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Abbreviations 

 UGT: UDP-glucuronosyltransferase 

 ER: estrogen receptor 

 Sp1: specificity protein 1 

 ERE: estrogen response element 

E2: 17β-estradiol 

tk: thymidine kinase 
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ABSTRACT 

Oral clearance of lamotrigine, an antiepileptic drug commonly used in pregnant women, 

is increased in pregnancy by unknown mechanisms.  In this study, we show that 17β-

estradiol (E2) upregulates expression of UGT1A4, the major enzyme responsible for 

elimination of lamotrigine.  Endogenous mRNA expression levels of UGT1A4 in 

estrogen receptor (ER)α-negative HepG2 cells were induced 2.3-fold by E2 treatment in 

the presence of ERα expression.  E2 enhanced transcriptional activity of UGT1A4 in a 

concentration-dependent manner in HepG2 cells when ERα was co-transfected.  

Induction of UGT1A4 transcriptional activity by E2 was also observed in ERα-positive 

MCF7 cells, which was abrogated by pretreatment with antiestrogen ICI 182,780.  

Analysis of UGT1A4 upstream regions using luciferase reporter assays identified a 

putative Sp1 binding site (-1906 to -1901 bp) that is critical for the induction of UGT1A4 

transcriptional activity by E2.  Deletion of the Sp1 binding sequence abolished the 

UGT1A4 upregulation by E2, and Sp1 protein bound to the putative Sp1 binding site as 

determined by electrophoretic mobility shift assay.  Analysis of ERα domains using ERα 

mutants revealed that the AF1 and AF2, but not the DNA binding domain, of ERα are 

required for UGT1A4 induction by E2 in HepG2 cells.  Finally, E2 treatment increased 

lamotrigine glucuronidation in ERα-transfected HepG2 cells.  Together, our data indicate 

that upregulation of UGT1A4 expression by E2 is mediated by both ERα and Sp1, and is 

a potential mechanism contributing to the enhanced elimination of lamotrigine in 

pregnancy. 
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(Introduction) 

 Human pregnancy is accompanied by various physiological changes, including a 

dramatic increase in the production of female hormones, i.e., estrogen and progesterone.  

Blood levels of these hormones rise up to 100-fold by term (Cunningham, 2005).  At this 

high concentration, female hormones manifest functions different from their conventional 

role as gonadal hormones.  As a result, various clinical symptoms associated with 

pregnancy occur, e.g., delayed gastric emptying or intrahepatic cholestasis.  Clinical 

evidence suggests that pregnancy also alters rate and extent of hepatic drug metabolism 

(Anderson, 2005; Hodge and Tracy, 2007).  Hepatic metabolism is a major elimination 

route of drugs, and altered drug metabolism during pregnancy can lead to increased drug 

toxicity or decreased drug efficacy, adversely affecting both the mother and fetus.  

However, mechanisms underlying altered hepatic drug metabolism in pregnancy are 

poorly understood.   

 Lamotrigine is widely prescribed for seizure control in women of child bearing 

potential (Sabers et al., 2004; EURAP Study Group, 2006).  Of clinical importance to its 

use during pregnancy, apparent clearance of lamotrigine increases by 50-90% in 

pregnancy, requiring dosage adjustment to prevent exacerbation of seizures (de Haan et 

al., 2004; Harden, 2007; Pennell et al., 2008).  Lamotrigine is rapidly and completely 

absorbed from the intestine and undergoes extensive metabolism by UDP-

glucuronosyltransferase (UGT)1A4 and UGT2B7, with minimal renal excretion (<10%) 

(Linnet, 2002; Rowland et al., 2006).  As a low hepatic extraction ratio drug, the 

clearance of lamotrigine is determined by hepatic enzyme activity and plasma protein 

binding (Rambeck and Wolf, 1993).  The intermediate level of plasma protein binding of 
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lamotrigine (~50%) suggests a minor role of protein binding, but a significant role of 

intrinsic hepatic enzyme activity, in causing the increase in oral clearance in pregnancy.  

A recent study reporting an increased ratio of lamotrigine glucuronide metabolite to 

lamotrigine concentration in pregnancy further supports an increased glucuronidation of 

lamotrigine in pregnancy (Ohman et al., 2008).  Interestingly, elimination of lamotrigine 

is similarly increased by use of oral contraceptives (Sabers et al., 2003; Christensen et al., 

2007), especially estrogen-based contraceptives (Reimers et al., 2005).  This suggests that 

estrogen may be involved in regulating expression or function of UGT1A4 and/or 

UGT2B7. 

17β-Estradiol (E2), the major estrogen in human, has been reported to control 

expression of several drug-metabolizing enzymes.  For example, E2 upregulates 

expression of CYP2A6 and CYP1B1, as well as UGT2B15 (Tsuchiya et al., 2004; 

Harrington et al., 2006; Higashi et al., 2007).  Also, E2 upregulates Cyp2b10 expression 

by activating constitutive androstane receptor (CAR) in mouse (Kawamoto et al., 2000; 

Makinen et al., 2003).   

 The biological effects of estrogen are mediated through two cognate nuclear 

receptors, estrogen receptor (ER) α and β.  In the liver, ERα is the major subtype 

expressed (Kuiper et al., 1997).  Estrogen binding to ER activates the receptor, leading to 

interaction with cis-regulatory elements of target genes either by direct binding to 

estrogen response element (ERE) or by tethering to other transcription factors such as 

activation protein-1 (AP-1) or specificity protein-1 (Sp1) (Bjornstrom and Sjoberg, 2005).  

The transactivation by AP-1 or Sp1 has been shown to mediate ERE-independent 

activation of many estrogen target genes (Safe and Kim, 2008). 
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Previously, we have shown that UGT2B7 mRNA expression is not influenced by 

E2 in HepG2 cells (Jeong et al., 2008), ruling out potential upregulation of UGT2B7 

expression by E2.  In the present study we report that E2 activates UGT1A4 expression 

and the induction of UGT1A4 is mediated by ERα and Sp1.  This study presents a 

potential mechanistic basis of the enhanced elimination of lamotrigine in pregnancy and 

oral contraceptive users.   

 

 

Materials and Methods 

Chemicals and Reagents.  17β-Estradiol was purchased from Sigma-Aldrich (St. Louis, 

MO).  ICI 182,780 and mithramycin were purchased from Tocris (Ellisville, MO) and 

Biomol (Plymouth Meeting, PA), respectively.  Lamotrigine and lamotrigine 2N-

glucuronide were generous gifts from GlaxoSmithKline (Chapel Hill, NC).  Formic acid 

(ACS grade) and methanol (Optima grade) were purchased from Fisher Scientific 

(Pittsburgh, PA). 

Plasmids.  ERα expression plasmid (pcDNA3-ER) was previously constructed in our 

laboratory (Jeong et al., 2008).  β-Galactosidase expression plasmid was kindly provided 

by Dr. William T. Beck (Ee et al., 2004).  pGL3-ERE3 is an E2-repsonsive luciferase 

reporter plasmid and contains three copies of the estrogen response element (ERE) from 

Xenopus vitellogenin A2, located immediately upstream of thymidine kinase (tk) 

promoter fused to the luciferase gene (Catherino and Jordan, 1995).   

 To construct pGL3-UGT1A4 plasmid, the upstream region of UGT1A4 (-2399 to 

+28) was PCR-amplified using human genomic DNA (Biochain, Hayward, CA) as 
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template and a pair of primers: forward and reverse primers of 5′-

TGCCTACCACAGACACTAAG-3′ and 5′-TCAGCAGAAGCCACCGAC-3′.  The PCR 

product and NcoI-digested pGL3-basic (Promega, Madison, WI) was blunt ended by 

treatment with T4 DNA polymerase and were further digested by HindIII restriction 

enzyme.  The resulting PCR product was cloned into the pGL3-basic vector, yielding 

pGL3-UGT1A4.   

 To construct luciferase vectors for deletion assays, 3 different 5′-flanking regions 

of UGT1A4 (-2399 to -1643, -1667 to -863, or -862 to +28) were PCR-amplified using 

pGL3-UGT1A4 as template and cloned into pGL3tk plasmid that contains tk promoter 

fused to the luciferase gene.  Additional luciferase reporter plasmids were constructed as 

follows.  Upstream regions of UGT1A4 (-1922 to +28, -1886 to +28, -1835 to +28, -1645 

to +28, -1130 to +28, -1074 to +28, and -976 to +28) were PCR-amplified using pGL3-

UGT1A4 as template and each PCR product was cloned into pGL3-basic plasmid that 

contains promoterless luciferase gene.  Primer sequences are available upon request.   

 Four plasmids expressing different types of mutant ERα were kindly provided by 

Dr. Doug Harnish (Harnish et al., 1998): (1) a mutant with deletion of activation function 

(AF)1, (2) a mutant containing nonfunctional AF2 by point mutations, (3) a mutant 

containing nonfunctional DNA binding domain by point mutations, and (4) a mutant ERα 

with both deletion of AF1 and point mutations in AF2. 

 pGL3-UGT1A4-Sp1 Del, where -1905 to -1901 of UGT1A4 was deleted, was 

constructed by using QuikChange XL Site-Directed Mutagenesis Kit (Stratagene, La 

Jolla, CA) following manufacturer’s protocol, using pGL3-UGT1A4 as template.  All 

sequences were confirmed by sequencing. 
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Cell Culture.  HepG2 cells from ATCC (Manassas, VA) were cultured in complete 

DMEM (MediaTech) supplemented with 10% fetal bovine serum (Gemini, Woodland, 

CA), 2 mM L-glutamine, 100 U penicillin/ml, 100 μg streptomycin/ml, and 1% MEM 

nonessential amino acids.  MCF7 cells from ATCC were maintained in RPMI 1640 

supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 6 ng bovine insulin/ml, 

100 units penicillin/ml, 100 µg streptomycin/ml, and 1% MEM nonessential amino acids.  

The media were changed 3 days before each experiment to estrogen-free media, i.e., 

complete DMEM containing charcoal/dextran-stripped FBS (Gemini, Woodland, CA) 

and no phenol red.   

Luciferase Reporter Assays.  HepG2 cells were seeded in 12-well plates at a density of 

2x105 cells/ml (day 0) and transfected on the next day (day 1) with 0.3 µg of a luciferase 

construct, 0.3 µg of pcDNA3-ER or control vector (pcDNA3), and 0.1 µg of β-

galactosidase expression plasmid using Fugene 6 transfection reagent (Roche Applied 

Sciences) according to the manufacturer’s protocol.  After 24 hr (day 2), the cells were 

treated with E2 (1 µM) or the ethanol vehicle (0.1%).  Following 24 hr incubation (day 3), 

cells were harvested for determination of both luciferase and β-galactosidase activities 

using assay kits from Promega (Madison, WI).  MCF7 cells were seeded in 12-well plates 

at a density of 2x105 cells/ml (day 0) and transfected on the next day (day 1) with a 

luciferase construct and β-galactosidase expression plasmid using Fugene 6 transfection 

reagent.  At 3 to 8 hr post-transfection, the cells were treated with ICI 182,780 (50 µM) 

or ethanol vehicle.  After 24 hr (day 2), the cells were treated with E2 (1 µM) or ethanol 

vehicle.  On day 3, the cells were harvested and analyzed for both luciferase and β-

galactosidase activities.  In all cases, the luciferase activity was normalized to the β-
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galactosidase activity.  Each experiment was performed in triplicate (unless indicated 

otherwise) and repeated on at least two separate occasions.  Statistical analysis was 

performed by Student’s t-test. 

Quantitative Real-time PCR (qRT-PCR).  Total RNAs were isolated using Trizol 

(Invitrogen, Carlsbad, CA) and used as template for cDNA synthesis using Superscript II 

(Invitrogen).  Using the cDNA as template, qRT-PCR was performed using an ABI 

PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA) and 

SYBR Green PCR Mastermix (Applied Biosystems, Foster City, CA). The following 

primers were used: 5′-GAGAGAGGTGTCAGTGGTGGATCT-3′ and 5′-

AACAGCCACACGGATGCATA-3′ for UGT1A4, 5′-GTCACGCCCTCCCAGTGT-3′ 

and 5′-CGAACGGTGTCGTCGAAAC-3′ for pS2, and 5′-ATCCTGGCCTCGCTGTCC-

3′ and 5′-CTCCTGCTTGCTGATCCACAT-3′ for β-actin.   The PCR conditions were as 

follows: an initial denaturation at 95°C for 10 min, followed by 40 cycles of denaturation 

at 95°C for 15 sec and annealing/extension at 60°C for 1 min.  Amplified products were 

monitored by measuring the increase of fluorescence intensity from the SYBR green dye 

that binds to double-strand (ds) DNA amplification product.  The dissociation curves for 

each reaction were examined to ensure amplification of a single PCR product in the 

reaction.  The fold change in mRNA levels by drug treatment was determined after 

normalizing the gene expression levels by those of β-actin (2-ΔΔCt method) (Schmittgen 

and Livak, 2008).  Statistical analysis was performed by Student’s t-test. 

Electrophoretic Mobility Shift Assays (EMSA).  5′-Biotinylated sense and antisense 

oligonucleotides (-1918 to -1888; CTGTGCAGCCCAGGCCCCTCCTCATCTCCA) 

harboring the putative Sp1 binding sequence of UGT1A4 (underlined) were annealed to 
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generate dsDNA probe.  The labeled dsDNA probe (0.5 pmol) was incubated with 430 ng 

recombinant Sp1 protein (Promega) in 10 μL of reaction buffer [12.5 mM HEPES-KOH 

(pH 7.5), 6.25 mM MgCl2, 10% glycerol, 0.05% NP-40, 5 μM ZnSO4, 50 mM KCl, 50 

μg/ml BSA] (Pascal and Tjian, 1991).  To determine the specificity of the binding to the 

DNA, competition experiments were conducted by co-incubation with unlabeled 

competitors or mithramycin.  After 1 hr incubation at room temperature, protein-DNA 

complexes were separated on 6% nondenaturing polyacrylamide gel at 4 °C, transferred 

onto a nylon membrane, and visualized using streptavidin-conjugated horseradish 

peroxidase and chemiluminescence reagent (Amersham).  

Determination of Lamotrigine Glucuronide Concentration.  Concentrations of 

lamotrigine 2N-glucuronide in cell culture media were determined by using LC/MS/MS 

(Applied Biosystems, 3200 Qtrap) equipped with electrospray ion source.  Separation 

was performed with a Zorbax Eclipse XDB-C8 column (4.6 × 50 mm, 3.5 µm; Agilent 

Technologies) at a flow rate of 0.4 ml/min.  The following linear gradient of the mobile 

phase, consisted of water [0.1% (v/v) formic acid] and methanol, was used for separation: 

15% methanol at time 0 increased to 90% at 7 min.  Lamotrigine glucuronide was 

detected in the positive ion mode by examining an ion pair of 432.2/256.0.  Midazolam 4-

hydroxide was used as an internal standard (ion pair of 341.9/324.0).  The limit of 

quantification was approximately 1 ng/ml.   
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Results  

Induction of UGT1A4 expression by E2.  To examine the effect of E2 on the expression 

of UGT1A4, we initially used ERα-negative HepG2 cells transfected with a plasmid 

expressing ERα (pcDNA3-ER) or an empty plasmid (pcDNA3).  Upon treatment of cells 

with E2, mRNA levels of UGT1A4 were determined by qRT-PCR.  Expression level of 

pS2, a known estrogen-responsive gene (Barkhem et al., 2002), was determined as a 

positive control.  In ERα-transfected HepG2 cells (called HepG2/pcDNA3-ER), pS2 

expression was increased 7-fold by E2 treatment as compared to vehicle treatment, 

confirming that our model system is responsive to E2 (Fig. 1A).  In the same cells, 

UGT1A4 expression increased significantly by E2 treatment (>2 fold) as compared to 

vehicle-treated cells (Fig. 1A) whereas no induction was observed in cells transfected 

with pcDNA3.  These results indicate that E2 induces UGT1A4 expression through an 

ERα-mediated mechanism.    

 Transcriptional activation of UGT1A4 by E2 was further examined by using a 

luciferase reporter system.  We constructed a reporter plasmid pGL3-UGT1A4, which 

carries upstream region of UGT1A4 (from -2399 to +28) fused to a luciferase reporter 

gene.  ERα-negative HepG2 cells were co-transfected with pGL3-UGT1A4 and 

pcDNA3-ER (or pcDNA3), and ERα-positive MCF7 cells were transfected with pGL3-

UGT1A4.  Each cell line was also transfected with pGL3-ERE3 as a positive control for 

estrogen responsiveness (see Materials and Methods) and pGL3-basic empty vector as a 

negative control.  The transfected cells were then treated with either E2 or vehicle control, 

and luciferase activity was determined.   

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 22, 2009 as DOI: 10.1124/dmd.109.026609

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD 26609 

 12

 The HepG2 and MCF7 cells transfected with control plasmids, pGL3-basic and 

pGL3-ERE3, respectively, displayed the expected response to E2 (Fig. 1B).  Upon 

treatment with E2, HepG2/pcDNA3-ER and MCF7 cells transfected with pGL3-UGT1A4 

exhibited increased luciferase activity (Fig. 1B): 13-fold increase in HepG2/pcDNA3-ER 

cells and 2.5-fold increase in MCF7 cells as compared to vehicle-treated cells.  Induction 

of UGT1A4 transcriptional activity in MCF7 cells was abrogated by treatment with ERα-

degrading antiestrogen, ICI 182,780 (Osborne et al., 2004) (Fig. 1B), further supporting 

the notion that ERα mediates the upregulation of UGT1A4 expression by E2.  In both 

HepG2/pcDNA3-ER and MCF7 cells, E2 increased UGT1A4 transcriptional activity in a 

concentration-dependent manner (Fig. 1C).  No significant induction by E2 was observed 

in HepG2 cells transfected with pcDNA3 and MCF7 cells treated with antiestrogen.  

Taken together, these results demonstrate that E2 upregulates UGT1A4 expression, and 

this induction requires ERα.   

  

Identification of a cis-regulatory element required for UGT1A4 induction by E2.  

Because induction of UGT1A4 expression by E2 required the presence of ERα (Fig. 1), 

we analyzed the transcriptional regulatory region of UGT1A4 for existence of potential 

EREs using Dragon ERE Finder and Possum programs that can also identify putative AP-

1 and Sp1 binding sites (Bajic et al., 2003; Tang et al., 2004).  Indeed, this analysis 

retrieved multiple putative EREs as well as AP-1 and Sp1 binding sites within the ~2.4-

kb transcriptional regulatory region of UGT1A4.   

 To approximately map E2-responsive regulatory regions of UGT1A4, we 

analyzed the 2.4-kb upstream region of UGT1A4 by using luciferase reporter system.  A 
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DNA fragment (2399 to -1643, -1667 to -863, or -862 to +28) that contains varying 

numbers of ERE or binding sites for AP-1 or Sp1 was fused to a constitutive thymidine 

kinase (tk) promoter linked to the luciferase gene (Fig. 2A).  These luciferase constructs 

were transiently transfected into HepG2 (along with pcDNA3-ER) and MCF7 cells, and 

E2-responsiveness was determined.  As shown in Fig. 2A, the -2399 to -863 of UGT1A4 

transcription regulatory region was found to be responsible for the induction of UGT1A4 

expression by E2.  This region contains four putative EREs, one AP-1 and two Sp1 

binding sites (Fig. 2B).  

 To specifically identify E2-responsive cis-element within -2399 to -863 region of 

UGT1A4, we systematically deleted potential binding sites of ER, AP-1 or Sp1 from the 

pGL3-UGT1A4 and examined for a loss of E2-responsiveness (Fig. 2B).  A 5′-nested 

deletion construct of pGL3-UGT1A4 was transiently transfected into HepG2 cells along 

with pcDNA3-ER, and E2-responsiveness was determined.  Deletion of a region 

containing the most distal ERE, -2399 to -1923, caused almost no change in E2-mediated 

induction of luciferase activity.  However, subsequent deletion of a region carrying a 

putative Sp1-binding site, -1922 to -1887, led to a complete loss of E2-responsiveness 

(Fig. 2B).  The essential role of the putative Sp1 binding site in UGT1A4 regulation by 

E2 was further verified by using another luciferase reporter, pGL3-UGT1A4-Sp1 Del.  

This plasmid harbors the UGT1A4 transcriptional regulatory region (-2399 to +28) that 

lacks the Sp1 binding site (Fig. 2C).   HepG2 cells transfected with pGL3-UGT1A4-Sp1 

Del exhibited no response to E2, in contrast to those transfected with pGL3-UGT1A4 that 

contains the intact transcriptional regulatory region.  Taken together, these results suggest 
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that the DNA sequence between -1922 and -1887, containing a putative Sp1 binding site, 

is required for the induction of UGT1A4 transcriptional activity by E2.   

 

Sp1 protein binds to the putative Sp1 binding site.  We next investigated whether Sp1 

binds to the putative Sp1 binding site of UGT1A4 (called UGT1A4/Sp1).  EMSA were 

performed using recombinant Sp1 and a DNA fragment (-1918 to -1888) containing 

UGT1A4/Sp1 as a probe.  As previously reported (Pascal and Tjian, 1991), we observed 

multiple shifted bands that appear to represent homomultimeric complexes of Sp1 (Fig. 

3).  Direct binding of Sp1 to the UGT1A4/Sp1 was indicated by: (1) the appearance of 

mobility-shifted bands (lane 2), (2) disappearance of the bands upon competition by a 

unlabeled UGT1A4/Sp1 probe (lane 3-5) or a DNA probe containing a known consensus 

Sp1-binding site (lane 9), (3) inability of M1 and M2 probes (each containing mutated 

version of UGT1A4/Sp1 sequence) to compete for Sp1 binding (lane 6-7), and (4) partial 

blockade of the interaction by mithramycin (lane 10)−a known inhibitor of Sp1 binding 

to DNA.   

 M3 probe differed from the sequence of original UGT1A4/Sp1 probe at a single 

nucleotide position and bound Sp1 with lower affinity (lane 8).  These observations, 

together with results obtained from luciferase reporter assay (Fig. 2C), suggest that direct 

binding of Sp1 is required for upregulation of UGT1A4 expression by E2.  

 

DNA binding domain of ERα is not required for UGT1A4 regulation by E2.   To 

investigate the role of ERα in upregulation of UGT1A4 transcription by E2, we used 

plasmid constructs containing one of the following mutated versions of ERα: (1) ERα 
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with deletion of AF1, (2) ERα with point mutations in the DNA binding domain, (3) 

ERα with point mutations in the C-terminal AF2, and (4) ERα with deletion of AF1 and 

point mutations in AF2.  The point mutations result in loss of functionality in the relevant 

domains (Harnish et al., 1998).  HepG2 cells co-transfected with pGL3-UGT1A4 and one 

of the ERα mutants were examined for E2-responsiveness.  HepG2 cells co-transfected 

with pGL3-ERE3 and one of the ERα mutants served as controls.   

 Deletion of the AF1 domain and/or mutation of the AF2 domain completely 

abolished the E2-responsiveness of UGT1A4 (Fig. 4A).  In contrast, the E2-

responsiveness of UGT1A4 was retained when the DNA-binding domain of ERα was 

nonfunctional (Fig. 4A).  The same mutation led to a complete loss of E2-responsiveness 

in the cells transfected with pGL3-ERE3 (Fig. 4B).  These results suggest that AF1 and 

AF2 domains of ERα, but not DNA binding domain, play a critical role in upregulation 

of UG1A4 expression by E2.    

 

Correlation between UGT1A4 transcription and enzymatic activity.  The E2-

mediated upregulation of UGT1A4 expression was examined using lamotrigine as a 

UGT1A4 substrate.  HepG2 cells transfected with pcDNA3-ER (or pcDNA3) were 

treated with E2 (or ethanol) for 48 hr, and then lamotrigine was added to the culture 

media.  After 24 hr incubation, the concentration of lamotrigine 2N-glucuronide in the 

media was determined.  As shown in Fig. 5, in HepG2/pcDNA3-ER cells, E2 treatment 

increased production of the glucuronide metabolite 3-fold in comparison to vehicle-

treated cells.  This result shows that the upregulation of UGT1A4 transcription by E2 

leads to increased UGT1A4 enzyme activity.   
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Discussion 

 Clinical data show that oral clearance of lamotrigine increases in pregnancy by 50 

to 90% (de Haan et al., 2004; Harden, 2007; Pennell et al., 2008).  This may be attributed 

partially to fetal or placental expression of drug metabolizing enzymes.  Substantial 

enzyme activity has been observed in fetal liver microsomes for certain UGTs (de Wildt 

et al., 1999).  However, the similar degree of increase in lamotrigine clearance in women 

during pregnancy and oral contraceptive use (Sabers et al., 2003; Christensen et al., 2007) 

suggests a prominent role of UGT1A4 and/or UGT2B7 activity in the maternal liver in 

contributing to the pregnancy related changes.   

Previously, we have shown that UGT2B7 mRNA expression is not influenced by 

E2 in HepG2 cells (Jeong et al., 2008), ruling out potential upregulation of UGT2B7 

expression by E2.  In the present study, using HepG2 and MCF7 cells as our model 

systems, we show that E2 upregulates UGT1A4 expression.  We also attempted to use a 

more physiologically relevant system, freshly isolated human hepatocytes.  However, we 

did not observe significant induction of UGT1A4 expression by E2 in primary human 

hepatocytes (data not shown).  This discrepancy between results obtained in HepG2 cells 

and primary human hepatocyte is not uncommon.  In fact, transcription of most UGT1A 

genes in human hepatocytes is not readily inducible by typical enzyme inducers, 

including rifampin (Soars et al., 2004).  For example, although clinical findings indicate 

upregulation of both CYP3A4 and UGT1A1 activities by rifampin, the fold increase in 

UGT1A1 activities by rifampin was negligible (0.5 to 1.4-fold) in comparison to the 

significant increase in CYP3A4 activity (2 to 17-fold) in human hepatocytes (Soars et al., 
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2004).  These results appear to suggest that to study upregulation of UGT1A expression, 

there is a need for a different model system than primary hepatocytes.   

To elicit E2 response in HepG2 or MCF7 cells, we used a relatively high 

concentration of E2, 1 µM (Fig. 1).  This high concentration reflects physiological E2 

levels attained in pregnancy and potential accumulation of E2 in the liver (Schleicher et 

al., 1998), the major site of E2 metabolism.  Interestingly, even at this high concentration, 

maximal effects of E2 on ERα-mediated transactivation were not obtained in our 

experimental system (Fig. 1C).  This is somewhat contrary to previous reports where 

maximal response to E2 of its target genes was shown at 1-10 nM in MCF7 cells 

(Wijayaratne et al., 1999).  Although the underlying mechanism for this discrepancy is 

unclear, differences in experimental conditions, e.g., use of different batches of charcoal-

stripped FBS, may be responsible.   Notably, our parallel study using pGL3-ERE3 

exhibited a pattern of concentration dependency similar to that of pGL3-UGT1A4 (i.e., 

saturation not reached at 1 µM; data not shown) in HepG2/pcDNA3-ER cells, suggesting 

that the transcriptional regulatory region of UGT1A4 responds to E2 in a similar manner 

as the consensus ERE does at least in our experimental system.    

Our luciferase assay results obtained from tk promoter were slightly different 

from those from intact UGT1A4 promoter (Fig. 2A and 2B).  UGT1A4 upstream region, 

-1666 to -863, exhibited E2-mediated induction in a tk promoter-based luciferase 

construct; an effect not verified using the native UGT1A4 promoter-based luciferase 

construct.  This discrepancy likely arises from differential recruitment of transcription 

factors in two different promoters, which can subsequently influence interaction with 

transcription factors bound to upstream enhancers (Thomas and Chiang, 2006).  This 
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observation emphasizes the importance of cross-validation of promoter assay results 

using native promoters.    

Our data suggest that the UGT1A4-inducing activity of E2 is likely mediated by 

ERα and Sp1.  Previous studies report the role of E2 as an inducer of expression of drug-

metabolizing enzymes, including CYP1B1 and CYP2A6 (Tsuchiya et al., 2004; Higashi 

et al., 2007).  Upregulation of CYP1B1 and CYP2A6 by E2 is mediated by the classic 

mechanism of ERα action (Tsuchiya et al., 2004; Higashi et al., 2007); ERα, activated 

upon E2 binding, translocates into the nucleus and, subsequently, induces the expression 

of target genes by binding to ERE in their transcriptional regulatory regions.  On the 

other hand, in this study, the E2 effect on UGT1A4 expression was found to be mediated 

by a non-classic mechanism of ERα action.  Our results show that the induction of 

UGT1A4 by E2 requires binding of Sp1 to a putative binding site within the 

transcriptional regulatory region of UGT1A4.  Thus, Sp1, rather than ERα, is the likely 

factor directly binding to the UGT1A4 upstream sequence and activating UGT1A4 

expression.   Furthermore, the DNA binding domains of ERα is not required for 

induction of the UGT1A4 transcriptional activity by E2 (Fig. 4) whereas the AF1 and 

AF2 domains are necessary (Fig. 4).  The AF1 and AF2 domains are known to be critical 

for ERα dimerization and ligand binding, as well as ERα interaction with other 

transcriptional regulators, such as Sp1, to form a transcriptional complex (Sun et al., 

1998; Castro-Rivera et al., 2001).  In fact, ERα was previously shown to enhance 

formation and stability of the Sp1-DNA complex, although the direct formation of 

ternary ERα-Sp1-DNA complexes could not be detected (Safe and Kim, 2008).  

Similarly, in our study, it remains to be characterized how E2-activated ERα interacts 
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with Sp1 in the cells and whether factors additional to ERα are involved in ERα-Sp1 

interaction for regulation of UGT1A4 expression.   

The transcription factor, Sp1, plays a critical role in cell differentiation and 

proliferation. Sp1 also mediates hormonal regulation of gene expression (Safe and Kim, 

2008).  Interestingly, many drug-metabolizing enzyme genes contain putative Sp1 

binding sites in their transcriptional regulatory regions (unpublished data, Yang and 

Jeong), suggesting that possibly Sp1 is broadly involved in controlling expression of drug 

metabolizing enzymes.     

  In conclusion, we show that UGT1A4 is upregulated by E2 in a manner requiring 

both ERα and Sp1.  The results suggest that increased expression of hepatic UGT1A4 

resulting from elevated E2 contributes to altered metabolism of UGT1A4 substrate drugs 

in pregnancy, and provide a potential mechanistic basis for the increased lamotrigine 

clearance in pregnancy and in oral contraceptive users.   
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Figure legends 

Fig. 1. Effect of E2 on UGT1A4 expression.  A. HepG2 cells were seeded onto a 12-well 

plate at 1.5 x 105 cells/ml, and on the next day they were transfected with 0.6 µg of 

pcDNA3-ER or control vector (pcDNA3) using Fugene 6 transfection reagent.  After 16-

18 hr, the cells were treated with E2 (1 µM) or vehicle control (ethanol).  Following 72 hr 

incubation, mRNA levels of pS2 and UGT1A4 were determined by qRT-PCR and 

normalized by those of β-actin.  Results represent fold change relative to vehicle control 

(mean ± S.D.; n = 3).  *, p < 0.05; **, p < 0.01.  B.  HepG2 cells were transfected with 

luciferase constructs (pGL3-basic, pGL3-ERE3 or pGL3-UGT1A4) and pcDNA3-ER (or 

pcDNA3), along with β-galactosidase expression plasmid (for normalization of 

transfection efficiency).  MCF7 cells were transfected with the luciferase constructs and 

β-galactosidase expression plasmid, and subsequently treated with antiestrogen ICI 

182,780 (or ethanol).  The transfected HepG2 or MCF7 cells were treated with 1 µM E2 

(or ethanol) for 24 hr, and luciferase assay were performed (see Materials and Methods).  

Results represent fold change relative to vehicle control (mean ± S.D.; n = 3).   **, p < 

0.01.  C.  HepG2 cells were co-transfected with pGL3-UGT1A4, pcDNA3-ER (or 

pcDNA3), and β-galactosidase expression plasmid.  MCF7 cells were transfected with 

pGL3-UGT1A4 and β-galactosidase expression plasmid, and subsequently treated with 

ICI 182,780 (or ethanol).  The transfected cells were treated with E2 in different 

concentrations, and luciferase assay was performed.  Data presented are the mean of 

results obtained from a duplicate experiment.  
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Fig. 2. Transcriptional regulatory region mediating UGT1A4 induction by E2.   A.  

Luciferase constructs containing different segments of UGT1A4 5′-flanking region 

proximal to tk promoter were co-transfected into HepG2 cells with pcDNA3-ER (or 

pcDNA3) and β-galactosidase expression plasmid.  pGL3tk is a luciferase vector 

containing tk promoter only.  MCF7 cells were transfected with the luciferase constructs 

and β-galactosidase expression plasmid, and treated with ICI 182,780 (or ethanol).  The 

transfected HepG2 or MCF7 cells were treated with 1 µM E2 (or ethanol) for 24 hr, and 

luciferase assay was performed.  Results represent fold change relative to vehicle control 

(mean ± S.D.; n = 3). *, p < 0.05; **, p < 0.01.  B.  HepG2 cells were co-transfected with 

pcDNA3-ER (or pcDAN3), 5′-nested deletion constructs of pGL3-UGT1A4, and β-

galactosidase expression plasmid.  The transfected HepG2 cells were treated with 1 µM 

E2 (or ethanol) for 24 hr, and luciferase assay was performed.  Results represent fold 

change relative to vehicle control (mean ± S.D.; n = 3). **, p < 0.01 vs. ethanol treated 

group.  C. HepG2 cells were co-transfected with pcDNA3-ER (or pcDNA3), β-

galactosidase expression plasmid, and pGL3-UGT1A4-Sp1 Del where the putative Sp1 

binding site (underlined) of pGL3-UGT1A4 was deleted.  The transfected cells were 

treated with 1 µM E2 (or ethanol) for 24 hr, and luciferase assay was performed.  Results 

represent fold change relative to vehicle control (mean ± S.D.; n = 3).  **, p < 0.01  

 

Fig. 3.  Binding of Sp1 to the putative Sp1 binding site in the UGT1A4 upstream region. 

EMSA was performed using recombinant Sp1 protein and biotinylated probe (-1918 to -

1888) containing UGT1A4/Sp1.  Upon observing multiple bands on the gel (see text for 

more details), we employed the electrophoresis running time long enough to release 
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unbound (free) DNA from the gel to better resolve the bands (thus free DNA probes are 

not visible on the gel).  Unlabeled UGT1A4/Sp1 probe was used as competitors at 5-, 10-, 

and 40-fold molar excess (lanes 3-5).  Also, unlabeled UGT1A4/Sp1 probes containing 

the mutated Sp1 binding sequences (M1, M2, and M3; lanes 6-8) or unlabeled DNA 

probe containing consensus Sp1 binding sequence (C, lane 9) was used as competitors at 

40-fold molar excess.  Mithramycin, a known inhibitor of Sp1 binding to DNA, was 

added to the binding reaction at 100 nM (lane 10).  Underlined sequences are putative or 

consensus Sp1 binding sites of probes.  The antisense strand of consensus Sp1 binding 

sequence was shown for better visualization of sequence homology to UGT1A4/Sp1.    

 

Fig. 4.  Role of ERα domains in UGT1A4 induction by E2.   HepG2 cells were co-

transfected with pGL3-UGT1A4 (A) or pGL3-ERE3 (B) along with β-galactosidase 

expression plasmid and one of plasmids containing ERα mutants (see text for details).  

The black box domain represents inactivation by point mutations.  The transfected cells 

were treated with 1 µM E2 (or ethanol), and luciferase assay was performed.  Results 

represent fold change relative to vehicle control (mean ± S.D.; n = 3).  DBD, DNA-

binding domain.  *, p < 0.05; **, p < 0.01 vs. cells transfected with wild-type ERα. 

 

Fig. 5.  Effect of E2 on lamotrigine glucuronidation.   HepG2 cells were seeded onto a 12-

well plate at 1.5 x 105 cells/ml, and on the next day they were transfected with 0.6 µg of 

pcDNA3-ER (or pcDNA3) using Fugene 6.  After 3-8 hr, the cells were treated with E2 (1 

µM) or ethanol vehicle.  Following 48 hr incubation, the media were changed to contain 

lamotrigine at a final concentration of 40 µM.  After 24 hr incubation, the media were 
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collected and concentrations of lamotrigine 2N-glucuronide (LMT-G) in the media were 

determined by LC/MS/MS.  Data presented are concentrations of LMT-G in the media 

(mean ± S.D.; n = 3).  **, p < 0.01 
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