
Biochem. J. (2007) 401, 87–96 (Printed in Great Britain) doi:10.1042/BJ20061119 87

Inhibition of human betaine–homocysteine methyltransferase expression
by S-adenosylmethionine and methylthioadenosine
Xiaopeng OU*, Heping YANG*, Komal RAMANI*, Ainhoa Iglesias ARA*, Hui CHEN*, José M. MATO† and Shelly C. LU*1
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BHMT (betaine–homocysteine methyltransferase) remethylates
homocysteine to form methionine. SAM (S-adenosylmethionine)
inhibits BHMT activity, but whether SAM modulates BHMT gene
expression is unknown. Transcriptional regulation of the human
BHMT is also unknown. The present study examined regulation of
the human BHMT gene by SAM and its metabolite, MTA (5′-me-
thylthioadenosine). To facilitate these studies, we cloned the
2.7 kb 5′-flanking region of the human BHMT gene (GenBank®

accession number AY325901). Both SAM and MTA treatment of
HepG2 cells resulted in a dose- and time-dependent decrease in
BHMT mRNA levels, which paralleled their effects on the BHMT
promoter activity. Maximal suppression was observed with the
BHMT promoter construct −347/+33, which contains a number
of NF-κB (nuclear factor κB) binding sites. SAM and MTA treat-
ment increased NF-κB nuclear binding and NF-κB-driven luci-
ferase activities, and increased nuclear binding activity of
multiple histone deacetylase co-repressors to the NF-κB sites.

Overexpression of p50 and p65 decreased BHMT promoter
activity, while blocking NF-κB activation increased BHMT
expression and promoter activity, and prevented SAM but not
MTA’s ability to inhibit BHMT expression. The NF-κB binding
site at −301 is responsible, at least in part, for this effect. Lower
BHMT expression can impair homocysteine metabolism, which
can induce ER (endoplasmic reticulum) stress. Indeed, MTA
treatment resulted in increased expression ER stress markers. In
conclusion, SAM and MTA down-regulate BHMT expression in
HepG2 cells in part by inducing NF-κB, which acts as a repressor
for the human BHMT gene. While SAM’s mechanism is NF-κB-
dependent, MTA has both NF-κB-dependent and -independent
mechanisms.
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INTRODUCTION

BHMT (betaine–homocysteine methyltransferase) is a zinc metal-
loenzyme that catalyses the transfer of a methyl group from
betaine to homocysteine, forming dimethylglycine and methio-
nine respectively [1]. BHMT is primarily expressed in the liver
and kidney and is responsible, along with methionine synthase, for
the remethylation of homocysteine to regenerate methionine [1].
In the rat, hepatic BHMT gene expression is induced by a methio-
nine-deficient diet. This is further induced if the methionine-
deficient diet contains dietary methyl groups such as betaine or
choline [1]. In humans, betaine supplementation also increases
homocysteine remethylation [2]. Despite these well-known
effects of diet on BHMT gene expression, the molecular mech-
anism remains unknown.

Previously, we reported that hepatic BHMT mRNA levels are
significantly increased in the MAT1A knockout mouse where
hepatic SAM (S-adenosylmethionine; also known as AdoMet and
SAMe) levels are reduced by 75 % [3]. Another well-known
condition where hepatic BHMT activity is induced is ethanol
feeding in rodents [4]. We reported that ethanol feeding depleted
both hepatic methionine and SAM levels [5]. In liver the bulk of
methionine is metabolized to SAM so that methionine deficiency
results in SAM deficiency [6]. This raises the possibility that the
effects observed with a methionine-deficient diet may be exerted at

least in part via SAM. Indeed, Finkelstein and Martin [7] showed
that SAM inactivates BHMT. However, whether SAM can also
influence BHMT at the mRNA level is unknown. Previously, Bose
et al. [8] showed that the activity of recombinant human BHMT
is not regulated by SAM, which challenges previous observations
[7].

BHMT mRNA levels and activity are decreased in rat liver
cirrhosis [9], which may contribute to the well-known hyper-
homocysteinaemia that occurs in cirrhosis [10]. We have also
shown that most of the patients with liver cirrhosis have either
undetectable or reduced BHMT mRNA levels [11]. Given the
importance of homocysteine in atherosclerosis and as an inducer
of ER (endoplasmic reticulum) stress [12,13], it is important to
better understand the regulation of the BHMT gene. The purpose
of the current study is to examine whether SAM and its metabolite,
MTA (5′-methylthioadenosine), can influence the expression of
BHMT and, if so, define the molecular mechanisms.

MATERIALS AND METHODS

Materials

Cell culture medium and FBS (fetal bovine serum) were obtained
from Gibco BRL Life Technologies (Grand Island, NY, U.S.A.).
The Luciferase Assay System was obtained from Promega
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(Madison, WI, U.S.A.). All restriction endonucleases were
obtained from either Promega or Gibco. [32P]dCTP (3000 Ci/
mmol) was purchased from New England Nuclear (DuPont,
Boston, MA, U.S.A.). SAM, in the stable form of sulfate-p-
toluenesulfonate salt was from Knoll Farmaceutici (Milan, Italy).
MTA and cycloleucine were from Sigma (St. Louis, MO, U.S.A.).
All other reagents were of analytical grade and were obtained from
commercial sources.

Cell culture

HepG2 cells were obtained from the Cell Culture Core of the USC
Liver Disease Research Center and grown according to instruc-
tions provided by the American Type Culture Collection
(Rockville, MD, U.S.A.).

Recombinant plasmid and expression vectors

NF-κB (nuclear factor κB)-luciferase construct and empty vector
pluc-MCS were obtained from Stratagene (La Jolla, CA, U.S.A.).
pCMV-p50 and pCMV-p65 expression plasmids were kindly
provided by Dr Richard Rippe (University of North Carolina
at Chapel Hill) as described in [14]. Recombinant, replication-
defective adenoviruses expressing IκBSR [IκB (inhibitory κB)
super-repressor], which expresses a mutant IκB that cannot
be phosphorylated and therefore irreversibly binds NF-κB and
prevents its activation, have been previously described [14].

Cloning of the 5′-flanking region of the human BHMT gene
and construction of 5′-deletion constructs

Overlapping clones containing the BHMT gene were isolated
from a human genomic library (Genome Walker, Clontech). The
library was screened using a random 32P-labelled probe of the
human BHMT cDNA [15]. Five positive plaques were selected
and DNA was isolated and digested with EcoRI. The insert frag-
ment was subcloned into a TA vector (Invitrogen) and sequenced
in both directions using the automated ABI Prism dRhodamine
Terminator Cycle Sequencer performed by the Sequencing
and Genetic Analysis Core Facility, Norris Cancer Institute,
Keck School of Medicine USC. The initial primers were univer-
sal primers for the TA vector, all subsequent primers were
nested primers designed using the available sequence information
and the MacVector software program. The nucleotide sequence
was verified by multiple bi-directional sequencing reactions. Se-
quences were aligned and a consensus sequence was generated
using the ASSEMBLIGN software program. A 2.7 kb 5′-flanking
region of the human BHMT gene was cloned between MluI and
SmaI sites of a promoterless pGL-3-basic vector (Promega) creat-
ing the recombinant plasmid −2698/+33 BHMT-LUC. The de-
sired 5′-deletion constructs (−2386/+33, −1920/+33, −1471/
+33, −1176/+33, −839/+33 and −347/+33) were gener-
ated using the upstream primers: GTGGATATTATCATCTAT-
TATG, GTTTTGCCACATTTTGAGG, GTATTTCAAACACAT-
GTCACTTTAG, GTTCAAGCGATTCTCCT, GTAACTACTGT-
TAACATCTC and GTGCAAGAGGCAAAAAGGGAC respect-
ively. The universal downstream PCR primer is GGTGG-
CATCTTTGTGGTGTCCAG.

Transcription start sites of the human BHMT

Transcription start sites were determined using the GeneRacerTM

kit (Invitrogen). The 5′ ends of cDNA using the reverse primer
5′-TGTCGGTGCCCATGGCAGCTGCC-3′, which is comple-
mentary to −10 to +13 of the human BHMT [15], were obtained.
RACE (rapid amplification of cDNA ends) PCR products were
cloned using TOPO TA cloning for sequencing and sequencing

analysis was performed by the Sequencing Facility, Norris Cancer
Centre, Keck School of Medicine USC.

Analysis of promoter constructs in cell culture

To study the relative transcriptional activities of the BHMT
promoter fragments, HepG2 cells (0.8 × 106 cells in 2 ml of
medium) were transiently transfected with 2.5 µg of BHMT
promoter luciferase gene construct or the promoterless pGL3-
basic vector (as negative control) using the Superfect transfection
reagent (Qiagen, Valencia, CA, U.S.A.) as we described [14]. To
control for transfection efficiency, cells were co-transfected with
the Renilla pRL-SV40 vector (Promega, Madison, WI, U.S.A.),
which is a plasmid containing the Renilla luciferase gene driven
by a SV40 (simian virus 40) promoter. After 24 h, cells were
harvested and lysed in 200 µl of reporter lysis buffer (Luciferase
Assay System, Promega). Aliquots of the cell lysates were
sequentially assessed for firefly and Renilla luciferase activities
using a TD-20/20 luminometer (Promega). The luciferase activity
driven by the BHMT promoter constructs was normalized to
the Renilla luciferase activity. Each experiment was done with
triplicate samples.

Effect of SAM and MTA on BHMT expression assessed by
Northern-blot analysis and real-time RT (reverse
transcriptase)–PCR

HepG2 cells were treated with SAM (0.25–5 mM) or MTA (0.25–
1 mM) for up to 18 h. We had previously shown that these agents
could induce apoptosis in HepG2 cells after 18 h of treatment
[16]. Indeed, both 5 mM SAM and MTA did not cause apoptosis
after 12 h of treatment but apoptosis was induced by 18 h (results
not shown). Following treatment, total RNA was extracted and
Northern hybridization analysis was performed using specific
BHMT cDNA probes that correspond to 879–1090 of the human
BHMT sequence [15] as described in [17]. To ensure equal
loading of RNA samples and transfer in each of the lanes, prior to
hybridization, membranes were rinsed with ethidium bromide and
photographed and the same membranes were also rehybridized
with a 32P-labelled β-actin cDNA probe as described in [17]. Auto-
radiography and densitometry (Gel Documentation System,
Scientific Technologies, Carlsbad, CA, U.S.A. and NIH Image
1.60 software program) were used to quantify relative RNA.
Results of Northern-blot analysis were normalized to β-actin.

Real-time quantitative PCR was also carried out on the above
RNA samples from HepG2 cells treated with SAM (0.25–
5 mM) or MTA (0.25–1 mM) for 12 h. Total RNA (1 µg) was
used in a 20 µl reverse transcription reaction volume. Following
reverse transcription (M-MLV RT; Life Technologies, Gaithers-
burg, MD, U.S.A.), the real-time PCR was run in the Mx3005PTM
thermo-cycler (Stratagene, La Jolla, CA, U.S.A.) in triplicates
with the thermo-cycle profile of stage 1: 95 ◦C for 10 min,
stage 2: 95 ◦C for 15 s, 60 ◦C for 1 min, 40 cycles. The primer and
TaqMan probe [BHMT 00156084, HPRT1 (hypoxanthine–gua-
nine phosphoribosyltransferase 1) Hs99999909, UBC (ubiquitin
C) Hs00824723, ready-in-use mixture] and Universal PCR Master
mix were purchased from ABI (Foster City, CA, U.S.A.). HPRT1
and UBC were used as housekeeping genes as described in [18].

The expression of BHMT RNA was checked by normalizing
the Ct (threshold cycle value) of BHMT to that of the control
housekeeping gene (HPRT1 or UBC) [19]. The �Ct obtained
was used to find the relative expression of BHMT in treated cells
compared with untreated or empty vector-treated cells according
to the formula:

Relative expression = 2−��Ct
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where ��Ct = (�Ct of BHMT in treated cells) − (�Ct of BHMT
in control cells).

Effect of SAM and MTA on recombinant BHMT promoter and
NF-κB-driven reporter activity

To assess the effect of SAM or MTA on BHMT promoter activ-
ity, HepG2 cells were transfected with recombinant human
BHMT promoter constructs and treated with SAM (5 mM) or
MTA (1 mM) during the last 12 h of the transfection. In some
experiments, cells were pretreated with cycloleucine (20 mM) for
2 h in order to block the conversion of MTA back to SAM [16].
This was followed by MTA (1 mM) or SAM (5 mM) treatment for
another 12 h. Luciferase activity driven by these promoter luci-
ferase gene constructs was measured as described above.

To assess the effect of SAM or MTA on NF-κB-driven
luciferase activity, HepG2 cells were transfected with recom-
binant NF-κB-LUC (contains five κB sequences linked to the
reporter) and treated with SAM (5 mM) or MTA (1 mM) for 12 h.
Luciferase activity driven by this NF-κB promoter was measured
as described above.

Effect of p50 and p65 expression vectors on BHMT promoter activity

To see if overexpression of p50 or p65 can influence the BHMT
promoter activity, HepG2 cells were first transfected with either
a p50 or p65 expression vector (1.5 µg per well for 12 h)
and then transfected with the recombinant BHMT promoter luci-
ferase construct −347/+33-LUC or the pGL-3-basic vector for
24 h. Luciferase activity was measured as described above.

Effect of blocking NF-κB on BHMT expression, promoter activity
and effects of SAM and MTA

To study the effect of blocking NF-κB activation, HepG2 cells
were infected with recombinant adenoviruses carrying IκBSR or
empty vector for 12 h as described previously [14]. After 12 h of
infection, the viruses were removed and replaced with fresh
medium for SAM (5 mM) or MTA treatment (1 mM) for 12 h
and RNA was isolated for real-time PCR. In other experiments,
following infection with adenoviruses carrying IκBSR or empty
vector for 12 h, HepG2 cells were transfected with the BHMT
promoter construct −347/+33-LUC, the pGL-3-basic vector, or
the NF-κB-LUC for 12 h. Luciferase activity was measured as
described above.

Effect of an NF-κB site mutation on BHMT promoter activity

Site-directed mutagenesis was performed to examine the func-
tional roles of two putative NF-κB binding sites located at −301
and −135 of the BHMT gene (relative to the translation start
site, see Figure 1). Each site was mutated (−301 site, from
5′-GTGGCAACCT-3′ to 5′-CTCGCAACCT; −135 site, from 5′-
GGGAGGCCCT-3′ to 5′-AGTAGGCCCT-3′), where the mutated
sequence is underlined. The mutation was performed by PCR
and confirmed by restriction enzyme digestion and sequencing.
HepG2 cells were transfected with −347/+33-LUC that con-
tained the wild-type, a mutation at the −301 site (Mut−301),
a mutation at the −135 site (Mut –135), or a double mutant
(both NF-κB sites are mutated) and the effect of the mutation was
assessed by measuring luciferase activity. HepG2 cells transfected
with these constructs were also treated with SAM (5 mM) or MTA
(1 mM) for 12 h and luciferase activity was measured as described
above.

EMSA (electrophoretic mobility-shift assay) and supershift assay

EMSAs for consensus (obtained from Santa Cruz Biotechnology,
Santa Cruz, CA, U.S.A.) and putative NF-κB binding sites were

performed as described in [14]. The probes are 32P-end labelled
double-stranded DNA fragments (−142 to −114, −271 to −246
and −310 to −285 of BHMT) or containing a consensus NF-
κB binding site (5′-AGTTGAGGGGACTTTCCCAGGC-3′). The
effect of SAM (0–5 mM) and MTA (0–2 mM) on nuclear binding
activity to the consensus NF-κB probe was first determined
following treatment of HepG2 cells with these agents for 12 h.
The effect of SAM (5 mM for 12 h), MTA (1 mM for 12 h), or p50
overexpression for 24 h on binding to the putative NF-κB binding
sites of the BHMT promoter was next determined. Supershift
assays were performed with anti-p50 and anti-p65 antibodies
(Santa Cruz Biotechnology) as described in [14].

Western-blot analysis

A time course of NF-κB activation was determined using Western-
blot analysis to assess the level of nuclear p65 and p50 as described
in [20].

ChIP (chromatin immunoprecipitation) assay

To see if SAM or MTA treatment of HepG2 cells induces NF-κB
and HDAC (histone deacetylase) binding to the BHMT promoter
in an endogenous chromatin configuration, a ChIP assay was
carried out following the ChIP assay kit protocol provided by
Upstate (Waltham, MA, U.S.A.). HepG2 cells were treated with
SAM (5 mM), MTA (1 mM) or vehicle control and processed for
the ChIP assay as per the protocol except for minor modifications.
Briefly, proteins were cross-linked to DNA by treating cells with
1% formaldehyde at 37 ◦C for 10 min. After fixation, cells
were washed with ice-cold PBS, resuspended and lysed in SDS
lysis buffer (Upstate) and centrifuged for 5 min at 110 g. Cell
lysates were sonicated at 25–30 % power, 5 × 10 s using a
Sonic Dimembrator Model F60 (Fisher Scientific, Pittsburgh,
PA, U.S.A.) to fragment the chromatin to approx. 1 kb or less.
The sonicated cell lysates were spun in a microcentrifuge at
13000 g for 10 min at 4 ◦C. The supernatant containing the soluble
chromatin sample was treated with 1 µl of 5 M NaCl and heated
at 65 ◦C for 4 h to reverse the protein–DNA cross-links. The
reversed soluble chromatin sample (20 µl) was removed and used
as the input control (total chromatin fraction) for the final PCR
reaction. The remaining chromatin solution was split into equal
fractions and subjected to immunoprecipitation in the presence
or absence of anti-p50, anti-p65, anti-HDAC1, anti-HDAC2 and
anti-HDAC3 antibodies (Santa Cruz Biotechnology). PCR of the
BHMT promoter region across the three NF-κB sites within −301
to −135 of the BHMT promoter was performed using the for-
ward primer 5′-AAATCTGAGCGAGTGGCAACCTCGC-3′

(bp −313 to −289 relative to the ATG start codon) and the reverse
primer 5′-ATCTTCGTGGTGTCCAGACAGGTGG-3′ (bp −23
to +2 relative to the ATG start codon). All PCR products were run
on 8% (w/v) acrylamide gels and stained with ethidium bromide
for 15–30 min.

SAM levels

SAM levels were measured in HepG2 cells treated with cyclo-
leucine (20 mM, 2 h pretreatment) or vehicle followed by SAM
(5 mM) or MTA (1 mM) with or without cycloleucine (20 mM)
for another 12 h as we described previously [16].

Markers of ER stress

To study the effect of SAM and MTA on the ER stress response, the
expression of the ER stress markers, GRP78 (glucose-regulated
protein 78) and GADD153 (growth-arrest and DNA-damage-
inducible protein 153) [13], was analysed in HepG2 cells treated
with these agents for 12 h. Real-time PCR quantification of
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Figure 1 Nucleotide sequence of the 5′-flanking region of the human BHMT gene

Sequence is numbered relative to the translational start site. The putative regulatory elements are indicated in bold letters above the underlined sequences. The transcriptional start site was determined
using 5′-RACE as described in the Materials and methods section and indicated by the forward arrow.

GRP78 and GADD153 RNA from SAM- or MTA-treated HepG2
cells was performed using the following custom made primers and
probes (GenScript Corporation): GRP78 forward primer: TCC-
TGCGTCGGCGTGT; GRP78 reverse primer: GTTGCCCTG-
ATCGTTGGC; and GRP78 probe labelled with FAM (6-carboxy
fluorescein) and TAMRA (6-carboxytetramethylrhodamine): AA-
GAACGGCCGCGTGGAGATCAT. GADD153 forward pri-
mer: GTGAATCTGCACCAAGCATGA; GADD153 reverse
primer: AAGGTGGGTAGTGTGGCCC; and GADD153 probe
labelled with FAM and TAMRA: CAATTGGGAGCATCAGT-
CCCCCACT. HPRT1 was used as a control housekeeping gene
for these experiments. The real-time PCR was run in triplicate
with the thermo-cycle profile of stage 1: 95 ◦C for 10 min; stage
2: 95 ◦C for 15 s, 60 ◦C for 1 min for 40 cycles.

Statistical analysis

Data are given as means +− S.E.M. Statistical analysis was per-
formed using ANOVA followed by Fisher’s test for multiple com-
parisons. For changes in mRNA levels, ratios of BHMT to β-actin
densitometric values were compared with ANOVA. Significance
was defined by P < 0.05.

RESULTS

Cloning and sequencing of the 5′-flanking region
of the human BHMT

The sequence of the 2.7 kb product is shown in Figure 1. Analysis
of the transcription factor binding site was performed using
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Transcription Factor Search (http://www.cbrc.jp/research/db/
TFSEARCH.html) and MatInspector (http://www.genomatix.de/
cgi-bin/eldorado/main.pl). The 5′-flanking region of the human
BHMT contains multiple consensus binding sites for NF-κB,
Sp1 (stimulating protein-1), SREBP (sterol-regulatory-element-
binding protein), C/EBP (CCAAT/enhancer-binding protein) and
HNF (hepatocyte nuclear factor). In addition, consensus binding
sites for GRE (glucocorticoid receptor), CREB (cAMP-response-
element-binding protein), STAT (signal transducer and activator
of transcription), ISRE (interferon-stimulated response element),
c-Myc, c-Myb and transcription factor E2F are also present.

Transcriptional start site

The transcriptional start site was determined by cloning products
of 5′-RACE using cDNA from HepG2 cells, followed by sequenc-
ing. The primer corresponding to −10 to +13 of the human
BHMT cDNA was used and yielded a product beginning 80 nt
upstream of the translational start site (Figure 1, indicated by
forward arrow).

Effect of SAM and MTA on BHMT expression

We next examined the effect of SAM and MTA on BHMT
expression in HepG2 cells using Northern-blot analysis (Fig-
ure 2A) and real-time RT–PCR (Figures 2B and 2C). Both agents
exerted a dose-dependent down-regulation of BHMT mRNA
levels, with the maximum inhibitory dose of SAM at 5 mM
(50% fall) and MTA at 1 mM (84% fall) at the 12 h time point
(Figure 2B). At these doses, no apoptosis was evident (results not
shown). However, treatment with 5 mM MTA for 12 h induced
apoptosis (results not shown). Up to 12 h, the effect of MTA and
SAM (results not shown) treatment on BHMT mRNA levels was
time-dependent (Figure 2C). All subsequent studies were done
using non-toxic regimens, namely SAM (5 mM) or MTA (1 mM)
for 12 h.

Effect of SAM and MTA on BHMT promoter activity

To delineate sequences that drive the expression of the human
BHMT gene, deletion mutants ranging from −2698 to +33
were cloned into the promoterless luciferase reporter gene vector
pGL3-basic. The promoterless construct pGL3-basic served as
the background control. Luciferase activity was measured after
transient transfection of HepG2 cells with these constructs.
Figure 3 shows that the human BHMT promoter was able to
efficiently drive luciferase expression in HepG2 cells. Construct
−347/+33 has maximal promoter activity. Treatment of trans-
fected HepG2 cells with SAM (5 mM) or MTA (1 mM) during
the last 12 h of the transfection led to a significant inhibition in
promoter activity, which was most pronounced with the construct
−347/+33 and closely paralleled the effect of these agents on
endogenous BHMT gene expression (Figure 2B).

To see if the effect of MTA may be mediated by its conversion
into SAM, cells were pretreated with cycloleucine (20 mM for
2 h) prior to treatment with MTA or SAM. Indeed, cycloleucine
treatment increased the reporter activity driven by the BHMT
promoter construct −347/+33 but did not block the ability of
MTA to inhibit the BHMT promoter activity (see supplementary
data at http://www.BiochemJ.org/bj/401/bj4010087add.htm.).
The effectiveness of cycloleucine treatment is demonstrated by
measuring cellular SAM levels. Cycloleucine lowered SAM levels
since it is an inhibitor of methionine adenosyltransferase; while
MTA treatment raised SAM levels since it can be converted back
to SAM [16]. Cycloleucine treatment blocked the MTA-mediated
increase in cell SAM levels, which is consistent with its ability

Figure 2 Effect of SAM and MTA treatment on BHMT expression in HepG2
cells

(A) RNA (20 µg/lane) samples from HepG2 cells treated with SAM (0–5 mM) or MTA (0–5 mM)
for 12 h were analysed by Northern-blot analysis with a 32P-labelled BHMT cDNA probe as
described in the Materials and methods section. The same membranes were then rehybridized
with a 32P-labelled β-actin cDNA probe. Representative Northern blots are shown. (B) Effect
of SAM (5 mM) and MTA (1 mM) treatment for 12 h on BHMT expression in HepG2 cells was
examined by real-time RT–PCR as described in the Materials and methods section. Results
represent means +− S.E.M. from four experiments. *P < 0.05, †P < 0.001 versus control.
(C) Time course of MTA’s inhibitory effect on BHMT expression in HepG2 cells was examined
using real-time RT–PCR as described in the Materials and methods section. HepG2 cells were
treated with MTA (1 mM) for 0–12 h. *P < 0.05 versus zero time.

to block the conversion of MTA into SAM (see supplementary
data).

SAM and MTA treatment induces NF-κB nuclear binding
in HepG2 cells

The −347/+33 region of the human BHMT gene contains three
NF-κB binding sites (Figure 1). To see if SAM and MTA treatment
affects NF-κB nuclear binding, we first examined this using a
consensus NF-κB probe. Indeed, treatment with these agents led
to a significant increase in NF-κB nuclear binding (Figure 4A).
SAM and MTA activated NF-κB in a time-dependent fashion,
with appearance of p65 and p50 in the nuclear compartment by 2 h
after treatment (Figure 4B). We next examined whether binding to
each of the three NF-κB sites (at −301, −271 and −135) of the
BHMT gene is affected by SAM or MTA treatment. Figure 4(C)
shows that SAM and MTA treatment led to an increase in NF-
κB binding to −135 and −301 sites, while binding to −271
site is minimally affected (results not shown). Overexpression
with p50 led to increased p65/p50 and p50/p50 nuclear binding
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Figure 3 Effect of SAM or MTA treatment on luciferase activity driven by
the human BHMT promoter

Progressive 5′ deletions of the BHMT promoter extending from −2698 to +33 bp were
generated and fused to the promoterless luciferase pGL-3-basic vector as described in the
Materials and methods section. HepG2 cells were transfected transiently with these promoter
constructs or pGL-3-basic vector alone and treated with SAM (5 mM for 12 h) or MTA (1 mM
for 12 h) or vehicle control. Cells were co-transfected with Renilla luciferase for control of
transfection efficiency. Results represent means +− S.E.M. from four independent experiments
performed in triplicate. Data are expressed as relative luciferase activity to that of pGL-3-basic
vector control, which is assigned a value of 1.0. *P < 0.05, †P < 0.005 versus respective
control.

(Figure 4C), and overexpression with p65 also led to increased
p65/p50 nuclear binding (results not shown). Increased NF-κB
nuclear binding occurred following MTA or SAM treatment
not only with recombinant probes for NF-κB (EMSA), but
also in the endogenous chromatin configuration as demonstrated
using the ChIP assay (Figure 5). Furthermore, both SAM and
MTA also induced increased nuclear binding of HDAC1, HDAC2
and HDAC3 to the region spanning the NF-κB sites (Fig-
ures 5A and 5B).

Role of NF-κB in SAM- and MTA-mediated inhibition of BHMT
expression in HepG2 cells

To see if increased NF-κB nuclear binding translated to a
functional change, we determined the effect of SAM and MTA on
NF-κB-driven reporter activity. Figure 6(A) shows that treatment
of HepG2 cells with either SAM or MTA nearly doubled the NF-
κB-driven reporter activity. To demonstrate that increased
NF-κB nuclear binding can impact on BHMT promoter activity,
we determined the effect of overexpression of p50 or p65 on
BHMT promoter activity. Figure 6(B) shows that overexpression
of either p50 or p65 lowered the BHMT promoter activity by
nearly 50%.

To further examine the role of NF-κB in regulating human
BHMT gene expression, HepG2 cells were infected with adeno-
viruses carrying IκBSR to block NF-κB activity. Infection with
IκBSR reduced the NF-κB-driven luciferase activity to 4 +−
0.4% (mean +− S.E.M. from two experiments performed in
duplicate) and led to an increase in BHMT promoter activity

by 215 +− 51% (mean +− S.E.M. from four experiments, P < 0.05
versus control BHMT promoter activity). Blocking NF-κB
activation led to a slight increase in endogenous BHMT mRNA
levels, prevented the ability of SAM to lower BHMT expression
and blunted the inhibitory effect of MTA (Table 1).

To conclusively demonstrate the importance of the two NF-
κB sites present in the −347/+33 region of the human BHMT
(at −301 and −135), we performed site-directed mutagenesis of
these sites and determined the effect of these mutations and the
effect of SAM and MTA treatment on BHMT promoter activity.
Table 2 shows that, when the NF-κB site at −301 was mutated,
the BHMT promoter activity increased, SAM no longer inhibited
but MTA was still able to inhibit promoter activity. However,
the effect of MTA is slightly blunted, from 63% inhibition with
wild-type or the Mut–135 construct to 50% inhibition with the
Mut–301 construct.

Effect of SAM and MTA on ER stress markers

Homocysteine has been linked to increased ER stress [21]. To
see if inhibition of BHMT expression by SAM and MTA can
lead to increased ER stress, the expression of two ER stress
markers GRP78 and GADD153 was examined. MTA treatment
increased GRP78 and GADD153 mRNA levels to more than 350
and 500% of control levels respectively (GRP78 was increased
to 362 +− 63% and GADD153 was increased to 524 +− 30% of
control values; results represent means +− S.E.M. from three to
four experiments, P < 0.005). However, SAM treatment did not
increase these ER stress markers (results not shown).

DISCUSSION

Homocysteine is a risk factor for atherosclerosis [12] and an
inducer of ER stress that may participate in the pathogenesis of
alcoholic liver disease [13]. In the liver, homocysteine lies at
the junction of two intersecting pathways, the transsulfuration
pathway (the pathway that converts the sulfur atom of methionine
into cysteine and glutathione), and the remethylation pathway
(the pathway that conserves homocysteine as methionine), which
is coupled with cobalamin, folate and betaine metabolism [22]. In
the liver and kidney, BHMT is responsible, along with methionine
synthase, for remethylation of homocysteine [1]. Hyperhomo-
cysteinaemia commonly occurs in liver cirrhosis due to impaired
homocysteine metabolism [10]. Betaine, a cofactor for BHMT,
has been shown to prevent the hyperhomocysteinaemia and liver
injury in rodent models of alcoholic liver disease [13,23].

Previous studies in the rat have shown that hepatic BHMT
expression is induced by a methionine-deficient diet [1]. However,
the molecular mechanism(s) are unknown. SAM has been shown
to inactivate BHMT [7]; however, whether it influences BHMT
at the mRNA level has not been studied. In our current study,
we examined the influence of SAM and its metabolite, MTA,
on BHMT gene expression. The rationale for studying MTA is
that MTA is a product of SAM metabolism in the polyamine
pathway [7] as well as non-enzymatic hydrolysis [24]. We have
shown that SAM’s effect on cell growth, apoptosis and TNFα
(tumour necrosis factor α) expression can be mimicked by MTA
[16,25,26]. In contrast with SAM, MTA does not contribute to
GSH synthesis, is not a methyl donor and inhibits methyltrans-
ferases [27]. Thus additional insights can be gained by comparing
the effect of these two agents.

We began these studies by cloning the 2.7 kb 5′-flanking region
of the human BHMT. One transcriptional start site was identified
26 nt downstream from a putative TATA box and 80 nt upstream of
the translational start site. These results are in agreement with the
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Figure 4 Effect of SAM and MTA treatment on NF-κB nuclear binding activity in HepG2 cells

HepG2 cells were treated with varying doses of SAM or MTA for 12 h and EMSA was performed using a consensus NF-κB probe as described in the Materials and methods section (A). In (B), time
course of NF-κB activation by SAM (5 mM) was assessed by performing Western-blot analysis measuring nuclear p65 and p50 content and cytoplasmic actin for loading control. Numbers below
refer to densitometric changes as % of baseline. In (C), EMSA was performed using the NF-κB probes that correspond to the two putative NF-κB binding sites following treatment with SAM (5 mM
for 12 h), MTA (1 mM for 12 h), expression vector for p50 (24 h), or empty vector for 24 h. Note that SAM and MTA increased NF-κB nuclear binding to a concensus NF-κB probe (A) and they also
increased NF-κB nuclear binding (both p65/p50 and p50/p50) to NF-κB sites at −135 and −301 (probes spanning −142 to −114 and −310 to −285 respectively). Overexpression with p50
also increased both p65/p50 and p50/p50 nuclear binding. Arrows point to supershifted bands.

results published by Park and Garrow [1]. In the work of Park and
Garrow [1], the human BHMT promoter was not functionally
characterized. The sequence of the BHMT 5′-flanking region
contains numerous NF-κB binding sites as well as HNF binding
sites, which may play a role in conferring high expression in the
liver. Transfection studies showed that maximal promoter activity
was obtained with the BHMT promoter construct −347/+33-
LUC, denoting the presence of enhancer element(s) in this region.
Additional enhancer element(s) are likely present between −1920
and −1471. In contrast, the presence of repressor element(s) is
suggested between −1471 and −347, as well as −2698 and
−2386 as the promoter activity fell significantly.

Treatment of HepG2 cells with SAM and MTA led to a dose-
and time-dependent decrease in BHMT mRNA levels. MTA is
a more potent inhibitor than SAM, which is reflected by both
dose–response curves as well as the magnitude of inhibition. We
had also observed this in our other studies [16,25], and it raises
the possibility that the effect of SAM may be mediated at least
in part by MTA. The effect of these agents on the endogenous
BHMT gene expression is comparable with their effects on the
recombinant BHMT promoter activity. The maximum inhibitory
effect occurred with the shortest promoter construct −347/+33.

Since MTA can be converted back to SAM via the methionine
salvage pathway [16], we examined whether blocking this
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Figure 5 Effect of SAM or MTA treatment on protein binding to the human
BHMT NF-κB sites in vivo

HepG2 cells were treated with SAM (5 mM) or MTA (1 mM) for 12 h and the ChIP assay
was used to assess nuclear binding of p50, p65 and HDAC3 (A), or HDAC1 and HDAC2 (B)
to the NF-κB sites within the −313 to +2 region of the human BHMT in an endogenous
chromatin configuration as described in the Materials and methods section. PCR products from
amplification of the NF-κB sites following immunoprecipitation with antisera against p50 or
p65 demonstrate that SAM and MTA treatment increased p50 and p65 binding to the human
BHMT NF-κB sites (A). In addition, SAM and MTA also increased HDAC1, HDAC2 and HDAC3
binding to the SAM region (A, B). Input genomic DNA (gDNA input) was used as a positive
control and a no antibody immunoprecipitation (no Ab) was used as a negative control.

conversion by using cycloleucine (an inhibitor of methionine
adenosyltransferase) would have any effect. Cycloleucine treat-
ment lowered cellular SAM levels and increased BHMT promoter
activity. SAM and MTA treatment raised cellular SAM levels
by 268 and 160% respectively. Cycloleucine pretreatment com-
pletely blocked the effect of MTA on cellular SAM levels but had
no influence on MTA’s ability to inhibit BHMT promoter activity.
These results are consistent with the following: (i) MTA’s effect
is not mediated via SAM, and (ii) there is no direct correlation
between cellular SAM levels and BHMT expression. While we
cannot exclude that cellular SAM levels may influence BHMT
expression, our results suggest that the inhibitory effects of SAM
and MTA occurred by some other mechanism(s). Furthermore,
BHMT expression falls in human and rat liver cirrhosis [9,11],
where SAM biosynthesis is inhibited [6]. Thus it is unlikely that
the intracellular SAM level is the main regulatory control for
BHMT expression.

Struck by the presence of multiple NF-κB binding sites in the
−347/+33 region, we examined whether SAM and MTA treat-
ment may influence NF-κB nuclear binding activity. Indeed,
treatment with either of these agents led to an increase in NF-
κB nuclear binding to two of the three NF-κB sites present
within this region of the BHMT gene. Increased NF-κB nuclear
binding to this region of the BHMT gene in its endogenous
chromatin configuration was also demonstrated using the ChIP

Figure 6 Effect of SAM and MTA on NF-κB-driven reporter activity (A) and
the effect of NF-κB overexpression on BHMT promoter activity (B)

In (A), HepG2 cells were transfected with NF-κB-driven reporter construct and treated with
SAM (5 mM) or MTA (1 mM) for 12 h. Results represent means +− S.E.M. from four to six
experiments done in triplicates. *P < 0.005 versus control NF-κB-LUC. In (B), HepG2 cells
were co-transfected with BHMT promoter construct −347/+33 and either p50, p65 expression
vectors or empty vector control. Results represent means +− S.E.M. from three independent
experiments done in triplicates. *P < 0.05 versus −347/+33-LUC + empty vector control.

Table 1 Effect of blocking NF-κB activation on baseline and SAM-/MTA-
mediated inhibition of BHMT expression

BHMT mRNA levels were determined using real-time PCR after HepG2 cells were infected with
adenoviruses carrying empty vector or IκBSR for 12 h and treated with SAM (5 mM) or MTA
(1 mM) for another 12 h. Results represent means +− S.E.M. from four to eight experiments.
*P < 0.005 versus control, **P < 0.05 versus adenoviral vector control, ***P < 0.05 versus
SAM or MTA.

Treatment BHMT mRNA level (% of control)

Control 100 +− 0
Adenoviral vector control 98 +− 6
SAM 61 +− 6*
MTA 30 +− 2*
IκBSR 120 +− 7**

+SAM 134 +− 16***
+MTA 70 +− 6***

assay. Increased nuclear binding translated to a functional change
as SAM and MTA treatment increased the NF-κB-driven reporter
assay in HepG2 cells.

Overexpression of NF-κB inhibited BHMT promoter activity,
whereas blocking NF-κB activation increased BHMT expression
and promoter activity, supporting the notion that NF-κB acts as
a repressor for this gene. Blocking NF-κB activation completely
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Table 2 Effect of mutating NF-κB binding sites at −301 and −135 on basal
BHMT promoter activity and SAM- and MTA-mediated inhibition

NF-κB binding sites were mutated at −135 site alone, −301 site alone, or both (double
mutant) as described in the Materials and methods section. HepG2 cells were transfected with
wild-type or mutant BHMT promoter constructs −347/+33 and treated with SAM (5 mM),
MTA (1 mM) or vehicle control for 12 h. Results represent means +− S.E.M. from four to eight
experiments performed in triplicate. *P < 0.05 versus respective controls, **P < 0.05 versus
−347/+33-BHMT-LUC.

Sample Luciferase activity (fold that of pGL-3 control)

−347/+33-BHMT-LUC 33.2 +− 1.9
+SAM 22.2 +− 2.4*
+MTA 12.9 +− 2.7*

Mutation at −135 33.2 +− 2.3
+SAM 23.9 +− 4.1*
+MTA 12.3 +− 2.9*

Mutation at −301 40.0 +− 1.4**
+SAM 39.2 +− 4.9
+MTA 20.2 +− 3.9*

Double mutant 38.4 +− 1.0**
+SAM 37.0 +− 3.5
+MTA 19.2 +− 3.3*

prevented the ability of SAM to inhibit BHMT expression, but
it only blunted MTA’s inhibitory effect. These results suggest
that SAM exerts its effect on BHMT expression via NF-κB but
MTA exerts its effect on BHMT expression by both NF-κB-
dependent and -independent mechanisms. Finally, mutagenesis
experiments suggest that SAM exerts its inhibitory effect via
transactivation of the NF-κB site at −301, which is functioning
as a repressor. However, we cannot rule out participation of other
NF-κB sites in the regulation of BHMT. Much more work will
be required to elucidate the NF-κB-independent mechanisms of
BHMT transcriptional regulation.

While NF-κB typically acts as an enhancer to transactivate
promoters, it has also been shown to act as a repressor [28,29]. In
this regard, several co-repressor complexes for NF-κB have been
described, including SMRT (silencing mediator for retinoic acid
receptor and thyroid hormone receptor), NcoR (nuclear receptor
co-repressor), HDAC1, HDAC2, HDAC3 and HDAC6 [28,30].
Interestingly, both SAM and MTA also induced recruitment of
HDAC1, HDAC2 and HDAC3 to the BHMT promoter region
containing the NF-κB binding sites. HDAC1 has been shown to
physically interact with NF-κB and HDAC2 is known to associate
with HDAC1 [29]. Presumably these HDAC proteins regulate the
activity of NF-κB through their deacetylase activity since their
effect can be blocked by HDAC inhibitors [28]. The mechanisms
regulating the interaction between NF-κB and HDAC proteins are
largely unknown and results from the present study suggest that
SAM and MTA may enhance this interaction. This possibility will
require further examination. Even though SAM and MTA may
inhibit BHMT expression by recruiting HDACs to the BHMT
promoter, the fact that overexpression of p50 and p65 can inhibit
BHMT promoter activity would suggest that participation of these
co-repressors may not be necessary to inhibit BHMT expression.
The ability of NF-κB to repress BHMT gene expression may help
to explain the marked down-regulation of BHMT expression in
human hepatocellular carcinoma [11], where we have described
increased NF-κB nuclear binding activity [31]. It may also help to
explain decreased BHMT expression in liver cirrhosis [11], where
inducers of NF-κB are often up-regulated (i.e. oxidative stress).

Since impaired homocysteine metabolism can lead to ER stress
and apoptosis [13], we also examined whether treatment with

SAM or MTA can induce ER stress in HepG2 cells. Consistent
with this notion, MTA treatment more than tripled two ER stress
markers. However, SAM treatment did not induce the SAM mar-
kers. This may be due to the fact that SAM’s inhibitory effect on
BHMT gene expression is only 40–50 % at best, while MTA is
much more potent in its inhibitory effect. This also suggests that
blocking homocysteine metabolism via BHMT and inducing ER
stress may be another mechanism for these agents (at least in the
case of MTA) to exert a pro-apoptotic effect on liver cancer cells
[16].

Castro et al. [32] have published in a meeting proceeding
characterization of the human BHMT promoter and demonstra-
tion of SAM’s ability to inhibit BHMT promoter activity. Our
results of the basal human BHMT promoter activity and SAM’s
ability to down-regulate BHMT promoter are in full agreement
with this work. These investigators found that methionine and
ethionine did not affect BHMT promoter activity and had no influ-
ence on SAM’s inhibitory effect, suggesting a direct effect of
SAM on BHMT promoter. However, the molecular mechanism
of SAM’s inhibitory effect was not pursued in their work. Our
current study extends these observations, shows an even more
pronounced inhibition of BHMT expression by a SAM meta-
bolite, MTA, and elucidates the molecular mechanism of SAM’s
inhibitory effect.

It should be stressed that our work used pharmacological
concentrations of SAM. The plasma concentration of SAM is
extremely low (∼0.05 µM) [33] and can increase up to 1 mg/l
or 2.5 µM following oral administration of 1000 mg of SAM
[34]. However, liver SAM levels can reach 0.5 mM following a
methionine load [35]. Thus our data are likely relevant for the
liver, particularly after a methionine load or for patients taking
large doses of SAM. Nevertheless, the key finding of the present
paper is that using SAM and MTA at pharmacological doses
can inhibit BHMT expression by activating NF-κB, which acts
as a repressor for this gene. While SAM’s inhibitory effect is
NF-κB-dependent, MTA exerts its inhibitory effect by both NF-
κB-dependent and -independent mechanisms. Inhibiting BHMT
expression can lead to increased ER stress and contribute to the
pro-apoptotic effects of these agents on liver cancer cells.
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