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a b s t r a c t

Flavin-containing monooxygenase 3 (FMO3) is important for oxidative xenobiotic metabo-

lism, but regulation of the FMO3 gene remains poorly understood. FMO3 is not expressed in

HepG2 cells, a commonly employed model for hepatic gene regulation studies. Transcrip-

tion factor transient expression and treatment with histone deacetylase or DNA methylase

inhibitors identified decreased hepatic nuclear factor (HNF) 4a levels and DNA hypermethy-

lation as mechanisms suppressing HepG2 FMO3 expression. The absence of major defi-

ciencies in transcriptional machinery suggested that within limits, the HepG2 model is

suitable for the study of FMO3 regulation. DNA–protein binding studies with HepG2 cell and

hepatic tissue nuclear protein extracts and reporter construct transient expression experi-

ments were performed to characterize FMO3 sequences from position�494 to�439 (domain

I), previously demonstrated to significantly impact promoter function. Although both

HNF3b and CCAAT enhancer-binding protein (C/EBP) were observed to specifically interact

with this element using HepG2 cell nuclear proteins, only C/EBP DNA–protein interactions

were observed using adult liver nuclear proteins. No specific DNA/protein interactions were

observed using fetal liver nuclear proteins. Mutation of a putative HNF3b element had no

effect on FMO3 promoter activity, while mutagenesis of a distinct, but overlapping C/EBP

element resulted in a 55% reduction in activity. Furthermore, promoter activity was

regulated as a function of defined C/EBPb liver activating protein:liver inhibitory protein

ratios through this same element. Chromatin immunoprecipitation demonstrated C/EBPb

binding to the FMO3 domain I element in intact cells and adult liver tissue. These results are

b being important for regulating hepatic FMO3 expression.

# 2008 Elsevier Inc. All rights reserved.
consistent with C/EBP
1. Introduction

The flavin-containing monooxygenases (FMOs) are highly

versatile enzymes important for the oxidative metabolism of
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numerous compounds containing soft nucleophilic heteroa-

toms, i.e., nitrogen, sulfur, selenium, and phosphorous. Sub-

strates include 1–2% of clinically important drugs [1], e.g.,

tamoxifen, itopride, benzydamine, olopatidine, xanomeline,
PPT, 8701 Watertown Plank Rd., Milwaukee, WI 53226, USA.
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and sulindac. Toxicant/pesticide substrates include nicotine,

aldicarb, fenthion, and fonofos [2]. The FMO’s broad substrate

specificity has been attributed to a unique catalytic mechanism

in which the enzyme is pre-activated in the presence of oxygen

and NADPH, but in the absence of substrate, resulting in

specificity by exclusion [3]. There are 11 members of the human

FMO gene family encoded on the long arm of chromosome 1 [4].

FMO1-5 encode functional proteins and display distinct

temporal-, tissue-, and species-specific expression patterns

[5], while FMO6P-11P are pseudogenes [4,6].

FMO3 is the major human adult liver FMO, however

expression is absent in the fetus and most neonates.

Expression is detectable in most individuals between the ages

of 1 and 12 months. Hepatic FMO3 is present at intermediate

levels between one and 11 years of age. With the onset of

puberty, enzyme levels increase in a gender-independent

fashion, approaching adult levels by 18 years of age [7]. In the

adult liver, FMO3 constitutes one of the major oxidative

microsomal enzymes exhibiting expression levels similar to

CYP2C9 [7–9]. However, FMO3 also exhibits a species-specific

expression pattern [5,10,11].

Although the overall FMO3 expression pattern has been

well characterized, little is known regarding regulatory

mechanisms. Consistent with the pronounced temporal-

and tissue-specific differences in FMO3 mRNA, protein, and

activity, transcription is hypothesized to be a major point of

regulation [7,9,12]. Thus, temporal- and tissue-specific tran-

scription factors are likely primary regulators of human FMO3

constitutive and developmental expression. In a previous

study from this laboratory, FMO3 promoter domains within

3000-bps of the transcription site were characterized [13].

Based on an initial assessment, subsequent studies focused on

the first 500 bps of the FMO3 promoter as domains within this

region accounted for a 20-fold increase in expression over that

observed with the basal promoter versus minimal changes

mediated by domains further upstream. A number of

important regulatory elements between position �386 and

+1 were identified (Fig. 1). These included nuclear factor Y

(NFY), pre-B-cell leukemia factor 2/homeobox binding protein
Fig. 1 – Human FMO3 regulatory elements. A schematic is

presented showing putative FMO3 regulatory domains

identified by deletion analysis of FMO3/luciferase reporter

constructs (domains A–I) and specific transcription factor

responsive elements identified by DNA–protein binding

reactions and site-directed mutagenesis of FMO3 reporter

constructs [13]. The putative C/EBPb and HNF3b domain I

sites that are the focus of the current study also are

shown. Underlined bases are those altered by site-

directed mutagenesis which eliminated specific

transcription factor binding.
heterodimer (Pbx2/Hox), upstream stimulatory factor-1 (USF-

1), an unidentified GC box binding protein, and yin yang 1 (YY1)

responsive elements. The goal of the current study was to

explore mechanisms whereby FMO3 is repressed in HepG2

cells and to further characterize the molecular factors

contributing to human FMO3 regulation. The latter studies

specifically focused on a previously identified, but uninves-

tigated more distal positive regulatory domain I (FMO3

position �494 to �439) which was associated with a 3-fold

increase in promoter activity.
2. Materials and methods

2.1. Plasmid constructs and site-directed mutagenesis

FMO3 coordinates are based on the GenBank reference

assembly, NT_004487.18 GI:88943682, build 36.2 and a search

of the DBTSS database (http://elmo.ims.u-tokyo.ac.jp/dbtss),

which mapped a single transcription start site 1774-bps

upstream of the exon 2 ATG start codon. Construction of

the pRNH694 reporter construct (FMO3 position �2952 to +42

directing luciferase expression) was previously described [13].

Site-directed mutagenesis of putative FMO3 transcription

factor binding sites within pRNH694 was performed using

the QuikChange II XL Site-Directed Mutagenesis Kit (Strata-

gene, La Jolla, CA) as directed by the manufacturer. All

mutations were verified by DNA sequence analysis and tested

by electrophoretic mobility shift assay (EMSA) to ensure

specific DNA–protein binding was eliminated without intro-

duction of a false protein binding element.

The pcDNA3-HNF3b expression vector [14] was provided by

Dr. Graeme Bell (University of Chicago, Chicago, IL). Full-

length human cDNAs for hepatic nuclear factor (HNF) 4a,

CCAAT/enhancer-binding protein (C/EBP) a, C/EBPb liver

activating protein (LAP), C/EBPb liver inhibitory protein (LIP)

and C/EBPd were generated using polymerase chain reaction

(PCR) DNA amplification, gene specific primers (see supple-

mental Table 1S) (Integrated DNA Technologies, Coralville, IA),

and a human adult liver cDNA library as a template. The latter

was prepared from total human adult liver RNA (Stratagene, La

Jolla, CA) with the MonsterScript 1st-strand cDNA synthesis

Kit (Epicentre Biotechnologies, Madison, WI). cDNAs were

cloned into the pBJ5 expression vector [15].

2.2. Electrophoretic mobility shift assays (EMSA)

Six human fetal liver tissue samples (all first trimester) were

obtained from the University of Washington Central Labora-

tory for Embryology Research, Seattle, WA. Three human adult

liver tissue samples (from a 22-year-old white male, a 50-year-

old white female, and a 68-year-old white female) were

obtained from the Liver Tissue Procurement and Distribution

System (Dr. Stephen Strom, University of Pittsburgh, Pitts-

burgh, PA). Fetal and adult liver tissue and HepG2 cell nuclear

protein extracts were prepared using the NE-PER Nuclear and

Cytoplasmic Extraction Reagent Kit (Pierce, Rockford, IL)

following the manufacturer’s protocol. EMSAs were per-

formed as described by Klick et al. [13]. Antibodies for EMSA

supershift experiments, HNF3b (M-20), C/EBPa (C-18), C/EBPb

http://elmo.ims.u-tokyo.ac.jp/dbtss
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(H-7), C/EBPg (C-20), and C/EBPd (C-22), were obtained from

Santa Cruz Biotechnology (Santa Cruz, CA). Double-stranded

oligonucleotide consensus elements used in competitive

EMSA included: HNF3 (50-AAT TCA AGT CCA GGA CTT GTT

TGT TCA GGA-30) and C/EBP (50-AGC TTG CAG ATT GCG CAA

TCT GCA-30) [16].

2.3. Cell culture and transient transfection

Normal human primary hepatocytes (15 months old male)

were obtained from the Liver Tissue Procurement and

Distribution System (Dr. Stephen Strom, University of Pitts-

burgh, Pittsburgh, PA) and cultured as previously described

[17] prior to use in chromatin immunoprecipitation experi-

ments. The HepG2 human hepatoblastoma cell line [18], a gift

from Dr. Barbara Knowles (Jackson Laboratories, Bar Harbor,

ME), was cultured and transfected as described by Luo et al.

[19].

HepG2 cells were treated with trichostatin A (Sigma–

Aldrich, St. Louis, MO) for 24 h to alter histone acetylation

or 5-aza-20-deoxycytidine (Sigma–Aldrich, St. Louis, MO) for

96 h with daily media/drug replacement to alter DNA

methylation. After treatment, RNA was isolated with the

Aurum Total RNA Mini Kit (BioRad, Hercules, CA). Glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) normalized

FMO3 mRNA levels were determined by quantitative real-time

PCR DNA amplification using the iScript One-Step reverse

transcriptase coupled PCR (RT-PCR) Kit with SYBR Green, the

iCycler iQ system (BioRad, Hercules, CA) and FMO3 forward 50-

TGG CCC TTG TAG TCC CTA CCA G-30 and reverse 50-GGC TTC

TGA AGT CTC CCG ACC-30, or GAPDH forward 50-TGA AGC AGG

CGT CGG AGG-30 and reverse 50-GCT TGA CAA AGT GGT CGT

TGA GG-30 primers (Integrated DNA Technologies, Coralville,

IA). RT-PCR was performed using the following protocol: initial

denaturation at 95 8C for 3 min, followed by 45 cycles

consisting of denaturation at 95 8C for 0.10 min, annealing

at 60 8C for 0.30 min, and extension at 72 8C for 1.0 min.

Amplification was immediately followed by a DNA melting

protocol: 1.0 min at 95 8C, 1.0 min at 55 8C, followed by 79

additional 1.0 min cycles increasing 0.5 8C in each successive

cycle. Calculations of relative FMO3 mRNA concentrations

were made using the comparative method as described by

Bookout et al. [20].

2.4. Chromatin immunoprecipitation (ChIP)

Normal human primary hepatocytes were fixed with 1%

formaldehyde and isolated chromatin fragmented as

described by Shadley et al. [17]. Pooled frozen liver tissue

from the three adult donors was pulverized in liquid nitrogen

and fixed using a ratio of 0.1 g of tissue to 10 ml of fixing

solution. After isolation, chromatin samples from tissue were

treated with the Enzymatic Digestion kit (Active Motif,

Carlsbad, CA) as directed by the manufacturer rather than

fragmenting by sonication. Either preparation resulted in the

majority of DNA molecules being between 100 and 650 bps in

length. The ChIP assay was performed using the ChIP-It

Express kit (Active Motif, Carlsbad, CA) with 2.5 mg of either C/

EBPb (C-19) antibody or rabbit preimmune IgG (Santa Cruz

Biotechnology, Santa Cruz, CA). Isolated immunoprecipitated
and input DNA were used as templates in quantitative PCR

reactions (4–6 replicates/template) using the iQ SYBR Green

Supermix (BioRad, Hercules, CA) as directed by the manu-

facturer. All amplification primers were obtained from

Integrated DNA Technologies (Coralville, IA). Forward, 50-

TTA CCT GGT TCC TGG TAC-30 (FMO3 position �544 to �527),

and reverse, 50-AGC CCA ATA AGG AGG ATG-30 (FMO3 position

�385 to �368), primers were used to amplify a 177 bp product

that included the putative C/EBP element. Albumin [21] and

CYP3A4 [22] C/EBPb elements were tested in parallel as positive

controls using the following primers: albumin forward, 50-TGA

CAA GGT CTT GTG GAG AAA AC-30, and reverse, 50-AGG ACA

AAC GGA GGG AAA TTA G-30 and CYP3A4 forward, 50-CAG GGT

CAG GCA AAA CAA G-30, and reverse, 50-TTC AGC AGA AAG

GCA AAT GT-30 which amplify 195 and 224-bp products,

respectively. As negative controls, a 135-bp FMO3 exon 9

fragment was included in the analysis: forward, 50-TGG CCC

TTG TAG TCC CTA CCA G-30 and reverse, 50-GGC TTC TGA AGT

CTC CCG ACC-30, as was a 174-bp fragment representing a

sequence between the GAPDH and the CNAP1 genes and

generated using the control primers included in the Active

Motif (Carlsbad, CA) ChIP-It express kit. The criteria of Aparicio

et al. [23] were used to determine the suitability of data for

inclusion in the analyses and to calculate binding differences

as previously described [17]. The coefficient of variation using

the non-selective precipitated template (IgG) was less than 5%.

2.5. Bisulfite sequencing of FMO3 promoter CpG sites

FMO3 CpG islands were identified using MethPrimer [24],

which also was used to design primers for sequence analysis

(see supplemental Table 1S). HepG2 cell and human adult and

fetal liver genomic DNA were isolated as described by

Koukouritaki et al. [25]. The EZ DNA Methylation-Gold Kit

(Zymo Research, Orange, CA) was used as instructed by the

manufacturer. The bisulfite-modified DNA was amplified

using FMO3 specific primers (see supplemental Table 1S)

and sequenced to determine the methylation state of cytosine

bases.

2.6. Sequence and data analysis

Selected sequences were scanned for potential transcription

factor recognition sequences using the Match Program and the

TRANSFAC Professional V11.1 database (BIOBASE Corporation,

Wolfenbuettel, Germany) [26,27]. In each case, the Liver-

Specific Matrix Profile was used with a minimum matrix

similarity score of 0.7 and a core minimum similarity score of

0.75.

FMO3 gene sequences from various organisms were aligned

using an exhaustive pairwise global alignment algorithm and

progressive assembly using Neighbor-Joining phylogeny with

default parameters (Clone Manager Professional Suite V8,

Scientific & Educational Software, Cary, NC).

After correcting for transfection efficiency, transient

expression data were compared using a one-way ANOVA

with a Tukey post hoc test, while FMO3 mRNA levels were

compared using either the Student’s t-test or one-way ANOVA

with a Holm-Sidak post hoc test (Sigma-stat version 3.11,

Systat Software, San Jose, CA). ChIP quantitative PCR CT
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differences were compared using an unpaired t-test with

Welch correction (Instat version 3.05, GraphPad Software, San

Diego, CA). In all cases, P-values less than 0.05 were accepted

as significant.
3. Results

3.1. Endogenous FMO3 expression in HepG2 cells

Previous studies demonstrated FMO3 promoter activity in the

HepG2 hepatocarcinoma cell line [13], but the endogenous

FMO3 gene is not expressed in these cells. The mechanism

whereby FMO3 is repressed in HepG2 cells has not been

elucidated, but this knowledge would be informative regard-

ing the suitability of this model system for continued studies

on mechanisms controlling FMO3 transcription.

To determine if the reduced levels of important liver-

specific transcription factors [28] contribute to FMO3 repres-

sion, expression vectors for C/EBPb, HNF3b, and HNF4a were

transiently expressed in HepG2 cells and relative FMO3 mRNA

levels determined by quantitative RT-PCR DNA amplification

(Fig. 2). No effect was observed with either C/EBPb or HNF3b.

However, HNF4a transient expression resulted in a 3.1-fold

increase in FMO3 mRNA levels, suggesting that decreased
Fig. 2 – Factors effecting endogenous FMO3 expression in

HepG2 cells. HepG2 cells were transfected with 500 ng of

HNF3b, HNF4a, or C/EBPb expression vectors or treated

with 50 nM, 250 nM, or 500 nM trichostatin A (TSA) for

24 h; or 1.0 mM or 2.5 mM 5-aza-20-deoxycytidine (AZA) for

96 h. Following treatment, total RNA was isolated and

GAPDH normalized FMO3 mRNA levels were determined

by quantitative real-time RT-PCR. Data are expressed as

the fold-change in expression relative to controls in which

cells were transfected with empty expression vectors or

treated with vehicle. Experimental and control DCT values

were compared using Student’s t-test or one-way ANOVA

with a Holm-Sidak post hoc test (*P < 0.05, **P < 0.01, and
***P < 0.001, respectively).
HNF4a levels contribute to the absence of FMO3 expression in

these cells.

To investigate other potential mechanisms for FMO3

repression, HepG2 cells were treated with trichostatin A to

inhibit histone deacetylase or 5-aza-20-deoxycytidine to

inhibit DNA methyl transferase (Fig. 2). No changes in relative

FMO3 mRNA levels were observed with 50 nM trichostatin A,

while 250 nM or 500 nM trichostatin A treatments resulted in

small but significant decreases in mRNA levels that were likely

due to toxicity. These data suggest that histone acetylation

plays a minimal role in repressing HepG2 cell FMO3 expres-

sion. In contrast, 5-aza-20-deoxycytidine at 1.0 mM and 2.5 mM

resulted in 6.6- and 9.2-fold increases in FMO3 mRNA levels,

respectively. Treatment with higher concentrations of 5-aza-

20-deoxycytidine also caused toxicity (data not shown). The

observed increases in mRNA levels are consistent with DNA

methylation being a major mechanism repressing HepG2

FMO3 expression.

Three CpG sites are located within FMO3 exon 1, and 31 are

located within the first 4000-bps upstream of the transcription

start site. Twenty of these latter sites are clustered within a

region found at FMO3 position �3899 to �3487. To determine

whether methylation at one or more of these sites might

contribute to FMO3 repression, bisulfite DNA sequencing was

performed between FMO3 position �3999 and �3390 and

position �279 and +440. No CpG methylation differences were

observed between the bisulfite treated and untreated HepG2

DNA (data not shown). Nevertheless, the above experiments in

total suggest that HepG2 cells, despite their limitations, are a

suitable model for further exploring mechanisms regulating

FMO3 transcription using transient expression of reporter

constructs, as there are no apparent defects in the transcrip-

tional machinery necessary for expression at this locus.

Changes in methylation also have been implicated as a

mechanism regulating the onset of hepatic drug metabolizing

enzymes expression during development (e.g., see [29]). As

such, CpG methylation differences between FMO3 position

�3999 and �3390 and position �279 and +440 also were

explored using DNA isolated from fetal and adult human liver.

However, no differences were observed, suggesting hyper-

methylation is not playing a direct role in repressing FMO3 in

the fetal liver (data not shown).

3.2. In vitro DNA–protein binding within FMO3 regulatory
domain I

Given the 3-fold increase in promoter activity associated with

the FMO3 domain I element (position�494 to�439) (Fig. 1) [13],

initial EMSA experiments were conducted to identify specific

protein interactions with these sequences. Using a DNA

fragment representing FMO3 position �500 to �475 as a probe

(50 portion of domain I) multiple, specific HepG2 DNA–protein

complexes were observed. However, no specific DNA–protein

interactions were observed with either fetal or adult liver

nuclear protein extract (data not shown). As such, regulatory

mechanisms involving these sequences were not pursued

further. EMSA with a DNA fragment representing FMO3

position �468 to �441 (30 portion of domain I) identified

several specific DNA–protein interactions, but also differential

protein binding patterns among the three sources of nuclear



Fig. 3 – Developmental-specific FMO3 DNA–proteins interactions. The sequence of the EMSA probes and the protocol

followed are described under Section 2. Variables in each binding reaction are indicated above each lane (H = HepG2 cell;

F = fetal liver; A = adult liver). Specific DNA–protein complexes are indicated by the solid arrows while unbound probe is

indicated by the solid gray arrows. Supershifted complexes are indicated by the open arrows.
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protein used in these experiments. Four specific DNA–

protein complexes were observed with HepG2 nuclear

protein extract (Fig. 3, lanes 2 and 3). In contrast, no specific

DNA–protein complexes were observed with fetal liver

nuclear protein extract (Fig. 3, lanes 5 and 6). Five specific

DNA–protein complexes were observed with adult liver

nuclear protein extract, three of which exhibited different

mobilities compared to those observed with HepG2 nuclear

proteins (Fig. 3, lanes 8 and 9).

Scanning the FMO3 position �468 to �411 sequence

against the TRANSFAC database identified a putative HNF3b

recognition site with a core match of 1.0 and a matrix match of

0.913, and two overlapping putative C/EBP recognition sites

with core matches of 1.000 and 0.986 and matrix matches of

0.775 and 0.898, respectively. Addition of HNF3b antibody to

the EMSA binding reaction supershifted the major DNA–

protein complex observed with HepG2 nuclear proteins

(Fig. 3, lane 4), but had no effect on the DNA–protein

complexes observed with adult liver nuclear proteins

(Fig. 3, lane 10). To verify the presence of HNF3b in both the

fetal liver and adult nuclear protein extract, a known HNF3b

human Pdx-1 promoter element [30] was used. A single

specific DNA protein complex was observed with both nuclear

protein extracts that was supershifted with the HNF3b

antibody (Fig. 3, lanes 12–17).

Consistent with HNF3b present in HepG2 cell nuclear

protein extract binding the FMO3 domain I element, a single

DNA–protein complex was eliminated by competition with an

HNF3 consensus sequence (Fig. 4A, lanes 2–4). Furthermore,

mutation of the core HNF3 binding site in the unlabeled probe,

FMO3position�461 A > G, prevented self-competition (Fig. 4A,

lane 5). In contrast, none of the DNA–protein complexes
observed with adult liver nuclear proteins were eliminated by

competition with the HNF3 consensus element (Fig. 4A, lane

10) and equal competition was observed with either the

unchanged FMO3 position �468 to �441 DNA fragment or this

same fragment in which the HNF3 site was mutated (Fig. 4A,

lane 11). Competition with a C/EBP consensus element

eliminated all of the DNA–protein complexes observed with

adult liver nuclear protein (Fig. 4A, lane 12) and all of the DNA–

protein complexes observed with HepG2 cell nuclear proteins

except for that previously identified as an HNF3b-DNA

complex (Fig. 4A, lane 6). Mutation of the core C/EBP binding

site, FMO3 position �447 to �446 AA > TT, eliminated self-

competition for all of the adult liver DNA–protein complexes

(Fig. 4A, lane 13) and all of the HepG2 DNA–protein complexes,

except for the previously identified HNF3b-DNA complex

(Fig. 4A, lane 7). Thus, these data suggest independent, but

overlapping binding elements for HNF3b and C/EBP within the

30 half of the FMO3 domain I element.

Given the existence of multiple C/EBP isoforms capable of

recognizing similar DNA sequences, isoform specific anti-

bodies were employed to identify the specific C/EBP family

member(s) present in the nuclear protein extracts and capable

of specifically binding the FMO3 domain I element. C/EBPa and

C/EBPb, but not C/EBPg or C/EBPd antibodies supershifted at

least one of the DNA–protein complexes using HepG2 nuclear

protein extract (Fig. 4B, lanes 5–8). Inclusion of C/EBPa, C/EBPb,

or C/EBPd, but not C/EBPg antibodies in the EMSA binding

reaction supershifted at least one of the DNA–protein

complexes observed with adult liver nuclear protein extract

(Fig. 4B, lanes 12–15). In both instances, the C/EBPb antibody

supershifted the greatest amount of the specific DNA–protein

complexes.



Fig. 4 – Identification of FMO3 position S468 to S441

(domain I) specific DNA–protein interactions. The

sequence of the EMSA probe and the protocol followed are

described under Section 2. Variables in each binding

reaction are indicated above each lane. In (A), H = HepG2

cell; A = adult liver; 3 = unlabeled FMO3 S468 to S441

probe fragment containing the HNF3b element mutation,

S461 A > G; and C = unlabeled FMO3 S468 to S441 probe

fragment containing the C/EBPb element mutation, S447

to S446 AA > TT. In (B), H = HepG2 cell; A = adult liver;

3 = HNF3b antibody; a = C/EBPa antibody; b = C/EBPb

antibody; g = C/EBPg antibody; d = C/EBPd antibody.

Specific DNA–protein complexes are indicated by the solid

arrows while unbound probe is indicated by the solid gray

arrows. Supershifted complexes are depicted by the open

arrows.
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3.3. Functional analysis of the FMO3 HNF3, and C/EBP
elements

To determine the functional significance of the HNF3b and C/

EBP FMO3 promoter elements, the same mutations that

eliminated transcription factor binding in vitro, i.e., FMO3

position �461A > G for HNF3b and position �447 to �446

AA > TT for C/EBP, were introduced into the pRNH694 FMO3/

reporter construct, generating pRNH932 and pRNH968, respec-

tively. These constructs were then tested for FMO3 promoter

activity by transient expression in HepG2 cells.
Co-transfecting HepG2 cells with increasing concentra-

tions of the HNF3b expression vector and the pRNH694 FMO3/

reporter construct failed to demonstrate any effect of HNF3b

on FMO3 promoter activity. Furthermore, comparing the

transient expression of the pRNH694 and pRNH932 FMO3/

reporter constructs revealed that mutating the HN3b element

had no effect on promoter activity (data not shown). In

contrast, co-transfection of HepG2 cells with the C/EBPb

expression vector and the pRNH694 reporter construct

resulted in a dose-dependent increase in FMO3 promoter

activity with a maximal 2-fold increase using 1 mg of

expression vector (data not shown). Subsequent experiments

utilized 0.5 mg of expression vector to minimize potential

over-expression artifacts. As seen in Fig. 5, co-transfection

with 0.5 mg of the C/EBPb expression vector and the pRNH694

FMO3/reporter construct resulted in a 1.5-fold increase in

promoter activity. Similar experiments with C/EBPa or C/EBPd

expression vectors decreased promoter activity. Although a

larger effect might be anticipated from a critical regulatory

element, the HepG2 cells are known to express relatively high

levels of endogenous C/EBPb, thus tempering the effect size of

these co-transfection studies. Consistent with an important

regulatory role, transient expression of the pRNH968 FMO3/

reporter construct (C/EBP site mutated) in HepG2 cells

revealed a 55% reduction in promoter activity relative to

pRNH694 (Fig. 5). The increased promoter activity observed

after co-transfection with the C/EBPb expression vector also

was eliminated. However, neither the C/EBPa- nor C/EBPd-

dependent decreases in FMO3 promoter activity were

affected. Similar non-specific effects with both C/EBPa- and

C/EBPd transient expression were observed with FMO3

promoter deletion constructs missing the domain I element

and with the parent pGL3basic vector (data not shown). Taken

together, these data suggest that HNF3b has minimal if any

role in regulating FMO3 promoter activity and that the effects

observed with C/EBPa and C/EBPd were due to secondary or

non-specific squelching effects. In contrast, C/EBPb appears

to be a major factor regulating the FMO3promoter through the

domain I element.

Multiple forms of C/EBPb are known to exist due to the

selection of alternative ATG start codons and/or proteolytic

cleavage [31]. The dominant forms in liver are C/EBPb LAP, a

full-length or near full-length isoform, and C/EBPb LIP, an N-

terminal truncated form. A downstream ATG site is selected in

the latter, eliminating all transactivation domains but retain-

ing the DNA binding domain. Thus C/EBPb LIP acts as a

competitive repressor.

To further explore the role of C/EBPb in regulating FMO3

expression, HepG2 cells were transfected with FMO3/reporter

constructs containing either the reference or mutated C/EBP

site and different amounts of C/EBPb LAP and/or C/EBPb LIP

expression vectors. To control for any non-specific effects,

promoter activities for the pRNH694 (reference) FMO3 reporter

construct were normalized to the activities observed with

pRNH968 (C/EBP site mutated) (Fig. 6). Co-expression with C/

EBPb LIP resulted in a dose-dependent decrease in FMO3

promoter activity; the maximum decrease of 27% being

observed with 50 ng of expression plasmid (Fig. 6). Increasing

amounts of C/EBPb LAP with a constant amount of C/EBPb

LIP reversed the inhibitory effect of the latter factor in a



Fig. 5 – Functional analysis of FMO3 C/EBP element. HepG2 cells were co-transfected with FMO3/luciferase reporter

constructs containing either the mutated (AA > TT at position S447 to S446) or reference C/EBPb element and 0.2 mg of the

C/EBPa, C/EBPb, C/EBPd, or empty pBJ5 expression vectors. Salient features of each reporter construct as well as the plasmid

identification number are shown on the left side of the bar graphs. Mutation of each regulatory element is indicated by an

X. The activity reported has been normalized for transfection efficiency and represents the mean W S.D. from a

representative experiment that included four replicates for each transfection. The experiment was repeated a minimum of

three times with similar results. Data were compared using one-way ANOVA with a Tukey post hoc test (***P < 0.001

compared to the control expression plasmid; yyyP < 0.001 compared to reference construct).

Fig. 6 – FMO3 promoter regulation by the C/EBPb LAP:LIP

ratio. FMO3/luciferase reporter constructs (FMO3 position

S2952 to +42) containing either the mutated (position

S447 to S446 AA > TT) or reference C/EBPb element were

transiently expressed in HepG2 cells along with different

amounts of C/EBPb LAP, C/EBPb LIP, or empty pBJ5

expression vector. The amount of co-transfected

expression vector is shown on the left side of the graph.

The activity reported has been normalized for transfection

efficiency and represents the mean W S.D. from a

representative experiment that included four replicates for

each transfection. The experiment was repeated a

minimum of three times with similar results. Transfection

data for the reference constructs were normalized to the

transfection data for the mutant constructs to illustrate the

changes in promoter activity specific to the C/EBP element.

Data were compared using one-way ANOVA with a Tukey

post hoc test (*P < 0.05 and **P < 0.01, respectively,

compared to the control transfection with the empty

expression vector; yyyP < 0.001 compared to co-expression

with pBJ-C/EBPb LIP alone).
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dose-dependent fashion. At the highest concentration of C/

EBPb LAP, FMO3 promoter activity was no different than that

observed with LAP alone.

3.4. Binding of C/EBPb to the FMO3 promoter domain I
element in intact cells and tissue

ChIP was employed to determine whether or not C/EBPb

binding to the FMO3 domain I element also would be observed

in intact cells and tissue (Table 1). The well characterized C/

EBPb elements on both the albumin [21] and CYP3A4 [22] genes

were used as positive controls. In two independent experi-

ments with primary human hepatocytes, significant differ-

ences in CT values were observed, yielding a calculated 2.0-

and 3.6-fold enrichment, respectively, of the FMO3 C/EBP

element due to C/EBPb binding. A similar analysis of the

albumin C/EBP element resulted in a 17.5- and 8.8-fold

enrichment, while analysis of the CYP3A4 C/EBP element

resulted in a 7.5- and 11.8-fold enrichment, respectively. When

these same ChIP experiments were repeated using pooled

frozen human adult liver tissue, C/EBPb binding resulted in a

2.1-fold enrichment for the FMO3 element, a 3.9-fold enrich-

ment for the albumin element, and a 7.3-fold enrichment for

the CYP3A4 element. No statistical differences in CT were

observed with the FMO3 exon 9 or GAPDH/CNAP1 intergenic

negative control fragments in any of the experiments (data not

shown).

3.5. Evolutionary conservation of human FMO3 promoter
elements

Given the absence of hepatic FMO3 expression in most

mammalian species, FMO3 gene sequences from multiple

species were aligned to compare the critical human FMO3

promoter elements identified to date ([13] and current study)

(Fig. 7). Striking differences were observed. The FMO3proximal

NFY CCAAT box element previously shown to be critical for

constitutive expression was present in Homo sapiens and Pan
troglodytes, but not Macaca mulatta, Bos taurus, Canis lupus

familiaris, Rattus norvegicus, or Mus musculus. The Pbx2/Hox,

USF-1, YY1, and C/EBP elements identified on human FMO3 are

perfectly conserved in P. troglodytes and M.mulatta, except for a



Table 1 – C/EBPb binding to the FMO3 domain I element in vivo

Gene Expt. # Sourcea Nb CT (mean � S.D.) DCT Fold enrichmentc

IgG C/EBP

CYP3A4 1 Hepatocytes 6 35.6 � 0.7 32.6 � 0.2d 3.0 7.5

2 Hepatocytes 5 33.4 � 0.6 29.7 � 0.6d 3.7 11.8

3 Tissue 5 34.7 � 0.5 31.7 � 0.4d 3.0 7.3

Albumin 1 Hepatocytes 4 34.3 � 0.2 30.2 � 0.3d 4.1 17.5

2 Hepatocytes 5 31.5 � 0.2 28.2 � 0.3d 3.4 8.8

3 Tissue 5 33.7 � 0.9 31.6 � 0.7e 2.1 3.9

FMO3 1 Hepatocytes 6 33.1 � 0.7 32.0 � 0.6f 1.1 2.0

2 Hepatocytes 6 31.6 � 0.7 29.7 � 0.2d 2.0 3.6

3 Tissue 6 32.7 � 0.4 31.5 � 0.4d 1.2 2.1

a Source of chromatin for ChIP reactions (see Section 2).
b Number of chromatin immunoprecipitation replicates.
c Calculated as ðmean slope input DNAÞDCT .
d Significantly different than IgG control, unpaired t-test with Welch correction (P < 0.001).
e Significantly different than IgG control, unpaired t-test with Welch correction (P < 0.05).
f Significantly different than IgG control, unpaired t-test with Welch correction (P < 0.01).
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single base change in both the M. mulatta USF-1 and YY1

elements. However, these single nucleotide changes would

not appear to be functionally important based on an

examination of the respective matrices in the TRANSFAC

database. Also based on the TRANSFAC database matrices, B.
Fig. 7 – Sequence alignment of FMO3 promoter elements. FMO3

mullata, Rattus norvegicus, Mus Musculus, Bos taurus, and Canis lu

global alignment algorithm and progressive assembly using Nei

compared to the human gene, while upper case letters represent

factor binding matrix (TRANSFAC V11.1 database).
taurus FMO3 would appear to have functional YY1 and C/EBP

elements and Canis lupus familiaris FMO3 a functional C/EBP

element, although sequences within all three elements are

different than the respective elements in H. sapiens and P.

troglodytes.
gene sequences from Homo sapiens, Pan troglodytes, Macaca

pus familiaris were compared using an exhaustive pairwise

ghbor-Joining phylogeny. The shaded bases are conserved

conserved bases compared to the consensus transcription
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4. Discussion

There has been considerable controversy regarding the use of

the HepG2 cell line as a model to elucidate mechanisms

involved in liver-specific gene regulation. Although these cells

express many liver-specific genes and exhibit characteristics

typical of a normal hepatocyte phenotype [18], several drug

metabolizing monooxygenases associated with the differen-

tiated hepatic phenotype, including FMO3, are not expressed

in these cells. Possible mechanisms underlying the absence of

FMO3 expression were explored in the current study. In

contrast to what has been observed for several members of the

cytochrome P450 family [22,28], endogenous HepG2 FMO3

mRNA levels were not increased by supplemented expression

of the liver-specific transcription factors, C/EBPb or HNF3b,

suggesting the absence or deficiency of these factors is not

limiting. A 3-fold increase in FMO3 mRNA levels was observed

by transient expression of HNF4a in HepG2 cells. The absence

of any responsive sites within the currently characterized

FMO3 promoter would argue for an indirect HNF4a regulatory

mechanism. Although sites further upstream remain a

possibility, none were identified by scanning against the

TRANSFAC database.

Inhibiting DNA methyltransferase resulted in an approx-

imate 10-fold increase in endogenous FMO3 expression. Thus,

DNA methylation appears to be a major mechanism respon-

sible for silencing FMO3 in HepG2 cells. Of interest, hyper-

methylation also has been shown to silence a number of other

genes involved in xenobiotic disposition in HepG2 cells, e.g.,

ADH1B and 1C [32]. This mechanism might similarly function

to repress FMO3 expression in the human fetal liver. However,

no differences in FMO3 CpG site methylation were observed

between fetal, adult and HepG2 cells. Differential methyla-

tion may still play a role in regulating FMO3 developmental

expression, as it does in repressing HepG2 FMO3 expression,

but likely does so through an indirect, rather than direct

effect, i.e., regulating the expression of one or more

transcription factors important for FMO3 expression. Most

importantly for the current study, these observations suggest

that HepG2 cells are an acceptable model for studying FMO3

transcriptional regulation using transient expression of

reporter constructs, as it appears FMO3 repression in these

cells is not due to an innate defect or deficiency in

transcriptional machinery.

Of the FMO3 regulatory domains characterized to date ([13]

and current study), the C/EBP element within FMO3 promoter

domain I was the only one to display a distinct differential

DNA–protein binding pattern in assays conducted with HepG2

cell, fetal and adult liver nuclear protein extract. Furthermore,

mutation of this element reduced FMO3 promoter activity by

55%, comparable to the reduction in promoter activity

observed by mutagenesis of the more proximal NFY and

Pbx2/Hox FMO3 regulatory elements [13]. None of these data

would support synergism between any of these elements but

do suggest that maximal FMO3 constitutive expression

requires the involvement of all three factors.

Human FMO3 exhibits a highly specific tissue- and

temporal-specific expression pattern. The C/EBPb tissue-

and temporal-specific expression pattern observed in rodent

models is consistent with a role for C/EBPb in contributing to
the control of the FMO3 human temporal- and tissue-specific

expression pattern. Thus, despite the promiscuous expression

of C/EBPb mRNA, low C/EBPb protein levels, if any, have been

detected in extrahepatic tissues [33]. Similarly, low FMO3

expression levels, if any, are observed in extrahepatic tissues

[5]. Multiple studies in mice and rats also have shown low

levels of C/EBPb mRNA and protein in fetal liver but greatly

increased levels in adult liver (e.g., [34]). Assuming a similar

pattern in the human, these data would explain the absence of

C/EBPb-FMO3 domain I interactions using fetal liver nuclear

protein. Furthermore, the C/EBPb LAP:LIP ratio increases

significantly during rat liver development, from about 3:1

before birth to 15:1 in adult rats, and exhibits a transient

perinatal peak [34]. The observation that the C/EBPb LAP:LIP

ratio modulates FMO3 promoter activity and assuming a

similar change in the C/EBPb LAP:LIP ratio during human

hepatic development, such a change would be consistent with

C/EBPb contributing to the onset of FMO3 expression in the

perinatal period [7]. Interestingly, the C/EBPb LAP:LIP ratio also

was shown to have an even stronger influence on CYP3A4

expression [22], a gene that exhibits a temporal-specific

expression pattern in the liver similar to FMO3 [35].

FMO3 also exhibits a pronounced species-specific expres-

sion pattern [5]. Of the mammals examined to date, only H.

sapiens, P. troglodytes, and female M. musculus express FMO3 as

the primary adult hepatic FMO enzyme [5,10,11]. Consistent

with this observation, striking differences in key FMO3

promoter elements were observed among several mammalian

species. The proximal NFY CCAAT box element that is critical

for human FMO3 promoter function [13] was only conserved in

P. troglodytes. The apparent absence of a functional NFY

CCAAT box in the M. mulatta FMO3 proximal promoter may

explain why FMO1 and not FMO3 is the primary adult liver

FMO enzyme in this species, despite all other critical human

FMO3 promoter elements identified to date being conserved. In

contrast, other important human FMO3 promoter elements

are not conserved in further divergent mammals, i.e., B. taurus,

Canis lupus familiaris, R. norvegicus, and M. musculus. The lack of

regulatory element conservation between H. sapiens and M.

musculus, despite this enzyme being highly expressed in both

male and female juvenile, as well as adult female M. musculus,

suggests the gene is under very different regulatory mechan-

isms in these two species. Finally, the difference in FMO3

expression between P. troglodytes and M. mulatta suggests a

more recent evolutionary event resulting in FMO3 being

expressed as the dominant hepatic FMO enzyme, and

combined with the recent evidence for FMO3 balanced

selection [36], is suggestive of an important, but so far elusive

FMO3 endogenous function.

In summary, this study extends a previous report in which

FMO3 regulatory domains within the first 2952-bps upstream

of the transcription start site were characterized and

important proximal transcription factor binding elements

identified [13]. In the current report, a C/EBPb element within

the previously identified but uninvestigated more distal FMO3

regulatory domain I (position �494 to �439) was characterized

and shown to be important for regulating FMO3 promoter

activity. This same factor also may contribute to the

previously characterized FMO3 developmental expression

pattern [7].
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