicle control 159 ± 16  319 ± 12* 2.0 ± 0.08*              256 ± 32 82 ± 4.3* 0.32 ± 0.04*          230 ± 22 86 ± 3.6* 0.37 ± 0.04*  

2 μM PonA 140 ± 16 261 ± 11 1.9 ± 0.09             276 ± 20 74 ± 2.2 0.27 ± 0.02         253 ± 37 70 ± 4.6 0.28 ± 0.05 
6 μM PonA 145 ± 17 219 ± 8.8 1.5 ± 0.1             261 ± 24 64 ± 2.4 0.24 ± 0.005        224 ± 19 53 ± 2.0 0.24 ± 0.02 
10 μM PonA 138 ± 12 153 ± 5.6 1.1 ± 0.08             238 ± 24 47 ± 1.9 0.20 ± 0.01        205 ± 32 41 ± 2.6 0.20 ± 0.01 

          
a Data expressed as mg of total protein homogenate, corrected for relative UGT2A1_i1 expression. KM and Vmax represent the mean of three independent 
experiments. 
* p(trend) < 0.01. 
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Potential importance in tobacco-related cancer susceptibility 
 

Supplemental Materials and Methods 

 

Generation of a UGT2A1_i2 over-expressing cell line and UGT2A1_i2 cell 

homogenate. UGT2A1exonΔ3 was cloned from pooled lung RNA using Pfu Polymerase 

and the UGT2A1_S1 and UGT2A1_AS1 primers. Following gel extraction and 

sequencing of the PCR product of the appropriate size, the verified UGT2A1exonΔ3 

cDNA was cloned into the pcDNA 3.1/V5-His-TOPO vector using standard protocols 

and grown in One Shot TOP10 competent E.Coli. After direct dideoxy sequencing for 

sequence confirmation and a large-scale plasmid preparation, electroporation (200 V, 

1000 µF) with 10 μg of the pcDNA 3.1/V5-His-TOPO_UGT2A1exonΔ3 vector was used 

to generate the HEK293 cell line over-expressing UGT2A1_i2. Cells were grown in 

DMEM supplemented with 10% FBS, 1% penicillin-streptomycin, and 400 μg/mL G418 

to 75% confluence. Cell homogenates were prepared essentially as previously 

described in 1X Tris-buffered saline (25 mM Tris base, 138 mM NaCl and 2.7 mM KCl; 

pH 7.4) (Dellinger et al., 2006; Sun et al., 2006). Total RNA was extracted using the 

RNeasy Mini kit using the manufacturer’s protocols. Homogenate protein concentrations 

were determined using the BCA protein assay. 

 

Determination of UGT2A1_i1 homo-oligomerization. An inducible co-expression 

system, similar to that used to investigate UGT2A1_1:UGT2A1_i2 hetero-

oligomerization, was used to examine potential UGT2A1_i1 homo-oligomerization. 
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Creation of the pcDNA 6.2/V5/GW/D-TOPO_wtUGT2A1 vector was described 

previously in the Materials and Methods. Wild-type UGT2A1 was cloned into the FLAG 

tagged, hygromycin resistance containing pEGSH vector, using UGT2A1_S3 and 

UGT2A1_AS3 primers as described previously. A HEK293 cell line stably expressing 

the pcDNA6.2/V5/GW/D-TOPO_wtUGT2A1, pEGSH_wtUGT2A1, and pERV vectors 

was created as described in the Materials and Methods. UGT2A1_i1_FLAG expression 

was induced by treating HEK293 cells at 50% confluence with 10 μM of PonA (in 

ethanol) for 12 h. Vehicle (0.01% ethanol) was added to HEK293 cells as a negative 

control. Determination of UGT2A1_i1_V5 and UGT2A1_i1_FLAG expression levels 

using the anti-V5 and anti-FLAG antibodies, the use of the anti-UGT2A1 antibody to 

confirm UGT2A1_i1_V5 and UGT2A1_i1_FLAG levels, and co-IP experiments were 

completed using identical conditions to that described for UGT2A1_i1_V5 and 

UGT2A1_i2_FLAG hetero-oligomerization. 

 

 


