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H I G H L I G H T S

� Sulfur mustard induced epigenetic modulations were explored in early endothelial cells.
� 78 Genes related to epigenetic pathways and global DNA methylation were investigated.
� SM exposure resulted in complex epigenetic perturbations and DNA methylation in vitro.
� Increased DNA methylation was found in SM exposed human skin one year after exposure.
� Epigenetic modulations may be responsible for SM-induced long-term health effects.

A R T I C L E I N F O

Article history:
Received 4 August 2015
Received in revised form 13 September 2015
Accepted 16 September 2015
Available online xxx

Keywords:
Sulfur mustard
Epigenetics
DNA methylation
Human exposure
Endothelial cells

A B S T R A C T

Victims that were exposed to the chemical warfare agent sulfur mustard (SM) suffer from chronic dermal
and ocular lesions, severe pulmonary problems and cancer development. It has been proposed that
epigenetic perturbations might be involved in that process but this has not been investigated so far.
In this study, we investigated epigenetic modulations in vitro using early endothelial cells (EEC) that

were exposed to different SM concentrations (0.5, 1.0, 23.5 and 50 mM). A comprehensive analysis of 78
genes related to epigenetic pathways (i.e., DNA-methylation and post-translational histone modifica-
tions) was performed. Moreover, we analyzed global DNA methylation in vitro in EEC after SM exposure as
a maker for epigenetic modulations and in vivo using human skin samples that were obtained from a
patient 1 year after an accidently exposure to pure SM.
SM exposure resulted in a complex regulation pattern of epigenetic modulators which was

accompanied by a global increase of DNA methylation in vitro. Examination of the SM exposed human
skin samples also revealed a significant increase of global DNA methylation in vivo, underlining the
biological relevance of our findings. Thus, we demonstrated for the first time that SM affects epigenetic
pathways and causes epigenetic modulations both in vivo and in vitro.
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1. Introduction

Sulfur mustard (SM, bis(2-chloro-ethyl) sulfide, CAS No. 505-
60-2) is a chemical warfare agent (CWA) that was first used during
World War I. Later it was deployed in warfare in the Middle East
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resulting in a large number of victims (Ghabili et al., 2010).
Exposure to this compound causes affection of skin, eyes, lungs and
systemic effects (Kehe et al., 2009b). Acute dermal symptoms are
most common and are characterized by erythema, burning
sensation, itching, vesication, ulceration, wound healing disorder
and pigmentation disorder (Graham and Schoneboom, 2013).
However, most victims suffer from a plethora of chronic health
effects of varying severity (Emadi et al., 2012; Ghabili et al., 2010;
Kehe and Szinicz, 2005; Rowell et al., 2009). Common problems
being reported in casualties include dermal symptoms, chronic
s in early endothelial cells and DNA hypermethylation in human skin
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ocular lesions, severe pulmonary problems and cancer develop-
ment (Doi et al., 2011; Easton et al., 1988; Graham and
Schoneboom, 2013; Hosseini-khalili et al., 2009; Rowell et al.,
2009).

Although not fully understood, the pathophysiology of
acute SM toxicity is much more elucidated than the chronic
health effects. Several mechanisms, e.g., alkylation of
biological macro-molecules including DNA, excessive DNA-repair,
induction of cell death, oxidative stress, activation of MMP,
disturbed cell signaling -just to name a few- have been identified
that contribute to acute toxicity (Bhat et al., 2000; Debiak et al.,
2009; Kehe et al., 2009a; Ries et al., 2009; Rosenthal et al., 2003;
Steinritz et al., 2009). However, these mechanisms cannot explain
SM induced lesions that occur sometimes decades after the initial
exposure (Ghabili et al., 2010; Ghanei et al., 2010), especially with
respect to the fact that intact SM, its biotransformation products
and protein adducts have a very limited half-life in vivo and are
eliminated within some weeks after exposure (Barr et al., 2008;
Black et al., 1997; Li et al., 2013). A meaningful pathophysiological
explanation for delayed SM induced chronic health effects is
lacking.

It has been proposed that SM induced chronic health
effects may be associated with epigenetic perturbations (Kork-
maz et al., 2008a,b) but this has not been investigated so far.
“Epigenetics” refers to the temporal and spatial control of gene
activity without altering the underlying DNA nucleotide se-
quence. Epigenetic modifications – including methylation,
acetylation, phosphorylation, and ubiquitination amongst others
– alter the accessibility of DNA to the transcription machinery
and therefore influence gene expression. Especially aberrant DNA
methylation was found to be associated with human diseases
including cancer (Jones and Baylin, 2002; Robertson, 2005).
Methylation of cytosine in CpG dinucleotides is probably the
most important covalent modification of DNA, resulting in
transcriptional repression (Bird, 2002). Post-translational mod-
ifications of histones (e.g., acetylation, methylation and phos-
phorylation) are additional mechanism for the regulation of gene
activity (Lee et al., 2010).

A plethora of proteins are known or predicted to modify
genomic DNA and histones thereby regulating gene expression.
Proteins mediating such modifications include DNA methyltrans-
ferases, histone acetyltransferases, histone methyltransferases,
SET domain proteins, histone phosphorylating proteins, proteins
for histone ubiquitination, DNA/histone demethylases and histone
deacetylases. These proteins are summarized as “epigenetic
modulators”. There is considerable evidence suggesting that
epigenetic mechanisms mediate the development of chronic
health effects by modulating a plethora of genes such as expression
of pro-inflammatory cytokines, interleukins, tumor suppressor
genes or oncogenes (Shanmugam and Sethi, 2013). Moreover,
epigenetic pathways have been linked to the control of vascular
endothelial function (Fraineau et al., 2015; Lewis et al., 2014;
Matouk and Marsden, 2008) and endothelial dysfunction has been
observed in various cardiovascular and pulmonary diseases
including Asthma, COPD and chronic bronchitis (Ives et al.,
2014; Vukic Dugac et al., 2015). Remarkably, these chronic diseases
are frequently observed after SM exposure (Ghabili et al., 2010;
Razavi et al., 2013; Rowell et al., 2009). In this study, we exposed
early endothelial cells (EEC) to different SM concentrations to
explore whether SM influenced epigenetic pathways in EEC and
affected global DNA methylation in vitro. In addition, we analyzed
global DNA methylation in SM exposed human skin samples. These
samples were obtained from a patient who accidentally exposed
himself to a small amount of pure SM at the abdomen and thorax
region and who was subjected to a surgical revision approx. one
year after the accident.
Please cite this article in press as: D. Steinritz, et al., Epigenetic modulation
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2. Material and method

2.1. Cell culture and incubation with SM

Early endothelial cells (EEC) were obtained from differentiated
murine embryoid bodies (for details see (Schmidt et al., 2009;
Schmidt et al., 2004)) through magnetic-activated cell sorting
(MACS) on day 7 after start of differentiation. MACS was performed
using a mini-MACS system with MS separation columns (Miltenyi
Biotec, Bergisch Gladbach, Germany) as described earlier (Dainiak
et al., 2007; Schmidt et al., 2004a). The PECAM-1 positive fraction
of cells was cultured on gelatine-coated dishes in DMEM,
(Dulbecco’s Modified Eagle medium) supplemented with 15%
heat-inactivated fetal calf serum (FCS), 50 U/ml penicillin, 50 U/ml
streptomycin, 200 mM L-glutamine, 100 mM b-mercaptoethanol,
and 1% MEM (non-essential amino acids (GIBCO-BRL, Gaithers-
burg, USA)). After 2–3 weeks, these PECAM-1 positive EEC were
passaged for the first time and afterwards once till twice a week.
Cells were used to passage 8. Cells were handled under sterile
conditions and cultivated with 5% CO2 at 37 �C and 95% humidity.
SM (purity >99%, approved by NMR) was obtained from TNO (The
Hague, The Netherlands) and diluted in ethanol. For dose-finding
experiments EEC were exposed to SM with concentrations ranging
from 0 to 500 mM. For assessment of epigenetic changes, EES were
exposed with concentrations of 0.5, 1.0, 23.5 and 50 mM SM.
Controls were treated with ethanol (2.5m) in DMEM. All SM
exposure experiments were conducted at the Bundeswehr
Institute of Pharmacology and Toxicology.

2.2. Cell viability

EEC were seeded in 96-well plates at a density 50,000 of cells
per well and grown under standard conditions for 24 h. DMEM was
removed and cells were exposed to sulfur mustard at concen-
trations ranging from 0 to 500 mM in DMEM. Controls were treated
with ethanol (2.5m) in DMEM. After 1 h medium was renewed and
cells were grown for additional 24 h. Cell vitality was then
determined using the XTT assay (Roche, Switzerland). Non-linear
regression of dose-response curves was conducted using Graph-
PadPrism v5.01 software. 4 Independent biological experiments
with 4 technical replicates were conducted.

2.3. Epigenetic chromatin modification enzymes PCR array

2.3.1. Total RNA isolation
EEC were exposed to SM (0.5, 1.0, 23.5 or 50 mM) or treated with

ethanol (2.5m) for 1 h. After 24 h total RNA was extracted from
control and SM exposed EEC using the RNeasy1 Mini Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s instructions.
Genomic DNA was degraded by DNase-on column treatment with
RNase-free DNase set (Qiagen, Hilden, Germany). The purity of
extracted RNA was assessed by measuring the optical density (OD)
at wavelengths of 230 nm, 260 nm and 280 nm using a NanoDrop1

ND-1000 spectrophotometer (NanoDrop Technologies, Wilming-
ton, USA). Absorbance ratio at 260/280 nm and 260/230 nm was
used to assess the purity of the RNA samples.

2.3.2. cDNA synthesis using the RT2 first strand kit
Total RNA was transcribed into cDNA using the RT2 First Strand

Kit (SABioscience/Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. In brief, volumes corresponding to
1 mg of total RNA were mixed with 2 ml of genomic DNA (gDNA)
elimination buffer in a nuclease-free PCR tube. RNAse-free H2O
was added to a final volume of 10 ml. After thorough vortexing, the
mixture was incubated for 5 min at 42 �C to degrade any gDNA in
the samples. Afterwards samples were placed on ice for at least
s in early endothelial cells and DNA hypermethylation in human skin
.1016/j.toxlet.2015.09.016
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1 min. Then, 10 ml of the reverse transcription mix was added to
each tube. The mixture was gently resuspended and tubes were
placed in a thermocycler (FlexCycler2, Analytik Jena, Germany) and
incubated at 42 �C for 15 min. Then, the thermocycler was
immediately heated to 95 �C for 5 min to stop cDNA synthesis
by inactivation of the reverse transcriptase and degradation of
remaining RNA. 91 ml of DEPC–water were added to each vial
containing 20 ml cDNA solution resulting in a total volume of
111 ml. Samples were stored at �20 �C until further analysis.

2.3.3. qRT-PCR using the RT2 profilerTM PCR array
102 ml cDNA solution (see Section 2.3.2), 1248 ml RNase-free

water and 1350 ml 2� RT2 qPCR SYBR1 Green Mastermix
(consisting of HotStart DNA Taq polymerase, PCR buffer, dNTP
mix (dATP, dCTP, dGTP, dTTP) and SYBR1 Green dye, SABioscience/
Qiagen, Hilden, Germany) were mixed. After thorough stirring,
25 ml were transferred into each well of the RT2 ProfilerTM PCR
Array plate (PAMM-085Z, SABioscience/Qiagen, Hilden, Germany)
containing the pre-dispensed forward and reverse primers for each
individual gene. The plate was carefully sealed with an optical
adhesive film and liquids in the wells were briefly spun down at
2500 rpm for 20 s (VWR PCR Plate Spinner, Darmstadt, Germany).
Then, the plate was placed in a Mx3005P Cycler (Stratagene Agilent
Technologies, Santa Clara, CA, USA) and qRT-PCR detection was
performed using the a two-step cycling program. The first step was
conducted for 10 min and 95 �C for heat activation of HotStart Taq
DNA polymerase. Next, 40 cycles each with 15 s at 95 �C and 1 min
at 60 �C was performed to first disassociate DNA double strands
and then amplify DNA and data acquisition. Melting curves were
recorded to verify specific production of a single PCR product for
each individual gene and exclude the formation of primer dimers
and other unspecific PCR products. Further quality controls were
performed using an excel-based RT2 RNA QC PCR Array template
(http://www.sabiosciences.com/pcrarraydataanalysis.php) that
allowed evaluation of CT-values of specific PCR controls measured
with every PCR plate. Only data that met the control requirements
(reverse transcriptase activity, positive PCR control and negative
genomic DNA control) were used for further analysis. 5 house-
keeping genes included in the arrays were used for normalization
of data.

2.3.4. PCR data evaluation
Threshold cycle (CT) values for each well were calculated using

the real-time cycler software. An Microsoft Excel1-based spread-
sheet evaluation (provided by SABiosciences http://www.sabio-
sciences.com/pcrarraydataanalysis.php) was used to calculate the
mRNA expression in SM exposure groups in relation to the ethanol
control group using the 2�DDCT method. Changes in gene
expression were reported in a biologically meaningful way,
especially for decreased gene expressions, by dividing �1/2�DDCT.
Expression changes > 1 had not to be converted. The cut-off for
gene regulation was set to 2-fold (�2 for down-regulation and +2
for up-regulation). Microsoft Excel1 was used to generate a heat
map and to calculate intersections between the individual groups.
Hierarchical clustering analysis was performed using Cluster 3.0
with distance measures based on the Pearson correlation and
visualized using TreeView. Protein Association Network Analysis
was performed using STRING (www.string-db.org/).

2.4. DNA extraction

EEC were exposed to SM (0.5, 1.0, 23.5 or 50 mM) or treated with
ethanol (2.5m) for 1 h. Cells were detached by Accutase (PAA
Laboratories GmbH, Linz, Austria), followed by a centrifugation at
200 � g for 10 min. Cells were diluted in DMEM to 3 � 106 cells to
meet the genomic DNA extraction kit (NORGEN Biotek
Please cite this article in press as: D. Steinritz, et al., Epigenetic modulation
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Corporation, Canada) criteria. Genomic DNA was extracted
according to the manufacturer’s protocol. In brief, cells were lysed
by adding 200 ml Digestion Buffer, 15 ml Proteinase K and 20 ml
RNase A and subsequent incubation at 55 �C for 1 h. After cell lysis,
samples were vortexed for 15 s before 200 ml Buffer SK was added
and the samples were thoroughly vortexed. Then 200 ml ethanol
(96%) was added. After vortexing the whole 600 ml volume per
sample was transferred to a spin column assembled with a
provided collection tube. Next, tubes were centrifuged at 5200 � g
for 2 min. Afterwards, columns (with DNA bound to the resin) were
washed twice with 500 ml wash solution. Finally, columns were
placed in new eppendorf tubes and DNA was eluted by adding
200 ml Elution Buffer B to the resin bed and centrifugatuin at
3000 � g for 1 min and for an additional 2 min at 14,000 � g. DNA
concentration was quantified by UV spectrophotometry using a
NanoDrop1 ND-1000 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE, USA) measuring the absorption at A260/280.
DNA concentrations were calculated as the mean of the three runs
for each sample. Samples were stored at �80 �C until further
analysis.

2.5. Global DNA methylation

Global DNA methylation was assessed by determination of 5-
methylcytosine (5-mC) using an ELISA-based assay (5-mC kit;
Zymo Research, California, USA) following the manufacturer’s
instructions. In brief, a standard curve was generated based on 7
standards. Each DNA samples was adjusted with 5-mC Coating
Buffer to a final DNA concentration of 1 ng/ml. 100 ml of the sample
was denatured at 98 �C for 5 min using a thermocycler and was
transferred on ice for 10 min. The entire sample volume (100 ml)
was then used for coating a 96-well plate (1 h, 37 �C). After 3�
washing with 200 ml of 5-mC ELISA Buffer, 100 ml antibody mix
(consisting of anti-5-methylcytosine and the secondary antibody
in 5-mC ELISA Buffer) was added to each well. Samples were
incubated at 37 �C for 1 h. Plates were washed 3� with 200 ml 5-mC
ELISA Buffer. 100 ml of Horseradish Peroxidase Developer were
added to each well and incubated at room temperature. Absorption
was measured using a plate reader (Multiskan FC, Thermo
Scientific, USA) at 405 nm. 5-mC levels of all samples were
normalized to ethanol controls that were set to 1.

2.6. DNA methylation in human tissue

During an accident in a chemical plant a worker exposed
himself to a small amount of pure sulfur mustard at the abdomen
and thorax region. Due to a wound healing disorder at the
abdominal site, a skin graft was performed 14 days after the
incident. The thorax area healed spontaneously. Approx. one year
after exposure, a surgical revision was conducted at all former
exposure sites at the explicit request of the patient, who feared a
tumor development. During surgery, the formerly non-operated
thorax site (thorax (central)) with adjacent tissue (thorax
(peripheral)) and the transplant with adjacent tissue (abdomen
(peripheral)) were removed. In addition, the patient approved
removal of a control skin area from the upper leg (unexposed skin)
that was definitively not exposed to sulfur mustard. Skin samples
from each skin area were divided into 3 samples and immediately
deep frozen after removal. Tissue samples were sliced in 7 mm
section thickness with a microtome (Leica CM1900, Leica Micro-
systems, Nussloch, Germany) and homogenized into fine powder
in liquid nitrogen. 300 ml of Digestion Buffer A was added to 20 mg
of the sample according to the manufacturer’s protocol from the
Genomic DNA Isolation Kit (NORGEN Biotek Corporation, Thorold,
Canada). Slicing and Homogenation was repeated 3 times, thereby
obtaining 3 technical replicates from each skin specimen. Global
s in early endothelial cells and DNA hypermethylation in human skin
.1016/j.toxlet.2015.09.016
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DNA methylation was assessed using the MethylFlashTM methyl-
ated quantification colorimetric assay (Epigentek, Farmingdalte,
USA).

2.7. Statistics

Significant changes in gene expression were calculated based
on a Student’s t-test of the replicate 2(�DCt) values for each gene in
the control group and SM exposure group using a spreadsheet
provided by SABiosciences (http://pcrdataanalysis.sabiosciences.
com). Significance was assumed at p < 0.05. Means and standard
deviations were calculated and significance was tested by One-
Way ANOVA followed by Bonferroni’s correction for multiple
comparison using GraphPad Prism 5.04 (GraphPad Software).
Significance was assumed at p < 0.05. Principle component
analysis (PCA) was performed using a free-available Excel1 add-
in from NumericalDynamics.com (www.numericaldynamics.com).

3. Results

3.1. Sulfur mustard cytotoxicity in EEC

Exposure of EEC to different concentrations (0–500 mM) of SM
and assessment of cell viability 24 h post exposure revealed a LC50

of 11.7 mM (Fig. 1). For further experiments SM concentrations of
0.5 (�1/20 of LC50), 1.0 (�1/10 of LC50), 23.5 (�2 � LC50) and 50
(�5 � LC50) were chosen. 3 Independent experiments, each with 4
technical replicates were conducted.

3.2. Epigenetic chromatin modification enzymes

Changes in gene regulation of epigenetic modulating enzymes
in response to SM were investigated 24 h post exposure using a
qPCR array. 78 Genes including DNA methyltransferases, histone
acetyltransferases, histone methyltransferases, SET domain pro-
teins, histone phosphorylating proteins, proteins for histone
ubiquitination, DNA/histone demethylases, histone deacetylases
were explored. From the 78 investigated genes, 37 remained
unchanged in all exposure groups whereas 41 genes were up- or
down-regulated > 2 fold in at least one group. Exposure of EEC to
0.5 mM SM affected the regulation of 22 genes with 7 up-regulated
and 15 down-regulated genes. 29 Genes were differentially
regulated at 1.0 mM SM with 23 down-regulated and 6 upregulated
genes. At higher SM concentrations the number of regulated genes
Fig. 1. Sulfur mustard cytotoxicity in EEC.
EEC were treated with SM using concentrations from 0 to 500 mM. Cell viability was
assessed 24 h post exposure using the XTT assay. Gray dotted lines represent
concentrations of 0.5, 1.0, 23.5 or 50 mM SM that were used in subsequent
experiments. Data represent means � SD from 3 independent experiments each
with 4 technical replicates.

Please cite this article in press as: D. Steinritz, et al., Epigenetic modulation
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decreased to 10 genes at both 23.5 mM and 50 mM. 4 Genes were
down- and 6 genes were up-regulated at 23.5 mM SM and 5 genes
were down- and 5 genes were up-regulated at 50 mM SM.
Investigated house-keeping genes (e.g., actin, GAPDH) revealed
no significant changes in any SM exposure group. Comparing the
group mean differences by paired one-way ANOVA and Sidak
correction for multiple testing revealed no significant differences
between the 0.5 and 1.0 mM as well as no difference between the
23.5 and 50 mM SM exposure groups. However, a significant
difference between the mean of 0.5 and 1.0 and the mean of the
23.5 and 50 mM SM exposure group was detected (p < 0.001). This
distinctive difference was also found in a principle component
analysis. Therefore, data was merged to a low dose exposure group
(0.5 and 1.0 mM SM groups) and a high dose exposure group (23.5
and 50 mM groups) thereby matching similar regulated genes
within the two groups. In the low dose exposure group 17 genes
were differentially regulated with 12 down- and 5 up-regulated
genes. In contrast, only 4 genes exhibited a differential expression
in the high dose exposure group with 2 down- and 2 up-regulated
genes. Obviously, more genes were affected in the low dose
exposure and predominantly down-regulated. No gene showed a
consistent regulation in all groups. However, Usp22 was down-
regulated in low dose exposure groups whereas it was up-
regulated in high dose exposure groups. SM induced down-
regulation of Dnmt3a and Kdm4c was detected at SM concentra-
tion of 1.0 and above and followed a dose response relationship. A
down-regulation of Ncoa3 was observed already at 0.5 mM SM
while increasing SM concentrations mitigated this effect. Dnmt1,
Dnmt3a, Hat1, Hdac9, Hdac11, Kdm4c, Kdm6b, Ncoa3, Prmt8, Set1b
and Whsc1 revealed most pronounced changes. Results are
summarized in Fig. 2 in form of a heat map (Fig. 2A), as a Venn
diagram (Fig. 2B and C), as a principle component analysis (Fig. 2D)
and are listed in Table S1. Fold-change values and protein clusters
are given in Supplementary Table S1.

3.3. 5-Methylcytosine levels in EEC after SM exposure

5-Methylcytosine (5-mc) levels in EEC 24 h increased signifi-
cantly after exposure to 1.0 and 23.5 mM SM compared to ethanol
controls. After exposure to 0.5 mM SM, 5-mc increased slightly
(approx. 1.2 fold), but not significantly. Both 1.0 and 23.5 mM SM
resulted in an approx. 2.5 fold increase of 5-mc levels. At 50 mM an
approx. 2 fold increase was observed, however, level of significance
was not reached. All 5-mc levels were normalized to 5-mc levels in
ethanol controls. 3 independent experiments each with 3 technical
replicates were conducted (Fig. 3).

3.4. 5-Methylcytosine levels in SM exposed human tissue

Global DNA methylation (5-methylcytosine, 5-mc) was
assessed in all samples. Data were normalized to control
(unexposed skin) levels. Formerly exposed skin tissue from the
thorax as well as potentially exposed but not primarily removed
adjacent tissue revealed significant higher levels of 5-mc
compared to control skin. Relative 5-mc levels were determined
with 15.2 � 3.0 for the thorax central skin sample, 17.3 � 2.3 for the
peripheral thorax skin sample, 17.0 � 2.0 for the adjacent
abdominal tissue. The transplant, which was excised as full
thickness skin, showed distinct, but strongly varying levels of 5-mc
(6.0 � 5.1), thus missing level of significance (Fig. 4).

4. Discussion

Prior preliminary work has proposed the involvement of
epigenetic mechanisms in the pathophysiology of SM induced
chronic health effects (Korkmaz et al., 2008a,b; Nourani et al.,
s in early endothelial cells and DNA hypermethylation in human skin
.1016/j.toxlet.2015.09.016
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Fig. 2. Changes of epigenetic chromatin modification enzymes in EEC after SM exposure.
EEC were exposed to ethanol (2.5m) or SM (0.5, 1.0, 23.5 or 50 mM). Changes of epigenetic modulators was assessed 24 h post exposure using a PCR array profiling the
expression of key genes encoding enzymes known or predicted to modify genomic DNA and histones to regulate chromatin accessibility and therefore gene expression. The
heat map (A) displays changes in gene regulation (green = upregulation; red = downregulation) compared to the ethanol control group. Proteins that exhibited a > 2 fold
change in gene regulation in at least one group (41 genes) are displayed in black letters whereas unchanged genes (37 genes) are displayed in grey letters. Significant changes
(p < 0.05) are marked with asterisks. Low dose exposure groups (0.5 and 1.0 mM SM) and high dose exposure groups (23.5 and 50 mM) exhibited distinct differences: in low

D. Steinritz et al. / Toxicology Letters xxx (2015) xxx–xxx 5

G Model
TOXLET 9212 No. of Pages 8

Please cite this article in press as: D. Steinritz, et al., Epigenetic modulations in early endothelial cells and DNA hypermethylation in human skin
after sulfur mustard exposure, Toxicol. Lett. (2015), http://dx.doi.org/10.1016/j.toxlet.2015.09.016

http://dx.doi.org/10.1016/j.toxlet.2015.09.016


Fig. 3. Global DNA methylation in EEC.
EEC were exposed to ethanol (2.5m) or SM (0.5, 1.0, 23.5 or 50 mM). 24 h after
exposure the content of 5-methylcytosine (5-mc) was assessed. 5-mc levels were
normalized to ethanol controls. Exposure to SM at 1.0 and above resulted in a
significant increase of 5-mc levels. Data represent means � SD from 3 independent
biological experiments each with 3 technical replicates per group. Statistical
significance is indicated by asterisks (*p < 0.05 vs. control).

Fig. 4. DNA methylation in exposed human tissue.
Different specimens were obtained from a patient who had exposed himself to a
small amount of pure sulfur mustard at the abdomen and thorax region. Due to a
wound healing at the abdominal site, a skin graft was performed. The thorax area
healed spontaneously. Approx. one year after exposure, a surgical revision was
conducted. The transplant with adjacent potentially exposed but not excised areas
(abdomen (peripheral)) and the formerly untreated thorax site (thorax (central))
and adjacent tissue (thorax (peripheral)) were removed. In addition, a control skin
sample from the upper leg that was definitively not exposed to SM was obtained.
Global DNA methylation (5-methylcytosine, 5-mc) was assessed in all samples. Data
were normalized to control (unexposed skin) levels. Formerly exposed skin tissue
(thorax) as well as potentially exposed but not primarily removed tissue (abdomen
peripheral) revealed significant higher levels of 5-mc compared to control skin. The
transplant, which was excised as full thickness skin, showed a distinct, but not
significant increase of 5-mc levels. Bars represent means � SD from 3 technical
replicates per sample. Statistical significance is indicated by asterisks (*p < 0.001 vs.
unexposed skin).
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2015). Remarkably, the histone deacetylase inhibitor Trichostatine
A resulted in a significant reduction of interstitial, pulmonary
edema, hemorrhage, emphysematous changes and reduction of
inflammation in mechlorethamine (HN2, nitrogen mustard)
induced toxic lung injury in vivo (Korkmaz et al., 2008b). However,
underlying epigenetic pathways were not investigated in that
study. It is well accepted that epigenetic pathways are involved in
physiological processes like wound healing (Lewis et al., 2014) but
epigenetic perturbations are also involved in the development of
chronic diseases including pulmonary disorders and cancer (Ito
et al., 2005; Jones and Baylin, 2002; Robertson, 2005). Moreover,
endothelial dysfunction was observed in a plethora of pulmonary
and cardiovascular diseases. Based on that findings and due to the
fact that endothelial cells are severely affected by SM (Schmidt
et al., 2009; Steinritz et al., 2010, 2011), we focused on epigenetic
pathways in early endothelial cells after SM challenge in the
presented study.

The term “epigenetics” refers to the temporal and spatial
control of gene activity without affecting the underlying DNA
nucleotide sequence. A huge number of different proteins
including DNA methyltransferases, histone acetyltransferases,
histone methyltransferases, SET domain proteins, histone phos-
phorylating proteins, proteins for histone ubiquitination, DNA/
histone demethylases and histone deacetylases are known or
discussed to be involved in this process. These proteins are
summarized as “epigenetic modulators”. Changes of epigenetic
modulators after challenge with different SM concentrations were
assessed in our study using a PCR-based array that allowed the
investigation of 78 different genes. Our results provide striking
evidence that a single SM exposure significantly influenced
epigenetic modulators 24 h after SM exposure. Remarkably, SM
concentration of 0.5 and 1.0 mM caused explicit more changes in
gene regulation (22 and 29 regulated genes) compared to 23.5 and
50 mM SM (10 and 10 regulated genes) (Table S1). This observation
is of relevance: cells exposed to high SM concentrations (23.5 and
50 mM are both above the LC50) will most probably undergo cell
dose exposure groups significant more genes were regulated (29 genes up- or downregul
group). No gene was up- or down-regulated in all groups. However, 3 genes (Dnmt3a, Nco
groups. Relations between each data set for up-regulated genes (B) or down-regulated ge
intersection. Both Venn diagrams confirm that low dose and high dose exposure gro
component analysis (D) revealed that the low dose exposure group is distinctively differe
biological experiments per condition.
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death within 24 h or later on. Thus, epigenetic perturbations in
these cells are unlikely to persist over time and a sustainable
“epigenetic risk” arising from these cells seems unlikely. However,
cells exposed to low SM concentrations (0.5 and 1.0 mM are
considerably below the LC50) will not undergo cell death but will
persist and thus epigenetic changes may have significant
consequences during further lifespan.

Pronounced differences between the low dose and high dose
exposure groups were observed in our experiments. SM resulted in
down-regulation in the majority of affected genes in the low dose
exposure group (0.5 and 1.0 mM SM) with some exceptions. An up-
regulation of Dnmt1 was observed already after exposure to
0.5 mM SM and even more pronounced at 1.0 mM SM. In contrast,
Dnmt1 levels were found mainly unchanged in the high-dose SM
exposure group (23.5 and 50 mM SM). Dnmt1 is considered to
maintain DNA methylation during replication (Jin and Robertson,
2013). This strengthens our hypothesis that particularly low SM
concentrations may bear an epigenetic risk. Surprisingly, although
a significant increase of global DNA methylation was observed in
our experiments, an up-regulation of Dnmt3a or Dnmt3b, which
are considered as responsible for DNA de novo methylation, was
not evident. It should be noted that Dnmt1 can cause de novo DNA
methylation itself or is at least involved in the regulation of it
(Athanasiadou et al., 2010; Vertino et al., 1996). Moreover, protein
ated compared to only 4 up- or downregulated genes within the high dose exposure
a3, Kdm4c) were down-regulated following a dose response relationship over three
nes (C) are given in the Venn diagram. Shades correspond to the number of genes per
ups exhibit distinct differences with regard to epigenetic pathways. A principle
nt from the high dose exposure group. All data represent means from 3 independent
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activity is not only dependent on protein expression levels but can
also be modulated by post-translational modifications and protein
interactions. For example, a non-covalent interaction of Dnmt1
with PARP-1 was shown that influences Dnmt1 activity and thus
DNA methylation state (Caiafa et al., 2009). Remarkably, SM was
found to activate PARP-1 (Debiak et al., 2009; Kehe et al., 2009a)
suggesting a functional link with regard to Dnmt1 activity. A
STRING analysis (Supplementary Fig. S1A) revealed that Dnmts are
linked to chromatin organizing enzymes and DNA damage
response genes which both may modulate DNA structure and
epigenetic status. In addition, DNA methylation patterns result
from both methylation and demethylation processes (Li, 2013). It
can be speculated that SM induced active or passive DNA
demethylation also contributed to the complex DNA methylation
pattern. Recently, it has been demonstrated that Dnmts can also act
as demethylases. Mammalian Dnmt1, Dnmt3a, and Dnmt3b can all
convert 5-mC to cytosine (Chen et al., 2013). Moreover, histone
demethylases (i.e., KDM1) were shown to be involved in
maintenance of global DNA methylation (Wang et al., 2009).
Although KDM1 was mainly unaffected in our experiments, other
KDMs (e.g., KDM4c, KDM5b, KDM6b) were down-regulated in SM
exposed EEC. Although unproved at the moment, it can be
speculated that a link between other KDMs than KDM1 and the
global DNA methylation pattern may exist. Interestingly, a
functional link between KDM4c and the transcription factor
Nanog was found through STRING analysis (Supplementary
Fig. S1B).

Our results provide compelling evidence that epigenetic
perturbations after SM exposure are of biological relevance as
demonstrated by significantly increased 5-mc levels in vivo even
one year after an accidental human exposure. Although the exact
exposure dose was unknown, it can be estimated that the scenario
resembles a “low-dose” exposure as the patient exposed himself to
a few drops of pure SM. Increased hypermethylation, especially
within tumor suppressor genes, seems to be associated with
cancer development (Esteller, 2002). Although a significant
increase of dermal cancer after SM exposure has not been
reported, it is well known that pulmonary malignancies and
cherry hemangiomas (abnormal proliferation of blood vessel)
occur. We therefore recommended a cancer screening (including
skin) at close intervals in addition to the regular follow up
screenings for the exposed patient.

Regarding other epigenetic modulators changes in gene
regulation were observed for Hat1, Hdac9, Hdac11, Kdm4c, Kdm6b,
Ncoa3, Prmt8, Set1b and Whsc1. In general, the interpretation of
epigenetic modulator patterns is challenging as many functions
and pathways are not fully elucidated. Ncoa3 was shown to be
essential for maintenance of embryonic stem cell (ESC) pluri-
potency (Wu et al., 2012). Down-regulation of Ncoa3 resulted in
impaired differentiation potential of ESC. In our experiments,
Ncoa1 and 3 were significantly down-regulated in the low-dose SM
exposure group. Again, as these cell will not undergo cell death,
long-term adverse effects might arise thereof. This is in line with
our previous studies that exactly identified an impaired differen-
tiation potential of murine ESC after exposure to alkylating agents
(Schmidt et al., 2009; Steinritz et al., 2010).

Our results demonstrated an upregulation of Whs1c in all
groups but especially in 23.5 mM exposed EEC. Here, an 11-fold
increase was observable, which was the highest change in protein
regulation of all investigated genes. Whsc1 has been linked with
cancerogenesis (Saloura et al., 2015) and Chek2, a protein that
elicits DNA repair, cell cycle arrest or apoptosis in response to DNA
damage (Supplementary Fig S1C). Although 23.5 mM is above the
LC50, that was determined at 11.7 mM SM 24 h after exposure, and
thus most of the affected cell will undergo cell death within that
Please cite this article in press as: D. Steinritz, et al., Epigenetic modulation
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period or just after, it cannot be ruled out that some of these cells
will survive and might promote tumor development.

Suv420h1 was shown to have direct impact on cell migration
(Yokoyama et al., 2014). Our experiments revealed a distinct down-
regulation of this SET domain protein in the low-dose SM exposure
groups. This is in line with our recent findings showing that
migration of EEC was highly affected by low concentrations of the
alkylating compound chlorambucil (Steinritz et al., 2014) and with
prolonged wound healing after SM exposure in vivo (Ghanei et al.,
2010; Graham et al., 2002).

Changes of other epigenetic modulators observed in our
experiments mainly addressed post-translational histone mod-
ifications (e.g., acetylation, methylation, phosphorylation, ubiq-
uitinilation, demethylation and deacetylation). Although the
“histone code” has been intensively investigated during the last
decade (Jenuwein and Allis, 2001; Ng and Cheung, 2015) and
impressive progress has been made, the phenomena of chromatin
organization and transcriptional regulation has not been entirely
unraveled. Therefore, future work will focus on (i) SM induced
post-translational histone modifications, (ii) the overall stability of
epigenetic modulations (on both mRNA and protein levels) and (iii)
their biological consequences.

Summing up, the results of our study demonstrated for the first
time that SM exposure of EEC resulted in a complex regulation
pattern of epigenetic modulators which was accompanied by a
global increase of DNA methylation. Especially low-dose SM
exposures caused comprehensive changes of the investigated
epigenetic regulative genes. Examination of human skin samples
one year after an accidental SM exposure revealed a significant
increase of global DNA methylation, underlining the biological
relevance of our findings. Our results are encouraging and future
work will focus on SM induced histone modifications, the overall
kinetics of epigenetic changes and therapeutic interventions e.g.,
the use of Dnmt inhibitors. This could eventually lead to the
development of new therapeutic strategies against SM induced
chronic health effects as well as SM induced wound healing
disorders.
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Sulfur Mustard [µM]
0.5 1.0 23.5 50 Gene Gene Class

+3.34 +4.78 -1.81 -1.13 Dnmt1 DNA Methyltransferases
+2.50 +2.44 -1.08 +1.20 Aurkb Histone Phosphorylation
+3.13 +5.25 +1.31 +1.81 Hat1 Histone Acetyltransferases
+2.41 +2.07 +1.15 +1.79 Esco2 Histone Acetyltransferases
+1.99 +1.63 +1.36 +2.18 Aurka Histone Phosphorylation
+3.72 +2.42 +1.02 +1.32 Prmt7 Histone Methyltransferases
+2.82 +1.04 +1.10 +1.36 Aurkc Histone Phosphorylation
+1.82 -1.53 +2.21 +2.58 Smyd1 Histone Methyltransferases
+1.13 +1.02 +3.37 +1.98 Setd8 SET Domain Proteins
+2.27 +1.09 +5.34 +1.78 Prmt8 Histone Methyltransferases
+1.94 +1.41 +11.26 +1.44 Whsc1 SET Domain Proteins
-1.55 +2.25 +1.28 +2.28 Setd6 SET Domain Proteins
-1.46 -3.09 -2.45 -9.07 Dnmt3a DNA Methyltransferases
-1.60 -2.16 -4.67 -6.50 Kdm4c DNA / Histone Demethylases
-1.22 -1.46 -1.84 -3.31 Smyd3 Histone Methyltransferases
-1.31 -3.70 -1.00 -1.07 Kdm5c DNA / Histone Demethylases
-3.32 -7.10 -1.40 -1.49 Kdm6b DNA / Histone Demethylases
-2.34 -2.95 -2.04 -1.71 Ncoa3 Histone Acetyltransferases
-1.35 -2.14 -1.15 -1.17 Cdyl Histone Acetyltransferases
-1.91 -2.56 -1.03 -1.77 Hdac4 Histone Deacetylases
-4.23 -5.73 -1.05 -2.41 Ncoa1 Histone Acetyltransferases
-2.96 -3.31 -1.08 -1.37 Kdm5b DNA / Histone Demethylases
-2.59 -3.63 -1.17 -1.28 Suv420h1 SET Domain Proteins
-1.92 -3.00 -1.08 -1.36 Setd5 SET Domain Proteins
-7.73 -6.60 -1.71 -1.80 Hdac9 Histone Deacetylases
-1.55 -1.69 -2.36 -1.73 Dnmt3b DNA Methyltransferases
-2.63 -1.31 -1.20 -2.01 Kat2b Histone Acetyltransferases
-2.51 -1.89 -1.55 -1.09 Ncoa6 Histone Acetyltransferases
-1.59 -2.02 +1.06 -1.14 Hdac8 Histone Deacetylases
-2.71 -4.09 +1.04 -1.24 Setd1b SET Domain Proteins
-2.76 -3.54 +1.14 -1.18 Nsd1 SET Domain Proteins
-2.02 -2.46 -1.04 +2.01 Setd1a SET Domain Proteins
-1.11 -2.42 +1.00 +1.01 Dot1l Histone Methyltransferases
-1.47 -3.27 +1.85 +1.53 Kdm4a DNA / Histone Demethylases
-2.08 -5.18 +1.40 +1.31 Hdac11 Histone Deacetylases
-1.99 -2.79 +1.22 +1.26 Setd7 SET Domain Proteins
-2.61 -2.55 +1.09 +1.09 Mysm1 Histone Ubiquitination
-2.20 -2.93 +2.41 +2.79 Usp22 Histone Ubiquitination
-2.04 -1.25 +1.17 +1.37 Ube2b Histone Ubiquitination
-1.09 -2.02 +1.78 -1.30 Ciita Histone Acetyltransferases
-1.27 -1.03 +2.37 -1.20 Rnf2 Histone Ubiquitination

Fold-change values of genes that were regulated >2 fold in at least one group. Up-regulated genes are illustrated in 
green and down-regulated genes in red. Other than in the heat map (Fig. 2A) colors do not indicate gradations in 
gene regulation. Hierarchical clustering with distance measures based on the Pearson correlation is indicated by a 
dendogram.

Supplementary Table 1: Data table of SM induced gene regulation in EEC



A protein association network analysis was conducted 
for selected epigenetic modulators using the STRING 
database (www.string-db.com). 

(A) Dnmt1, Dnmt3a or Dnmt3b were used as input vari-
ables. The result indicated a direct interaction with his-
ton modifying proteins (e.g. Hdac1, Hdac2). In addition, 
other proteins involved in the organization of chromatin 
structure (e.g. Baz2a, Smarca5, Suz12) were also found 
to interact with Dnmts. Moreover, DNA damage res-
ponse proteins (e.g. Pcna) were associated within the 
functional protein network.

(B) Kdm4c as input variable revealed that expression of 
the transcription factor Nanog, which is responsible for 
self-renewal of undifferentiated embryonic stem cells 
while loss of Nanog function causes differentiation, is 
discussed to depend on Kdm4c expression.

(C) Whsc1, the protein with highest change in regulati-
on of all investigated genes, was found to be involved in 
collagen biosynthesis (Plod1-3) but also associated with 
Chek2, a protein that elicits DNA repair, cell cycle arrest 
or apoptosis in response to DNA damage.

Color legend (for details see www.string-db.com):
green = activation
red = inhibiton
blue = binding
purple = post-translational modification
yellow = expression
black = reaction

A

B

C

Supplementary Figure 1: Protein Association Network Analysis using STRING
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