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Background: Methylation of tRNASec facilitates the incorporation of selenocysteine at a UGA codon during translation.
Results: Accumulation of the homocysteine precursor S-adenosylhomocysteine decreases tRNASec methylation, reducing
glutathione peroxidase 1 expression and increasing oxidative stress-induced inflammatory activation of endothelial cells.
Conclusion: Methylation modulates the expression of selenoproteins to regulate redox-dependent inflammatory pathways.
Significance: Hypomethylation stress promotes a proatherogenic endothelial cell phenotype.

S-Adenosylhomocysteine (SAH) is a negative regulator of
most methyltransferases and the precursor for the cardiovascu-
lar risk factor homocysteine. We have previously identified a
link between the homocysteine-induced suppression of the sel-
enoprotein glutathione peroxidase 1 (GPx-1) and endothelial
dysfunction. Here we demonstrate a specific mechanism by
which hypomethylation, promoted by the accumulation of the
homocysteine precursor SAH, suppresses GPx-1 expression and
leads to inflammatory activation of endothelial cells. The
expression of GPx-1 and a subset of other selenoproteins is
dependent on the methylation of the tRNASec to the Um34 form.
The formation of methylated tRNASec facilitates translational
incorporation of selenocysteine at a UGA codon. Our findings
demonstrate that SAH accumulation in endothelial cells sup-
presses the expression of GPx-1 to promote oxidative stress.
Hypomethylation stress, caused by SAH accumulation, inhibits
the formation of the methylated isoform of the tRNASec and
reduces GPx-1 expression. In contrast, under these conditions,
the expression and activity of thioredoxin reductase 1, another
selenoprotein, is increased. Furthermore, SAH-induced oxida-
tive stress creates a proinflammatory activation of endothelial
cells characterized by up-regulation of adhesion molecules and
an augmented capacity to bind leukocytes. Taken together,

these data suggest that SAH accumulation in endothelial cells
can induce tRNASec hypomethylation, which alters the expres-
sion of selenoproteins such as GPx-1 to contribute to a
proatherogenic endothelial phenotype.

S-Adenosylhomocysteine (SAH)2 is an intermediate of homo-
cysteine (Hcy) metabolism, which, in excess, is a feedback inhib-
itor of most cellular methylation processes. Methyltransferases
use S-adenosylmethionine (AdoMet) to methylate a wide range
of substrates, such as DNA, RNA, proteins, and other biomol-
ecules, and SAH is generated by every AdoMet-dependent
methylation reaction (1, 2). During hyperhomocysteinemia,
which is an independent risk factor for cardiovascular disease,
the Hcy precursor SAH accumulates as well because the reac-
tion catalyzed by SAH hydrolase (SAHH) thermodynamically
favors SAH synthesis over its hydrolysis to Hcy. DNA hypom-
ethylation has been correlated with increased levels of SAH in
mice and humans with hyperhomocysteinemia (3, 4). More
recently, we have shown that increased levels of SAH also lead
to protein arginine hypomethylation in rodents (5, 6).

We have reported previously that Hcy can induce oxidative
stress through glutathione peroxidase 1 (GPx-1) down-regula-
tion by decreasing its translation. However, the underlying
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protein that uses GSH as a cofactor to reduce hydrogen perox-
ide (H2O2) to water and other hydroperoxides to their corre-
sponding alcohols (8). Antioxidant agents such as GPx-1 are
crucial for maintaining endothelial homeostasis. In fact, anti-
oxidant deficiency may lead to intracellular accumulation of
reactive oxygen species (ROS), creating oxidative stress (8, 9).
Oxidative stress is a major contributor to atherosclerosis and
vascular dysfunction. An increase in ROS leads to LDL oxida-
tion, decreases NO bioavailability, and induces the activation of
transcription factors such as NF�B to promote the expression
of adhesion molecules such as intercellular adhesion molecule 1
(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1)
(10 –12). The binding and transmigration of leukocytes from
the lumen of vessels into the vessel wall is mediated by the
presence of these adhesion molecules at the endothelial cell
surface (10, 13). Work by us and others has shown that GPx-1
deficiency can induce the expression of these key adhesion mol-
ecules by regulating ROS flux, thus promoting atherogenesis
(14 –17). Furthermore, decreased activity of GPx-1 has been
shown to be independently associated with an increased risk of
cardiovascular events in human subjects (17).

GPx-1 and its several paralogs (GPx-2, GPx-3, GPx-4, and
GPx-6) are part of the human selenoproteome, which comprises
proteins that carry selenium incorporated in their polypeptide
chain in the form of the amino acid selenocysteine (Sec) (18). Sel-
enoprotein expression relies on the ability of a Sec-carrying tRNA
(tRNA[Ser]Sec) to recognize UGA not as a stop codon but as the site
of incorporation of Sec during translation. For this, additional
cofactors are necessary (19). The selenoprotein-encoding tran-
scripts contain a stem-loop structure (Sec insertion sequence)
within their 3� UTR which, together with translational cofactors,
contribute to Sec incorporation (18, 19). Sec is synthesized on
tRNA[Ser]Sec, which is first aminoacylated with Ser and then enzy-
matically converted to Sec (20). The mammalian tRNA[Ser]Sec

population consists of two major isoforms that differ by a single
methyl group on the ribosyl moiety at position 34, 2�-O-methylri-
bose (21). The highly modified base at position 34 is 5-methoxy-
carbonylmethyluridine (mcm5U), and, thus, the two isoforms are
designated mcm5U and 5-methoxycarbonylmethyl-2�-O-methyl-
uridine (mcm5Um) (21). Loss of the isopentenyladenosine (iA6) at
position 37 (e.g. by site substitution of adenosine-37 with guanos-
ine) prevents 2�-O-methylribose (Um34) formation at position 34
(22). The adenosine-37 to guanosine-37 mutation or selenium
deficiency conditions reduce Um34 formation and decrease the
expression of a subset of selenoproteins, designated stress-related
selenoproteins, such as GPx-1 and selenoprotein W. On the other
hand, these changes have less effect on the expression of another
subset of selenoproteins, designated housekeeping selenoproteins,
such as the thioredoxin reductases TrxR1 and TrxR2 (21, 23).

In this study, we analyzed the link between SAH-induced
hypomethylation and the expression of selenoproteins. We
determined that SAH accumulation suppresses GPx-1 expres-
sion, in part, by altering the methylation of tRNA[Ser]Sec. Addi-
tionally, hypomethylation of the tRNA[Ser]Sec altered the
expression of other selenoproteins, as shown by [75Se]-incor-
poration. Furthermore, the SAH-induced hypomethylation
environment caused an increase in ROS levels and a subsequent
up-regulation of adhesion molecules. These findings illustrate

the functional consequences of hypomethylation on selenopro-
tein synthesis and cellular homeostasis and their clear implica-
tions for vascular pathology.

EXPERIMENTAL PROCEDURES

Cell Culture, Treatments, and siRNA Transfection—Human
umbilical vein endothelial cells (HUVECs) were cultured in
EBM-2 medium (Lonza) supplemented with EGM-2 additives
(Lonza) without antibiotics at 37 °C in 5% CO2. These culture
conditions included 2% FBS, which added 7.5 nM selenium to
the basal level of 30 nM selenium (in the form of selenious acid)
in the basal medium. Selenium was added in the form of sodium
selenite in some experiments, as noted in the figure legends.
Experiments were performed between passages five and eight
with cells 70 – 80% confluent. Cells were treated with 5–20 �M

adenosine-2�,3�-dialdehyde (ADA) (Sigma) for 12– 48 h. 8 mM

N-acetylcysteine was used as an antioxidant in some experi-
ments, as designated in the figure legends.

Transfections with siRNA were performed using Lipofectamine
2000 (Invitrogen). In each transfection, a final concentration of 60
nM siRNA (Invitrogen) to SAHH mRNA (5�-ACGCCGUG-
GAGAAGGUGAACAUCAA-3�) or GPx-1 mRNA (5�-GGUUC-
GAGCCCAACUUCAUGCUCUU-3�) was used. All transfections
were performed in parallel with scrambled control siRNAs (5�-
UUGGGAUUGUCCACUCUUCACCCGU-3� for the SAHH
control or (5�-GGUAGCGCCAAUCCUUACGUCUCUU-3� for
the GPx-1 control).

AdoMet/SAH Analysis and SAHH Activity—To measure
SAH and AdoMet intracellular metabolites, cell lysates were
promptly deproteinized with an equal volume of 10% perchlo-
ric acid and then quantified using tandem mass spectrometry,
as described previously (24).

SAHH activity was measured in the hydrolytic direction
using an assay on the basis of the reduction of 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide to formazan
according to published methods (25, 26). The assay was per-
formed on cell lysates, comparing equivalent amounts of pro-
tein for each condition. Lysates were preincubated with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide for 5
min prior to adding SAH to monitor the SAHH-specific reduc-
tion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide.

Real-time PCR—Total RNA was isolated using an RNeasy
mini kit (Qiagen), and 0.5 �g of each sample was reverse-tran-
scribed using an Advantage RT-for-PCR kit (Clontech). Rela-
tive mRNA quantification was performed by TaqMan assays
using the PRISM 7900 HT sequence detector (Applied Biosys-
tems). The ��Ct method of relative quantification was used to
compare gene expression, using �-actin as an endogenous con-
trol. Real-time PCR reactions used TaqMan Universal PCR
Master Mix (Invitrogen) and the following specific gene expres-
sion primers: 4352935E, �-actin; Hs00829989_gH, GPx-1;
Hs00164932_m1, ICAM-1; Hs04183463_g1, SAHH; and
Hs00365485_m1, VCAM-1 (Invitrogen).

Western Blotting—Antibodies to �-actin (Sigma-Aldrich),
GPx-1 (Abcam), SAHH (R&D Systems), ICAM-1, VCAM-1
(Santa Cruz Biotechnology), or the antibodies described previ-
ously for TrxR1 or TrxR2 (27) were used as primary antibodies
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for Western blotting. After 2 h of incubation with a secondary
antibody linked to HRP, membranes were visualized using an
ECL detection system (Amersham Biosciences).

GPx Activity Assay—An indirect assay on the basis of absor-
bance changes after NADPH oxidation was used to measure
GPx-1 activity (27).

TrxR Activity Assay—The assay measures the direct reduc-
tion of 5,5�-dithiobis(2-nitrobenzoic acid) by thioredoxin
reductase. To account for nonspecific reduction of 5,5�-dithio-
bis(2-nitrobenzoic acid) by other cellular enzymes, the change
in 5,5�-dithiobis(2-nitrobenzoic acid) reduction over time in
the presence of the TxR inhibitor aurothioglucose is subtracted
from the activity in the absence of inhibitor to determine TrxR-
specific activity (28, 29).

GPx-1 Overexpression—GPx-1 was expressed in endothelial
cells using an adenoviral vector (AdGPx-1), as described previ-
ously (30). HUVECs were incubated with adenovirus for 24 h
prior to exposure to ADA or control medium. An adenovirus
expressing �-galactosidase (Ad-�Gal) was used as a control.

ROS Measurements—ROS were assessed by two independent
methods. First, hydrogen peroxide (H2O2) released by endothe-
lial cells was measured by Amplex Red assay (Molecular
Probes) using methods described previously (14). Intracellular
H2O2 was monitored using the highly specific biosensor
HyPer2 expressed in lentivirus (31–33). HUVECs were infected
with virus particles (106 pfu/ml) in the presence of Polybrene (4
mM). Upon treatment, live cells were monitored, in parallel with
control samples, for 13 h using a microscope stage incubator
(Tokai) and an Olympus IX81 inverted microscope with a disk
scanning unit spinning disk confocal system and a Hamamatsu
Orca-ER cooled charge-coupled device camera. Image acquisi-
tion was performed using a �40 oil immersion objective lens
(Olympus) every 5 min. The HyPer2 fluorescence ratio was
calculated as described previously (32, 33). For imaging of
fixed cells, lentivirus-infected HUVECs were treated for 24 h and
then washed and fixed with 4% paraformaldehyde in PBS for 20
min. Fixed cells were mounted using DAPI-containing mounting
medium or DAPI-free mounting medium (SouthernBiotech) and
imaged. Methamorph imaging software (Universal Imaging) was
used for analysis.

Flow Cytometry and Static Adhesion Assay—ICAM-1 surface
expression was analyzed after cell staining with FITC-conju-
gated anti-ICAM-1 antibody (Santa Cruz Biotechnology).
Briefly, cells were trypsinized, washed with PBS, incubated with
antibody for 30 min, washed with PBS containing 0.1% NaN3,
and analyzed using GUAVA EasyCyte 5HT FACS and InCyte
software (Millipore).

An adhesion assay using human leukocytes was performed
under static conditions. Leukocytes (WBC) were isolated from
blood samples of healthy individuals using an RBC lysis solution
(Citogene). The ethics committee at the Faculty of Pharmacy,
University of Lisbon approved the study, and written informed
consent was obtained from all participants. After three washes
with PBS, WBCs were resuspended at 6 � 106 cells/ml in PBS
with Ca2� and Mg2� with 0.1% human serum and added to the
confluent HUVEC monolayer. The cell mixture was incubated
for 20 min at 37 °C and 5% CO2, after which cells were washed
thoroughly with PBS without Ca2� and Mg2�, trypsinized, and

assessed for cell-specific markers by flow cytometry. An anti-
body mixture of phycoerythrin anti-human CD31 antibody
(BioLegend) and peridinin-chlorophyll-protein complex anti-
human CD45 antibody (BioLegend) was used to distinguish
endothelial and leukocyte cell populations, respectively.

[75Se] Labeling—HUVECs were labeled with 10 �Ci/ml of
[75Se]-selenious acid (1000 Ci/mmol, Research Reactor Facility,
University of Missouri, Columbia, MO) for 24 h in cell culture
medium supplemented with or without ADA (20 �M). Cells
were then washed and lysed, and protein extracts were sepa-
rated on 10% BisTris gels (NuPage, Novex, Invitrogen). Pro-
teins were then transferred to a PVDF membrane (Invitrogen),
exposed to Storage Phosphor Screen (GE) for 24 h, and ana-
lyzed with PhosphorImager (GE) (34). Finally, membranes were
used for immunoblotting. Anti-�-actin antibody was used to
confirm equal protein loading of the samples.

Sec-tRNA Analysis—1 g of HUVECs was used for total RNA
isolation and aminoacylation with [3H]serine and 19 unlabeled
amino acids, as described previously (35, 36). The aminoacy-
lated seryl-tRNA was fractionated on an RPC-5 column, first in
the absence of Mg2� and subsequently in the presence of Mg2�.
Using this sequential chromatography approach, it is possible
to quantify the relative tRNA[Ser]Sec to the total tRNASer and
separate the two major isoforms of tRNA[Ser]Sec, mcm5U and
mcm5Um (35, 36).

Statistics—Statistical analysis was performed on experiments
repeated in three to five independent assays. The statistical sig-
nificance of differences among means (p � 0.05) in experiments
with more than two conditions was determined by analysis of
variance, followed by pairwise post hoc comparisons with Stu-
dent-Newman-Keuls test. Alternatively, Student’s t test was
used for comparison in experiments with only two groups.

RESULTS

SAH Accumulation in Endothelial Cells—SAH is a metabo-
lite of methionine metabolism and an endogenous inhibitor of
AdoMet-dependent methyltransferases. SAH accumulation
was induced by two different approaches: direct inhibition of
SAHH by ADA or targeted knockdown of SAHH using siRNA.
ADA, an adenosine analog, is a strong inhibitor of SAHH activ-
ity that has been used previously by us and others (2, 37). Fol-
lowing HUVEC incubation with 20 �M ADA for 24 h, SAHH
activity was reduced by 99.5 � 0.8% (p � 0.0001) (Fig. 1). This
treatment significantly decreased SAHH mRNA by 27.1 � 2.9%
(p � 0.0001) and 45.3 � 2.9% (p � 0.0001) after 24 and 48 h,
respectively, with no statistically significant change in protein
expression over this time course. Using a specific siRNA against
SAHH, enzymatic activity was suppressed by 66.5 � 3.7% (p �
0.0001) 48 h after transfection, with corresponding decreases of
88.5 � 6.5% (p � 0.001) and 48.3 � 15.8% (p � 0.01) at the
mRNA and protein levels, respectively. The AdoMet/SAH
ratio, commonly used as an indicator of cell methylation status,
was decreased by 6.1 � 0.2-fold (p � 0.001) after 24-h incuba-
tion with 20 �M ADA and 1.3 � 0.2-fold (p � 0.005) after 72 h
of siSAHH transfection.

GPx-1 Activity under SAH Accumulation—Hcy levels and
GPx-1 activity are strong biomarkers for cardiovascular risk,
with clinical studies suggesting that those with the lowest
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GPx-1 activity are at the greatest risk (17, 38). Our previous
studies have shown that excess Hcy suppresses GPx-1 expres-
sion by decreasing selenium-dependent translation. However,
although these findings linked suppression of GPx-1 to condi-
tions that favored the intracellular formation of SAH, a role for
SAH in the translational regulation of GPx-1 remained unre-
solved (7, 39). To determine whether SAH modulates GPx-1
expression, we treated cells with ADA or siSAHH. Incubation
of endothelial cells with increasing concentrations of the SAHH
inhibitor, from 5 to 20 �M, resulted in a significant decrease of
GPx-1 activity in a dose-dependent manner (Fig. 2A). ADA (20
�M) or the siRNA-mediated knockdown of SAHH significantly
reduced GPx-1 protein expression by more than 27% (Fig. 2B).
Under these conditions, however, GPx-1 mRNA levels were not
altered significantly, which is consistent with the hypothesis
that SAH-induced hypomethylation affects GPx-1 expression
at a translational level (Fig. 2C).

Hypomethylation Induces Endothelial Oxidative Stress—The
enzymatic actions of GPx-1 and other antioxidants diminish
the damaging effects of ROS, like H2O2 (8). Thus, we next
assessed whether the ADA-induced suppression of GPx-1

altered cellular H2O2 accumulation in endothelial cells. To do
so, we measured cellular H2O2 levels by two different methods.
First, we used the Amplex Red assay to quantitate extracellular
H2O2 levels. After 24 h of exposure, we found an increase in
H2O2 released to the medium with increasing ADA concentra-
tions (Fig. 3A). Next, we used the biosensor Hyper2 to monitor
intracellular H2O2 flux. Hyper2 is a biosensor that uses the reg-
ulatory domain of the Escherichia coli H2O2-sensing protein
OxyR. The HyPer2 probe has a fluorescent protein (circularly
permuted yellow fluorescence protein) inserted into the OxyR
domain, which allows the detection of fluorescence changes
when the domain undergoes oxidation by H2O2 (31). ADA
induced a 2.5-fold increase in the production of intracellular
H2O2 (Fig. 3B). These findings suggest that hypomethylation
stress promotes an oxidative imbalance in endothelial cells,
most likely because of the suppression of GPx-1.

Oxidative Stress Induced by SAH Accumulation Promotes
Endothelial Cell Activation—Endothelial activation is a conse-
quence of oxidative stress, characterized by an increase in the
expression of inflammatory cytokines and adhesion molecules,
which promote adhesion and transendothelial migration of leu-
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FIGURE 1. Inhibition of cellular SAHH activity. A, ADA or siSAHH was used to decrease SAHH activity. Means are significantly different by Student’s t test. ***,
p � 0.0001 versus control, n � 3– 4. Ctrl, control. B, the effects of ADA or siSAHH on SAHH protein expression was examined by Western blotting. Summary
densitometry measurements, corrected for actin intensity, are shown below the immunoblot analyses (n � 3– 4). *, p � 0.05 C, the effects of ADA or siSAHH on
SAHH mRNA were measured by quantitative RT-PCR, using actin as an endogenous control. **, p � 0.001; ***, p � 0.0001 versus control; n � 3– 4.

Hypomethylation Suppresses GPx-1 Expression

MAY 30, 2014 • VOLUME 289 • NUMBER 22 JOURNAL OF BIOLOGICAL CHEMISTRY 15353

 by guest on June 26, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


kocytes (40, 41). Thus, to determine whether SAH-induced oxi-
dant stress augmented endothelial cell activation, we measured
the expression of the adhesion molecules ICAM-1 and
VCAM-1 following SAHH inhibition. Fig. 4 shows a positive
correlation between a hypomethylation environment and
adhesion molecule expression. Both ADA and siSAHH signifi-
cantly induced ICAM-1 and VCAM-1 expression detectable at
the protein (Figs. 4A and 5A) and transcript levels (Fig. 4B).

ICAM-1 and VCAM-1 expression have been associated with
ROS levels, both under normal and under pathogenic condi-
tions (10, 41, 42). Therefore, to causally link endothelial activa-
tion with SAH-induced oxidative stress, endothelial cells were
coincubated with ADA and various antioxidants. Both ICAM-1
and VCAM-1 were induced by 	2-fold (p � 0.05) following
ADA or siSAHH exposure (Figs. 4 and 5A). Treatment with the
antioxidant N-acetyl-cysteine significantly attenuated the
ADA-induced up-regulation of these adhesion molecules (Fig.
5A). A similar effect was found with the antioxidants butylated
hydroxyanisole (100 �M) and allopurinol (150 �M) (data not
shown). Similarly, overexpression of GPx-1 in endothelial cells
minimized the effect of ADA exposure on adhesion molecule
expression (Fig. 5B). The specific role of GPx-1 in regulating
adhesion molecule expression was further assessed by perform-
ing a knockdown of this antioxidant protein. As shown in Fig.
5B, GPx-1 knockdown potentiated the ADA effect. ADA-in-
duced ICAM-1 expression was increased 47.3% by the com-
bination of siGPx-1 plus ADA compared with ADA alone

(p � 0.05). VCAM-1 expression was also up-regulated by
GPx-1 suppression, although the increase in expression was
not significantly different between ADA and ADA treatment
with GPx-1 knockdown. These findings are consistent with a
role for excess ROS, caused by the suppression of GPx-1, in
mediating the SAH-induced up-regulation of endothelial
adhesion molecules.

Hypomethylation Increases the Endothelium Leukocyte-bind-
ing Capacity—We next sought to determine whether the ADA-
induced up-regulation of ICAM-1 and VCAM-1 was sufficient
to enhance leukocyte binding. We first confirmed that the
induced up-regulation of ICAM-1 expression resulted in a cor-
responding increase in ICAM-1 at the cell surface, where it is
capable of leukocyte binding. To do so, we used a fluorescently
tagged antibody to ICAM-1 and evaluated changes in the mean
fluorescence intensity by flow cytometry. Using this method,
cell surface detection of ICAM-1 was significantly up-regulated
by 1.6-fold at 48 h and by 2.1-fold at 72 h (p � 0.05) following
ADA exposure (Fig. 6A). Next, to assess the leukocyte-binding
capacity of these endothelial cells following hypomethylation
stress, we performed an adhesion assay. In this assay, we coin-
cubated endothelial cells (control cells or those previously
exposed to ADA) with leukocytes for 20 min under static con-
ditions. After several washes, cells were detached and stained
with fluorescent anti-CD31 or anti-CD45 antibody to quanti-
tate the number of endothelial cells (CD31�) and leukocytes
(CD45�) by flow cytometry and to evaluate the number of leu-

FIGURE 2. Effect of SAH accumulation on GPx-1. A, GPx-1 activity was measured by an indirect coupled enzymatic assay. Means were significantly different
by analysis of variance, followed by post hoc pairwise comparisons (n � 4 –5). *, p � 0.05; **, p � 0.005. B, the effect of SAHH inhibition on the expression of
GPx-1 was examined by Western blotting. A representative blot (top panel) and summary densitometry measurements, corrected for actin intensity (bottom
panel), are shown for 24 and 48 h in the presence and absence of ADA or siSAHH (n � 3). *, p � 0.05; **, p � 0.005. C, mRNA levels from the same experiments
were measured by quantitative RT-PCR using actin as an endogenous control. No significant difference was found between treatment groups.
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kocytes that remained attached to endothelial cells during the
procedure. Pre-exposure to ADA increased the number of leu-
kocytes attached to the endothelial monolayer by 33.0% at 48 h
(p � 0.05) and 40.8% (p � 0.05) at 72 h (Fig. 6B). These findings
are consistent with the increase of cell surface-detectable
ICAM-1. The mean fluorescence intensity of the endothelial
marker CD31 (platelet endothelial cell adhesion molecule 1 or
PECAM-1), used to distinguish endothelial cells during the
assay, was increased by 33.3% after 72 h of ADA treatment (p �
0.0001), suggesting that it may also be up-regulated under
hypomethylating stress.

GPx-1 Expression Deregulation by Sec-tRNA Hypomethylation—
During Sec incorporation, Sec-tRNA[Ser]Sec recognizes the stop
codon, UGA, as a site for Sec insertion (8, 19, 43). As noted in
the Introduction, mammalian tRNA[Ser]Sec is present in two
main isoforms, which differ by a methyl group in the wobble
uridine (U34) of the anticodon (Fig. 7A) (21). The mcm5Um
isoform of tRNA[Ser]Sec has been shown to be required for the
expression of stress-related selenoproteins, which include
GPx-1 (21, 23). To determine whether excess SAH altered the
methylation state of the tRNA[Ser]Sec, we treated cells with ADA
and measured the levels of both isoforms, mcm5U and
mcm5Um, following the specific labeling and chromatographic
separation of [3H]-Ser-tRNA[Ser]Sec. Fig. 7B shows the chro-

matographic separation of the tRNA[Ser]Sec isoforms from con-
trol cells or cells under SAHH inhibition. Preparations from
control cells (Fig. 7B, left panel) show two different peaks that
represent the presence of the mcm5U form (earlier-eluting
peak) and the mcm5Um form (later-eluting peak). Following
ADA exposure, the tRNA[Ser]Sec mcm5Um isoform is practically
undetectable (Fig. 7B, right panel), suggesting that ADA treatment
blocks the formation of the critical isoform of tRNA[Ser]Sec neces-
sary for optimal Sec incorporation in GPx-1 and other selenopro-
teins. Interestingly, total tRNA[Ser]Sec levels were increased 1.7-
fold with ADA exposure.

We next used [75Se] labeling, followed by gel electrophoresis,
to study the expression of key proteins in the selenoproteome
(Fig. 7C). Overall, there are more than 25 selenoproteins that
are encoded in 25 genes in humans (18, 44). To confirm the
absence of changes in protein synthesis or other gel loading
issues, �-actin immunoblotting was performed following
radioautography of [75Se]-labeled proteins. There were no dif-
ferences detected in �-actin between control and treated sam-
ples. In contrast, examination of the [75Se]-labeled proteins
indicates alterations in selenoprotein expression in control cells
compared with those in which SAH accumulation was induced.
The molecular mass of selenoproteins, such as GPx-1, GPx-4,
thioredoxin reductase (TrxR) 1, Sep15, and MsrB1, have been
characterized previously in mammalian cells and tissues (23),
and these can be identified by their relative migration in the gel
imaged in Fig. 7C. Consistent with the results of Western blot-
ting and activity assays, ADA and siSAHH decreased the [75Se]
labeling of GPx-1. The selenoproteins, GPx-4, Sep15, and/or
MsrB1, were also suppressed by these treatments. Interestingly,
the TrxR enzymes (TrxR1 and, to a lesser extent, TrxR2)
showed increased expression. Western blot analysis was used to
confirm the up-regulation of these TrxRs (Fig. 7D), illustrating
the significant (p � 0.05) up-regulation of TrxR1 by 36.8% and
TrxR2 by 23.1% following ADA treatment. TrxR1, but not
TrxR2, mRNA was also significantly up-regulated (Fig. 7E), and
cellular TrxR activity was also significantly increased by ADA
exposure (p � 0.05) (Fig. 8A). These findings are consistent
with previous studies that suggest that the expression of the
TrxRs is less reliant on methylated tRNA[Ser]Sec than other sel-
enoproteins, including GPx-1 (21, 23, 43).

Selenium Supplementation and Hypomethylation—To
determine whether excess selenium would mitigate the effects
of ADA on GPx-1 and TrxR expression, we added additional
selenium to the culture medium, which had 37.5 nM selenium.
Addition of up to 100 nM selenium for 4 days did not increase
GPx-1 or TrxR1 in the absence of ADA (Fig. 8, A and B). Simi-
larly, in the presence of ADA, exposure to additional selenium
did not significantly alter the effects of ADA alone on GPx-1 or
TrxR activity and expression, although, at 50 nM selenium plus
ADA, there was a (non-significant) increase in GPx-1 protein.
We next determined whether additional selenium altered
ADA-induced adhesion molecule up-regulation (Fig. 8C).
Western blot analysis showed that the ADA-induced up-regu-
lation of ICAM-1 and VCAM-1 was unchanged by excess
selenium.

FIGURE 3. H2O2 levels are increased by SAHH inhibition. A, after 24 h of
ADA exposure, H2O2 release from cells was measured by Amplex Red. The
results represent means from three independent experiments that were ana-
lyzed by analysis of variance, followed by pairwise post hoc analysis. **, p �
0.005; ***, p � 0.0005 compared with control. B, intracellular H2O2 production
was detected using the HyPer2 fluorescence ratio. The graph shows the
means of three independent experiments, for which fluorescence ratios were
measured for 3–5 cells/condition over 13 h. **, p � 0.005 compared with
control. C, representative images of Hyper2-transfected cells 24 h following
exposure to ADA-containing or control medium are shown.
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DISCUSSION

Methylation is essential for critical cell processes, including
gene expression and protein function (45, 46). SAH, which is
one of the most potent in vivo modulators of AdoMet-depen-
dent methylation reactions, is an important regulator of cellular
homeostasis. The AdoMet-to-SAH ratio is thought to regulate
intracellular methylation reactions, with many methyltrans-
ferases showing diminished activity when this ratio decreases
(4, 45). Altered methylation patterns have been related to cel-
lular dysfunction and disease, including cancer and cardiovas-
cular disease (45, 47, 48). RNA methylation can regulate the
structure and function of various RNA species. tRNA is the
most heavily modified RNA species, and modifications to
nucleotides in the anticodon loop, especially at the wobble posi-
tion (position 34), play an essential role in efficient mRNA
decoding at the ribosome (49).

SAH, which accumulates in the setting of hyperhomocys-
teinemia, has gained attention as an intracellular metabolite
that may be responsible for the deleterious actions on the vas-
culature attributed previously to excess Hcy (46). Our studies
are focused on the effects of SAH as a hypomethylating agent
that alters endothelial function. In particular, our results indi-
cate that excess SAH decreases methylation of tRNA[Ser]Sec to
alter the expression of the selenoproteins GPx-1 and TrxR. We
show that the resulting decrease in the expression of the anti-
oxidant selenoprotein GPx-1 leads to an increase in cellular
H2O2 and a subsequent up-regulation of endothelial adhesion
molecule expression. Furthermore, the increase in adhesion
molecules is sufficient to have a functional effect on cellular
adhesion, augmenting the binding of leukocytes. Recent studies
have reported possible links between methylation impairment
and vascular dysfunction (2, 50, 51). Here we demonstrate a
specific mechanism by which hypomethylation stress can lead
to inflammatory activation of endothelial cells.

In our study, we used two methodological approaches to pro-
mote SAH accumulation by targeting SAHH. First, we used the
specific SAHH inhibitor ADA, which is known to cause SAH-
induced hypomethylation stress (1, 2). Additionally, we used
targeted siRNA-mediated knockdown of SAHH. Two addi-
tional genes that encode the SAHH-like proteins 1 and 2 have
also been identified in mammalian systems (52, 53), although a

clear functional role for these proteins has yet to be made.
Nonetheless, in our targeted siRNA knockdown studies, we
confirmed that siSAHH did not affect the levels of SAHH-like 1
and SAHH-like 2 mRNA. Overall, the effects of siSAHH paral-
leled those of SAHH inhibition, although the magnitude of the
changes was lower with the siSAHH. This difference may be
explained by the time course of their action because ADA has an
almost immediate inhibitory action on SAHH activity, whereas
the siRNA takes longer to achieve its maximal effect on SAHH
expression. Moreover, siSAHH resulted in only a 67% reduction of
SAHH activity compared with the complete suppression achieved
with ADA. Nonetheless, targeted siRNA-mediated knockdown of
SAHH had qualitatively similar effects on altering the AdoMet/
SAH ratio as the pharmacological approach. An unanticipated
result was the ADA-induced suppression of SAHH mRNA,
although, under the time frame examined, this did not significantly
alter SAHH protein expression. This may be the result of a feed-
back mechanism in which excess SAH suppresses SAHH
expression.

Here we show that oxidative stress can be promoted by
excess SAH. Our data are consistent with a role for hypomethy-
lation in the suppression of GPx-1 expression (Fig. 2). Our pre-
vious studies indicated that excess exogenous Hcy, or condi-
tions that promote Hcy production in cells, reduce GPx-1
expression by a mechanism that involved decreased selenium-
dependent translation (7). GPx-1 is one of the major antioxi-
dants that can modulate overall oxidative stress (8). Its role in
vascular dysfunction has been studied widely as an important
regulator of endothelial oxidative balance, and its deficiency
contributes to atherosclerosis in susceptible mice and patients
with coronary artery disease. Here we observed a decrease in
GPx-1 activity and protein expression following pharmacolog-
ical inhibition or knockdown of SAHH with no significant
decrease in GPx-1 transcript levels. Taken together, these find-
ings suggest that GPx-1 is modulated by hypomethylation post-
transcriptionally. It has been suggested previously that the
GPx-1 promoter is a target for epigenetic regulation by DNA
methylation because exposure to the DNA methyltransferase
inhibitor 5�-aza-2-deoxycytidine induced an up-regulation of
GPx-1 in gastric carcinoma cells (54). In our study, however,
hypomethylation stress did not increase GPx-1 expression.

FIGURE 6. Cell surface adhesion of leukocytes is enhanced by ADA exposure. A, flow cytometry was used to detect cell surface expression of ICAM-1 tagged
with a fluorescent antibody following exposure to ADA for 48 and 72 h (n � 3). Means were compared at each time point between ADA treatment and no
treatment by Student’s t test. *, p � 0.05. MFI, mean fluorescence intensity. B, following a static adhesion assay, leukocytes that remained attached to the
endothelial monolayer were labeled with a fluorescence-conjugated antibody (CD45) and counted by FACS. Results are shown as means from three inde-
pendent assays, normalized to the control and analyzed as in A. *, p � 0.05.
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Furthermore, in endothelial cells exposed to 5�-aza-2-deoxycy-
tidine, we did not observe an up-regulation in GPx-1 expression
(data not shown), suggesting that GPx-1 regulation by DNA
methylation may be cell type-specific.

Our laboratory recently reported that GPx-1 deficiency is suffi-
cient to augment the expression of ICAM-1 and VCAM-1 in
human endothelial cells (14). Here we show that SAH accumula-
tion also induces up-regulation of these adhesion molecules, pos-

sibly via the suppression of GPx-1 and the subsequent increase in
cellular ROS (Fig. 9), which can activate signaling pathways that
promote up-regulation of adhesion molecules (14). Furthermore,
we confirmed a role for GPx-1 in the regulation of adhesion
molecules by using gain and loss of function approaches. GPx-1
overexpression decreased ADA-induced adhesion molecule up-
regulation, whereas its knockdown augmented the effects of
hypomethylation on adhesion molecule up-regulation.

FIGURE 7. tRNA[Ser]Sec hypomethylation and its effect on selenoproteome expression. A, structures of the mcm5U and mcm5Um isoforms of the
wobble uridine (Um34). B, following aminoacylation with [3H]-serine, tRNA[Ser]Sec isoforms were separated by reverse phase chromatography. A normal
profile is shown in the left panel (control cells), where mcm5U elutes earlier than the mcm5Um isoform. In the right panel, cells exposed to ADA are lacking
the peak corresponding to the later-eluting mcm5Um isoform. Note the differences in the y axis scales. cpm, counts per minute. C, duplicates of control
cells (Ctrl) or cells exposed to ADA or siRNA treatment were labeled for 24 h with 75Se. Proteins were extracted and separated by gel electrophoresis, and
labeled selenoproteins were detected using a PhosphorImager. The protein marker sizes (in kilodalton) and selected selenoprotein bands are indicated
on the left and right sides of the image, respectively. D, protein extracts were prepared from total cell lysates treated and untreated with ADA, and
Western blot analyses were used to detect TrxR1 and TrxR2. A representative blot is shown. Right panel, relative mean densitometry measurements are
shown, corrected for actin, for each protein and treatment condition. Mean densitometry measurements were compared by Student’s t test (n � 3). *,
p � 0.05; **, p � 0.005. E, TrxR1 and TrxR2 mRNA levels were measured in treated and untreated control samples by quantitative RT-PCR using actin as
endogenous control.
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ICAM-1, VCAM-1, and PECAM-1 can mediate the adhesion
of leukocytes to the endothelium and their transmigration (10,
11, 55). We demonstrated that hypomethylation stress in endo-
thelial cells caused an increase in the cell surface expression of
ICAM-1 and PECAM-1. Although the magnitude of the
increase in cell surface ICAM-1 was less than the magnitude of
the up-regulation in total ICAM-1 expression, increased cell
surface expression of adhesion molecules following ADA expo-
sure was sufficient to increase leukocyte binding. These find-
ings suggest that the effects of hypomethylation may contribute
to inflammatory proatherogenic changes in endothelial cells.

We further demonstrated a role for oxidants in the SAH-
induced up-regulation of adhesion molecules because treat-

ment with antioxidants attenuated the ADA-induced up-regu-
lation of ICAM-1 and VCAM-1 (Fig. 5). Interestingly, other
studies in cancer-associated endothelial cells suggest that the
ICAM-1 gene promoter is a target for DNA methylation. Thus,
its expression may also be regulated epigenetically (56). None-
theless, a variety of antioxidant treatments lessened the expres-
sion of ICAM-1, as well as VCAM-1, in ADA-treated cells, sug-
gesting that the SAH-induced reduction of GPx-1 and
subsequent oxidant stress, rather than DNA hypomethylation,
contribute to their up-regulation.

GPx-1 is a member of the selenoproteome, which comprises
more than 25 proteins that contain selenium in the form of the
Sec amino acid (18, 21, 44). More than 50% of the selenopro-
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teome is known to be involved in redox homeostasis, and sele-
nium deficiency has been associated with oxidative stress and
cancer (18). The unique translation mechanism exclusive to
these proteins involves the recognition of the UGA codon,
which, under most circumstances, signals translation termina-
tion, as a signal for Sec incorporation. Interestingly, Sec is syn-
thesized directly on the tRNA that is initially charged with a Ser,
which is subsequently converted enzymatically to Sec (20, 57).
The two major tRNA[Ser]Sec isoforms, mcm5U and mcm5Um,
which differ by a single methyl group, Um34, at position 34,
modulate the expression of selenoproteins (21). Theoretically,
SAH-induced hypomethylation of this tRNA will affect not
only GPx-1 expression but also expression of other members of
the selenoproteome. By using [75Se] labeling, we found that
many Sec-containing proteins were down-regulated following
SAHH impairment. Previous studies have shown that some sel-
enoproteins are less sensitive to the loss of the mcm5Um iso-
form of tRNA[Ser]Sec than others. In particular, the mcm5U iso-
form of tRNA[Ser]Sec supports the synthesis of a subclass of
selenoproteins, designated as housekeeping selenoproteins
(TrxR1 and TrxR2), whereas the methylated mcm5Um form
supports the expression of the stress-related subclass of seleno-
proteins (GPx-1, GPx-3, GPx-4, SelR, SelT, and SelW) (21).
Accordingly, among the proteins that can be identified follow-
ing selenium labeling, we found that hypomethylation results in
an increase in TrxR1 expression, whereas GPx-1 and GPx-4 are
diminished. One limitation of our study is that we have not
confirmed the suppressive effects of ADA on selenoproteins
other than GPx-1. Our results, however, clearly demonstrate a
reciprocal regulation of TrxR1 and GPx-1, with a Pearson’s cor-
relation coefficient of 
0.647, p � 0.0006, between TrxR and
GPx-1 enzyme activities. Interestingly, protein expression of
the related TrxR1 and TrxR2 were both increased by ADA,
although the mechanisms may be different. Only the TrxR1
mRNA was increased with exposure to ADA. It is well known
that TxR1 is a target for transcriptional regulation by the stress-
activated nuclear factor Nrf2 (58 – 60). Thus, oxidant stress
caused by GPx-1 suppression may contribute to TxR1 up-reg-

ulation, although other factors may also play a role in augment-
ing TxR1 expression. The reciprocal regulation of TrxR1 and
GPx-1 has been reported previously in a variety of cancer cells
(61), and these antioxidant enzymes may have complementary
roles in regulating cellular redox. Thus, similar to loss of GPx-1,
knockdown of TrxR1 may increase H2O2 in endothelial cells,
although, of the TrxR enzymes, the TrxR2 appears to have a
greater role in modulating intracellular H2O2 (62). In this study,
however, modest up-regulation of TrxR enzymes was not suf-
ficient to compensate for suppression of GPx-1 because H2O2

accumulated in ADA-treated endothelial cells.
In our cell culture system, HUVECs were cultured with

medium containing 30 nM selenious acid plus 7.5 nM selenium
from serum. The addition of excess selenium up to 100 nM had
little effect on the expression of GPx-1 or TrxR, as monitored by
Western blot analyses and enzyme activity assays (Fig. 8). The
lack of an effect of additional selenium in our cell system is
consistent with previous studies reporting maximal expression
of TrxR and GPx-1 when endothelial cells were cultured with
40 nM selenium (63).

To date, the methyltransferase responsible for the methyla-
tion of mcm5U tRNA[Ser]Sec has not been identified, but our
studies suggest that it may be particularly sensitive to SAH
accumulation because its product is virtually undetectable after
ADA treatment (Fig. 7B). Recent studies have identified a
methyltransferase, ALKBH8, that, when complexed with
TRM112, catalyzes the methyl esterification of cm5U to
mcm5U (64, 65). Absence of ALKBH8 also inhibited the decod-
ing of the UGA stop codon to Sec, causing reduced levels of
GPx-1 in the liver of ALKBH8-deficient mice (64).

Interestingly, besides the lack of the methylated form of
tRNA[Ser]Sec, cells under SAH accumulation appeared to
respond to the absence of this isoform by inducing tRNA[Ser]Sec

production. ADA treatment caused an approximately 1.7-fold
increase in the overall levels of tRNA[Ser]Sec. The mechanism
that regulates this feedback response is not clear and needs
further investigation.

FIGURE 9. The role of hypomethylation on endothelial dysfunction and activation. Excess SAH induces hypomethylation stress capable of decreasing the
available tRNA[Ser]Sec isoform mcm5Um. Lack of this tRNA[Ser]Sec isoform decreases the expression of the antioxidant GPx-1 (as well as other selenoproteins).
Loss of GPx-1 causes an increase in cellular oxidants, promoting oxidative stress. Oxidant stress contributes to increased expression of adhesion molecules that
are responsible for an increased capacity to bind leukocytes, contributing to a proatherogenic environment. Other possible mechanisms (dashed arrow), such
as DNA hypomethylation, may also be involved in the up-regulation of adhesion molecules such as ICAM-1 and VCAM-1.
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Our work elucidates a new mechanism by which hypomethy-
lation can modulate selenoprotein expression. Because excess
SAH can be found under conditions of elevated Hcy and
because it inhibits methylation reactions, we propose that SAH
accumulation may explain the effects of Hcy on GPx-1 suppres-
sion. Fig. 9 summarizes the mechanism by which a hypomethy-
lating environment can contribute to endothelial dysfunction
and activation. Thus, an accumulation of SAH inhibits the
methylation of the tRNA[Ser]Sec necessary for efficient transla-
tion of GPx-1 and other selenoproteins. The impairment of this
important antioxidant can lead to oxidant stress and endothe-
lial activation, contributing to the up-regulation of ICAM-1
and VCAM-1 adhesion molecules, which may augment leuko-
cyte binding to contribute to an atherogenic phenotype.
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