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Abstract
Human alcohol dehydrogenase 4 (ADH4) is one of the key enzymes involved in the metabolism of
alcohol. ADH4 is highly expressed in the liver, and previous studies have revealed several cis-acting
elements in the proximal promoter region. In this study we have identified a distal upstream enhancer,
4E, of ADH4. In HepG2 human hepatoma cells, 4E increased the activity of an ADH4 basal promoter
by 50-fold. 4E was cell-specific, as no enhancer activity was detected in a human lung cell line,
H1299. We have narrowed the enhancer activity to a 565 bp region and have identified multiple liver-
enriched transcription factor binding sites in the region. By electrophoretic mobility shift assays, we
confirmed binding of FOXA proteins to these sites. Site-directed mutagenesis studies demonstrated
that sites 1 and 4 have the biggest effect on enhancer function, and mutations in multiple sites have
multiplicative effects. We also studied the effects of three variations in the minimal enhancer region.
Two variations had a significant effect on enhancer activity, decreasing the activity to 0.6-fold, while
one had small but significant effect. The differences in the functional activity in different haplotypes
suggest that this region could play an important role in the risk for alcoholism.
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1. Introduction
The human alcohol dehydrogenase (ADH) family of proteins catalyzes the reversible oxidation
of a wide range of alcohols, including beverage alcohol. ADHs are dimers of 40 kDa subunits
with a zinc ion in the active site; they use NAD as the coenzyme in catalysis (Hurley et al.,
2003). In humans, there are seven isozymes with different electrophoretic and kinetic
properties, but overlapping substrate specificities (Edenberg and Bosron, 1997). The isozymes
are encoded by seven genes, ADH1A, ADH1B, ADH1C, ADH4, ADH5, ADH6 and ADH7,
present as a cluster spanning approximately 365 kb on chromosome 4q23 (Figure 1A). All
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except ADH7 are expressed in liver (Edenberg, 2000). The class I isozymes ADH1A, ADH1B
and ADH1C account for approximately 70% of alcohol metabolism in the liver, with ADH4
contributing most of the remaining 30% (Hurley et al., 2003).

Alcoholism is a complex disease affecting millions, and the third leading cause of the
preventable death in the United States (Mokdad et al., 2004). Chronic alcohol abuse is
associated with numerous health risks like liver cirrhosis, cancer, and cardiovascular diseases
(Cargiulo, 2007). Several studies have reported association of variations in the ADH region
with the risk for alcoholism (Birley et al., 2009; Edenberg and Foroud, 2006; Edenberg et al.,
2006; Reich et al., 1998; Williams et al., 1999). The activity of alcohol metabolizing enzymes
could determine the rate of alcohol metabolism, which in turn affects the susceptibility to
alcohol dependence. A single nucleotide polymorphism (SNP) in the coding sequence of
ADH1B that changes Arg48 to His48 increases the activity of that enzyme by 90-fold (Hurley
et al., 2003). ADH1B-His48 (ADH1B*2) is frequent in East Asian populations, in which it
reduces the risk for alcohol dependence between 5 and 8-fold (Edenberg, 2007). Variations in
cis-regulatory elements that affect the levels of ADH enzymes have also been associated with
alcoholism. A SNP at position −136 (relative to the +1 translational start site) in the promoter
of the ADH4 gene affects the promoter activity in hepatoma cells, with the A allele having 2-
fold higher activity than the C allele (Edenberg et al., 1999). This SNP has been associated
with alcohol dependence in a Brazilian population (Guindalini et al., 2005). In the Japanese
population (with ALDH2*487Glu/Glu genotype) lower blood alcohol levels were observed in
people with this variation (Kimura et al., 2009).

The ADH4 gene encodes π-alcohol dehydrogenase, which has a Km for ethanol of 34 mM (Li
et al., 1977). In addition to ethanol, it can also carry out the oxidation and reduction of long-
chain aliphatic alcohols and aromatic aldehydes (Edenberg and Bosron, 1997). The transcript
is expressed at highest levels in liver, both fetal and adult, and at much lower levels in
gastrointestinal tract, stomach and spleen (Edenberg, 2000). The proximal promoter of
ADH4 has multiple transcription factor binding sites including members of the C/EBP family
and AP-1 family (Li and Edenberg, 1998).The known cis-regulatory elements upstream of
ADH4 do not completely account for its expression levels in the liver. Because polymorphisms
in regulatory sequences may play a critical role in affecting the genetic risks for alcoholism,
understanding the regulation of ADH expression is important. In this study, we have identified
and characterized a distal regulatory element upstream of the ADH4 gene. We also studied the
effects of polymorphisms on the function of this regulatory region.

2. Materials and Methods
2.1 Cloning of test fragments

Minimal promoters of ADH4 (4Basal; −41 to −299 bp relative to ADH4 +1 CDS) and
ADH1B (1Basal; −10 to −151 bp relative to ADH1B +1 CDS) were amplified by PCR from
human DNA using R-Taq polymerase (Midsci, St. Louis, MO). SV40 promoter was amplified
from the pGL3 control vector (Promega, Madison, WI). All oligonucleotides are listed in Table
1a. All promoters were subcloned into KpnI and XhoI sites in the pXP2 luciferase reporter
plasmid (Nordeen, 1988). Test fragment 4E (−14,506 to −13,003 bp relative to ADH4 + 1 CDS)
was amplified by PCR from human DNA and cloned into BamHI and HindIII sites upstream
of the respective promoters. Sub-fragments of 4E (Figure 1C) were cloned into BamHI and
SalI sites of pXP2, upstream of 4Basal.

2.2 Transient transfections and Reporter gene assays
HepG2 human hepatoma cells (HB-8065; ATCC, Manassas, VA) were cultured in MEM
(ATCC) with 10% FBS (Invitrogen, Carlsbad, CA), 4 mM glutamine (Thermo Scientific
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Hyclone, Waltham, MA) and 1× Penicillin and Streptomycin (Thermo Scientific Hyclone) on
cell bind surface plates (Corning Inc, Corning, NY) at 37 °C. For transfection assays, 3 ×
105 cells were seeded per well in 12-well plates. 24 h after seeding, cells were transfected in
complete media with 500 ng of test DNA, along with 15 ng of pCMV β-galactosidase plasmid
(Clontech, Mountain View, CA) and 485 ng of pUC19 DNA, using 2 µl of Fugene HD (Roche,
Indianapolis, IN) per 1 µg of DNA. Cells were harvested 30 h after addition of DNA by scraping
into ice-cold 1× PBS, pelleted by centrifugation and suspended in 100 µl of 1× Reporter lysis
buffer (Promega, Madison, WI). Cell extract was prepared by repeated freeze-thawing; 5 µl of
the extract was used for each assay. Luciferase assays were carried out using the Luciferase
assay system (Promega, Madison, WI), with activity measured on a Spectromax LS (Molecular
devices, Sunnyvale, CA). β-galactosidase assays were carried out using the Galacto-Light
System (Tropix, Benford, MA).

H1299 human lung carcinoma cells (ATCC CRL-5803) were cultured in high glucose DMEM
(Sigma- Aldrich, St. Louis, MO) with 10% FBS, 2 mM glutamine and 1× Penicillin and
Streptomycin on plastic plates (BD biosciences, San Jose, CA) at 37 °C. Cells were seeded at
7 × 105 per well in 6-well plates (BD biosciences, San Jose, CA). 24 h after seeding, cells were
transfected in complete media with 2 µg of test DNA, along with 135 ng of β-galactosidase
plasmid and 1.1 µg of pUC19 DNA using 3 µl of Fugene HD per 1 µg of DNA. Cells were
harvested 30 h after addition of DNA, and processed and assayed as described above. 15 µl
and 2.5 µl of the extract were used for Luciferase and β-galactosidase assays, respectively;
activity was measured on a Monolight 2010 Luminometer (Analytical Luminescence
Laboratory, Sparks, MD).

All test constructs were transfected at least in triplicate in each individual experiment, with
experiments repeated at least three times. Promoter activity was defined as luciferase activity
normalized to β-galactosidase activity, to correct for the transfection efficiency. A t-test
assuming unequal variances was carried out in Microsoft Excel, considering each well as an
independent data point.

2.3 Site directed mutagenesis
Mutants of the potential transcription factor binding sites were generated by overlap extension
PCR (Sambrook et al., 1989). Oligonucleotides in which the potential transcription factor
binding sites were mutated (Table 1b) were synthesized by Integrated DNA Technologies
(Coralville, IA). In the first step of the PCR, two fragments were generated such that they
overlap at the mutated sequence. Products were gel extracted and 75 ng of each product was
used as template in the extension step. Products with overlapping ends were mixed with R-Taq
polymerase and ten PCR cycles were run without primers. HE3629 and HE3636 were then
added and PCR was continued for another 25 cycles to amplify the full-length fragment.
Products of the extension step were column purified and cloned into BamHI and SalI sites in
the pXP2 vector, upstream of the ADH4 promoter.

2.4 Generation of the haplotypes
Different haplotypes of the 4E3 region were generated by site-directed mutagenesis with the
Quick change site-directed mutagenesis kit (Stratagene, La Jolla, CA). Primers were designed
with the SNP at the center (Table 1b). The amplified products were digested with DpnI to
remove the template plasmid, and then transformed into DH5α competent cells (Invitrogen).
Transformants were sequenced to confirm the presence of the SNP at the desired site.

2.5 Electrophoretic Mobility shift assay (EMSA)
EMSAs were carried out with double-strand oligonucleotides designed to span the putative
transcription factor binding sites (Table 1c). Oligonucleotides were synthesized (Integrated
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DNA Technologies) with a 5’ 6-FAM label on one of the strands and then annealed to
complementary unlabeled oligonucleotides in 10 mM Tris (pH 8.0), 1 mM EDTA (pH 8.0)
and 50 mM sodium chloride. Nuclear extracts were prepared from HepG2 cells using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Thermoscientific Pierce, Waltham, MA),
following the manufacturer’s protocol. Protein concentrations were measured by Bio-Rad
protein assay (Bio-Rad, Hercules, CA). Protein binding reactions were carried out with 0.2 or
0.4 picomoles of the annealed oligonucleotides and 10 µg of the nuclear extracts in 10 mM
Tris-HCl (pH 7.5), 60 mM potassium chloride, 2.5 mM magnesium chloride, 1 mM EDTA, 1
mM DTT, 750 ng of poly (dIdC) and 7% glycerol. Oligonucleotides were incubated with the
nuclear extract for 30 min at 25 °C. In competitor assays, unlabeled competitor oligonucleotides
in 50-fold molar excess to the labeled oligonucleotides were added to the reaction before
addition of the probe. For supershift assays, 2 µg of the antibody was added to each reaction.
FOXA1 (sc-9186x), FOXA2 (sc-9187x) and IgG (sc-2028) antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). DNA-protein complexes were electrophoresed
on 6% polyacrylamide Novex DNA Retardation Gels (Invitrogen) in 0.5 × TBE running buffer
(45 mM Tris-borate and 1 mM EDTA, pH 8.3) and then scanned with fluorescent image
analyzer FLA-5100 (Fujifilm, Valhalla, NY) at 473 nm with the LPB filter.

3. Results
3.1 Identification of an enhancer upstream of ADH4

To identify distant regulatory elements that affect expression of the ADH4 gene, we took a
comparative genomics approach. Using the UCSC Conservation track (Felsenstein and
Churchill, 1996; Siepel et al., 2005; Yang, 1995), we identified conserved sequences in the
intergenic regions between ADH4 and its flanking genes ADH5 and ADH6. We tested the
effects of conserved regions on the activity of the ADH4 Basal promoter (4Basal) by transient
transfection assays in HepG2 human hepatoma cells (data not shown). We identified a 1504
bp conserved region (4E), 13 kb upstream of the ADH4 translation start site (Figure 1B), that
had significant effect on ADH4 promoter activity. Fragment 4E caused a 50-fold increase in
activity (p = 6 × 10−15; Figure 2). In the absence of the promoter, the 4E fragment had weak
activity, only 80% of the activity of the 4Basal promoter (p = 9 × 10−4; Figure 2)

To determine if the enhancer activity acts specifically on the ADH4 promoter, we tested it in
combination with two heterologous promoters. 4E increased the activity of another ADH
promoter, the ADH1B basal promoter (1Basal), by 180-fold (p = 2 × 10−12) in HepG2 cells. It
increased the activity of SV40 promoter (SV40Basal) by 56-fold (p = 8 × 10−10).

Cell specificity of 4E was tested in H1299 cells, a lung carcinoma cell line. Of the seven
ADHs, only ADH1B is known to be expressed in lungs (Smith et al., 1971), although data from
our lab suggests that neither ADH1B nor ADH4 are expressed in these cells. However, the
transfected minimal promoters of both ADH4 and ADH1B did show activity above the vector-
only background. Therefore, we tested the enhancer activity of 4E upstream of ADH4,
ADH1B and SV40 promoters. No enhancer activity was detected with any of the three
promoters (Table 2). These results suggest that 4E shows cellular specificity.

To localize functional elements within the 1504 bp region, this region was subdivided into
three fragments, 4E1, 4E2 and 4E3 (Figure 1C). The enhancer effect of 4E was contained within
the 4E3 fragment, which enhanced the activity of 4Basal by 46-fold (p=5 × 10−15) (Figure 3).
4E1 repressed the activity of 4Basal by 50% (p < 0.001), whereas 4E2 increased the activity
by 1.2-fold (p = 0.05). As the activity of 4E3 was not different from the parent fragment 4E (p
=0.13), we focused on the 4E3 fragment for further characterization.
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3.2 Identification of potential protein binding sites in the enhancer
Five potential Forkhead box protein A (FOXA, previously known as hepatocyte nuclear factor
3 (Friedman and Kaestner, 2006) binding sites and one HNF-1A binding site (Figure 4) were
identified using transcription factor prediction software Promo (Farre et al., 2003; Messeguer
et al., 2002). Oligonucleotides were synthesized to cover these potential FOXA binding sites
(Table 1c) and tested in EMSA with HepG2 nuclear extract. With all four oligonucleotides, at
least two retarded DNA-protein complexes were observed (Figure 5). A non-specific
competitor oligonucleotide had no effect on any of the complexes (Figure 5). Competition
experiments with unlabeled FOXA consensus oligonucleotide (Smith and Humphries, 2009)
disrupted the strong, high molecular weight complex. On the other hand, the complex was
intact when a mutated FOXA consensus oligonucleotide was added, confirming that it is a
FOXA-specific complex. The FOXA-specific complex was also perturbed in supershift assays
with FOXA1 and FOXA2 antibodies, while it was unaffected with control IgG antibody (Figure
5).

To test the functional role of the putative FOXA sites in the 4E3 region, we mutated each of
these sites and tested them in transient transfections in HepG2 cells. Mutation of sites 1 and 4
decreased the activity by 60% and 65%, respectively (Figure 6), whereas mutations at sites 2,
3, and 5 reduced the activity at least by 40%. Disruption of site 6 did not have a significant
effect. To test the function of these sites in a combinatorial fashion, we mutated multiple sites.
A double mutant of sites 1 and 4 lost most of the activity, exhibiting only 0.2-fold of the wild
type enhancer. The activity was further decreased to 0.1-fold when multiple sites were mutated
in conjunction with site 1 (Figure 6).

3.3 Effects of natural variations on enhancer activity
There are three known SNPs in the 4E3 enhancer region (NCBI dbSNP Build 130). The
genotype and allele frequencies of two SNPs are shown in Table 3; frequencies for the third
SNP are unavailable. In transient transfections, we tested four different haplotypes of 4E3
cloned upstream of the ADH4 promoter. We normalized the activity of all haplotypes to the
most common haplotype in all populations: rs7678936 G, rs7678890 T, and rs11401494 del,
which we denote as haplotype 1. The activity of haplotype 2 (T, T, del) was only 60% that of
the haplotype 1. Haplotype 3 (G, G, del) displayed a similar decrease in activity. Insertion of
A at position −13,058 (Haplotype 4: G, T, A) had a very small effect (0.9-fold change relative
to the haplotype 1, p =0.02; Figure 7).

4. Discussion
The levels of alcohol metabolizing enzymes could determine the rate of alcohol metabolism,
which in turn plays an important role in the susceptibility to alcohol dependence. To understand
the transcriptional regulation of the human ADH genes, we sought to identify distal regulatory
elements in the ADH cluster. In this study we discovered a strong enhancer, 4E3, between the
ADH4 and ADH6 genes. 4E3, located 13 kb upstream of the ADH4 translational start site,
increased the activity of its cognate ADH4 promoter 50-fold in a human hepatoma cell line
(HepG2). It also enhanced the activity of another strong promoter, SV40 promoter, 56-fold.
The weakest promoter tested, ADH1B, was enhanced 180-fold. Because it functions on these
heterologous promoters, we believe that in the absence of intervening boundary elements this
enhancer would also act on the ADH6 promoter 60 kb away. The 4E3 enhancer was not
functional in a non-hepatic cell line, H1299 lung carcinoma cells, suggesting that it has cell-
type specificity.

Six putative transcription factor sites were identified by sequence homology, and their roles
were tested by EMSA and site directed mutagenesis. FOXA and HNF-1α proteins are liver-
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enriched factors that regulate many liver-specific genes (Schrem et al., 2002). FOXA family
members FOXA1, FOXA2 and FOXA3 share a highly conserved forkhead DNA binding
domain and play essential roles during development and in adult animals (Friedman and
Kaestner, 2006). HNF-1α is a homeodomain containing protein that regulates expression of
several genes in liver, pancreatic islets and kidneys (Armendariz and Krauss, 2009). Sites 1,
2, 3, 4, and 6 were confirmed to be FOXA binding sites by EMSA with competitor
oligonucleotides and by supershift assays. Site 5, which overlaps with the site 4 by two
nucleotides, was predicted to be a HNF-1α site. Oligo 3, which spans sites 3, 4, and 5, produced
multiple high molecular weight bands, but the FOXA specific complex was the most
prominent. While none of the bands were disrupted by HNF-1α competitor, a stronger FOXA
specific complex was detected (data not shown). We speculate that HNF-1 binds weakly to
site 5 and this binding interferes with the binding of FOXA to the overlapping site 4.

Site-directed mutagenesis studies showed the greatest effect on enhancer function when either
site 1 or site 4 was mutated, with activity decreasing to 40% of the wild type. Mutating multiple
sites affected activity more dramatically. When sites 1, 2, 4 and 6 were mutated, activity
decreased to 10% of the wild type. All combinations of multiple mutants tested displayed
approximately a multiplicative reduction in activity compared to the respective single mutants,
suggesting that each site is acting independently.

Several mechanisms have been proposed for the action of activator proteins. Activator proteins
can bind an enhancer and function as nucleation centers for preinitiation transcription complex
or they can interact with the general transcriptional factors at the cognate promoter and stabilize
the transcription complex. Alternatively, they can recruit chromatin modifying regulators, open
chromatin and thus promote transcription. FOXA proteins belong to a unique class of
transcription factors that function as pioneer factors, proteins that can bind highly compacted
chromatin and alter the chromatin structure and enhance transcription (Zaret et al., 2008).
During development FOXA proteins have shown to bind the enhancer of the albumin gene and
open the chromatin (Chaya et al., 2001; Cirillo et al., 2002). FOXA1 has also been shown to
act as pioneer factor in adult tissues (Carroll et al., 2005; Gao et al., 2003; Zhang et al.,
2005). It is possible that FOXA and HNF-1α proteins are acting at the ADH4 enhancer through
any one or a combination of these mechanisms.

Multiple variations in genes encoding alcohol dehydrogenases have been associated with the
risk for alcoholism (Birley et al., 2009; Edenberg, 2007; Edenberg et al., 2006). Although the
most widely-studied of these variations affect the sequence of the encoded enzymes, one
(rs1800759) is known to affect regulation of gene expression (Edenberg et al., 1999). The
expression level of ADH enzymes could affect the flux through the alcohol metabolic pathway,
and thereby influence the effects of alcohol and the risk for alcoholism. We studied three SNPs
in this region, rs7678936 (G/T), rs7678890 (T/G) and rs11401494 (del/T). They are not present
in any of the transcription factor binding sites identified in this study. However, rs7678936 is
adjacent to a putative FOXA site that was not tested and rs7678890 is adjacent to site 5
(HNF-1α). To explore the contribution of each SNP, we tested three haplotypes. Haplotype 2
(T, T, del) and haplotype 3 (G, G, del) had a similar fold change (0.6-fold) relative to Hap.1
(G, T, del), so we were unable to attribute the effect to a single SNP. rs11401494 had a small
effect on the function of the enhancer.

In this study we have identified a strong distal enhancer of ADH4 that displays some cell
specificity. Undoubtedly, transient transfection assays cannot duplicate the regulatory
complexity present in vivo, including additional cis-regulatory regions and complexity of
chromatin structure. However, in the genome-wide mapping of DNase I hypersensitive sites
in HepG2 cells, a hypersensitive peak was detected across the region of five transcription factor
binding sites that we characterized in this enhancer (UCSC Open chromatin track; (Boyle et
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al., 2008). This suggests that the site we identified is occupied by transcription factors and
functional in vivo; whether this enhancer is sufficient to drive the expression of ADH4 remains
to be tested. Our haplotype studies indicate that variations in this region will contribute to
differences in ADH4 expression. It would be of interest to study if these variations will
contribute to differential susceptibility to alcoholism.

Abbreviations

ADH alcohol dehydrogenase

EMSA electrophoretic mobility shift assay

PCR polymerase chain reaction

SNP single nucleotide polymorphism

4Basal ADH4 basal promoter

1Basal ADH1B basal promoter

SV40Basal SV40 promoter
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Figure 1. Diagram of the ADH cluster, highlighting the test regions
(A) Seven alcohol dehydrogenase genes are shown in their transcriptional orientation (they are
oriented on chromosome 4q in the opposite direction). Arrows mark the genes and depict the
direction of transcription. The genes range in size from 14.5 kb to 23 kb; intergenic distances
are in kb. (B) The conserved region (4E) is enlarged; distances are in kb from +1 CDS of
ADH6 and ADH4. (C) Sub-fragments of 4E that were tested for activity; sizes in bp. Segment
with enhancer activity is shaded.
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Figure 2. 4E enhances the activity of the ADH4 promoter
Test plasmids with only the promoter (4 Basal), 4E upstream of the promoter (4E+4 Basal)
and 4E in the absence of any promoter (4E only) were transiently transfected into HepG2 cells
(n = 16). Promoter activity was determined as luciferase activity normalized to the internal
control β-galactosidase. Fold change was calculated as ratio of the promoter activity of each
construct to the promoter activity of 4 Basal; bars indicate the standard errors of the mean.
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Figure 3. The enhancer function of 4E is located in a 565 bp region
To identify the minimal region required for the enhancer activity of 4E, subfragments of 4E
(Figure 1) were subcloned upstream of ADH4 promoter and tested in transient transfections in
HepG2 cells (n = 16). Fold change was calculated as ratio of the promoter activity of each
construct to the promoter activity of 4 Basal; bars indicate the standard errors of the mean.

Pochareddy and Edenberg Page 12

Gene. Author manuscript; available in PMC 2011 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. The genomic sequence of the 4E3 region
Six potential transcription factor binding sites, identified using Promo (Messeguer et al.,
2002), are shown in bold along with the site name above the sequence. Two nucleotides shared
by sites 4 and 5 are shown in italics. Oligonucleotides used in EMSA are underlined. Known
variations within the sequence are represented with an arrow.
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Figure 5. FOXA proteins bind to putative sites in 4E3
Electrophoretic mobility shift assays were carried out with 5’FAM labeled oligonucleotides of
interest and 10 µg of HepG2 nuclear extract. Competition experiments were carried out in the
presence of 50-fold molar excess of either a FOXA consensus (C), FOXA consensus mutant
(M), or a non-specific (N) oligonucleotide. In supershift assays, 2 µg of either FOXA2 antibody
(A2), FOXA1 antibody (A1) or goat IgG (Ig) antibody were added. (A) Gel shifts with Oligos
1 and 2 that span sites 1 and 2, respectively, are shown. (B) Gel shifts in which Oligo 3 (sites
3, 4, and 5) and Oligo 4 (site 6) were used as probes are shown. FOXA specific bands are
indicated by arrows, other bands were non-specific.
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Figure 6. Effects of site directed mutations on enhancer function
Potential FOXA and HNF-1α sites were mutated in 4E3 and tested in transient transfections
in HepG2 cells (n = 16). Fold change was calculated as ratio of the enhancer activity of each
mutant construct to the wild type; bars indicate the standard errors of the mean. (A) Activity
of single site mutants. (B) Activity of double or multiple site mutants. * indicates p-value ≤
1.5 × 10−15
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Figure 7. Effects of polymorphisms on enhancer function
Four different haplotypes of the 4E3 region were tested in transient transfections in HepG2
cells (n=20). Alleles of rs7678936, rs7678890 and rs11401494, respectively are shown on the
x-axis. The error bars indicate standard errors of the mean. The promoter activity of each
haplotype was normalized to the promoter activity of Haplotype 1 (G,T,-). * p= 0.02; ** p ≤
8 × 10−13
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Table 1
List of oligonucleotides

(1a) All oligonucleotides used in this study are listed. Forward (F) and reverse (R) primers used for amplification
of minimal promoters and test regions are given. (1b) For primers used in mutagenesis, only the forward primer
is listed, with the mutated site bold and underlined. Complementary oligonucleotides were used as reverse
primers. (1c) For oligonucleotides used in EMSA, only the sense strand is shown.

Oligo Sequence Description

a. Primers for reporter plasmid constructs

HE3475 GTGGTACCGGGCTTTTCTCTATTATTTTA 4 Basal _F

HE2492 CCCTCGAGAAGCTTCAAACTCCTACCCA 4 Basal _R

HE3639 GTGGTACCAATCCAGTGGGTGTGGC 1 Basal _F

HE3640 CCAAGCTTGTCTTCTCTGCCCACCAG 1 Basal _R

HE3641 GTGGTACCCTGCGATCTGCATCTCAATTA SV40 Basal _F

HE3642 CCAAGCTTAGTACCGGAATGCCAAGC SV40 Basal _R

HE3481 CGGGATCCCAAGCCAGAATGAAAAGGTAGAC 4E _F

HE3482 CCAAGCTTAGCCAGAGCACAAATAATGGAG 4E _R

HE3623 CGGGATCCCCAAGCCAGAATGAAAAGGTA 4E1 _F

HE3633 GCGTCGACTTGCGATTTCTCTGGGATG 4E1 _R

HE3627 CGGGATCCTCAGGTCCATTCTGTGAACG 4E2 _F

HE3635 GCGTCGACTGTAGTCTCCCCTCTCTTGCTG 4E2 _R

HE3629 CGGGATCCCAGATAACAGCAAGAGAGGGG 4E3 _F

HE3636 GCGTCGACCAGCCAGAGCACAAATAATGG 4E3 _R

b. Site directed mutagenesis primers

HE3825 TTCAAGATCAGCAATTTGACACACCCGTTGAACTTTGTAATCAAACAGAC Site 1 mutant

HE3843 AATCAAACCTCTGCTTCCCTACACCCGTCTGAAAAGATCAAACGGG Site 2 mutant

HE3876 GCACAGCCCCTAATTTGTTAATATGTTACATAATACTTACCTCACAGGGTT Site 3 mutant

HE3872 GCATGTTGTCTACCCCCATAATATGTTACATAATACTTACCTCACAGGGTT Site 4 mutant

HE3874 GTAAGCATGTTGTCTTATTCACCCGTATGTTACATAATACTTACCTCAC Site 5 mutant

HE3823 AGTTTCTTCCCACTAAATAAAACACCCGTGAAGTTTTCTCTTAGCTAACA Site 6 mutant

HE3881 CACAGCCCCTAACCCCCATAATATGtTACATAATACTTACCTCACAGGGTT Sites 3 and 4
mutant

HE3817 CCCAAATTTCATCGAACATCCTAAAACTTTCAAGATC rs7678936 T allele

HE3819 GTTGTCTTATTTGTTAATATGGTACATAATACTTACCTCACAG rs7678890 G
allele

HE3821 GTCTCTTTTCTGGAAAATCAGAGATCTGTCATTG rs11401494 T
allele

c. Oligos for EMSA

HE3781 5’6-FAM-TTTCAAGATCAGCAATTTGACAGCAAACATGAA CTTTGTA EMSA Oligo 1

HE3782 5’6-FAM-CTGCTTCCCTAACAAACACTGAAAAGATCAA EMSA Oligo 2

HE3941 5’6-FAM-TAAGCATGTTGTCTTATTTGTTAATATGTTACAT AATAC EMSA Oligo 3

HE3784 5’6-FAM-TTAGTTTCTTCCCACTAAATAAAAACAAACAGAA GTTTTC EMSA Oligo 4

HE3918 GCCCATTGTTTGTTTTAAGCC HNF-3 consensus
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Oligo Sequence Description

HE3829 TCCCATACCCCCATTTAAGCC HNF-3 consensus
mutated
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Table 2
Liver–specific activity of 4E

4E was subcloned upstream of ADH4, ADH1B, and SV-40 promoters and activity of each construct was
normalized to the activity of the respective promoter to obtain the fold change (mean ± Std error). Hepatoma
cells (HepG2) were compared to lung carcinoma cells (H1299).

Promoter Fold change in
hepatoma cells

(mean ± Std error)

Fold change in
lung cells

(mean ± Std error)

ADH4 50 ± 2.2 * 0.64 ± 0.1 *

ADH1B 180 ± 5.3 * 0.97 ± 0.2

SV-40 56 ± 2.9 * 0.80 ± 0.1 *

*
means p-value ≤ 0.05
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