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ABSTRACT

ARTICLE HISTORY

Epigenetics, including DNA methylation, is one way for a cell to respond to the surrounding environment.
Traditionally, DNA methylation has been perceived as a quite stable modiﬁcation; however, lately, there
have been reports of a more dynamic CpG methylation that can be affected by, for example, long-term
culturing. We recently reported that methylation in the enhancer of the gene encoding the key ﬁbrinolytic
enzyme tissue-type plasminogen activator (t-PA) was rapidly erased during cell culturing. In the present
study we used sub-culturing of human umbilical vein endothelial cells (HUVECs) as a model of
environmental challenge to examine how fast genome-wide methylation changes can arise. To assess
genome-wide DNA methylation, the Inﬁnium HumanMethylation450 BeadChip was used on primary,
passage 0, and passage 4 HUVECs. Almost 2% of the analyzed sites changed methylation status to passage
4, predominantly displaying hypomethylation. Sites annotated as enhancers were overrepresented among
the differentially methylated sites (DMSs). We further showed that half of the corresponding genes
concomitantly altered their expression, most of them increasing in expression. Interestingly, the strokerelated gene HDAC9 increased its expression several hundredfold. This study reveals a rapid
hypomethylation of CpG sites in enhancer elements during the early stages of cell culturing. As many
methods for methylation analysis are biased toward CpG rich promoter regions, we suggest that such
methods may not always be appropriate for the study of methylation dynamics. In addition, we found that
signiﬁcant changes in expression arose in genes with enhancer DMSs. HDAC9 displayed the most
prominent increase in expression, indicating, for the ﬁrst time, that dynamic enhancer methylation may be
central in regulating this important stroke-associated gene.
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Introduction
Epigenetic regulation, such as histone modiﬁcations and DNA
methylation, is one way for an organism or a cell to respond to
the external environment. However, while histone modiﬁcations quite rapidly can be altered, DNA methylation has long
been considered a relatively stable epigenetic modiﬁcation not
subjected to dynamic ﬂuctuations; instead, it has been found to
be used by cells for differentiation and lineage commitment.1,2
In contrast, a previous study by us revealed that the DNA methylation level in the enhancer of the key ﬁbrinolytic enzyme tissue-type
plasminogen activator (t-PA) drastically declined, until no sign of
methylation remained, when human umbilical vein endothelial cells
(HUVECs) were cultured for 14 days. We additionally showed that
the decreasing methylation levels were accompanied by increased
gene expression. Our study thus suggested that DNA methylation in
that context can be a dynamic modiﬁcation used to turn genes on or
off in response to external stimuli.3

Extracting cells from their natural surrounding and placing
them in culture is a rapid and dramatic environmental change;
despite of this, there are few studies that have investigated the
immediate effects of cell culturing on the DNA methylome. A
recent exception is the study by Nestor et al., which found the
level of 5-hydroxymethylation (5hmC), but not 5-methylcytosine (5mC), to rapidly decrease during cell culturing.4 In addition, there are several studies examining the effect on the
methylome during culturing of stem cells 5,6 and cell lines,7 as
well as in long-term culturing and aging.8,9
A limitation of many of the previous studies is that they
often have focused on regions with higher-than-average CpG
content, such as CpG islands. However, several investigators
have recently shown that while CpG islands often display stable
methylation levels, regions with moderate CpG density, such as
CpG island shores10-12 and enhancers regions,9,11,13 have a
more variable methylation pattern.
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To investigate what immediate effects cell culturing has on the
genome-wide DNA methylation proﬁle in endothelial cells, we
analyzed primary (non-cultured), passage 0 (4–5 days in culture),
and passage 4 (15–17 days in culture) HUVECs. Umbilical veins
are likely the most common source of primary human endothelial
cells; HUVECs are easily available, free of pathological processes,
and often more physiologically relevant than cell lines. Endothelial
cells in culture are widely used as a model for studying the biology
of hemostasis, inﬂammation, and blood vessel wall dynamics.14,15
Based on the above, we hypothesize that cell culture constitutes a
model of environmental challenge, and that one way for the cells to
adapt to this could be through changing the DNA methylation level
at speciﬁc features. The aim of the present study was to determine if
the enhancer demethylation that we observed for the t-PA gene
(PLAT) is a common event occurring upon cell culturing.
In this study, we report dynamic methylation at almost 2% of
analyzed CpG sites during the early stages of cell culturing.
Enhancer sites were overrepresented among the differentially
methylated sites (DMSs), and approximately half of the corresponding genes were found to concomitantly alter their expression
level (most being upregulated). In addition, we discovered that
HDAC9, which was among the genes with the largest change in
enhancer methylation, increased its expression in cultured
HUVECs several hundredfold and, thus, dynamic enhancer methylation may play a previously unrecognized role in the regulation
of this important stroke-associated gene.

Results
Analysis of methylation during cell culturing
Distribution of absolute methylation
After removal of X and Y probes and ﬁltration of the remaining
450K data based on detection P-values, 473,314 CpG sites
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remained. We found the overall methylation to be bimodally
distributed, as previously reported for other cell types,2,13,16
with most of the sites being either methylated or unmethylated.
In primary HUVECs, 37% of the sites displayed low methylation (0–10% methylation) and 35% displayed high methylation
(90–100% methylation). This pattern was the same for all three
passages of HUVECs (Fig. 1A).
Scatter plots of absolute methylation (b-values) between primary and passage (p.)0 HUVECs, and primary and p.4
HUVECs, showed that the methylation pattern was quite conserved to p.0 (R2 D 0.9946), while it showed greater variability
to p.4 (R2 D 0.9815) (Fig. 1B, C).
Dynamic methylation is found in enhancer elements
We deﬁned altered DNA methylation as a change of more than 17%
in methylation b-value, according to previous publications.13,17,18
Using 17% cut-off, 1,837 CpG sites (0.4% of total) changed
methylation level between primary and p.0 HUVECs; 98% became
demethylated (methylation change between 17 and 91%) while 2%
gained methylation (methylation change 17–32%).
Between p.0 and p.4, the methylation level in 3,868 sites
(0.8% of total) changed—72% became demethylated and 28%
gained methylation.
Between primary and p.4 HUVECs, 8,500 CpG sites (1.8%
of total) changed methylation level. Among these, 79% became
demethylated (methylation change 17–95%) while 21% gained
methylation (methylation change 17–79%).
To examine the location of the DMSs relative the CpG
island feature, we determined their distribution in the island,
shore, shelf, and open sea regions. The DMSs were clearly
underrepresented in the island feature (2.6% of the DMSs
occurring to p.4 were annotated as island, compared to 30.8%
on the 450K array), and overrepresented in the open sea region

Figure 1. Absolute methylation is bimodal in shape. A. Dispersion of absolute methylation (b-values) obtained by the 450K array, all CpG sites included. The level of methylation was classiﬁed between 0 (no methylation) and 1 (mostly methylated). B. Scatter plot showing the correlation of the b-values between primary and p.0 HUVECs. C.
Scatter plot showing the correlation of the b-values between primary and p.4 HUVECs.
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(71.1% of the DMSs to p.4 were situated in the open sea, compared to only 36.5% on the array) (Fig. 2A).
To instead determine the distribution of the DMSs relative
the gene regulatory elements enhancer and transcription start
site (TSS), we analyzed the distribution of dynamic CpG sites in
the enhancer feature, as well as in the TSS1500, TSS200, and ﬁrst
exon features. Of note, we found that, while the DMSs were not
located around the TSS (for example, only 1.6% of the DMSs
were annotated as TSS200, compared to 4.6% on the 450K
array), they were strikingly overrepresented in enhancers
(enhancers were found to constitute 65.6% of the DMSs in the
primary-p.0 dataset and 52.2% in the primary-p.4 data set, compared to 21.5% on the 450K array) (Fig. 2B). While 1.8% of the
total number of sites on the 450K array changed to passage 4,
only 0.5% of the sites annotated as TSS200 and as many as 4.4%
of the sites annotated as enhancer displayed dynamic methylation (Fig. 2C). When comparing the genes with enhancer DMSs
between the three datasets (primary-p.0, p.0-p4, and primaryp.4), we found a substantial overlap, thus indicating that the shift
in methylation may be a targeted process (Fig. 2D).
The differentially methylated sites can be found in an supplemental table [Supplemental data ﬁle 1].
Differentially methylated enhancers control genes associated
with development
Among the genes associated with enhancer DMSs, several gene
ontology (GO) terms were highly enriched during the four ﬁrst cell
culture passages when analyzed with the DAVID Bioinformatics
Resources (https://david.ncifcrf.gov/). Many of the terms are

related to development, with the four most signiﬁcant being
anatomical structure development (P D 4.410¡15), developmental process (P D 310¡14), system development
(P D 1.310¡12), and multicellular organismal development
(P D 1.710¡12) (Fig. 3A).
In order to determine if the immediate effects on the methylome differ from the effects observed to p.4, the 20 most signiﬁcant GO terms obtained when analyzing the genes related
to enhancer DMSs in the primary-p.0 data set were compared
to the corresponding GO terms in the p.0-p.4, as well as in the
primary-p.4 datasets. Terms related to blood vasculature development were enriched for to p.0, including blood vessel development
(P D 9.410¡4),
vasculature
development
 ¡4
(P D 9.4 10 ), angiogenesis (P D 1.110¡3), and blood vessel
morphogenesis (P D 1.910¡3). Interestingly, these terms were
not among the 20 highest ranked on any of the other two lists
(which represent more established cultures) (Fig. 3B). Thus,
genes involved in blood vessel development seem to be the
most rapidly regulated when endothelial cells are environmentally challenged by cell culturing.

Changes in gene expression during cell culturing
Variable expression of the methylation/demethylation
machinery genes is not responsible for the observed
demethylation
Theoretically, decreased methylation could be caused by
reduced expression of the DNA methyltransferases (DNMTs),

Figure 2. DMSs occur in the open sea region, in sites annotated as enhancer. A. Relative distribution of CpG sites annotated as shore, shelf, and open sea in the DMSs
between primary and p.0, p.0 and p.4, and primary and p.4 HUVECs, presented as percent of the total number of DMSs in the relevant dataset (y axis). The distribution of
CpG sites in the same features on the 450K array is displayed as percent of the total number of sites on the array (473,314). B. The distribution of DMSs in genomic
regions, calculated as percent of the total number of changed sites in the corresponding data sets. The relative amount of sites on the 450K array is calculated as percent
of the total number of sites. C. Percent of sites annotated as enhancer, TSS1500, TSS200, and 1st exon with altered methylation during cell culturing, compared to percentage of total DMSs. D. Venn diagram (produced in Venny 2.0, http://bioinfogp.cnb.csic.es/tools/venny/) showing overlap in the DMSs between the 3 datasets (primary-p.0,
p.0-p.4, and primary-p.4).
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Figure 3. Gene ontology analysis reveals enrichment for developmental processes and blood vessel development. A. All genes with enhancer DMSs occurring between
primary and p.4 HUVECs were analyzed using the DAVID Bioinformatics Resources. The 20 ﬁrst GO hits are listed, sorted after signiﬁcance. B. All genes with enhancer
DMSs were analyzed in the DAVID Bioinformatics Database. The 20 gene ontology (GO) hits with the lowest (Benjamini-corrected) P-value in primary-p.0 HUVECs were
compared to the same GO terms in the two other data sets.

or increased expression of the ten-eleven translocation (TET)
enzymes.
Three members of the DNMT family (DNMT1, DNMT3A,
and DNMT3B) are able to directly catalyze the addition of
methyl groups onto DNA (reviewed in19). We found that while
DNMT3A expression remained unchanged, DNMT1 and
DNMT3B both displayed increased expression (approximately
5-fold) already in p.0 (Fig. 4A), thus suggesting that there was
no lack in DNMTs that could be responsible for the observed
demethylation.
The three TET family members TET1, TET2, and TET3 are
able to convert methylated cytosine (5mC) to hydroxymethylated cytosine (5hmC) by adding a hydroxyl group onto the
methyl group, which can function as a demethylation intermediate.20 Thus, at least in theory, elevated TET levels could have
contributed to the demethylation process. However, we found
that while TET3 expression increased, TET1 instead decreased,
and TET2 remained stable (Fig. 4B).

HDAC9 expression is massively upregulated upon cell
culturing
Among the genes with decreasing enhancer methylation levels
included for expression analysis on the array plate, HDAC9 was
found to have the most altered expression; it was 413 times
upregulated between primary and p.4 HUVECs (P < 0.05)
(Fig. 5A). The HDAC9 site with the most prominent alteration
in methylation level was cg16925459, which displayed 74.8%
decrease in methylation already to p.0, and 82.4% decrease to
p.4, compared to primary cells.
To verify the increase in expression to p.4, as well as to
examine the expression in the other passages, separate HDAC9
real-time RT-PCR analysis was performed on primary to p.4
HUVECs. That experiment conﬁrmed enhanced expression of
HDAC9 upon cell culturing (on average, mRNA levels
increased 834 times to p.4) and determined that the expression
gradually increased over the passages (R2 D 0.9873)
(P < 0.0001, n D 4, ANOVA) (Fig. 5B).

Altered expression in half of the genes with enhancer DMSs
Eighty-ﬁve of the 91 genes on the TaqMan Array Plate displayed detectable and reproducible expression levels. Of those,
51% had signiﬁcantly altered expression levels (P < 0.05 and
log2 fold change at least 1 or ¡1). Sixty-seven percent of the
genes with changed expression displayed increasing levels, and
the rest showed decreasing levels (Fig. 5A).

Class I HDACs are moderately increased, while the other
HDACs remain stable
After discovering elevated HDAC9 levels during cell culturing,
we decided to analyze the expression levels of other “classical”
histone deacetylases (HDACs). HDACs are important epigenetic players that can remove acetyl groups from histones, thus
allowing a tighter compaction of the DNA. They are also
known to closely interact with DNA methylation.21 The
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Figure 4. Cell culturing affects expression of both methylation and demethylation machinery genes. A. Gene expression analysis of the DNA methyltransferases (DNMTs).
The results show mean values § SEM of six independent experiments (n D 6). B. Gene expression analysis of the ten-eleven translocation (TET) enzymes. Results are
shown as mean values § SEM of six independent experiments (n D 6).

HDACs are grouped into four classes: I (HDAC1, 2, 3, 8), IIA
(HDAC4, 5, 7, 9), IIB (HDAC6, 10), III (the sirtuins), and IV
(HDAC11), where Class I, II and IV are considered the “classical” HDACs (reviewed in22).
We found the expression levels of HDAC2, 3, and 8 (all of
which are Class I HDACs) to signiﬁcantly change during the
culturing of HUVECs; all of them increased, most prominently
to p.4. However, the changes were not as dramatic as they were
for HDAC9: HDAC2 expression increased 3.4-fold, HDAC3
2.0-fold, and HDAC8 1.4-fold to p.4. Class IIA HDACs (with
the exception of HDAC9), as well as the Class IIB, and Class IV
HDACs remained unchanged (Fig. 6A–D).

sites were classiﬁed as enhancer sites (compared to just above
20% of the sites on the array).
Despite a modest percentage, 2% is equal to around 10 000
sites. Indeed, it is comparable to the number of DMSs

Hydroxymethylation levels rapidly decrease when cells are
placed in culture
The level of hydroxymethylation in primary, p.0, and p.4
HUVECs was quantiﬁed using an ELISA-based approach. In
contrast to the overall methylation, which gradually decreased
during cell culturing, we found the level of hydroxymethylation
to rapidly decrease as the HUVECs were cultured; the hydroxymethylation level declined already to p.0, and remained low in
p.4 (P < 0.05, ANOVA) (Fig. 7).

Discussion
The present study shows that DNA methylation levels decline
when endothelial cells adapt to cell culturing. At passage 4,
almost 2% of the investigated CpG sites had a signiﬁcantly
changed methylation level. Most of these sites (around 80%)
became demethylated. The majority of the DMSs were situated
in the so-called open sea region, and over 50% of the changed

Figure 5. HDAC9 is the most upregulated gene with enhancer DMS. A. The genes
with the most changed enhancer methylation (all of which displayed hypomethylation) were analyzed with gene expression analysis on a TaqMan array. The fold
change data was log2 transformed and plotted from the most downregulated
gene to the most upregulated (n D 6). B. Separate gene expression analysis of
HDAC9. Results are shown as mean values § SEM of four independent experiments (n D 4).
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Figure 6. Class I HDACs are upregulated during cell culturing. Gene expression analysis of the “classical” HDACs, presented according to the common classiﬁcation into
the four classes (I, IIA, IIB, and IV—based on sequence homology). Results are shown as mean values § SEM of four independent experiments (n D 4).

occurring during granulopoiesis; using 17% cut-off for alteration in methylation (the same as in the present study), 10,156
sites were found to be dynamic and undergo primarily hypomethylation when analyzed with the 450K array.13 Of note is
that in another setting, the methylation status of single CpG
sites in enhancers have been shown to have strong effects on
the transcriptional competence.23
In our study, the observed demethylation most likely cannot
be explained by altered levels of DNMTs or TETs. DNMT1
and DNMT3B both increased in expression, indicating that
there is no lack in DNMTs, which could be responsible for passive demethylation. The TETs, on the other hand, both
decreased (TET1) and increased (TET3) in expression. Thus,
there is no clear indication that changes in expression levels of
any single part of the methylation or demethylation machineries is responsible for the observed demethylation.
Indeed, we did not ﬁnd the demethylation process to be random, but instead it appeared to be speciﬁc; we discovered that

Figure 7. DNA hydroxymethylation level rapidly decreases when cells are placed in
culture. Hydroxymethylation analysis revealed a rapid reduction in the level of
genome-wide 5hmC already to p. 0 (n D 5).
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the DMSs primarily were located in the open sea region of the
450K array, which is in contrast to several previous studies that
have reported dynamic methylation to instead be located in
CpG island shores.11,12 More speciﬁcally, we found a striking
overrepresentation of sites annotated as enhancer among the
DMSs. In addition, when analyzing the expression of the genes
regulated by these enhancers, we found several relevant gene
ontology terms to be highly enriched for, also indicating that
this process is not random.
It was not surprising to ﬁnd that the most variable methylation was located outside of the promoter regions; many promoters contain CpG islands that are known to be constitutively
unmethylated. In addition, SP1 binding sites, which often can
be found at promoters, have been shown to induce demethylation of DNA.24 Thus, promoter regions may not be expected to
display dynamic methylation levels in response to a standard
culture condition.
While promoters are located at the 50 end of the gene, adjacent to the transcriptional start site, enhancers can contribute
to the activation of their target genes from upstream, downstream, or within the regulated gene or a neighboring gene.25 It
has previously been reported that cell type speciﬁc correlations
between DNA methylation and gene expression often allow a
link between distal regulatory elements and their target genes.26
R€
onnerblad et al. found enhancers to be the genomic feature
most affected during granulopoiesis, mostly showing reduced
methylation and concomitantly leading to increased activity of
the corresponding genes.13 In our study, approximately 50% of
the genes with the most changed enhancer methylation showed
altered levels of gene expression (out of which around 70%
increased in expression); however, an equally large portion displayed unchanged expression levels. One potential reason contributing to this might be that despite that a site has been
deﬁned as an enhancer site, it may not be an enhancer of the
particular gene that it has been “assigned” to (even though it is
situated in the vicinity of that particular gene sequence).
Previously, methylation studies have focused on genomic
regions with high CpG content, primarily in promoter regions.
Indeed, many of the available methodologies for genome-wide
methylation analysis are biased toward regions with higherthan-average CpG content. For example, the reduced representation bisulﬁte sequencing (RRBS) method enriches for CpG
islands,7,27 and the Inﬁnium HumanMethylation27 BeadChip,
which has been used in many previous studies, was designed to
primarily cover promoter regions.28 Also, its successor, the
450K array, was, despite having a much larger coverage,
designed with an emphasis on CpG islands regions (it covers
96% of all CpG islands and 99% of the RefSeq promoters in the
genome).29 It is well established that hypermethylation of promoter (and CpG island) regions frequently occur in cancer; in
fact, this is found in virtually all human neoplasms (reviewed
in30). Thus, many of the available methods for methylation
analysis may be well suited for the cancer ﬁeld, while not always
quite appropriate for other areas of methylation research. It is
even possible that many studies of methylation dynamics during development or cell culturing have underestimated the
effect on the methylome. Indeed, it is likely that, instead, using
a method that focuses on enhancer sites would have led this
study, along with several others, to discover more substantial

and conclusive patterns in the dynamics of the DNA
methylome.
It has previously been reported that abnormal or
dynamic methylation can be found in cancer cell lines 31 as
well as in cultured embryonic stem cells,32,33 and there have
also been a few previous reports of hypomethylation during
the sub-culturing of a differentiated cell type (ﬁbroblast).34,35 Recently, Nestor et al. noted a 4–8% reduction of
methylation in mouse embryonic ﬁbroblasts after 7–9 days
of culture, which was suggested by the authors to probably
reﬂect loss of hydroxymethylation, while the overall level of
methylated cytosine was conserved during culturing. However, they found that no functional categories were enriched
for among the genes losing 5hmC in culture and, also, no
restriction to particular genomic compartments, which led
them to conclude that the loss of 5hmC was general in
nature.4 In contrast, our study reveals that the culturing of
HUVECs leads to methylation changes that are speciﬁc:
enhancer elements are clearly overrepresented, and several
functional categories, such as developmental process and
system development, are highly enriched for. Additionally,
we could conﬁrm that 5hmC level rapidly decreased already
to passage 0 (4–5 days in culture); however, loss in 5mC
methylation occurred gradually and, indeed, was most
prominent to passage 4. Thus, we have no reason to believe
that the observed demethylation in our study was constituted speciﬁcally of hydroxymethylation; instead, it seems
that the overall level of methylated cytosine decreases during the culturing of HUVECs.
It is unlikely that the observed hypomethylation was caused
by an unmethylated sub-population that somehow was selected
for during the culturing process; many of the sites were heavily
methylated in primary cells, but quickly lost methylation
already to passage 0. It would not be possible for a subpopulation, unable to detect in the primary state, to grow to
constitute such a large proportion of the total population
already at passage 0 (corresponding to only a few days in culture). Moreover, while the sites that lost methylation to passage
0 remained unmethylated in passage 4, many additional sites
became demethylated, also indicating that the hypomethylation
cannot be the result of a selection of a less methylated sub-population. In addition, considering the speciﬁcity of the methylation change, we believe that it is unlikely that the observed
demethylation could be caused by an insufﬁcient amount of
methyl donor in the cell-culturing medium. However, to be
absolutely certain, a similar study using the 450K technology,
but with extra methyl donor added to the cell culturing
medium, could be performed.
As most previous studies on methylation dynamics have
been performed in stem cells and other undifferentiated cell
types, or in cancer cells, there are few reports on the stability of
the genome-wide methylation pattern in a more differentiated
cell type such as HUVECs. Our ﬁndings imply that researchers
should be aware that the methylation pattern in differentiated
cells may not be completely stable, but it may change already
during the early stages of cell culturing, as well as in other perhaps more physiological situations where the surrounding environment is challenged. However, because DNA methylation is
partly cell type speciﬁc,36 other cell types may not display
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dynamic methylation in the same sites, or even in the same features. In fact, this would be interesting to examine in a similar
setup, which would add more information about the nature of
methylation dynamics, as well as increase the knowledge of cell
type-speciﬁc methylation patterns.
Three HDAC9 sites, all classiﬁed as enhancers, displayed signiﬁcantly decreased methylation levels on the 450K array:
cg04892643, cg16469740, and cg16925459. The site with the
most prominent alteration was cg16925459, which displayed
74.8% decrease in methylation already to passage 0, and 82.4%
decrease in passage 4 compared to primary cells. This meant
that HDAC9 was one of the genes with the most altered methylation level in a site annotated as enhancer and, as such, HDAC9
was selected for analysis of gene expression Astonishingly, we
found HDAC9 expression to be upregulated several hundredfold in cultured HUVECs, and that the expression increased
between the passages in an almost perfectly linear fashion
(R2D0.9873). Since endothelial cells are the model system in
this study, it is worth noting that HDAC9 recently has been discovered to promote angiogenesis.37 This is in line with our
ﬁnding of enrichment of GO terms associated with vasculature
development (including angiogenesis) when analyzing the
genes with enhancer DMSs occurring to passage 0.
Interestingly, HDAC9 has also recently been found to be
closely associated with large vessel stroke38 and coronary artery
disease.39 The precise mechanism behind this is not known, but
it has been shown that high levels of HDAC9 mRNA markedly
increase the risk of stroke, most likely mediated by atherosclerosis.40,41 Targeting HDAC9 has been proposed as a possible
strategy to prevent the progression of atherosclerosis40,42 but
little is known about the regulation of HDAC9 expression, and
no previous study has identiﬁed variable methylation of the
HDAC9 region to be important for its level of expression. In
this study, we can show that declining DNA methylation levels
in the HDAC9 enhancer and dramatic increases in HDAC9
gene expression occur during the early stages of cell culturing.
Indeed, it is plausible that the same mechanisms may be used
by cells also in more physiologic settings where the endothelium is challenged, such as in atherogenic areas or areas of
endothelial injury. Clearly, this calls for further investigation.
In the clinic, aberrant DNA methylation is targeted genomewide as a treatment strategy for speciﬁc cancers.43,44 However, targeting methylation is not an established treatment regimen for disorders outside the cancer ﬁeld, as modifying the genome-wide
methylation level is associated with severe side effects. Recently, a
novel method that targets site-speciﬁc DNA methylation was
developed by Vojta et al. In this method, the catalytic domain of
DNMT3A is coupled to a guide-RNA to speciﬁcally increase DNA
methylation in a targeted DNA sequence.45 In the future, there is a
possibility that such an approach could be used as a therapy against
decreased DNA methylation at speciﬁc sites. If our ﬁnding of
decreased methylation levels in the HDAC9 enhancer region can
be conﬁrmed in more physiological settings, this may be a possible
region for targeted DNA methylation.
Conclusions
We report that culturing of HUVECs results in decreased levels
of DNA methylation speciﬁcally in enhancer elements. In
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future studies, this should be taken into account when choosing
the approach for methylation analysis and possibly when
designing new methods as well, as many of the ones that are
available today instead are biased toward CpG rich regions and
promoters. In addition, our results indicate that it is of signiﬁcance not only whether a methylation change is positive or negative, but also in which feature it is observed, as this will
indicate if the methylation changes are random (evenly distributed) or seem to be part of a targeted process.
Of note, we found that many of the genes with enhancer DMSs
concomitantly changed expression, among which HDAC9 showed
the greatest increase in expression (a several hundredfold upregulation in cultured HUVECs compared to primary cells). This is the
ﬁrst indication that HDAC9, an important stroke-associated gene,
may be regulated by DNA methylation.

Materials and methods
Cell culture
The cell culturing procedure was performed as previously
described by us.3 In short, fresh umbilical cords from normal deliveries were obtained from the delivery ward at the Sahlgrenska University Hospital. Human umbilical vein endothelial cells
(HUVECs) were extracted by collagenase (Sigma # C0130) treatment46 and, to ensure a clean population, magnetically sorted
against the endothelial cell surface antigen CD105 (MACS, Miltenyi Biotec, # 130-051-201). The HUVECs were grown in complete
endothelial cell culture medium (EGM-2, Lonza, # 11645440), and
sub-cultured at about 90% conﬂuency (after visual inspection
under the microscope) by trypzination until p.4.
This study follows the principle of the Declaration of Helsinki for the use of human tissues. The use of cells from human
umbilical cords was approved by the Regional Ethics Review
Board of Gothenburg (no. 449–93). Verbal informed consent
was obtained from the donors regarding the use of umbilical
cord cells for research purposes. Given that the study material
was non-identiﬁable, written consent was uncalled for and this
consent procedure was approved by the ethical review board.

DNA extraction and genome-wide methylation analysis
DNA from primary (non-cultured), p.0 (4–5 days in culture),
and p.4 (15–17 days in culture) HUVECs derived from 6 individuals was extracted using the QIAamp DNA Mini Kit (Qiagen, # 51304), according to the manufacturer’s instructions.
Subsequently, DNA was bisulphite-converted using the EZ
DNA methylation kit (Zymo Research, # D5001) and 500 ng
per sample was analyzed with the Inﬁnium HumanMethylation450 BeadChip (450K array) (Illumina, # WG-314-1003) at
SciLifeLab, Uppsala University, Uppsala, Sweden. This array
interrogates >480 000 cytosines at single base resolution, covering 99% of RefSeq-genes. Data analysis and normalization
(BMIQ) was done in the programming environment R with the
package ChAMP using default settings.47 The methylation in
each possible site is presented as a b-value, deﬁned as the ratio
of the methylation. The accuracy of the 450K array has previously been validated in several independent studies.29,48,49
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The annotation on the 450K array to classify CpG islands,
shores (0–2 kb from CpG island), shelves (2–4 kb from CpG
island), open sea (>4 kb from nearest island), as well as directly
transcriptionally related features such as enhancer elements
and the area around the transcription start site (TSS), was used
to deﬁne the genomic features in this study.29
Sites that displayed at least 17% change in methylation (as used
in previous studies 13,17,18) and had Bonferroni adjusted P-values of
less than 0.05 were classiﬁed as differentially methylated sites
(DMSs), and subsequently used in downstream analyses.
Gene ontology analysis
For all three data sets, the genes with enhancer DMSs were analyzed for gene ontology (GO) terms using the DAVID Bioinformatics Resources50,51 with medium classiﬁcation stringency,
enriching for the GO terms BP all, CC all, and MF all.
Genome-wide hydroxymethylation analysis
DNA from HUVECs derived from ﬁve different individuals
were analyzed for genome-wide hydroxymethylation (5hmC)
in the primary, p.0, and p.4 state using the Quest 5hmC DNA
ELISA Kit (Zymo Research, # D5425) according to the manufacturer’s instructions. In brief, the wells were coated with anti5-hydroxymethylcytosine polyclonal antibody, and 100 ng of
denatured DNA was added per well. All samples were analyzed
in duplicate. To detect DNA bound to the “capture” antibody,
the plate was incubated with anti-DNA HRP antibody. Subsequently, HRP developer was added to the wells, and the plate
was allowed to incubate for about an hour, after which it was
analyzed in a plate reader at 405 nm wavelength.

expression was performed using the TaqMan fast-chemistry,
and analyzed on an Applied Biosystems 7500 Fast Real-Time
PCR System (Thermo Fisher Scientiﬁc). Assay IDs are supplied
in an Supplemental data ﬁle [see Supplemental data ﬁle 2].
HUVECs from all six passages (primary-p.4) were included in
the analyses.
Statistical analyses
Data analysis and normalization (BMIQ) of the methylation
data obtained from the 450K array was done in R with the
package ChAMP.47
Gene expression data are presented as mean and standard
error of the mean (SEM).
Statistical analysis of changes in expression of the genes on
the TaqMan Array Plate was performed using a two-tailed
paired Student’s t-test. A result of P < 0.05 and a log2 fold
change of at least 1 or ¡1 was considered signiﬁcant.
For the separate genes, analysis of difference in gene expression over the passages was performed, after log-transformation
of the data, in the SPSS Statistics software (version 22) using
the Repeated Measures ANOVA analysis. A P-value below 0.05
after Greenhouse-Geisser correction was considered signiﬁcant.
Likewise, the hydroxymethylation data was evaluated using
the Repeated Measures ANOVA analysis in SPSS, and a result
of P < 0.05 after Greenhouse-Geisser correction was considered signiﬁcant.
For the gene ontology analysis, all the P-values are Benjamini-corrected and presented as obtained from the David Bioinformatics Resources database.

Disclosure of potential conﬂicts of interest
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