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Summary
Little is known about epigenetics and its possible role in atherosclerosis. We here analysed histone and DNA methylation and the expression of corresponding methyltransferases in early and advanced
human atherosclerotic carotid lesions in comparison to healthy carotid
arteries. Western Blotting was performed on carotid plaques from our
biobank with early (n=60) or advanced (n=60) stages of atherosclerosis and healthy carotid arteries (n=12) to analyse di-methylation
patterns of histone H3 at positions K4, K9 and K27. In atherosclerotic
lesions, di-methylation of H3K4 was unaltered and that of H3K9 and
H3K27 significantly decreased compared to control arteries. Immunohistochemistry revealed an increased appearance of di-methylated
H3K4 in smooth muscle cells (SMCs), a decreased expression of
di-methylated H3K9 in SMCs and inflammatory cells, and reduced
di-methylated H3K27 in inflammatory cells in advanced versus early
atherosclerosis. Expression of corresponding histone methyltransferases MLL2 and G9a was increased in advanced versus early atheroCorrespondence to:
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sclerosis. Genomic DNA hypomethylation, as determined by PCR for
methylated LINE1 and SAT-alpha, was observed in early and advanced
plaques compared to control arteries and in cell-free serum of patients
with high-grade carotid stenosis compared to healthy volunteers. In
contrast, no differences in DNA methylation were observed in blood
cells. Expression of DNA-methyltransferase DNMT1 was reduced in
atherosclerotic plaques versus controls, DNMT3A was undetectable,
and DNMT3B not altered. DNA-demethylase TET1 was increased in
atherosclerosisc plaques. The extent of histone and DNA methylation
and expression of some corresponding methyltransferases are significantly altered in atherosclerosis, suggesting a possible contribution of
epigenetics in disease development.
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Introduction
Pathophysiological changes in gene expression represent the basis
of various human diseases. Epigenetics has been revealed to be an
ancient and powerful tool to activate or silence genes (1–4). The
basic unit of chromatin consists of DNA wrapped around histone
cores, consisting of an octamer formed by two of each of the
following histones H2A, H2B, H3, and H4. Histone methylation
constitutes an important epigenetic mechanism that leads to
changes in chromatic structure and in consequence regulating
gene expression (3). Although DNA and histone methylation
require different sets of enzymes, there seems to be a close interrelation between these processes in modulating gene transcription
© Schattauer 2015

(4–6). While histone methylation can facilitate DNA methylation,
DNA methylation in turn may serve as a template for specific histone modifications (4, 6). Recent evidence indicates that both
modifications may be accomplished through direct interactions
between histone and DNA methyltransferases (6). Among the
most important histone methylation sites described so far, methylation at positions K4, K9, and K27 on histone H3 not only leads to
changes in chromatin structure and alternations in gene expression, it can also influence the state of DNA methylation (3, 4,
7).
While methylation patterns remain relatively stable in the adult
organism, they may alter significantly in certain diseases (8–11).
Notably, a role of epigenetics as a potential mechanism to control
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Material and methods
Study population
Atherosclerotic plaques and serum were obtained from patients
with high-grade carotid artery stenosis (> 70 %) (19) after carotid
endarterectomy (CEA), collected in our Biobank (n=120). The
average age of the patients was 69.9 ± 9.3 years. Tissue specimen
mainly consisted of the diseased intima as a consequence of the
surgical intervention used for plaque excision. Control carotid arteries (n=12) were obtained from patients undergoing trauma surgery. The average age of control patients was 56.9 ± 8.9 years (8
males, 4 females). These tissue samples comprised all three vessel
layers, i. e. the intima, media, and adventitia. Control vessels did
not contain any atherosclerotic lesions; in some cases a slightly
thickened intima was observed. Serum samples of healthy volunteers (n=10) were included as controls for blood analysis. The
study was performed according to the Guidelines of the World
Medical Association Declaration of Helsinki. The local ethics
committee of our university hospital approved the study, and
written informed consent to being included in the Biobank was
given by all patients. The baseline patients characteristics is summarised in Supplementary Table 1. No significant differences were
Thrombosis and Haemostasis 114.2/2015

observed between study groups with the exception of the use of
beta-blockers, which was higher in carotid patients that served as
donors for plaques with early compared to the advanced atherosclerosis.

Histology and plaque characterisation
Carotid plaques were segmented in blocks of 3-4 mm and freshly
frozen in liquid nitrogen or fixed in formalin and embedded in
paraffin (FFPE). Haematoxilin-Eosin and Elastica van Gieson
staining were performed in order to assess the stage/type of
atherosclerosis. Histological classification of carotid atherosclerotic lesions was performed as described by Stary et al. and approved by the American Heart Association (20, 21) by two independent investigators blinded for the study in close collaboration
with an experienced pathologist. Study specimens were divided
into groups of early (stage I-III, n=60) and advanced atherosclerosis (stage V-VII, n=60). Type I, II, and III lesions were characterised by a markedly thickened intima, fatty streaks and increased of macrophages/macrophage-derived foam cells (Suppl.
Figure 1A, available online at www.thrombosis-online.com). Type
V lesion showed massive aggregates of extracellular lipids forming
a necrotic/lipid core under a fibrous cap, and increased amounts of
leukocytes, macrophages/macrophage-derived foam cells; type VI
lesion were similar to lesion stage V with thrombotic deposits and/
or marked haemorrhage; type VII lesion displayed calcium deposits (Suppl. Figure 1B, available online at www.thrombosis-on
line.com).

Western blot analysis
Complete segments of fresh carotid tissue samples were homogenised in liquid nitrogen, suspended in lysis buffer and histone
extraction was performed in accordance with the manufacturer’s
protocol (EpiSeeker Histone Extraction Kit, Abcam, Cambridge,
UK). Protein quantification was performed by reading the optical
density at 560 nm using the BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA). Equal amounts of extracted histone proteins were then separated by a 15 % SDS-PAGE and
blotted onto a PVDF membrane. The membrane was blocked by
5 % non-fat dry milk in TBS solution (50 mM Tris-HCl, pH 7.4,
150 mM NaCl) for 1 hour and consecutively incubated with primary antibodies overnight at 4 °C: rabbit monoclonal H3K4
(Methyl-Histone H3 Antibody Sampler Kit; New England Biolabs,
Frankfurt am Main, Germany; dilution 1:500; Cat. 9847S), rabbit
monoclonal H3K9 (New England Biolabs; dilution 1:500; Cat.
9847S), rabbit monoclonal H3K27 (New England Biolabs; dilution
1:500; Cat. 9847S), rabbit monoclonal H3 (D1H2) (New England
Biolabs; dilution 1:500; Cat. 9847S), followed by a secondary antibody for one hour (goat anti-rabbit IgG, TR-001-HR, Thermo
Scientific; dilution 1:10,000).
Proteins were visualised by a chemiluminescent detection
method (SuperSignal West Pico Chemiluminescent Substrate,
Thermo Scientific, Waltham, MA, USA) using Kodak Scientific
Imaging film. The developed film was digitalised and protein
© Schattauer 2015
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gene expression has recently been proposed also in cardiovascular
disease (12–15). For instance, aberrant DNA methylation has been
associated with changes in the transcription of a variety of proatherogenic genes (13). However, there is only limited insight into
epigenetic alterations in human atherosclerosis. Hypomethylation
of the repetitive DNA sequence LINE-1 has been identified in
atherosclerotic lesions (9) and seems to correlate with higher
serum levels of vascular cell adhesion molecule (VCAM)-1 (16,
17). While these studies suggest that epigenetics may play an important role in atherosclerosis, epigenetic changes have not yet
been analysed at different stages of atherosclerotic plaque
formation.
DNA methylation is conducted by three methyltransferases
(DNMTs), DNMT1, 3A, and 3B. DNMT1 maintains DNA methylation and is responsible for the propagation of DNA methylation
patterns during mitotic cell division, guiding the methylation of
CpG dinucleotides on the new DNA strand according to the
methylation status of the complementary template strand (2, 16,
18). In contrast, DNMT3A and 3B are catalysing de novo methylation and are important in the establishment of methylation patterns during development. In addition, DNMT3A and 3B were
shown to correlate with changes in histone modifications (2, 18).
In mice, deletion of DNMT3B reduced the methylation of CpG islands on repetitive sequences, such as LINE1 and Sat-α, and activated gene expression on the inactive X-chromosome (18). So far,
no data on the expression of DNMTs in atherosclerotic lesions are
available.
Therefore, the aim of the present study was to analyse histone
and DNA methylation and the expression of corresponding
methyltransferases at different stages of atherosclerosis in carotid
arteries compared to healthy vessels.
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Immunohistochemistry (IHC)
Carotid artery tissue sections were characterised by immunostaining, using specific antibodies to detect macrophages/monocytes
(anti-CD68, mouse monoclonal, clone KP1, dilution 1:2,000;
Dako, Glostrup, Denmark; Cat. M0814) and leukocytes (antiCD45, clone 2B11, dilution 1:100; Dako; Cat. M0701). For proper
detection of smooth muscle cells (SMCs), we tested three different
antibodies directed against smooth muscle actin (SMA, mouse
monoclonal, clone HHF35, dilution 1:200; Dako; Cat. M0635),
smooth muscle myosin heavy chain 1 and 2 (SM-MHC1+2, rabbit
monoclonal, dilution 1:4,000; abcam; Cat. ab124679), and
smoothelin (mouse monoclonal, diluton 1:100; abcam; Cat.
ab21108). No significant differences were observed between anti
SM-actin and SM-MHC1+2. In contrast, staining for smoothelin
was weaker. For these reasons and in accordance with our previous
studies (22–24) we used SM-actin staining to identify SMC in the
current work.
Immunohistochemical detection of methylation of histone H3
at specific sites H3K4, H3K9, and H3K27 was performed using the
following antibodies: anti-di-methyl-histone H4(Lys4) (rabbit
monoclonal, dilution 1:3,000; New England Biolabs; Methyl-Histone H3 AK Sampler Kit; Cat. 9847S), anti-di-methyl-histone
H4(Lys9) (rabbit monoclonal, dilution 1:200; New England Biolabs; Cat. 9847S), anti-di-methyl-histone H4(Lys27) (rabbit monoclonal, dilution 1:200; New England Biolabs; Cat. 9847S).
Following primary antibody incubation, smooth muscle actin
was visualised using the APAAP ChemMate Detection Kit (rabbit
anti-mouse; Dako) according to the manufacturer’s instructions.
All other primary antibodies were detected by LSAB ChemMate
Detection Kit (biotinylated goat anti-mouse/anti-rabbit; Dako).
Immunohistochemical analyses of histone methylation were performed on slides consecutive to staining for SMCs, leukocytes, or
macrophages/macrophage-derived foam cells in order to evaluate
the expression level (by analysing staining intensity) of histone
methylation in individual cells within the whole carotid tissue
specimens via light microscopy and a semi-quantitative scoring,
ranging from (-) for no staining to (+++) for strong positive staining.

Quantification of DNA methylation in tissue samples
DNA was extracted from formalin fixed and paraffin embedded
tissue specimens consecutive to the histological samples and bisulfite-converted accordingly to manufacturer’s protocol (Qiagen,
Hilden, Germany). DNA methylation was assessed by quantitative
PCR of repetitive DNA-sequences LINE1 and SAT-α (Methylightsystem) using the TaqMan Universal PCR Master Mix, (Applied
Biosystems, Darmstadt, Germany). Methylation-independent re© Schattauer 2015

petitive DNA-sequence ALU1 served as a reference for the input of
bisulfite converted DNA (EpiTect PCR Control DNA Set, Qiagen),
as established by Weisenberger at al. (25) Primers were optimised
for ABI Prism 7700 Sequence Detector (Applied Biosystems).
Quantification was normalised to the ALU1 gene within the loglinear phase of the amplification curve obtained for each probe/
primer set, using the ΔΔCT method.

Quantification of DNA methylation in blood
Blood sampling was performed within two days prior to surgical
intervention by vein puncture. Venous blood was centrifuged at
2,000 × g for 10 minutes at room temperature and stored at –70 °C
until analysis. DNA was isolated using QIAamp DNA Blood Mini
Kit (Qiagen) according to manufacturer’s instructions using 200 µl
of serum for each extraction procedure and bisulfite-converted, as
described above. DNA methylation was assessed by quantitative
PCR of repetitive DNA-sequences LINE1 and SAT-α and normalised for the methylation-independent repetitive DNA-sequence
ALU1.
For DNA methylation analysis of blood cells, peripheral blood
was collected prospectively from five healthy individuals and 10
patients with high-grade carotid artery stenosis (> 70 %) using
EDTA tubes (S-Monovette 7.5 ml, Sarstedt, Nümbrecht, Germany). Following centrifugation, mononuclear cells were isolated
by density gradient centrifugation using histopaque (1.077 g/ml;
Sigma-Aldrich; Munich, Germany) using Leucosep tubes (Greiner
Bio-One, Frickenhausen, Germany) and the corresponding manufacturer’s protocol. Following overnight incubation in RPMI1640
medium (Biochrom; Berlin, Germany) supplemented with 1 %
penicillin/streptomycin and 10 % fetal bovine serum (FBS) (Biochrom) at 37 °C/5 %CO2, lymphocytes in the supernatants and adhered monocytes were collected separately. After three washes in
phosphate-buffered saline, DNA was extracted as described above,
bisulfite-converted and analysed by quantitative PCR of LINE1
and SAT-α.

Quantitative Real-Time RT-PCR
For expression analyses of histone and DNA methyltransferases we
selected enzymes that were among the first to be identified, as reviewed by Santos-Rosa et al. (26): hSET1A, SET7/9, MLL2 for
methylation of H3K4; SUV39H1, SUV39H2, or ESET/SETDB1 for
methylation of H3K9; G9a and EZH2 for methylation of H3K27;
and DNMT1, DNMT3A and B, TET1 for DNA methylation. RNA
was isolated from FFPE tissue sections adjacent to slides used for
histological characterisation by the High Pure RNA Paraffin Kit
(Roche, Mannheim, Germany) according to the manufacturer’s instructions. In all cases, two sections of 10 µm thickness were used,
yielding 10–20 ng/µl of RNA per tissue sample. The maximum
amount of isolated RNA (11 µl) was then reverse transcribed using
the cDNA Synthesis Kit RevertAid and oligo-dT primers supplied
by the manufacturer (Fermentas, St. Leon-Rot, Germany). Quantitative Real-Time PCR was performed with 2 µl of cDNA in total
reaction mix of 25 µl using SYBRgreen fluorescence dye (peqLab,
Thrombosis and Haemostasis 114.2/2015
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quantification was performed using free software ImageJ 1.44p
(National Institutes of Health, Bethesda, MD, USA). Following
normalisation to GAPDH, the average of the control tissue
samples was set as 100 % and results were calculated in comparison.
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Figure 1: Methylation of H3K4, H3K9 and H3K27 in atherosclerotic
lesions and healthy vessels. A) Western blot analysis of the expression of
total histone H3 and methylated H3K4, H3K9 and H3K27 in control carotid
arteries, and in early and advanced atherosclerotic lesions. B) Quantification

of methylated H3K4, H3K9 and H3K27 histone relative to the expression of
total histone H3. Ctrl – control healthy carotid vessel (n=6), Early – early
stage of atherosclerosis (n=24), Adv – advanced stage of atherosclerosis
(n=24). *p< 0.05, n. s. – not significant.

Erlangen, Germany) and specific primer pairs from Qiagen,
QuantiTect Primer Assays: Hs_KIAA0339_1/Cat. QT00042427,
Hs_MLL_2/Cat. QT00247464, Hs_SETDB1/Cat. QT00086142,
Hs_SET7_1/Cat. QT00079282, Hs_SUV39H1_1/Cat. QT00091042,
Hs_SET39H2_1/Cat. QT00094311, Hs_EZH1_1/Cat. QT00030275,
Hs_EZH2–1/Cat. QT00054614, Hs_DNMT1_1/Cat. QT00034335,
Hs_DNMT3A_1/Cat.
QT00090832,
Hs_DNMT3B_1/Cat.
QT00032067, Hs_TET1_1/Cat. QT00037646, Hs_GAPDH_1/ Cat.
QT00079247) by the ABI Prism 7700 Sequence Detector (Applied
Biosystems). All results were normalised for the expression of
GAPDH.

Data are expressed using box plot diagrams showing the median
and the 25th and 75th percentile or error bars. Differences with p
values < 0.05 were considered to be statistically significant.

Statistical analysis
Results were analysed by using SPSS 20.0 (SPSS Inc., Chicago, IL,
USA). The study groups were first compared by Levene’s test to assess the equality of variances between groups. There was no homogeneity. Consequently, Kruskal–Wallis one-way analysis of variance was applied in all cases for n> 2. As a post-hoc tests, MannWhitney was used and correction for multiple testing was done
using Benjamini-Hochberg procedure as a non-conservative approach that does not affect statistical power (27). Data obtained
from semi-quantitative scoring of IHC staining were treated as
categorical data and analysed in the same manner as continuous
variables, as described above using non-parametric statistical tests.
Thrombosis and Haemostasis 114.2/2015

Results
Differential histone methylation patterns in smooth
muscle and inflammatory cells in atherosclerotic
lesions
Groups of carotid plaques with early (stage I-III, n=60) and advanced atherosclerosis (stage V-VII, n=60) were collected from patients with high-grade carotid stenosis undergoing carotid endarterectomy (CEA). We first assessed methylation of histone H3 at position K4, K9, and K27 relative to the expression of total histone H3 in
nuclear histone extracts from atherosclerotic carotid arteries compared to undiseased control vessels by Western blot analyses (▶Figure 1). For methylated H3K4 a slight trend towards an increased
abundance was observed in advanced atherosclerotic lesions compared to control arteries or early lesions, which however did not
reach statistical significance (▶Figure 1A). In contrast, methylated
H3K9 and H3K27 showed a significant three- to four-fold reduction
in early and advanced stages of atherosclerosis, compared to healthy
vessels (▶Figure 1B and C), while no further differences were noted
between early and advanced atherosclerotic stages.
© Schattauer 2015
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During progression of atherosclerosis, smooth muscle cells
(SMCs) are being activated and inflammatory leukocytes and macrophages/macrophage-derived foam cells accumulate within the
plaque. We therefore localised the methylation pattern of histone H3
at position K4, K9, and K27 by means of immunohistochemistry
and semi-quantitatively scored its expression in SM-actin+ SMCs,
CD45+ leukocytes, and CD68+ macrophages in the whole vessel by
co-staining in consecutive sections at different stages of lesion
formation. Control sections contained only few inflammatory cells
(not shown), precluding the analysis of leukocytes and macrophages
in these specimens. Methylation of histone H3 at position K4 could
be localised to SMC-rich areas, but was also associated with inflammatory cells (▶Figure 2). Staining intensity of H3K4 showed a significant 1.7-fold increase in SMCs in advanced compared to early
stages of atherosclerosis (p=0.044), whereas no differences were observed between control carotid tissue and early lesions (▶Figure 2B,
C). Methylation of H3K4 was unaltered in leukocytes (▶Figure 2D,
E) and macrophages (▶Figure 2F, G) in early compared to advanced atherosclerotic lesions. In contrast, methylation of H3 at
position K9 (▶Figure 3) showed a 1.9-fold reduction (p=0.019) in
SMCs in early lesions compared to controls (▶Figure 3B, C) and

further significantly decreased by factor 8.1 in advanced compared
to early lesion (p< 0.001). Similarly, staining intensity of methylated
H3K4 showed a significant 2.1-fold reduction in leukocytes
(p< 0.001, ▶Figure 3D, E) and a non-significant trend towards reduced expression in macrophages (▶Figure 3F, G) in advanced vs
early lesion stages. Methylation of histone H3 at position K27
(▶Figure 4) showed a significant reduction in methylation in SMCs
in early and advanced atherosclerotic lesions vs control tissue (factor
7.8, p=0.007 and factor 3.6, p=0.037, ▶Figure 4B, C), and was decreased in leukocytes (factor 1.7, p< 0.001, ▶Figure 4D, E) and macrophages (factor 1.6, p< 0.001, ▶Figure 4F, G) in advanced compared to early disease stages. These data demonstrate cell-type specific methylation patterns in atherosclerosis, and that decreased
methylation of H3K9 and H3K27 is associated with more advanced
lesion stages.

Figure 2: Methylation patterns of H3K4 in atherosclerotic lesions
and healthy vessels. A) Representative images of immunohistochemistry
of H3K4me in control carotid arteries, early and advanced atherosclerotic
lesions (scale bars, 100 µm). B, D, F) Representative images of the atherosclerotic shoulder region showing differences in the staining intensity of
H3K4me in early and advanced stages of atherosclerosis (scale bars, 100 µm)
and C, E, G) semi-quantitative analysis of immunohistochemical staining in-

tensity of H3K4me in the whole carotid vessel wall in SMC (B, C), leukocytes
(D, E) and macrophages (F, G) in control carotid arteries (n=12), early (n=60)
and advanced atherosclerotic lesions (n=60). Ctrl – control healthy carotid
vessel, Early – early stage of atherosclerosis, Adv – advanced stage of atherosclerosis. The overall highest staining intensity was set as 1.0. *p< 0.05, n. s.
– not significant.

© Schattauer 2015

Expression of histone methyltransferases varies in
atherosclerosis
To further investigate whether these changes in histone methylation in atherosclerotic lesions were associated with differences in
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Figure 3: Methylation patterns of H3K9 in atherosclerotic lesions
and healthy vessels. A) Representative images of immunohistochemistry
of H3K9me in control carotid arteries, early and advanced atherosclerotic
lesions (scale bars, 100 µm). B, D, F) Representative images of the atherosclerotic shoulder region showing differences in the staining intensity of
H3K9me in early and advanced stages of atherosclerosis (scale bars, 100 µm)
and C, E, G) semi-quantitative analysis of immunohistochemical staining in-

tensity of H3K9me in the whole carotid vessel wall in SMC (B, C), leukocytes
(D, E) and macrophages (F, G) in control carotid arteries (n=12), early (n=60)
and advanced atherosclerotic lesions (n=60). Ctrl – control healthy carotid
vessel, Early – early stage of atherosclerosis, Adv – advanced stage of atherosclerosis. The overall highest staining intensity was set as 1.0. *p< 0.05, n. s.
– not significant.

the expression of corresponding histone methyltransferases (26),
their mRNA expression was analysed in tissue consecutive to sections used for histology. For position H3K4, mRNA levels of three
known methyltransferases were evaluated (hSET1A, SET7/9,
MLL2). No expression was found for hSET1A and SET7/9 (data
not shown). Expression of methyltransferase MLL2 showed a
broad variation in control tissue. Comparing medians, a significant reduction in MLL2 expression was detected between control
tissue and early stages of atherosclerosis, and an increase was observed between early and advanced stages of atherosclerosis
(p< 0.001, ▶ Figure 5 A). With regards to methyltransferases for
position H3K9 and H3K27, a significant decrease in expression in
G9a was observed between control groups and early stages of
atherosclerosis (factor 2.5, p=0.005), and a significant increase between early and advanced atherosclerotic lesions (factor 3.2,
p=0.002, ▶ Figure 5 B). No expression was observed for SUV39H1,
SUV39H2, or ESET/SETDB1 (data not shown). Furthermore, no
expression of the methyltransferase EZH2 for position H3K27 was
detected (data not shown).

In order to achieve more specific results with regards to the expression of histone methyltransferases in individual cell types
within carotid atherosclerotic lesions, we performed micro-dissection and analysed their mRNA expression in SMA+ SMCs, CD45+
leukocytes and CD68+ macrophages (▶ Figure 6 A, B). For MLL2,
an up to two-fold increase in expression was found in SMCs in advanced stages of atherosclerosis in comparison to early lesions or
control arteries (p< 0.05, ▶ Figure 6 A). The expression of MLL2
was furthermore increased in leukocytes in advanced atherosclerotic plaques compared to the undetectable expression in early
lesions (▶ Figure 6 A). In macrophages, no differences in expression of MLL2 were observed between early and advanced
atherosclerotic lesions (▶ Figure 6 A). With regards to G9a, highest expression was detected in SMCs in healthy control artery,
whereas only very low levels and no expression was found in early
and advanced atherosclerotic lesions, respectively (▶ Figure 6 B).
Expression of G9a in leukocytes was only detectable in advanced
atherosclerotic lesions (▶ Figure 6 B). Interestingly, in macrophages the highest expression of G9a was observed in early stages
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DNA methylation decreases with progression of
atherosclerosis
Furthermore, we assessed the DNA methylation status in atherosclerosis. In order to analyse DNA methylation at different stages
of atherosclerosis, quantitative PCRs were performed to detect hypomethylation of repetitive sequences LINE1 and SAT-α in control
vessels, as well as in early and advanced atherosclerotic plaques of
carotid arteries (▶ Figure 7). These DNA sequences capture
11–17 % of whole genomic DNA and are scattered throughout the
entire genome. Changes in these two interspersed elements may
thus serve as a measure for global DNA methylation. Compared
with healthy vessels, DNA methylation of LINE1 was diminished
to 62.3 % in early atherosclerotic lesions, and further decreased to
32.4 % in advanced stages of atherosclerosis (p=0.031 and p=0.014,
respectively). Similarly, a decrease in methylation of the repetitive
sequence SAT-α to 73.2 % (p=0.076) and 39.3 % (p=0.023) was ob-

Figure 4: Methylation patterns of H3K27 in atherosclerotic lesions
and healthy vessels. A) Representative images of immunohistochemistry
of H3K4me in control carotid arteries, early and advanced atherosclerotic
lesions (scale bars, 100 µm). B, D, F) Representative images of the atherosclerotic shoulder region showing differences in the staining intensity of
H3K27me in early and advanced stages of atherosclerosis (scale bars, 100
µm) and C, E, G) semi-quantitative analysis of immunohistochemical staining

© Schattauer 2015

served in early and advanced atherosclerotic lesions, respectively.
These data demonstrate that DNA methylation clearly decreases
with the progression of atherosclerosis.

Expression of DNMT1 decreases, whereas TET1
increases in atherosclerosis
DNA methylation is conducted by enzymes that are different to histone methyltransferases. As these may be altered during disease
progression, we analysed the expression of DNA methyltransferases DNMT1, 3A, and 3B, as well the expression of DNA-demethylase TET1 in healthy vessels and carotid arteries at different
stages of atherosclerosis. Compared to control carotid artery tissue, transcripts of DNMT1 showed a significant decrease in expression to 7.7 % (range 0–108 %) and 2.5 % (range 0–26 %) in
early and advanced atherosclerotic lesions when compared to the
expression in healthy vessel, respectively (p=0.022 and p=0.047,
▶ Figure 5C), while no significant differences could be detected
between early and advanced stages of atherosclerosis (p=0.810).
The expression of DNMT3A was detected neither in control tissue

intensity of H3K27me in the whole carotid vessel wall in SMC (B, C), leukocytes (D, E) and macrophages (F, G) in control carotid arteries (n=12), early
(n=60) and advanced atherosclerotic lesions (n=60). Ctrl – control healthy
carotid vessel, Early – early stage of atherosclerosis, Adv – advanced stage of
atherosclerosis. The overall highest staining intensity was set as 1.0.
*p< 0.05, n. s. – not significant.
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of atherosclerosis, and a significantly lower expression was observed in advanced lesions (▶ Figure 6 B).
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Figure 5: Expression of histone and DNA
methyltransferases in atherosclerotic
lesionat mRNA level. A, B) histone methyltransferases; C, D, E) DNA methyltransferases
Early – early stage (n=60), Adv – advanced stage
(n=60) of atherosclerosis, Ctrl – control vessel
(n=12). Quantification was performed by SYBRGreen-based RT-PCR and normalised to the expression of GAPDH. Expression of the individual
methyltransferases in healthy tissue was set as 1.
The changes in Early and Advanced groups demonstrate ...–fold increase or decrease related to
control. * p< 0.05.

nor in atherosclerotic lesions (data not shown). DNMT3B mRNA
levels showed a trend towards decreased expression down to 5.6 %
(range 0–11 %, p=0.686) in early and to 7.1 % (range 0–22 %,
p=0.556) in advanced stages of atherosclerosis without reaching
statistical significance when compared to healthy control tissue
(▶ Figure 5 D). In contrast to DNMTs, TET1 showed an increased
expression in early and advanced stages of atherosclerosis (6.8and 4.5-fold). These changes however did not reach statistical significance (▶ Figure 5 E). Notably, the expression of DNMT3B and
TET1 was markedly lower than that of DNMT1.
We furthermore performed micro-dissection and analysed the
expression of DNMT1, DNMT3B, and TET1 specifically in SMCs,
leukocytes and macrophages (▶ Figure 6 C-E). The mRNA expression of DNMT1 in SMCs resembled that of whole tissue with
highest expression in control arteries, which decreased in early
and advanced stages of atherosclerosis (▶ Figure 6 C). The expression of DNMT1 in leukocytes and macrophages was mainly
detected in advanced atherosclerotic plaques (▶ Figure 6 C). Similar results were found for DNMT3B, although differences did not
reach statistical significance (▶ Figure 6 D). In leukocytes,
DNMT3B expression could only be detected in advanced stages of
atherosclerosis. For macrophages, an expression was detected in
early and advanced stages of atherosclerosis, although expression
was lower in advanced compared to early plaques (▶ Figure 6 D).
With regard to the mRNA expression of TET1, a significant increase was observed in SMCs in advanced stages of atherosclerosis
compared to control arteries (▶ Figure 6 E). In leukocytes, TET1
Thrombosis and Haemostasis 114.2/2015

expression could only be detected in advanced stages. In macrophages, an increased expression was detected in early and advanced stages of atherosclerosis without any significant differences
between the groups (▶ Figure 6 E).

DNA methylation decreases in serum of patients with
high-grade carotid stenosis
As previously described, cell-free DNA is present in blood and its
methylation state can be influenced by accompanying diseases (28,
29). Observing the decrease in DNA methylation of LINE-1 and
SAT-α in atherosclerosis, we also wanted to assess, whether this
might be paralleled by changes in the methylation of cell-free DNA
in serum blood samples of patients with high-grade carotid stenosis in comparison to healthy volunteers. Interestingly, for both repetitive DNA sequences LINE1 and SAT-α, a significant reduction
in DNA methylation was found in serum of carotid patients compared to healthy individuals. The state of DNA methylation was
36.9 % for LINE1 and 67.5 % for SAT-α, compared to healthy volunteers (p< 0.001 and p=0.005, respectively, ▶ Figure 7 B).
Furthermore, we assessed the DNA methylation in monocytes
and lymphocytes in blood of healthy individuals and patients with
advanced carotid stenosis, collected prospectively. In contrast to
serum, however, no differences were observed in the methylation
of DNA of LINE1 (p=0.282 for lymphocytes, p=0.482 for monocytes) or SAT-α, which showed a trend towards increased methyl© Schattauer 2015
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Figure 6: Expression of histone and DNA methyltransferases in different cells after micro-dissection from
atherosclerotic lesions at mRNA level. A, B) histone
methyltransferases; C, D, E) DNA methyltransferases Early –
early stage (n=60), Adv – advanced stage (n=60) of atherosclerosis, Ctrl – control vessel (n=12). Quantification was
performed by SYBRGreen-based RT-PCR and normalised to
the expression of GAPDH. * p< 0.05. #, non detectable.

ation in patients vs controls without reaching statistical significance (p=0.085 for lymphocytes, p=0.235 for monocytes).

Discussion
The results of our study indicate that epigenetic changes can be
found in atherosclerotic lesions, as shown by significant alterations
in histone and DNA methylation at different stages of atherosclerosis. Most importantly, significant differences were observed
© Schattauer 2015

for DNA methylation between controls, early and advanced stages
of atherosclerosis in carotid artery tissue and in serum between
healthy individuals and patients with high-grade carotid stenosis.
Histone methylation but foremost the extent of methylated repetitive sequences LINE1 and SATα might thus serve as a potential
epigenetic marker of plaque progression.
Post-transcriptional modifications of histones and in particular
their methylation status are closely implicated in the regulation of
gene expression (1, 7, 30). The methylation of histones is able to
either activate or inhibit gene transcription (4, 30, 31). Especially
Thrombosis and Haemostasis 114.2/2015
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Figure 7: DNA methylation in atherosclerosis lesions, healthy vessels and in
serum of patients with high-grade carotid
artery stenosis with (> 70 %) compared to
healthy individuals. A) Carotid tissue samples;
B) Serum samples. Bisulfite-converted DNA was
used to determine methylation of repetitive sequences LINE1 and SAT-α in control carotid arteries (n=12), early (n=60) and advanced atherosclerotic lesions (n=60). Quantification was normalised to ALU1 within the log-linear phase of
the amplification curve using the ΔΔCT method.
The extent of DNA methylation of control vessels
was set as 100 %. *p< 0.05.

Figure 8: DNA methylation in peripheral
blood cells of patients with high-grade carotid artery stenosis (> 70 %) compared to
healthy individuals. A) Lymphocytes; B) Monocytes. DNA methylation of repetitive sequences
LINE1 and SAT-α in blood cells from healthy individuals (n=5) and patients with carotid artery
stenosis (n=10). Quantification was normalised
to ALU1 within the log-linear phase of the amplification curve using the ΔΔCT method. The extent of DNA methylation of healthy individuals
was set as 100 %. No significant differences were
observed between groups.

di-methylation was described to be necessary and sufficient to perform and maintain chromatin remodeling (32, 33). In addition, dimethylation seems to be the most widely distributed (34). Di- and
tri-methylation of H3K4 is frequently enriched at actively transcribed genes. However, while di-methyl modification appears to
Thrombosis and Haemostasis 114.2/2015

be distributed across active genes, tri-methylation is more specific
and localised at the 5’ end of these genes (32). Furthermore, dimethylation of H3K9 and H3K27 seems to be sufficient to silence
most gene promoters (33).
© Schattauer 2015

The results of the current study show significant changes in the
methylation status of H3K4 and H3K9 in atherosclerosis. In carotid atherosclerotic lesions, methylation of H3K4 was increased, but
that of H3K9 reduced, in particular in SMCs, and as for H3K9 also
in leukocytes. Both, an increased methylation of H3K4 as well as a
reduction in methylation of H3K9 facilitate gene expression (3,
14). SMCs are important components of the vascular wall, responsible for maintaining its stability and proper function (35). Upon
various stimuli, SMCs change their phenotype from contractile to
synthetic, leading to an increased production of collagen and proteoglycans. SMCs within the fibrous cap of atherosclerotic plaques
may either play critical or beneficial roles for lesion stability, depending on their phenotypic state (31, 36). In addition, SMCs
often undergo apoptosis and/or activate expression of various matrix metalloproteinases and/or inflammatory mediators, thus promoting plaque rupture and thrombosis (31). Manabe et al. provided evidence that the key step in controlling gene expression in
SMCs are changes in histone acetylation and methylation, especially on H3K4 (32, 37). Our data suggest that hypermethylation
of H3K4 and hypomethylation of H3K9 could control SMC activation in atherosclerosis. We in addition observed a significant reduction in methylated H3K27 especially in inflammatory cells. In
line with findings by De Santa et al. (38), who revealed gene silencing in macrophages to depend on histone H3K27 methylation, our
data indicate a potential role of H3K27 not only in macrophages
but also inflammatory leukocytes in atherosclerosis.
Histone methylation is regulated by histone methyltransferases
that are highly specific for individual lysine residues within the
N-terminal histone tail. Interestingly, we could detect only two of
the nine transferases analysed in our study (26). For H3K4, only
the methyltransferase MLL2 was detected. In addition, methylation of H3 at the position K4 was increased in advanced lesions
compared to early stages of atherosclerosis, implying that MLL2
may contribute to maintaining or increasing H3K4 methylation
during lesion progression (26, 39). We did not, however, observe
any significant differences in the expression of MLL2 between
control carotid vessels and atherosclerotic tissue samples. A possible explanation for this apparent discrepancy could lie in the
abundance and phenotype of SMCs, given the significant changes
in H3K4 methylation in SMCs in advanced atherosclerosis. While
in healthy vessels SMCs are the predominant cell type and of a
contractile phenotype, the proportion of SMCs among all cells is
reduced in atherosclerotic lesions that are infiltrated by inflammatory cells, and SMCs change to the synthetic phenotype. The exact
role of H3K4 methylation in SMCs in atherosclerosis remains to
be addressed in future studies.
Regarding methyltransferases specific for H3K9 and H3K27,
only G9a was detected. Compared to healthy vessels, we observed
a reduction in G9a expression in early stages of atherosclerosis,
whereas G9a expression was again increased in advanced versus
early atherosclerotic lesions. Methylation at lysine K9 and/or K27
leads to gene silencing. Given its overall reduction in atherosclerosis in SMCs and leukocytes, this increased expression in G9a
in advanced lesions seems contradictory. However, the expression
of certain methyltransferases does not necessarily have to correlate
© Schattauer 2015

with histone methylation, as there are also histone demethylases,
which we did not analyse in our study (22).
The role of DNA methylation and DNMTs has already been
studied in cancer, organ and body development (15, 40). In contrast,
their expression in atherosclerosis had not been addressed previously. We here demonstrate that the expression of DNMT1 significantly decreases in advanced stages of atherosclerosis. These findings may be in line with the study of Hiltunen et al. who observed a
9 % decrease in methyl-deoxycytosine content reduction in DNA
methylation in SMCs from rabbit atherosclerotic lesions, which well
corresponds with our results demonstrating a two- to four-fold decrease in DNA methylation in human carotid atherosclerosis (16).
On the other hand, these authors observed an only about 10 % reduction of GpC content in human atherosclerotic lesions. However,
the atherosclerotic lesion stage has not been analysed; moreover,
human arterial samples were obtained from autopsy (6–10 hours
after death) or amputations so that post-mortem changes in tissues
samples cannot be excluded. In contrast, we have compared control
arteries, and early and advanced stages of atherosclerosis and observed a significant reduction in DNA methylation in particular in
advanced atherosclerotic lesions. As DNMT1 methylates newly replicated DNA and functions to maintain DNA methylation, a decrease in its expression may be one of the principal causes for the reduction in global DNA methylation found in carotid atherosclerosis,
indicating its potential contribution to the process of atherosclerosis.
De novo methylation of DNA is provided by DNMT3A and 3B.
The expression of DNMT3A, however, was not detected in our
samples. DNM3B expression levels were overall very low, but similar to that of DNMT1, decreased in atherosclerotic lesions. Spin et
al. observed a significant downregulation of DNMT3A and 3B expression in vascular smooth muscle cells during de-differentiation
(41), a process which also occurs in atherosclerosis. Furthermore,
an increased expression of the methylcytosine dioxygenase TET1
was observed in early atherosclerosis, an enzyme involved in the
demethylation of DNA (42–44). Thus, TET1 may contribute to the
DNA-hypomethylation in atherosclerosis.
Importantly, a reduction in DNA methylation, as indicated by
methylation of the repetitive sequences LINE1 and SATα, was also
observed in serum of patients with high-grade carotid artery stenosis compared to healthy volunteers, indicating its potential applicability as a marker for the progression of atherosclerosis. Interestingly, analysis of peripheral blood cells did not show any significant differences in DNA methylation of LINE1 and SATα between
study groups. A non-significant trend towards increased methylation of SAT-α in patients vs controls would be supportive of findings byStenvinkel et al., who found a global DNA hypermethylation in peripheral blood cells of patients with cardiovascular disease and chronic kidney disease (CKD) (45). These Discrepancies
in the methylation patterns between cell-free blood serum and peripheral mononuclear cells remain to be addressed in further
studies, but may indicate that hypomethylated DNA in serum
originates from atherosclerotic plaques rather than blood cells,
and may be in line with a study of cancer patients, in which hypomethylated DNA in cell-free serum was described to mainly derive
from malignant cells and not from blood cells (46). The origin and
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Study limitations
We performed our PCR analysis from formalin-fixed in paraffinembedded-tissue samples in order to be able to directly correlate
the expression of methyltransferases to plaque morphology. This
approach, however, has the disadvantage that the RNA yield is
relatively low. Furthermore, we did not analyse all of the known histone methyltransferases for H3K4, H3K9, and H3K27, which may
be also expressed in atherosclerotic lesions and play a relevant role
in disease progression. Control carotid arteries used in our study
were obtained from the Department of Trauma Surgery and comprised all three vessel layers, i. e. the intima, media and adventitia.
In contrast, atherosclerotic tissue specimen obtained after endarterectomy consisted mainly of the diseased intima. Furthermore,
control carotid arteries from healthy individuals were extremely
difficult to obtain, so that we were restricted to work with the tissue material available and could not compare tissue from agematched study groups, which may constitute another study limitation. In addition, it is well known that healthy control carotid arteries and atherosclerotic lesions differ in cellular composition.
These differences may have in addition biased our data. Although
the MethyLight assay is a reliable and simple method to evaluate
DNA methylation throughout the entire DNA by analysing repetitive sequences in LINE1 and SATα, it is not gene specific. Additional methods such as pyrosequencing or microarray-based genome-wide analyses will have to be performed to shed further
light onto gene-specific DNA methylation patterns in atherosclerosis in the future.
Thrombosis and Haemostasis 114.2/2015

What is known about this topic?

•
•
•
•

Epigenetics is a powerful tool to regulate gene expression.
Epigenetics, especially histone and DNA methylation, may alter in
various diseases.
Recently, epigenetics was proposed as a possible mechanism to
control gene expression in cardiovascular disease.
Very little is known about epigenetic changes in human atherosclerotic lesions.

What does this paper add?

•
•
•

Our results demonstrate for the first time significant changes in
DNA and histone methylation in carotid atherosclerotic lesions
compared to healthy vessels.
Significant differences were observed between expression of
histone and DNA methyltransferases at different stages of atherosclerosis.
Significant reduction of DNA methylation in the repetitive
sequences LINE1 and SATα was observed in cell-free blood of
patients with advanced carotid stenosis compared to healthy
individuals.

In summary, our results demonstrate for the first time significant differences between the expression of histone and DNA
methylatransferases, histone methylation and DNA hypomethylation at different stages of atherosclerosis in carotid arteries. Epigenetic changes may thus serve as potential indicators of plaque
progression. However, further studies are clearly required to evaluate the relevance of these epigenetic alternations for identification
of patients with e. g. vulnerable plaques. The analysis of epigenetic
changes in specific genes, such as matrix metalloproteases, may
furthermore refine our understanding of these mechanisms in
atherosclerosis and aid in the development of novel biomarkers or
therapeutic approaches in cardiovascular medicine.
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