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Abstract
dysregulation of gene expression, but the characteristics of the aberrant methylation and its key links involved in its pathogenic

Hyperhomocysteinemia, which is an independent risk factor for atherosclerosis, may cause aberrant methylation and

mechanisms are still poorly understood. The effect of hyperhomocysteine on DNA methylation in vascular smooth muscle cells, its
characteristics and the underlying mechanism of Hcy-induced changing in DNA methylation patterns were investigated. Clinical
relevant concentrations of homocysteine was added into the cultured vascular smooth muscle cells of the Homo sapien umbilical vein
for 24 h. The level of SAM and SAH was detected by HPLC. The activity of SAH Hydrolase was detected by real-time quantitative
reverse transcription-PCR and Western blotting analysis. The level and patterns of DNA methylation were measured by endogenous
C-5 DNA methyltransferase(C-5 MT-ase) activity and capacity of genomic DNA to accept methyl groups and methylation-dependent
restriction analysis. The results indicated that an increased Hey concentration induced elevated SAH, declined SAM and the ratio of
SAM/SAH, reduced expression of SAH Hydrolase, but increased activity of C-5MT-ase. The methylation status of gDNA analyzed by
methyl-accepting capacity of gDNA uncovered a demethylation process in gDNA, or homocysteine-caused hypomethylation in gDNA.
With different methylation-dependent restriction endonucleases, the aberrant demethylation was found to prefer C*CGG sequences to
CpG islands. The impacts of different dosage of Hcy showed that the varied detrimental effects of Hcy could be attributed to different
concentrations via different mechanisms. In mild and moderate hyperhomocysteinemia, the Hcy may primarily influence the epigenetic
regulation of gene expression through the interference of transferring methyl-group metabolism, while in more higher Hcy
concentration, the notorious impacts may be more directly caused via oxidative stress, apoptosis, inflammation etc.
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Homocysteine (Hcy) is a sulfur-containing amino
acid formed during the metabolism of methionine.
Mounting evidences have indicated that elevated
plasma Hcy levels is a common and independent risk
factor for cardiovascular disorders ! ™ and strong
between

association hyperhomocysteinemia  and

atherosclerosis has been observed in many
retrospective and prospective studies®. However, the
precise

atherosclerosis remain obscure up to date.

mechanisms of  homocysteine-inducing

Atherosclerosis is a  complex  disease

characterized by accumulation of lipids, fibrous

materials, cell debris, and minerals in the intima of
arteries . Much attention has been focused on
characterizing the impacts of hyperhomocysteine on
dysfunction and injury of vascular cells. Increasing
evidence, however, indicate that HHcy may also be
involved  in

disturbing  the  expression  of

atherosclerosis-related genes through the interference
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of DNA methylation™,

The methylation of cytosine located within the
cytosine-guanine (CpG) dinucleotide sequences is a
heritable, tissue-specific, epigenetic modification of
mammalian genomic DNAP', Hypomethylation is an
early and consistent event in the development of
several cancers, and is associated with advanced
human atherosclerotic lesions. Some reports have
shown recently that genomic hypomethylation is
present in lesions of apolipoprotein E (ApoE)
knockout mice and neointima of balloon-denuded New
Zealand White (NZW) rabbit aortas!'", and also shown
that significant genomic hypomethylation develops
during the first replication of aortic SMCs in vivo, and
that hypomethylation occurs in some specific genes,
such as 15-lipoxygenase and extracellular superoxide
dismutase, which have been indicated a deep
involvement in atherosclerosis!'>". Estrogen receptor
the factor shown protective role against
found to be

hypermethylation in atheromas compared with normal

gene,
atherosclerosis  however, was
aortal™", and it was also shown to be methylated in
SMCs in vitro during the phenotypic switch!.,

How can HHcy interfere DNA methylation? And
what pathway does this interference go through? So
the aim of the present studies is to investigate the
effects of hyperhomocysteinemia (HHcy) on the
activity of SAHH which hydrolyzes the SAH to
homocysteine and on the C-5 MT-ase which transfers
the methyl group to DNA, as well as their correlations
with the methylation status of CpG sequences in DNA.
The uncovered aberration of DNA methylation and
could be target for
anti-atherosclerosis. The of DNA
methylation may be an important findings which may
point to a mechanism against atherosclerosis in which

its pathways a potential

alteration

epigenetic gene silencing is a feature. These data,for
the first time, indicate the effect of DNA methylation
of the Hey in the context of atherosclerosis.

1 Methods

1.1 Chemicals

SAM,SAH,homocysteine(Hcy), poly[dI-dC]. poly
[dI-dC] and [methyl-*H] SAM were purchased from
Sigma Aldrich Chemical Co; restriction endonucleases
Hpall and BssH Il were products of Promega; Sss 1
methylase (CpG methylase) was product of New
England BioLabs.

1.2 Cell culture and treatment of Homo sapien
umbilical vein smooth muscle cell

Primary culture of VSMCs was obtained from the
media of the umbilical vein of Homo sapien. The cells
were grown in Dulbecco’s modified eagle’s
medium-Ham’s F12 media(DMEM-F12, Gibco BRL)
supplemented with 20% Fetal calf serum (FCS),
100 U/ml penicillin and 100 U/ml streptomycin.The
culture was harvested in 25 cm? culture flask which
was in a incubator containing 5% CO, at 37°C. At the
following passage, cells were planted into 6-well
plates. When cells grew to 80% confluence, serum was
deprived for 24 h to reach synchronous, then with 5%
fetal calf serum for another 24 h before homocysteine
addition. applied at the
concentrations of 0 (control), 50, 100, 200 and
500 wmol/L, respectively in order to compensate for
the short half-life of homocysteine,

Homocysteine  was

which was
replenished every 8 h (total three times).
1.3 Cell viability test

Methylthiazoletetrazolium (MTT, Sigma) was
used for evaluation of cell viability. The assay detects
living but not dead cells. Cells were grown in 96-well
microtiter plates at 10* cells in 200 wl/well. After cells
were incubated to confluence,
added at
incubated for 24 h. Homocysteine was replenished
every 8 h. Then, 20 pl MTT (5 g/L) was added to each
well and incubated at 37°C for 4 h. All the supernatant
was pipetted off and 150 pl of DMSO was added to
each well.

homocysteine was

above-mentioned concentrations and

After 10 min of incubation at room
temperature, plates were read on a micro-enzyme
linked immunosorbent assay reader at 490 nm. Values
were normalized by control value.
14  High-performance liquid chromatography
(HPLC) : SAM and SAH

SAM and SAH were determined by use of the
method of reversed-phase high-performance liquid
chromatography based on a modification of Fell D’s
describing procedure!”. The SAM and SAH standards
were dissolved in water at a concentration of 1 mmol/L
and then diluted with 0.4 mol/L HCIO, to the final
25 pl of
standard solution containing 50 ~11 000 pmol was

concentrations used for HPLC analysis.

injected into HPLC for preparation of standard curve.
The cells (2 x107) were centrifuged and washed
with cold phosphate-buffered saline (PBS) twice, and
kept on the ice. PBS was carefully aspirated and the
cell pellets were resuspended in 300 wl 0.4 mol/L
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ice-cold perchloric acid (HCIO,). The cell pellets were
hand-homogenized on ice with a hand-held mini
pestle. Homogenates were centrifuged at 10 000 g for
10 min at 4°C and the supernatants were collected and
stored at -70°C until they were analyzed. The
supernatant of each sample was filtered through
0.45 pmol/L (millipore) and then was loaded into a
C18 column (250 mmx4.6 mm LD, 5 pm particle)
(Clifton, NJ, USA) fitted with a matched guard
column, run by a Waters HPLC system (Milford, MA,
USA)
Absorption of eluted compounds was monitored at

and connected to an ultraviolet detector.

[lambda],=254 nm. A two-buffer elution system was
used: mobile phase A and B, both contain 10 mmol/L
ammonium formate and 4 mmol/L 1-heptanesulfonic
acid (pH 4). Mobile phase B contains 50%
acentonitrile by volume. Elution of SAM and SAH
was achieved at a flow rate of 1 ml/min with the
following parameters: 0 ~0.5 min, 100% A; 0.5~
20 min, linear gradient to 75% A and 25% B; 20~
30 min, 25% B; 30 ~45 min, 100% A.
Chromatograms were recorded by a Hewlett-Packard
HP3394
accomplished by automatic peak area integration.
SAM and SAH standards were used to identify the
elution peaks. SAM and SAH values were normalized
to cellular protein content that was determined by
using the Coomassie brilliant blue method "8, All
analyses were performed in triplicate.
1.5 Real-time quantitative reverse transcription-
PCR: SAH hydrolase

Genomic RNA was isolated from the cultured
cells by the E.ZN.A Tissue RNA Kit (Omega
Bio-tek), then purified by E.ZN.A Cycle-pure Kit
(Omega Bio-tek). Primers of SAHH gene (GenBank,
NMO000687) were designed with Primer Premier 5.0
software. The forward primer was 5" TCACCAAG-
AGCAAGTTTGACA 3’ and the reverse primer was 5’
GGAGTCCCTCATAGATGGCATCA 3'. BLASTN
was conducted to search the nonredundant set of the

integrator ~ with  its  quantification

GenBank sequence database in order to confirm the
total gene specificity of the chosen nucleotide
sequences as well as the of DNA
polymorphisms.  Probe primer was 5' 6-FAM-
ATCACCATAGCCTGCTACCA-TAMRA 3’. RNA
was reversely transcribed by Revert Aid™ Frist Strand
cDNA Synthesis Kit(MBI) in a final volume of 20 .l
containing 5 pl RNA, 3 pl oligo dT primer, and 12 pl
DEPC-treated water. Incubate at 70°C for 10 min, then

absence

put on the ice. Add 4 wl 5 x reaction buffer, 1 ul
Ribonuclease Inhibitor (recombinant) (20 U/pl), 2 ul
dNTP mix, 1 pl RevertAid™ M-MuLV Reverse
Transcriptase (200 U/pl) to incubate at 20°C for
10 min, and then incubate at 48°C for 60 min, cDNA
can be frozen for later use or used immediately for
PCR.

The real-time PCR was performed by using an
iCycler i1Q realtime PCR detection system (Bio-Rad)
with the program running for 40 cycles at 95°C for
45 s, 60°C for 60 s and 72°C for 120 s. The melting
curve analysis was performed at the range 55 ~95°C
by monitoring 6-FAM fluorescence with increasing
temperature of 0.5°C increment changes at 10 s
intervals. PCR-specific products were determined by
clear single peak at the melting curves more than 80°C.
The specificity of primers was also confirmed as a
single band with the correctly amplified fragment size
through an agarose gel electrophoresis of the real-time
reverse transcription-PCR products. Real-time PCR
was duplicated for each ¢cDNA sample. Each gene
RNA level was acquired from the value of the
threshold cycle (C,) of the real-time PCR related to that
of GAPDH (calibrator) through the formula AC, (AC, =
C,(GAPDH)-C,(gene of interest)). Final results were
expressed as N-fold differences in target gene
expression calibrator,

“ Ntarget” were determined as follows:

AC (sample)-2AC (calibrator) .
where AC, values of the calibrator

relative to the termed

Neam=

and sample were determined by subtracting the C,
value of the target gene from the C, value.
1.6 SAH hydrolase Western blotting analysis
Cultured cells were harvested by scraping with a
plastic scraper. Extracts of whole cells (5x10°) were
isolated from cell culture by lysis buffer containing
20 mmol/L HEPES, pH 7.2, 25% glycerol, 0.42 mol/L
NaCl, 1.5 mmol/L MgCl,, 0.2 mmol/L EDTA,
0.5 mmol/L DTT, 0.5 mmol/L phenylmethyl
sulfonylfluoride (PMSF) and a protease inhibitor
(10 ml/L; Sigma-Aldrich).
concentrations were determined by Coomassie Protein
Assay. Polyacrylamide gel electrophoresis (7% ~19%
polyacrylamide gradient gels) was followed by
electrophoretic transfer of proteins from the gel to
nitrocellulose

cocktail Protein

membrane. The membrane was
incubated in 10 ml of blocking solution (0.1 ml/cm?)
for 2 h at room temperature with gentle agitation on a

platform shaker, and washed 3 times for 5 min/time in
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TBST (50 mmol/L Tris-HCl pH7.6, 150 mmol/L
NaCl, 0.05% Tween-20). The membrane was then
incubated with a monoclonal anti-SAH Hydrolase
antibody (at 1 : 250 dilution)
Antibody Dilution Buffer with gentle agitation for
overnight at 4°C, then washed three times with TBST,
and incubated with a second antibody (goat anti-rabbit
HRP-conjugated IgG, Jackcon Immunoreserch) in PBS
at 1 .2 000 dilution containing 1% BSA (New
England Biolabs) for 1 h at room temperature. After
being washed again three times with TBST, the
membrane was then incubated with 10 ml LumiGLO
with gentle agitation for Imin at room temperature and
drained out excess developing solution, but not let it
dry, wrapped in a plastic wrap and exposed to X-ray
film.
1.7 Endogenous C-5 DNA methyltransferase (C-
5 MT-ase) activity

A modification of the assay developed by Adamas
et al."™ was used to determine DNA MTase activity.
1 x10° VSMCs were homogenized by a glass pestle
containing 500 wl lysis buffer (100 mmol/L NaCl,
10 mmol/L Tris-HCI, pH 8.0, 25 mmol/L EDTA, 0.5%
SDS, proteinase K 0.2 g/L). The suspension was frozen
to =70°C , and then thawed to 37°C with the
feeze-thaw cycle for 3 times. Protein was measured by

in 10 ml Primary

Seamark’s method with Coomassie brilliant blue
reagen™. And all homogenates of the VSMCs were
stored at —70°C before analysis. The reaction mixture
which contained cell homogenates(5 g protein), poly
[dI-dC].poly[dI-dC] (0.25 wg) and 11.1x10" wBq of
[methyl-*H] SAM in a total volume of 20 wl, was
incubated at 37°C for 2 h. And RNA was removed by
adding 20 pl RNase A (25 g/L) at room temperature
for 5 min incubation. The DNA was purified by E.Z.N.
A Cycle-pure Kit, and purified gDNA was spotted
onto Whatman GF/C filter disc, dried at 80°C for
5 min and counted in the scintillation counter(1600TR
Packard Instrument Comp) for determination of C-5
MTase activity. Each reaction was performed triplicate
and the assay was repeated three times to blind the
source of the samples. For exclusion of background
protein, all samples were initially assayed with control
containing the whole cell lysate but without poly
[dI-dC].poly [dI-dC].
dpm/p.g protein.
1.8 DNA methyl-accepting capacity with the
methylation-sensitive restriction analysis

The capacity of gDNA to accept methyl groups

Results were expressed as

in the presence of exogenous bacterial Sss I methylase
DNA
2 was used to

is inversely proportional to the initial

methylation status. So the method ™
estimate the methyl-accepting capacity of gDNA
measured as the loss of unmethylated cytosine after
gDNA was
endonucleases. Two restriction endonucleases, which
recognize unmethylated cytosine, were used: Hpa Il ,
specific for C * CGG sequences and BssH Il which
digests CpG rich islands (C *GCGCG). Purified gDNA
(5 pg), isolated from the VSMCs, was digested
overnight with 10-fold excess Hpa Il or BssH I
(New

digested with methylation-sensitive

according to the manufacturer’s protocols
England Biolabs, MA). Samples of
undigested gDNA served as controls. Then the
digested and undigested gDNA were treated with E.Z.
N.A Cycle-pure Kit and purified gDNA (0.5 pg) was
used for DNA methyl-accepting capacity assay as
following: purified gDNA (0.5 pg), bacterial Sss I
methylase (2 U) and [methyl"H]SAM (3 Bq per
sample)  were incubated in buffer containing
50 mmol/L NaCl,10 mmol/L Tris-HCI, pH 8.0,
10 mmol/L EDTA (final volume 25 pl) for 2 h at
37°C. The reaction was stopped by placing tubes on
the ice.

Beverly,

Then 25 pl aliquots from each reaction
mixture were applied onto GF/C filter discs, counting
in the scintillation counting. The results are expressed
as [methyl-*H] incorporation/0.5 pug DNA.
1.9 Statistical method

Results are expressed as x + s. The number of
experimental samples used in each group is presented
in the Figure legends. The data were analyzed using
one-way ANOVA and additional analysis using the
Student Newman-Keuls test for multiple comparisons
within treatment groups or ¢ test for between two
groups. P < 0.05 was considered significant.

2 Results

2.1 Effects of homocysteine on cell viability
Nontreated VSMCs in confluence showed their
typical elongated ribbon or spindle-shaped appearance
and parallel arrays showed the characteristic “ hill
and valley” pattern. Addition of 50 pmol/L
homocysteine, slightly increased the number of viable
cells to (111.6 + 2.9) % (P < 0.05), but as doses
increased, MTT test showed a decreased cell viability.
Addition of 100 wmol/L, 200 pmol/L and 500 pmol/L
of homocysteine resulted in descending cell count on a
dose-dependent manner with signs of morphologic
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Fig. 1 Homocysteine ( Hcy) effect on cell viability

evaluated by methylthiazoletetrazolium (MTT) assay in
VSMCs

Values for each experiment were converted to percentages related to the
corresponding control group (100%). Data expressed as x = s, n=10.
Measurements are as described in materials and methods. *P <0.05.
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deterioration: the VSMCs became deformed and lost
their typical spindle-shaped appearance and some cells
appeared swollen and detached from culture plates.
100 pmol/L, 200 pmol/L and 500 pmol/L of
homocysteine reduced the viable cell count to (95.02 +
2.70)% , (84.62 + 1.90)% , and (75.52 = 2.90)%
(Figure 1).
2.2 Levels of SAM and SAH

SAM and SAH concentrations are important
impact factors in the transmethylation process.The
intracellular levels of SAH in experimental groups
were significantly higher, up to 2- to 3-fold than the
control group. The concentrations of SAM and the
ratio of SAM/SAH were lower than the control group
as Hcy concentration increasing and the ratio of
SAM/SAH was even 3- to 4-fold decreased in all
experimental groups (Figure 2)

b
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Fig. 2 Homocysteine (Hcy) effect on SAM and SAH concentrations in VSMCs
(a) A chromatogram of SAH and SAM of all groups. A: 0 wmol/L Hey; B: 50 wmol/L Hey; C:100 wmol/ L Hey; D: 200 wmol/ L Hey; E: 500 wmol/ L
Hcey. Peaks: /=SAM, 2=SAH. The VSMCs was homogenized in four volumes of 0.4 mol/L HCIO,. A 200 .l aliquot of the acid extract was applied
directly onto the HPLC. Chromatograms were recorded by an integrator. (b) Elevation of SAM,SAH and decreased SAM/SAH ratio. Effects of Hcy on
SAH, SAM and SAM/SAH in VSMCs. Quantification of SAM, SAH was accomplished by automatic peak area integration. SAM and SAH standards
were used to identify the elution peaks. Results were x+s for three times. *Significant difference compared with control group P<0.05. l—M: SAM,;

A—A:SAH; V—V: SAM/SAH.
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23 SAH hydrolase
expression analysis
Figure 3a shows the results from real-time
RT-PCR, and Figure 3b shows the relative mRNA
levels of SAHH after normalization with the signal of
GAPDH. The data indicates that the mRNA level of
SAHH was down-expressed in all Hey-treated groups
compared with control group (P < 0.05), and the
lowest expression was at the Hcy concentration of
50 pmol/L, which was 4.5-fold lower than that of
control group. But the increasing concentrations of

mRNA and protein
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Hcy did not result in a dose-dependent decreasing
effects on mRNA level of SAHH,
significant difference of mRNA expression of SAHH

there was no

between the experimental groups.

The effects of Hcy on protein level of SAHH was
measured by Western blot (Figure 4a, 4b), which
showed a result similar to the mRNA expression of
SAHH. The lowest protein expression of SAHH was
also at the 50 wmol/L of Hcy concentration, and there
was no significant difference of SAHH protein levels
in various dosage of Hcy.

(b)

SAHH values

1 2 3 4 5

c(Hey)/(pmol - L)

Fig. 3 SAHH and GAPDH real-time RT-PCR graph and effects of homocysteine (Hcy) on SAHH RNA levels in VSMCs
(a)Real-time PCR graph of SAHH and GAPDH. The fluorescence was plotted versus the PCR cycle number for both reactions and each sample dilution
was indicated. /: Normal; 2: 50 nmol/L; 3: 100 nmol/L; 4: 200 nmol/L; 5: 500 nmol/L; 6: Threshold. (b)Relative mRNA levels of SAHH after
normalization.Each gene RNA level was acquired from the value of the threshold cycle (C,) of the real-time PCR as related to that of GAPDH through
the formula AC, (AC,= C(GAPDH)-C(gene of interest)).Final results, expressed as N-fold differences in target gene expression relative to the calibrator,

« yo. . . AC (sample)-2AC (calibrator)
termed  “Nyu~ is determined as following: Nsyg=

, where AC, values of the calibrator and sample were determined by subtracting

the C, value of the target gene from the C, value. Data shown were representative of three separate experiments. *P<0.05, compared with control group.

1: Normal; 2: 50 pmol/L; 3: 100 wmol/L; 4: 200 wmol/L; 5: 500 pwmol/L.
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Fig. 4 Effects of homocysteine (Hcy) on SAHH protein levels in VSMCs
(a)Effects of Hcy on SAHH protein levels in HUVECs. HUVECs were incubated in the absence or presence of Hey at various concentrations. The
immunoblots were analyzed by densitometry. (b)The results were expressed as percentage of control+s (error bar),each performed in duplicate. The
control value was expressed as 100%. Related value was related to that of B-actin through the formula (related valve = experimentment densitometry
value x100/B-actin value). *P<0.05, compared with control group. W :B-actin; [[: SAHH experiment group; [: Related value. /: Control; 2:
50 pmol/L; 3: 100 pmol/L; 4: 200 pmol/L; 5: 500 pwmol/L.
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2.4 Endogenous C-5 DNA methyltransferase (C-
5 MT-ase) activity

The endogenous C-5 DNA methyltransferase
activity in homogenates of VSMCs is shown in
Figure 5. Hey up-regulates the activity of C-5 MT-ase,
and its maximum activity was in 50 wmol/L Hcy
concentration group (P < 0.001 compared with control
group), and the other experimental groups also shows
significant elevation of C-5 MT-ase activities (P <
0.05).
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Fig. 5 Activity of C-5 MT-ase and gDNA -capacity to
accept methyl groups in different Hcy concentration
Activity of C-5 MT-ase was expressed as the amount of incorporated
[methyl-"H] groups into poly [dI-dC]. poly [dI-dC], present in cell
homogenates (cpm x10°per 1 pg protein). DNA methyl-accepting
capacity was expressed as the amount of [methyl-’H]  groups
incorporated into gDNA (cpm x10°per 0.5 wg DNA). The data were
presented as the x = s for independent experiments with three
simultaneous samples per each. ®—®: Activity of C-5 MT-ase; B—M:

DNA capacity.

2.5  Methyl-accepting capacity of undigestion
gDNA

Figure 5 also showed that the amount of gDNA
methylation sites, which were available for the Sss [
Hcy-treated groups,
significantly (P < 0.001), and in 50 pmol/L group, it
reaches the highest hill point. The incorporation of
[methyl"'H] SAM into the gDNA was inversely
proportional to the initial DNA methylation status,
which means that the gDNA isolated from cells and
exposed to homocysteine exhibited 1.46, 1.32, 1.28
and 1.22 times (P < 0.05) higher level of methyl
acceptance than gDNA of Hcy-untreated cells. This
result indicated a Hey-induced demethylation process
in gDNA, and the observed changes of the DNA
methylation status of gDNA also showed a parallel
pattern to the endogenous C-5 DNA methyltransferase
activity.

methylase in all increase

2.6 DNA methylation-dependent restriction
analysis

Methyl-accepting capacity of gDNA with the
methylation-dependent restriction analysis can probe
the Hcy-induced alteration in DNA methylation and
its potential sequence-bias. Methylation-dependent
endonucleases, which
unmethylated cytosine, can cut certain specific CG
sequences but not the methylated "CG. The Hpa Il ,
specific for C * CGG sequences and BssH I for CpG
islands (GC - GCGC) are used in this experiment for
investigating the Hcy-induced alteration in DNA

restriction recognize

methylation and its potential sequence-bias. Digestion
with Hpa Il or BssH Il restriction endonucleases
results in a destruction of corresponding CG loci and
loss of the potential methylation-accepting sites.

Figure 6 shows an increase of methyl-accepting
capacity of gDNA without being digested by the
restriction endonucleases in all concentrations of
homocysteine-treated groups, which copied the same
results in Figure 5. This was due to the
homocysteine-induced hypomethylation, and hence
more methylation-accepting sites exposed. With the
digestion by methylation-dependent endonucleases,
however, the methyl-accepting capacity of gDNA
would decrease because of the destruction of
corresponding CG loci by the endonucleases. In
control group the methyl-accepting capacity of gDNA
showed a little but not significant decline while in all
homocysteine-treated groups, the decrease of the
methyl-accepting capacity is significant. This decline
indicated hypomethylation is induced by Hcy in
gDNA. The greater decrease in methylation-accepting
capacity was noted in groups with Hpa Il digestion, its
reductions in methylation-accepting capacity was
70.1% , 41.7% , 46.1% and 25.5% (50 pmol/L,
100 pmol/L, 200 wmol/L, 500 wmol/L homocysteine
respectively) compared with undigested DNA. While
the methylation-accepting capacity in BssH Il cutting
groups, the declined just approximately 45.5%, 8.1%,
7.4% and 8.0% (50 pmol/L, 100 pmol/L, 200 wmol/L,
500 pmol/L homocysteine respectively)
with undigested DNA.

The greater decrease in methylation-accepting

compared

capacity in methylation-dependent restriction analysis
indicated a relative lower level of methylation because
the methylation-dependent restriction endonucleases
just cut the unmethylated cytosine. If the cytosine was
originally methylated, the enzymes would not be of
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impact on it.
dependent restriction analysis indicated that the
homocysteine treatment can induce an decreased
methylation in VSMCs gDNA or hypomethylation.
And this induced-hypomethylation has a sequence-bias
for Hpa Il cutting loci, which means Hcy may
preferentially in C*CGG
sequences but not in CpG islands. The homocysteine

So the results with methylation-

induce demethylation

induced-demethylation also showed a highest effect in
its concentration of 50 pmol/L.

10000

75001

5000

25001

AN\

DNA(cpm[methyl-*H])per 0.5 g DNA
Control

cCntrol+H

Control+B

Hey(50 pmol/L)
Hey(50 pmol/L)+H H

Hey(50 pmol/L)+B h
Hey(200 pmol/L) H

Hey(200 wmol/L)+H h

Hey(100 pwmol/L)
Hey(100 pmol/L)+H

Hey(500 wmol/L) |:
Hey(500 wmol/L)+H |
Hey(500 pmol/L)+B

Hey(200 pmol/L)+B H

Hey(100 pmol/L)+B

Fig. 6 Capacity of gDNA undigested and digested with
Hpa I (H) or BssH 1 (B)
methyl groups after 24 h cell growth in the presence of

endonucleases to accept

the homocysteine
Each value, expressing the number of incorporated methyl groups into
DNA (cpmx10*[methyl-*H]per 0.5 ug DNA), represents the x+s for six
experiments with three simultaneous samples per each.

3 Discussion

common and
independent risk factor for atherosclerosis . The
mechanisms  of (Hcey)-induced
atherosclerosis have been incriminated to oxidative
stress,  apoptosis,
demonstrated by plenty of experimental evidence, but

Hyperhomocysteinemia is a
homocysteine

inflammation etc, which is
none is definitive so far. The chemical configuration of
homocysteine posseses a reductive thio (—SH) group,
which usually suggests anti-oxidative nature, as the
cysteine does. The only difference between the two
thio-containing amino- acids is the homocysteine has
an extra —CH,— group, as following: HS—CH,—
CH,—CHNH,;—COOH for homocysteine and HS—
CH,—CHNH,—COOH for cysteine. = While the
concentration of cysteine is about 20~25 times higher
than that of homocysteine, it is usually not considered

a risk factor for cardiovascular diseases™. Why did the
homocysteine become a pro-oxidant and a famous risk
factor for atherosclerosis? While the cysteine usually
shows anti-oxidative nature. Many plausible
explanations have not probe this key point of
mechanisms.

The present results showed that an increased Hey
concentration induced elevated SAH, declined SAM
and their ratio of SAM/SAH, reduced expression of
SAH hydrolase, but increased activity of DNA MTase,
the methylation status of gDNA was downgraded.

From the methionine cycle, the increased Hcy
would feedback to inhibit the SAH hydrolase and a
consequential accumulation of SAH. So a reduced
expression of SAH hydrolase resulted from high Hcy
concentration was easy to explain. But the result of
increased activity of DNA MTase was unexpected,
because the SAH was an inhibitor of many
SAM-dependent methyl transferases (MTase). A
potential, yet plausible

compensatory reaction of methylation machinery

expounding was the

against homocysteine-induced hypomethylation. It has
been reported from cancer tissue that MTase activity
was actually increased in spite of the genome-wide
hypomethylation ™!, MTase activity can be seen as a
compensatory mechanism
methylation pattern,
replications are required for genomic hypomethylation,
if maintenance methylation activity provided by
MTase or other methyl transferases was not operative.
The decline of SAM could be resulted from excessive
consumption due to increased activity of DNA
MTase,

Analysis by methyl-accepting capacity of gDNA

to maintain genomic
since only two rounds of

uncovers an increased methyl-accepting capacity after
which
demethylation process in gDNA. In other words, the

homocysteine  treatment, indicated a
homocysteine caused hypomethylation in gDNA.
Because the higher of the demethylation degree, the
more of the methyl-acceptable loci®”.

With different methylation-dependent restriction
endonucleases, the aberrant demethylation was found
to prefer C - CGG sequences to CpG islands.
Methylation-dependent restriction endonucleases just
cut the unmethylated cytosine.
cytosine  was
homocysteine treatment,

If the original
demethylated by
the demethylated cytosine

methylated

could be cut by endonucleases, and the

methyl-accepting capacity would be lost in these locis
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by endonucleases treatment. A smaller decline of
methyl-accepting  capacity  after  homocysteine
treatment in BssH Il than Hpa Il restriction analysis
indicated a relative lower level of demethylation in
sequence of BssH Il cutting loci, which recognizes the
CpG islands (GC| GCGC). While in Hpa Il group,
the loss of methyl-accepting capacity, treated by
Hpa Il endonuclease, was much greater than in
BssH I, because a higher demethylation induced by
homocysteine treatment in Hpa Il recognizing loci
would leave more unmethylated cytosines for Hpa Il
cutting, so methyl-accepting capacity was lost during
Hpall restriction analysis.

The current results strongly suggested that
homocysteine treatment could lead hypomethylation of
global DNA in VSMCs™! and this demethylation was
preferentially biased for C * CGG sequence, not the
CpG islands®. Although the CpG island was found to
be more closely associated with promoters of many
genes, the aberrant methylation patterns in non-CpG
island sequence induced by homocystein may also
deeply influence the expression of genes including the
atherosclerosis-related genes, because maintenance of
differential

transcriptionally competent, insulator and repressed

chromatin structure between
genes were all critical aspects for transcriptional
regulation.

The dosage of homocysteine used in the present
studies relevant
hyperhomocysteinemia  (Hcy
50 wmol/L, which is found in up to 40% of patients
with myocardial infarction, stroke,
thrombosis) to severe hyperhomocysteinemia (Hcy

clinically from  moderate

concentration  of
or venous

concentration of 500 pmol/L, which is found in
patients with inherited homocystinuria). The impacts
of various concentration of homocysteine on the
one-carbon methyl-group transferring metabolism,
however, didn’t show dose-effect relationship. The
highest effects on aberrant methylation of gDNA and
in the pathway of DNA
methylation and the SAM recycle were in the Hcy

the factors involved
concentration of 50 pmol/L, an even increased Hcy
concentrations, on the contrary, exert weaker effects
on the aberrant methylation of gDNA and involved
factors, which was unexpected, but may be reasonable.
The hyperhomocysteinemia has been found associated
with many deleterious effects, including pro-apoptosis
on endothelial cells, promoting proliferation of

vascular SMC, inducing oxidative stress, interfering

NO bioactivity, activating some inflammatory pathway
and coagulation cascade, even mediating cholesterol
dysregulation etc. The higher concentration than
50 pmol/L may exert more direct injurious effects
such as oxidative stress, apoptosis while the moderate
hyperhomocysteinemia may show milder impact on
epigenetic modulation of gene expression®”. So the
SMC shows a proliferation (see Figure 1) in Hcy
concentration of 50 wmol/L, but a progressive reduced
viable cell counts in Hey concentration of 100 pmol/L
and above. This phenomenon suggested that the varied
detrimental effects of Hcy could be attributed to
different concentrations via different mechanisms, in
mild and moderate hyperhomocysteinemia, Hcy may
primarily influence the epigenetic regulation of gene
expression through the interference of methyl-group
transferring metabolism while in more higher Hcy
concentration, the essential impacts may be more
directly injurious via oxidative stress, pro-apoptosis,
inflammation etc.
Our findings uncovered a Hcy-induced
hypomethylation in gDNA of vSMC, but a increased
activity of DNA MTase, which was similar with the
fact in cancer tissues. It is possible that alterations in

DNA methylation may play an important role in

atherogenesis, although it didn’t prove a direct
relationship between global hypomethylation and
atherogenesis, but simply describe an association

between these two processes. Our results also
indicated a sequence bias in  Hcy-induced
hypomethylation for C * CGG, but rather than for CpG
island. And suggested that different concentrations of
effects
So the interventions directed towards

Hcy may exert different via different
mechanisms.
hyperhomocysteine should be more specific according
to the different concentrations and mechanisms in the
The induction of
hitherto

unreported element of their mechanisms and these

treatment for vascular disorders.
DNA methylation by HHcy is a new,

findings reveal a novel role of Hey in the pathogenesis
of human vascular disease.
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