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Abstract
We previously showed that S-adenosylmethionine (SAMe) and its metabolite methylthioadenosine
(MTA) blocked lipopolysaccharide (LPS)-induced tumor necrosis factor α (TNFα) expression in
RAW (murine macrophage cell line) and Kupffer cells at the transcriptional level without affecting
nuclear factor κ B nuclear binding. However, the exact molecular mechanism or mechanisms of the
inhibitory effect were unclear. While SAMe is a methyl donor, MTA is an inhibitor of methylation.
SAMe can convert to MTA spontaneously, so the effect of exogenous SAMe may be mediated by
MTA. The aim of our current work is to examine whether the mechanism of SAMe and MTA’s
inhibitory effect on proinflammatory mediators might involve modulation of histone methylation.
In RAW cells, we found that LPS induced TNFα expression by both transcriptional and
posttranscriptional mechanisms. SAMe and MTA treatment inhibited the LPS-induced increase in
gene transcription. Using the chromatin immunoprecipitation assay, we found that LPS increased
the binding of trimethylated histone 3 lysine 4 (H3K4) to the TNFα promoter, and this was completely
blocked by either SAMe or MTA pretreatment. Similar effects were observed with LPS-mediated
induction of inducible nitric oxide synthase (iNOS). LPS increased the binding of histone
methyltransferases Set1 and myeloid/lymphoid leukemia to these promoters, which was unaffected
by SAMe or MTA. The effects of MTA in RAW cells were confirmed in vivo in LPS-treated mice.
Exogenous SAMe is unstable and converts spontaneously to MTA, which is stable and cell-permeant.
Treatment with SAMe doubled intracellular MTA and S-adenosylhomocysteine (SAH) levels. SAH
also inhibited H3K4 binding to TNFα and iNOS promoters.

Conclusion—The mechanism of SAMe’s pharmacologic inhibitory effect on proinflammatory
mediators is mainly mediated by MTA and SAH at the level of histone methylation.

S-adenosylmethionine (SAMe) is the principal methyl donor in biological reactions and a
precursor for glutathione and polyamines.1 In the biosynthesis of polyamines from SAMe,
methylthioadenosine (MTA) is generated as a byproduct.1 Hepatic deficiency of SAMe is a
common metabolic abnormality in patients with liver disease, and its administration improves
survival.1 Systemic exposure to lipopolysaccharide (LPS) is frequently found in patients with
liver cirrhosis, and it has an etiological role in liver injury.2 In mammals, LPS elicits the
generation of numerous proinflammatory mediators, such as tumor necrosis factor α (TNFα)
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and inducible nitric oxide synthase (iNOS).3,4 The modulation by SAMe of the inflammatory
response triggered by LPS is a crucial part of its hepatoprotective effect. In this regard, SAMe
has been shown to inhibit LPS-induced TNFα and iNOS expression at the transcriptional level
in Kupffer cells, RAW 264.7 cells, a murine macrophage cell line, and rat liver,5-7 but the
mechanisms underlying this inhibitory effect are not fully understood.

TNFα and iNOS gene expression is largely predicated by the binding of nuclear factor κ B
(NFκB) to its cis regulatory elements within TNFα and iNOS promoters.8 Four κB sites have
been identified in the murine TNFα promoter. These sites are termed κB1 to κB4 and are located
at the nucleotide positions −860, −660, −630, and −510, respectively. Each of these sites
mediates transcriptional activation by LPS, but κB2 and κB3 have a predominant role.9,10 As
for iNOS regulation, two κB sites have been identified in the murine iNOS promoter, and they
are located at the nucleotide positions −80 and −971, where the distal κB site is believed to be
essential for iNOS production following various stimulations.11 In our previous work, we
showed that SAMe’s inhibitory effect was not prevented by overexpression of p65 and/or its
coactivator p300 or enhanced by overexpression of coactivator-associated arginine
methyltransferase 1, an enzyme that methylates p300 and inhibits a p65-p300 interaction.5
Moreover, MTA, which is not a methyl donor but rather a methylation reaction inhibitor,1
recapitulates the effect of SAMe, and this suggests that the inhibition is not due to the methyl
donor capability of SAMe.5

Numerous studies have shown a clear link between the pattern of histone posttranslational
modifications found in promoter regions and gene transcription, thus leading to the statement
of the histone code hypothesis,12 which postulates that the pattern of histone modifications in
a locus considerably extends the amount of information conveyed by the genomic code. Histone
H3 and H4 hyperacetylation in promoter regions is closely correlated with gene activation.
13 Interestingly, NFκB has been shown to interact with the histone deacetylase (HDAC)
corepressors HDAC1 and HDAC2 to negatively regulate gene expression.14 Moreover, we
have shown that both SAMe and MTA induce the recruitment of HDAC1 and HDAC2 to the
human betaine-homocysteine methyltransferase (BHMT) promoter region containing the κB
sites,15 suggesting a role for SAMe and MTA in the histone posttranslational modification.
Unlike acetylation, histone H3 methylation can be equally associated with either transcriptional
activation or repression. Methylation of the lysine residue Lys4 of histone H3 (H3K4)13
correlates with activation of gene expression,16 whereas H3 Lys9 (H3K9) methylation is
involved in the establishment and maintenance of silent heterochromatin regions.17 Moreover,
lysine residues can be monomethylated, dimethylated, or trimethylated in vivo, with the
trimethylated H3K4 form being most positively correlated with transcriptional activation.16
It appears that this modification is associated with RNA polymerase II loading in promoter
regions.18 Multiple human methyltransferases target H3K4, including Set1, myeloid/
lymphoid leukemia (MLL), and Set7/9, although Set1 and MLL are the only ones able to
trimethylate H3K4.16,19,20 These findings, along with the recent identification of retinol
binding protein 2 (RBP2) and Smcy homolog X-linked (SMCX), the first trimethyl-H3K4 –
specific demethylases,21,22 suggest that methylation is subjected to dynamic regulation by a
higher turnover rate than initially thought.

MTA has been shown to effectively block methylation of H3K4 in different cell lines.23,24
In several studies, its ability to decrease the H3K4 methylation was correlated with attenuation
of gene expression.25,26 In contrast to MTA, which is a very stable molecule, its precursor
SAMe is highly unstable and can be converted to MTA spontaneously and also via the
polyamine pathway,27,28 and this suggests that the effect of exogenous SAMe may be
mediated by MTA. In the present study, we examined whether the mechanism of SAMe’s
inhibitory effect might involve modulation of histone modifications and whether this might be
mediated via MTA.
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Materials and Methods
Cell Lines and Reagents

RAW 264.7 cells were obtained from the American Type Culture Collection (Rockville, MD).
LPS (Escherichia coli 055:B5), MTA, and S-adenosylhomocysteine (SAH) were obtained
from Sigma (St. Louis, MO). SAMe in the form of dried disulfate p-toluenesulfonate powder
was generously provided by Gnosis SRL (Cairate, Italy). All other reagents were analytical-
grade and were obtained from commercial sources.

Cell Treatment Conditions
RAW cells were pretreated in serum-free Dulbecco’s modified Eagle’s medium with 0.75 mM
SAMe, 0.5 mM MTA, or 1 mM SAH for 16 hours unless otherwise mentioned. They were
then stimulated with LPS (500 ng/mL) or an equal volume of solvent (water) for 4 hours. At
these concentrations of SAMe, SAH, or MTA and with durations of treatment up to 20 hours
in the current study, no toxicity was evident (not shown).

Animal Experiments
Male C57BL6 mice (weighing 19-21 g) were injected with LPS (15 mg/kg) intraperitoneally
or with phosphate buffered saline as a vehicle control. Where indicated, a single dose of 96
μmol/kg MTA dissolved in dimethyl sulfoxide (DMSO; 50 μL/mouse) was administrated
intraperitoneally 30 minutes before LPS injection. Control mice received only DMSO
intraperitoneally. Six hours later, mice were sacrificed, and liver tissues were removed, snap-
frozen in liquid nitrogen, and stored at −80°C until analysis. Animals were treated humanely,
and all procedures were in compliance with our institutional guidelines for the use of laboratory
animals.

Quantitative Polymerase Chain Reaction (PCR) Analysis
Total RNA isolated from cells and livers as described5 was subjected to reverse transcription
with M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA). One microliter of the reverse-
transcription product was subjected to quantitative real-time PCR analysis. The primers and
TaqMan probes for TNFα, iNOS, Set1, MLL, Rbp2, and Smcx and Universal PCR master mix
were purchased from ABI (Foster City, CA). 18S ribosomal RNA (rRNA) was used as
housekeeping genes as described.5 The ΔCt value obtained was used to find the relative
expression of TNFα, iNOS, Set1, MLL, Rbp2, and Smcx genes according to the following
formula: relative expression =2−ΔΔCt, where ΔΔCt is equal to ΔCt of those genes in treated
cells minus ΔCt of the same genes in control cells.

Transient Transfection Assay
The mouse TNFα promoter-firefly luciferase construct (designated TNFα-luc) has been
described previously.5 Jun2-luciferase (Jun2-luc; known to be transactivated by ATF2/Jun)
and TRE-luciferase (TRE-luc; known to be transactivated by c-Jun/c-Fos) constructs were
kindly provided by Dr. Z. Ronai.29 For transient transfection assays, 1.5 × 105 RAW cells
were plated in 12-well dishes and transfected with 2 μg of TNFα promoter, Jun2-luc, TRE-luc,
or control pGL3 basic for 2 hours with Targefect-Raw (Targeting System, San Diego, CA).
To control transfection efficiency, cells were cotransfected with 20 ng of Renilla phRL-TK
vector from Promega. Firefly and Renilla luciferase activities were measured with the Dual-
Luciferase Reporter Assay System (Promega).
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Determination of SAMe, MTA, and SAH Levels
RAW cells were grown at a density of 4 × 106 cells in 100-mm dishes and treated with SAMe
(0.75-2 mM) or MTA (0.5-2 mM). Cellular and extracellular SAMe, MTA, and SAH levels
were measured by high-performance liquid chromatography as described.28

Nuclear Protein Extraction and Western Blot Analysis
Nuclear extracts were prepared as described30 and resolved by electrophoresis on 7%-12%
sodium dodecyl sulfate–polyacrylamide gel. Western blotting was performed following
standard protocols (Amersham Bio-Sciences, Piscataway, NJ) using primary antibodies for
Set1 (Bethyl Laboratories, Montgomery, TX), Rbp2 (Bethyl Laboratories, Montgomery, TX),
HDAC1 (Santa Cruz Biotechnologies, Santa Cruz, CA), and MLL (Upstate, Waltham, MA).

Chromatin Immunoprecipitation (ChIP) Assay
ChIP assays were carried out according to the ChIP assay kit protocol provided by Upstate
with antibodies against monomethyl-H3K4, dimethyl-H3K4, and trimethyl-H3K4, MLL
(Upstate), H3 (Abcam, Cambridge, MA), Set1 (Bethyl Laboratories, Montgomery, TX), p50-
NF-κB, p65-NF-κB, c-fos, c-jun, early growth response 1 (Egr-1), HDAC1, HDAC2, and
Sv40-T-Ag (simian virus 40 large antigen; (Santa Cruz Biotechnologies). PCR of the TNFα
promoter region across two relevant NF-κB sites10 within −849 to −622 was performed with
the forward primer 5′-TGAAAGGAGAAGGCTTGTGAG-3′ (bp −849 to −828; all sequences
are relative to the ATG start codon) and the reverse primer 5′-
CTTCTGAAAGCTGGGTGCAT-3′ (bp −602 to −622). PCR of the TNFα promoter region
across Egr-1 and activator protein 1 (AP-1) sites31 was performed with the forward primer 5′-
GGGGGAGAGATTCCTTGATG-3′ (bp −384 to −364) and the reverse primer 5′-
CTCATTCAACCCTCGGAAAA-3′ (bp −245 to −225). PCR of the iNOS promoter across
one relevant NF-κB site11 within −972 to −753 was performed with the forward primer 5′-
GGGGATTTTCCCTCCTCTG-3′ (bp −972 to −952) and the reverse primer 5′-
GAGTTTGGGCTAGCCTGGTC-3′ (bp −773 to −753). As a control, PCR of the
glyceraldehyde 3-phosphate dehydrogenase (Gapdh) promoter (−2058 to −1834) was
performed with the forward primer 5′-GTGGCACAGACAACTTCCTG-3′ (bp −2058 to
−2038) and the reverse primer 5′-CTGATTACGAGGGGTGGAAG-3′ (bp −1854 to −1834).
All PCR products were run on 2% (wt/vol) agarose gels prestained with ethidium bromide.

Statistical Analysis
Data are given as the mean ± the standard error of the mean (SEM). Statistical analysis was
performed with analysis of variance followed by Fisher’s test for multiple comparisons.
Significance was defined by P < 0.05.

Effects of SAMe and MTA on LPS-Stimulated TNFα Expression
Stimulation of RAW cells with LPS (500 ng/mL) for 4 hours markedly increased the TNFα
messenger RNA (mRNA) level. Pretreatment with either SAMe (0.75mM) or MTA (0.5mM)
for 16 hours partially inhibited the increase in the TNFα mRNA level (Fig. 1A). LPS
stimulation increased the TNFα promoter activity by approximately 4-fold in comparison with
the control. Either SAMe or MTA pretreatment completely prevented LPS-mediated induction
of promoter activity (Fig. 1B).

SAMe and MTA Lower the Binding of Methylated H3K4 to the TNFα Promoter
To further investigate the mechanism(s) of SAMe and MTA’s inhibitory effect on LPS-
stimulated TNFα transcription, we performed ChIP analysis to detect the levels of various
proteins bound to the TNFα promoter containing two key κB sites (Fig. 2). LPS treatment
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induced the binding of the NFκB subunits p50 and p65 to the TNFα promoter. Pretreatment
with either SAMe or MTA did not prevent the increase in p50 or p65 binding, and this was
consistent with previous results from electrophoretic mobility-shift assay with supershifting.
5 Binding of trimethylated H3K4 correlates with activation of gene expression in most systems.
16 Consistent with this, LPS treatment induced the binding of trimethyl-H3K4, but not the
monomethylated or dimethylated forms, to the TNFα promoter (Fig. 2). Pretreatment with
either SAMe or MTA lowered the binding of monomethylated and dimethylated H3K4 in
comparison with the baseline and prevented the LPS-induced binding of trimethylated H3K4.
Treatment with SAMe or MTA did not alter the binding of HDACs to the TNFα promoter (data
not shown).

In addition to NFκB, AP-1 and Egr-1 have also been shown to be important for the
transcriptional activation of TNFα.31 To see if SAMe or MTA affects LPS-induced binding
of these transcription factors to the TNFα promoter, ChIP analysis was performed, covering
the region (−384 to −225) that contains these sites. Figure 3A shows that LPS induced the
binding of c-Jun, c-Fos, and Egr-1, and this was not affected by SAMe or MTA. However,
SAMe and MTA prevented the LPS-induced binding of trimethyl-H3K4 to this region. To see
if this translated into an inhibitory effect on AP-1–dependent transcriptional activity, we
evaluated the effect of SAMe or MTA on luciferase activity driven by Jun2 and TRE promoter
constructs. LPS treatment induced the promoter activity of both Jun2 and TRE promoter
constructs, and this was prevented completely by either SAMe or MTA (Fig. 3B,C).

SAMe and MTA Inhibit LPS-Induced iNOS Expression and Binding of Trimethylated H3K4 to
the iNOS Promoter

We next examined whether SAMe and MTA could exert a similar effect on iNOS, which is
known to be induced by LPS at the promoter level, and the induction can be blocked by SAMe.
6 Stimulation of RAW cells with LPS markedly increased the iNOS mRNA level as expected
(Fig. 4A). Pretreatment with either SAMe or MTA partially inhibited the increase in the iNOS
mRNA level (Fig. 4A). Importantly, we found that LPS treatment induced the binding of
trimethylated H3K4 to the iNOS promoter (Fig. 4B,C), and pretreatment with either SAMe or
MTA reduced this binding.

Effect of LPS, SAMe, and MTA on the Expression of Histone Methyltransferases and
Demethylases

To examine if a reduction in the binding of methylated histones was due to either a reduction
in the expression of histone methyltransferases known to methylate H3K4 or an increase in the
expression of histone demethylases known to demethylate trimethylated H3K4, we examined
the effect of these treatments on the expression of Set1 and MLL methyltransferases and on
the expression of Rbp2 and Smcx demethylases (Fig. 5). Surprisingly, we found that LPS
treatment significantly reduced the mRNA levels of Set1, MLL, and Rbp2. Pretreatment with
either SAMe or MTA prevented the fall, and MTA in particular even increased the mRNA
levels of Set1 and MLL more than 50% above baseline. We next examined whether changes
in mRNA levels translated to a similar change in protein levels. Figure 6A shows the effect of
the same treatments on the nuclear protein levels of Set1, MLL, and Rbp2, and despite a 50%
fall in the mRNA levels of Set1, MLL, and Rbp2 after LPS treatment, protein levels were
unchanged. SAMe and MTA also had no influence on the protein levels of Set1, MLL, and
Rbp2.

Effect of LPS, SAMe, and MTA on the Binding of Set1 and MLL to the TNFα and iNOS
Promoters

Set1 and MLL are the H3K4-specific methyltransferases capable of trimethylating H3K4.16,
19,20 To see if these histone methyltransferases are recruited to the TNFα and iNOS promoters
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following LPS treatment, we performed ChIP analysis following LPS treatment. As shown in
Fig. 6B,C, LPS treatment resulted in an increase in the binding of Set1 and MLL to the
TNFα and iNOS promoters. Neither SAMe nor MTA pretreatment prevented this increase in
binding.

Effect of SAMe and MTA on Intracellular and Extracellular SAMe, SAH, and MTA Levels
MTA has been shown to block methylation of H3K4 in a number of systems.23-25,27 In
contrast to MTA, which is a very stable molecule, its precursor SAMe is highly unstable and
can be converted to MTA spontaneously and also via the polyamine pathway27,28; this
suggests that the effect of exogenous SAMe may be mediated by MTA. It is also known that
MTA inhibits SAH hydrolase,32 the enzyme responsible for metabolizing SAH, and SAH
itself is a strong inhibitor of almost all SAMe-dependent methyltransferases.33 In fact, some
have speculated that MTA acts more as an indirect inhibitor of methyltransferases by raising
the SAH level.27 Table 1 shows the effects of various treatments on SAMe, SAH, and MTA
levels. LPS treatment had no influence on the level of any of these metabolites. SAMe and
MTA treatments raised the intracellular levels of SAMe, MTA, and SAH in a dose-dependent
manner. MTA can raise the SAMe level because of the presence of the methionine salvage
pathway.27 At the doses used for the aforementioned studies (0.75 mM SAMe and 0.5 mM
MTA), SAMe raised the level of all three metabolites significantly, but MTA did not raise the
SAMe level, and its effect on the SAH level was not significant. Note that the intracellular
levels of MTA were similar after treatment with SAMe or MTA. In extracellular culture media,
after 20 hours of treatment, only 37% of the original SAMe remained; some (27%) was
converted to MTA. In contrast, 82% to 88% of MTA remained.

SAH Recapitulates the Inhibitory Actions of SAMe and MTA
Because SAMe treatment raised the SAH level, we next examined whether SAH could
recapitulate the effects of SAMe and MTA on TNFα and iNOS. Similar to SAMe and MTA,
SAH pretreatment significantly inhibited the ability of LPS to increase TNF and iNOS mRNA
levels (Fig. 7A). Moreover, this effect was also correlated with a reduction of trimethylated
H3K4 binding to both TNFα and iNOS promoters. Similar to SAMe and MTA, SAH
pretreatment did not prevent Set1 or MLL binding to these promoters (Fig. 7B,C).

Effect of MTA In Vivo
Although MTA has been shown to inhibit H3K4 methylation,23-25 none of the work
investigated whether this could happen in vivo. We had previously shown that MTA could
block LPS-induced lethality in mice.34 To see if MTA could exert similar changes in vivo, we
examined MTA’s effect on an LPS-induced increase in TNFα and iNOS expression and binding
of trimethylated H3K4 to these promoters. LPS injection markedly increased hepatic TNFα
and iNOS mRNA levels after 6 hours. Pretreatment with MTA for 30 minutes partially inhibited
the increase in TNFα and iNOS mRNA levels (Fig. 8A), with very similar magnitudes as
observed in RAW cells (Figs. 1 and 4). Importantly, LPS injection induced the binding of
trimethylated H3K4 to TNFα and iNOS promoters, and pretreatment with MTA completely
prevented this binding (Fig. 8B,C).

Discussion
Administration of SAMe in different experimental models of liver injury has been shown to
attenuate tissue damage and improve survival in patients.1,35 An inflammatory component is
a common denominator to many of the hepatotoxic conditions in which SAMe alleviates liver
injury,1,5-7 and there is increasing evidence that the modulation of such an inflammatory
response could be a key mechanism of SAMe’s beneficial effect. TNFα is an early-released
cytokine recognized as a central mediator of endotoxemia and systemic inflammation.3
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Another important player in systemic inflammation is iNOS; its increased expression is
followed by massive NO production, a systemic response implicated in the lethality of sepsis.
36 We and others previously demonstrated the inhibitory effect of SAMe on LPS-stimulated
TNFα and iNOS expression in RAW cells.5-7 Here we confirm that SAMe or MTA
pretreatment completely prevented LPS-mediated induction of TNFα promoter activity.
However, SAMe or MTA treatment did not completely prevent an LPS-induced increase in
TNFα mRNA, and this suggests that both increased transcription and mRNA stabilization
contributed to the increase in the TNFα mRNA level and that these treatments inhibited the
increase in transcription only.

In our previous work, we showed that SAMe’s inhibitory effect was not prevented by
overexpression of p65 and/or its coactivator p300 or enhanced by overexpression of
coactivator-associated arginine methyltransferase 1. Moreover, MTA, which is not a methyl
donor but rather a methylation reaction inhibitor,27 recapitulated the effect of SAMe, and this
suggests that the inhibition was not due to the methyl donor capability of SAMe.5 We
previously showed that both SAMe and MTA induced the recruitment of HDACs to the human
BHMT promoter,15 and this prompted us to examine histone posttranslational modifications
in the TNFα and iNOS promoters. We first examined HDAC binding to these promoters and
found that SAMe or MTA treatment did not alter HDAC binding. We next examined the
methylation of H3K4 because several publications suggest that MTA can inhibit methylation
of H3K425,26 and there is increasing speculation that exogenous SAMe works via MTA, at
least when it is methyl donor–independent.27,28 Here we show that LPS increases the binding
of trimethylated H3K4 to the TNFα and iNOS promoters containing NFκB, AP-1, and Egr-1
sites, and this is blocked by either SAMe or MTA pretreatment. H3K4 trimethylation is a
hallmark of transcriptional activation,18 and our results are consistent with the notion that
SAMe and MTA inhibited the increase in transcription by blocking the increase in
trimethylated H3K4 binding. However, we did not find the binding of monomethylated or
dimethylated H3K4 to TNFα and iNOS promoters to correlate with the activation of the
expression, and this is also in agreement with previous data.16 We found that SAMe or MTA
treatment reduced promoter H3K4 monomethylation and dimethylation (Fig. 2), and this
indicates that these agents might play a role in reducing, at the promoter level, the substrate
for trimethylation of H3K4 upon LPS treatment.

Set1 and MLL have been shown to trimethylate H3K4.16,19,20 This prompted us to check the
expression of these enzymes after treatments with LPS, SAMe, and MTA. Surprisingly, we
found that mRNA levels of both Set1 and MLL were reduced after treatment with LPS, and
pretreatment with either SAMe or MTA prevented the fall or even increased these mRNA
levels. However, the protein levels of Set1 and MLL were unchanged. Remarkably, we also
found that LPS reduced the expression of Rbp2, which was recently described as a trimethyl-
H3K4–specific demethylase,21 and MTA pretreatment recovered it to the normal levels; this
suggests that the regulation of Rbp2 expression by LPS and MTA could also account for the
dynamics of trimethylation of H3K4 found in TNFα and iNOS promoters upon these
treatments. However, despite dramatic changes in mRNA levels, protein levels of these genes
were unaffected, at least for the duration of our experimental protocol. Importantly, we show
that LPS increased the binding of histone methyltransferases Set1 and MLL to these promoters,
which was unaffected by SAMe or MTA. The recruitment of these regulators of H3K4
methylation to DNA has been recently reported.37 In their work, Narayanan and
colleagues37 showed that the trimethylation of H3K4 bound to DNA depends on the binding
of Set1 and MLL.

In dissecting mechanisms underlying the inhibitory effect of SAMe and MTA on binding of
methylation of H3K4 to the TNFα and iNOS promoters, it is important to remark that treatment
with SAMe or MTA doubles intracellular MTA levels, and this suggests that SAMe’s inhibitory
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effect is mediated by MTA. However, MTA is known to inhibit SAH hydrolase,32 the enzyme
responsible for metabolizing SAH, and SAH itself is a strong inhibitor of almost all SAMe-
dependent methyltransferases.33 In fact, MTA may act more as an indirect inhibitor of
methyltransferases by raising the SAH level.27 Indeed, we found increased SAH levels upon
MTA treatment in a dose-dependent fashion (Table 1). However, at the dose of MTA used for
most of the experiments (0.5 mM), it did not have a statistically significant effect on the
intracellular SAH level, and this raises the possibility that MTA may work directly also.
Interestingly, others have shown that several inhibitors of SAH hydrolase also inhibit LPS-
induced TNFα expression.38 These observations led us to examine the effect of SAH on LPS-
induced TNFα and iNOS expression. Similar to SAMe and MTA, SAH pretreatment
significantly inhibited the ability of LPS to increase TNFα and iNOS mRNA levels.
Importantly, this effect also correlated with a reduction of trimethylated H3K4 binding to both
TNFα and iNOS promoters. The SAH level must be kept in check because many
methyltransferases have a higher affinity for SAH than SAMe, and this makes SAH a potent
inhibitor of many methylation reactions.33 Assuming that this is also true for Set1 and MLL
methyltransferases, we speculate that SAMe treatment could lead to the inhibition of Set1 and
MLL-mediated H3K4 methylation through MTA and SAH accumulation.

Although MTA has been shown to inhibit H3K4 methylation in various cell types,23-25
whether it exerts a similar effect in vivo was unknown. Here we demonstrate that MTA
completely recapitulated its effects in RAW cells in vivo by blocking LPS-induced hepatic
expression of proinflammatory mediators and binding of trimethyl-H3K4 to these promoters.

In summary, we have uncovered a novel mechanism for SAMe-mediated attenuation of
proinflammatory responses via inhibition of trimethylated H3K4 binding to the promoter
region of TNFα and iNOS. This aspect of SAMe has not been described previously and is
important in understanding its therapeutic effect.
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AP-1  

activator protein 1

BHMT  
betaine-homocysteine methyltransferase

ChIP  
chromatin immunoprecipitation

DMSO  
dimethyl sulfoxide

EGR-1  
early growth response 1

GAPDH  
glyceraldehyde 3-phosphate dehydrogenase
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histone 3 lysine 4

H3K9  
histone 3 lysine 9

HDAC  
histone deacetylase

iNOS  
inducible nitric oxide synthase

Jun2-luc  
Jun2-luciferase

LPS  
lipopolysaccharide

MLL  
myeloid/lymphoid leukemia

mRNA  
messenger RNA

MTA  
methylthioadenosine

NFκB  
nuclear factor κ B

PCR  
polymerase chain reaction

RAW 264.7  
murine macrophage cell line

RBP2  
retinol binding protein 2

rRNA  
ribosomal RNA

SAH  
S-adenosylhomocysteine

SAMe  
S-adenosylmethionine

SEM  
standard error of the mean

SMCX  
Smcy homolog X-linked

Sv40-T-Ag  
simian virus 40 large antigen

TNFα  
tumor necrosis factor α
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TRE-luc  
TRE-luciferase
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Fig. 1.
Effects of SAMe and MTA on LPS-stimulated TNFα expression. (A) SAMe and MTA reduced
an LPS-induced increase in TNFα mRNA levels. RAW cells were pretreated with 0.75 mM
SAMe or 0.5 mM MTA for 16 hours and then stimulated with LPS (500 ng/mL) or vehicle
(water) for 4 hours. RNA was extracted and subjected to quantitative real-time PCR analysis
with a TNFα TaqMan probe with 18S rRNA for housekeeping. Results are expressed as fold
over control cells (mean ± SEM) from three independent experiments performed in duplicate.
*P < 0.001 versus control; †P < 0.05 versus control and LPS. (B) SAMe and MTA completely
blocked LPS-induced TNFα promoter activity. RAW cells were transiently transfected with 2
μg of TNFα promoter-luciferase plasmid and 20 ng of Renilla phRL-TK with Targefect-Raw.
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SAMe (0.75 mM) or MTA (0.5 mM) pretreatment started 24 hours after the addition of the
vectors for 16 hours. Then, LPS (500 ng/mL) or vehicle (water) was added for 4 hours. Cell
lysates were collected for luciferase assay. Levels of TNFα-luc promoter were normalized by
transfection efficiency as determined by Renilla luciferase activity. Results are expressed as
fold over vector control (mean ± SEM) from three independent experiments performed in
triplicate. *P < 0.001 versus control; †P < 0.001 versus control and LPS.
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Fig. 2.
(A) SAMe and (B) MTA lower the binding of methylated H3K4 to the TNFα promoter. [A,B
(left) and C] RAW cells were pretreated with 0.75 mM SAMe or 0.5 mM MTA for 16 hours
and then stimulated with LPS (500 ng/mL) or vehicle (water) for 4 hours, and the ChIP assay
was used to assess the binding of p50, p65, histone H3, and the three methylated forms of
H3K4 (Me1-H3K4, Me2-H3K4, and Me3-H3K4) to the kB sites within the −849 to −622 region
of the murine TNFα promoter in an endogenous chromatin configuration as described in the
Materials and Methods section. Input genomic DNA (Input) was used as a loading control, and
immunoprecipitation with an antibody against Sv40-Ag was used as a negative control. [A,B
(right)] PCR products from the amplification of a κB site–free region within −2058 to −1834
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of the murine GAPDH promoter were used as specificity controls. (D) Densitometry was
performed. Results were normalized to the input and expressed as fold of control binding to
TNFα promoter (mean ± SEM) from three to seven independent experiments. *P < 0.01 versus
control; **P < 0.05 versus control; †P < 0.01 versus LPS.
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Fig. 3.
(A) SAMe and MTA lower the binding of methylated H3K4 to the TNFα promoter region
containing AP-1 and Egr-1 sites. RAW cells were pretreated with 0.75 mM SAMe or 0.5 mM
MTA for 16 hours and then stimulated with LPS (500 ng/mL) or vehicle (water) for 4 hours,
and the ChIP assay was used to assess the binding of c-Fos, c-Jun, Egr-1, and the trimethylated
form of H3K4 (Me3-H3K4) to the AP-1 and Egr-1 sites within the −384 to −225 region of the
murine TNFα promoter in an endogenous chromatin configuration as described in the Materials
and Methods section. Input genomic DNA (Input) was used as a loading control, and
immunoprecipitation with an antibody against Sv40-Ag was used as a negative control. (B,C)
SAMe and MTA completely blocked LPS-induced AP-1 transcriptional activity. RAW cells
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were transiently transfected with 2 μg of (B) Jun2-luc or (C) TRE-luc plasmids and 20 ng of
Renilla phRL-TK with Targefect-Raw. SAMe (0.75 mM) or MTA (0.5 mM) pretreatment was
started 24 hours after the addition of the vectors for 16 hours. Then, LPS (500 ng/mL) or vehicle
(water) was added for another 4 hours. Cell lysates were collected for luciferase assay. Levels
of Jun2-luc or TRE-luc were normalized by transfection efficiency as determined by Renilla
luciferase activity. Results are expressed as fold over control (mean ± SEM) from triplicates.
*P < 0.005 versus control, SAMe + LPS, and MTA + LPS.
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Fig. 4.
(A) SAMe and MTA reduced an LPS-induced increase in iNOS mRNA levels. RAW cells
were pretreated with 0.75 mM SAMe or 0.5 mM MTA for 16 hours and then stimulated with
LPS (500 ng/mL) or vehicle (water) for 4 hours. RNA was extracted and subjected to
quantitative real-time PCR analysis with an iNOS TaqMan probe with 18S rRNA for
housekeeping. Results are expressed as fold over control cells (mean ± SEM) from four
independent experiments performed in duplicate. *P < 0.001 versus control; †P < 0.05 versus
control and LPS. (B) MTA (left panel) and SAMe (right panel) lowered the binding of
trimethylated H3K4 (Me3-H3K4) to the iNOS promoter. RAW cells were pretreated with 0.75
mM SAMe or 0.5 mM MTA for 16 hours and then stimulated with LPS (500 ng/mL) or vehicle
(water) for 4 hours, and the ChIP assay was used to assess the binding of p50, histone H3, and
Me3-H3K4 to the kB site within the −972 to −753 region of the murine iNOS promoter in an
endogenous chromatin configuration as described in the Materials and Methods section. Input
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genomic DNA (Input) was used as a loading control, and immunoprecipitation with an antibody
against Sv40-Ag was used as a negative control. (C) Densitometry was performed. Results
were normalized to the input and expressed as fold of control binding to the iNOS promoter
(mean ± SEM) from three to seven independent experiments. *P < 0.01 versus control; †P <
0.05 versus LPS.
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Fig. 5.
Effect of LPS, SAMe, and MTA on expression of histone methyltransferases and demethylases.
RAW cells were pretreated with 0.75 mM SAMe or 0.5 mM MTA for 16 hours and then
stimulated with LPS (500 ng/mL) or vehicle (water) for 4 hours. RNA was extracted and
subjected to quantitative real-time PCR analysis with Set1, MLL, Rbp2, and Smcx Taq-Man
probes with 18S rRNA for housekeeping. Results are expressed as fold over control cells (mean
± SEM) from four to seven independent experiments performed in duplicate. *P < 0.01 versus
control; †P < 0.05 versus control and LPS; **P < 0.05 versus LPS.
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Fig. 6.
(A) Effect of the LPS, SAMe, and MTA treatments on the nuclear protein levels of Set1, MLL,
and Rbp2. RAW cells were pretreated with 0.75 mM SAMe or 0.5 mM MTA for 16 hours and
then stimulated with LPS (500 ng/mL) or vehicle (water) for 4 hours. Nuclear extracts (5-30
μg) were loaded onto 7%-10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
followed by western blotting against Set1, MLL, Rbp2, or HDAC1. (B,C) Effect of LPS,
SAMe, and MTA on the binding of Set1 and MLL to (B) TNFα and (C) iNOS promoters. RAW
cells were pretreated with 0.75 mM SAMe or 0.5 mM MTA for 16 hours and then stimulated
with LPS (500 ng/mL) or vehicle (water) for 4 hours, and the ChIP assay was used to assess
the binding of histone H3, Set1, and MLL (B) to the kB sites within the −849 to −622 region
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of the murine TNFα promoter and (C) to the kB site within the −972 to −753 region of the
murine iNOS promoter. Representative ChIP assays from three independent experiments are
shown.
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Fig. 7.
SAH recapitulates the inhibitory actions of SAMe and MTA. RAW cells were pretreated with
1 mM SAH for 16 hours and then stimulated with LPS (500 ng/mL) or vehicle (water) for 4
hours. (A) RNA was extracted and subjected to quantitative real-time PCR analysis with
TNFα or iNOS TaqMan probes with 18S rRNA for housekeeping. Results are expressed as
fold over control cells (mean ± SEM) from four independent experiments performed in
duplicate. *P < 0.001 versus control; †P < 0.001 versus LPS. (B,C) ChIP assay was used to
assess the binding of p50, trimethyl-H3K4 (Me3-H3K4), histone H3, Set1, and MLL (B) to
the kB sites within the −849 to −622 region of the murine TNFα promoter and (C) to the kB
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site within the −972 to −753 region of the murine iNOS promoter. Representative ChIP assays
from three independent experiments are shown.
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Fig. 8.
MTA inhibits LPS-induced TNFα and iNOS expression and binding of trimethylated H3K4
in vivo. Mice were pretreated with MTA or vehicle, and this was followed by LPS treatment
for 6 hours; hepatic TNFα and iNOS mRNA levels and the binding of trimethylated H3K4 to
these promoters were examined as described in the Materials and Methods section. (A) RNA
was extracted and subjected to quantitative real-time PCR analysis with TNFα or iNOS
TaqMan probes with 18S rRNA for housekeeping. Results are expressed as fold over control
animals (mean ± SEM) from three animals per group. *P < 0.005 versus control; †P < 0.05
versus control and LPS. (B,C) ChIP assay was used to assess the binding of trim-ethyl-H3K4
(Me3-H3K4) and histone H3 (B) to the kB sites within the −849 to −622 region of the murine
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TNFα promoter and (C) to the kB site within the −972 to −753 region of the murine iNOS
promoter. Densitometry results are summarized below respective ChIPs. Results are expressed
as fold of control binding to the TNFα or iNOS promoter (mean ± SEM) from three animals
per group. *P < 0.0005 versus control; †P < 0.001 versus LPS.
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Table 1
Effects of Various Treatments on SAMe, SAH, and MTA Levels in RAW Cells

ID SAMe SAH MTA SAH/
SAMe Ratio

Intracellular levels
 Control 1.45 ± 0.28 0.12 ± 0.02 0.24 ± 0.05 0.12 ± 0.03
 LPS 1.46 ± 0.19 0.09 ± 0.02 0.25 ± 0.05 0.07 ± 0.02
 0.75 mM SAMe + LPS 3.52 ± 0.78* 0.26 ± 0.05* 0.49 ± 0.11* 0.10 ± 0.04
 1 mM SAMe + LPS 4.77 ± 0.71† 0.42 ± 0.11* 0.52 ± 0.08* 0.10 ± 0.05
 2 mM SAMe + LPS 7.45 ± 1.14† 0.72 ± 0.11† 0.72 ± 0.22* 0.12 ± 0.04
 0.5 mM MTA + LPS 1.90 ± 0.35 0.21 ± 0.06 0.45 ± 0.05* 0.12 ± 0.05
 1 mM MTA + LPS 2.13 ± 0.42 0.35 ± 0.12* 0.61 ± 0.05* 0.19 ± 0.08
 2 mM MTA + LPS 5.18 ± 1.58* 1.36 ± 0.79* 1.62 ± 0.35* 0.53 ± 0.20*
Extracellular levels (culture media)
 Control 0.014 ± 0.002 0.0002 0.0008 ± 0.001
 LPS 0.013 ± 0.003 0.0002 0.0009 ± 0.001
 0.75 mM SAMe + LPS 0.275 ± 0.032† 0.203 ± 0.031†
 1 mM SAMe + LPS 0.375 ± 0.056† 0.0059 0.277 ± 0.240†
 2 mM SAMe + LPS 0.726 ± 0.070† 0.552 ± 0.061†
 0.5 mM MTA + LPS 0.014 ± 0.002 0.405 ± 0.041†
 1 mM MTA + LPS 0.013 ± 0.003 0.0002 0.875 ± 0.082†
 2 mM MTA + LPS 0.014 ± 0.002 1.72 ± 0.072†

The units for all metabolites are nanomoles per milligram of protein in the intracellular compartment and millimoles per liter in the culture media. Results
represent mean ± SEM values from 6 to 9 experiments. Cells were pretreated with SAMe or MTA for 16 hours followed by LPS for 4 hours.

*
P < 0.05 versus the respective controls.

†
P < 0.001 versus the respective controls.
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