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a b s t r a c t

DNA methylation is an epigenetic modification that regulates gene transcription. DNA methyltransferase
1 (DNMT1) plays an important role in DNA methylation. However, the involvement of DNMT1 and DNA
methylation in the pathogenesis of atopic dermatitis (AD) remains unclear. In this study, microarray
analysis revealed that peripheral blood mononuclear cells of AD patients with low DNMT1 expression
(DNMT1-low) highly expressed dendritic cell (DC) activation-related genes. Also, DNMT1-low AD patients
exhibited a higher itch score compared to AD patients with high DNMT1 expression (DNMT1-high). By
using an AD-like mouse model induced by the application of Dermatophagoides farinae body ointment,
we found that Dnmt1 expression was decreased, while the expression of CeC chemokine receptor type 7
(Ccr7) was upregulated in mouse skin DCs. Furthermore, mice exposed to social defeat stress exhibited
Dnmt1 downregulation and Ccr7 upregulation in skin DCs. Additionally, dermatitis and itch-related
scratching behavior were exacerbated in AD mice exposed to stress. The relationship between low
DNMT1 and itch induction was found in both human AD patients and AD mice. In mouse bone marrow-
derived DCs, Ccr7 expression was inhibited by 5-aza-2-deoxycytidine, a methylation inhibitor. Further-
more, in mouse skin DCs, methylation of CpG sites in Ccr7 was modified by either AD induction or social
defeat stress. Collectively, these findings suggest that social defeat stress exacerbates AD pathology
through Dnmt1 downregulation and Ccr7 upregulation in mouse skin DCs. The data also suggest a role of
DNMT1 downregulation in the exacerbation of AD pathology.

© 2020 Elsevier Inc. All rights reserved.
NA methyltransferase 1; DC,
cells; VAS, Visual Analogue
us and activation-regulated

eutical Sciences, Musashino

oshida).
1. Introduction

DNA methylation is implicated in transcriptional regulation,
genomic imprinting, and silencing of repeated DNA elements [1]. It
is essential for cell development and maturation, and maintains
genetic control [2]. Dysfunctional DNA methylation has been re-
ported in patients with cancer or systemic lupus erythematosus
(SLE) [3,4]. Altered DNA methylation is believed to be caused by
acquired factors such as diet, infection, and stress (particularly so-
cial stress). Stress affects DNA methylation patterns at specific
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Fig. 1. Correlation between DNMT1 and AD pathology. (A) Heatmap of hierarchical clustering of DC activation-related genes. (B) Signal intensity of DNMT1 in PBMCs. (C) VAS for itch,
SCORAD and TARC in DNMT1-low and DNMT1-high AD patients. HC: healthy control; AD: atopic dermatitis (*p < 0.05; * *p < 0.01; * * *p < 0.001).
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genomic loci in the brain, and increases anxiety [5,6]. Stress is also
involved in systemic diseases such as obesity and allergy [7,8].
However, themolecularmechanisms bywhich stress influences the
pathogenesis of systemic diseases are unclear.

We previously reported that DNMT1 expression is lower in pe-
ripheral blood mononuclear cells (PBMCs) from AD patients
compared to that in healthy controls (HCs) [9]. Considering the
relative stability of DNAmethylation, it is reasonable to hypothesize
that DNMT1 downregulation would induce long-term changes in
gene transcription, possibly influencing AD pathology.

Allergic inflammatory diseases, such as AD, are characterized by
chronic inflammation, severely compromising skin integrity. During
AD progression, most patients undergo skin barrier destruction; skin
dryness causes itch, which in turn induces scratching and further
worsens skin conditions [10]. These studies provide important hints
inflammation control, which is the only effective strategy for the
treatment of allergic inflammatory diseases. We previously reported
that DC dysfunction causes autoimmune diseases and chronic
inflammation [11]. Since DCs trigger inflammatory responses, un-
derstanding their regulation during allergic inflammation is key to
clarifying themechanism of disease onset.We reasoned that DNMT1
could bemodified by acquired factors in AD. To verify this hypothesis,
we investigated the impact of social defeat stress on DNMT1 expres-
sion and function in DCs. Furthermore, we exploredwhether the role
of DNMT1 in AD pathology was associated with the regulation of
allergic inflammation-related gene expression.

2. Materials and methods

2.1. Human samples

PBMCs were collected from 12 AD patients (7 males, 5 females;
age: 32e88) and 20 HCs (9 males, 11 females; age: 25e64) by using
blood sampling tubes containing ethylenediaminetraacetic acid
(Terumo, Tokyo, Japan). The study protocol was approved by the
medical ethics committee of Juntendo University Urayasu Hospital
(No. 25e37). All patients provided written informed consent.

2.2. DNA microarray and data analysis

Total RNA was isolated from PBMCs of AD patients and HCs by
using RNeasy mini kit (Qiagen, Hilden, Germany) according to the
manufacturer instructions. DNA microarray methods were as
described [12]. For hierarchical clustering, fold change data of



Fig. 2. Dnmt1 downregulation and Ccr7 upregulation in skin DCs from AD mice. (A)
DnmtT1 and (B) Ccr7 expression of skin DCs on day 1 after AD induction. (C) Mean
fluorescence intensity (MFI) of CCR7 in DCs (*p < 0.05). Similar results were observed
in five independent experiments. AD: atopic dermatitis-induced mice; UT: untreated
mice.
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selected genes were processed using a commercial software pack-
age (IPA) (Ingenuity Systems, CA, USA) and analyzed by statistical
software R (version R-2.7.0 available from https://cran.r-project.
org/).

2.3. Mice

NC/Nga, C57BL/6J, and ICR mice were purchased from Japan SLC
(Shizuoka, Japan). Mice were housed in 5 mice/cage under main-
tained a (12 h dark-12 h light) schedule and fed standard chow diet,
sterile water ad libitum. All animal experiments were performed
according to the animal study guidelines approved by the Animal
Experimental Ethics Committee of the Juntendo University
(No.300108).

2.4. Evaluation of dermatitis score and measurement of scratching
behavior

AD induction, dermatitis score, and scratching behavior were
analyzed as described [13]. Briefly, on day 0, ointment containing
100mg of D. farinae body was applied to hair shaved back area. This
procedure was repeated twice a week for 3 weeks. The severity of
skin region was assessed according to symptoms: erythema/hem-
orrhage, scarring/dryness, edema and excoriation/erosion.
Scratching behavior was analyzed by using a SCLABA-Real system
(Noveltec, Kobe, Japan).

2.5. Cell preparation and flow cytometry

Harvested Skin from mice were treated with Liberase TL (Roche,
Tokyo, Japan) and Single-cell suspensions were separated using
Percoll (GE Healthcare, CT, USA). Bonemarrow-derived DCs (BMDCs)
were cultured for 5 days with GM-CSF, then 5-Aza was added
(Sigma-Aldrich, Tokyo, Japan). For flow cytometry analysis, cells
were blocked with an anti-mouse FcgR antibody, stained with the
antibodies indicated below, and analyzed on FACS Calibur flow cy-
tometer (BD Biosciences, CA, USA). Data were analyzed by Flow Jo
software (Tree Star, OR, USA). The following antibodies were used:
PE-conjugated anti-mouse CCR7 (Miltenyi Biotec, Bergisch Gladbach,
Germany), FITC-conjugated anti-mouse CD11b, allophycocyanin-
conjugated anti-mouse MHCII, PE-conjugated anti-human CD19,
FITC-conjugated anti-human CD14, allophycocyanin-conjugated
anti-human MHCII (BD Biosciences). The transcripts were
measured using quantitative RT-PCR and normalized to beta actin.

2.6. Magnetic separation

DCs in skin and skin-draining lymph nodes were isolated from
NC/Nga, C57BL/6 mice by using biotin-conjugated anti-CD11b,
PDCA1 antibodies (Biolegend, CA, USA), and streptavidin
microbeads (Miltenyi Biotec), and then separated by using an
autoMACS Pro device (Miltenyi Biotec).

2.7. Quantitative real-time RT-PCR

Total RNA extracted from DCs was reverse-transcribed into
cDNA by using PrimeScript RT Kit (TaKaRa, Shiga, Japan). The syn-
thesized first-strand cDNAwas amplified using the LightCycler 480
System II (Roche). The amplified PCR products were quantified
based on SYBR Green incorporation. The primer sets are shown in
Supplementary Table 1.

2.8. Western blotting

The cells were lysedwith lysis buffer (150mMNaCl, 50mMTris-
HCl, 0.5% NP-40) supplemented with protease inhibitors, and
centrifuged at 21,000 g, 4 �C for 20 min. The cell lysates were added
with Laemmil sample buffer (Bio-Rad, CA, USA) and incubated at
95 �C for 5 min. The proteins were separated by 5e20% SDS-PAGE
and transferred to PVDF membranes. Primary antibodies against
DNMT1 and GAPDH were used. An enhanced chemiluminescent
system was used for detection on an AI600 system and signal in-
tensity relative to GAPDH was calculated by ImageQuant software
(GE Healthcare).

2.9. Genomic DNA purification, sodium bisulfite treatment, and
methylation analysis

Genomic DNA was purified from mouse skin DCs with DNeasy
Blood & Tissue Kit and then subjected to bisulfite conversion by
using DNA Bisulfite kit as per manufacturer’s instructions (Qiagen).
Bisulfite sequence PCR was performed using EpiTaq DNA poly-
merase (TaKaRa). The PCR product was inserted into the T-Vector
pMD20 by using a DNA ligation kit (TaKaRa) according to manu-
facturer’s instructions. After transformation of Escherichia coli, in-
dividual clones were grown, plasmid DNA was purified by a
standard miniprep protocol, and the DNA was sequenced using
M13 primer. PCR products were purified and sequenced by Eurofins
Genomics (Tokyo, Japan).

2.10. Social defeat stress

Eight-week-old NC/Nga mice were subjected to a social defeat
stress protocol as described [14]. The concentration of corticoste-
rone in the plasma of stress-treated mice was measured by ELISA
using commercial kits (ENZO, NY, USA).

2.11. Statistical analysis

Data were expressed as means ± (SEM). Statistical significance
was assessed by student’s t-test. Differences between groups with
p < 0.05 were considered statistically significant.

https://cran.r-project.org/
https://cran.r-project.org/


Fig. 3. Social defeat stress induced Dnmt1 downregulation and Ccr7 upregulation, and exacerbated AD pathology. (A) Experimental scheme. (B) Corticosterone level in the plasma of
NC/Nga mice after social defeat stress. (C) DNMT1 expression in skin DCs of stress exposed- or non-stressed-NC/Nga mice (þor -). (D) CCR7 expression in skin DCs of stress exposed-
or non-stressed-NC/Nga mice (þor -). The table below represents the mean MFI values ± SEM of five assays performed with independent mice. (E) AD score of stress exposed- or
non-stressed-NC/Nga mice (þor -). (F) Photographs of skin lesions in NC/Nga mice with/without stress exposure (þor -) at 21 days after AD induction. (G) Number of scratching
bouts in NC/Nga mice subjected to social defeat stress (*p < 0.05).

Y. Yoshida et al. / Biochemical and Biophysical Research Communications 529 (2020) 1073e10791076
3. Results

3.1. Low DNMT1 expression in PBMC of AD patients correlates with
DC activation and itch

We investigated the expression of DNMT1-regulated genes in
AD patients. First, microarray analysis was used to compare gene
expression in PBMCs from AD patients and HCs. Hierarchical clus-
tering analysis indicated that the level of DNMT1 expression
affected genes related to DC activation. The gene expression pat-
terns of DC activation-related genes were clearly different between
DNMT1-low and the DNMT1-high patients (Fig. 1A and B). No cor-
relation between DNMT1 expression and genes involved in T-cell or
B-cell activation was found (Figs. S1A and B).

Next, we correlated AD clinical scores in the two groups of pa-
tients with the data obtained bymicroarray analysis. The itch score,
based on the Visual Analogue Scale (VAS), was higher in DNMT1-
low than in DNMT1-high patients. However, there were no differ-
ences in the score of atopic dermatitis (SCORAD), a clinical index of
eczema severity [15], and in the serum concentration of thymus
and activation-regulated chemokine (TARC), a marker of AD
severity [16] (Fig. 1C). We further compared PBMC expression of
DNMT1 between AD and psoriasis (PS) patients, a chronic inflam-
mation of the skin. DNMT1 expression was significantly lower than
in HCs in AD patients but not in PS patients [9] (Fig. S2). These
results suggested that DNMT1 was involved in DC activation and
itch induction in AD.
3.2. Skin DCs from AD mice show Dnmt1 downregulation and Ccr7
upregulation

To examine DNMT1 gene expression in AD, we used NC/Nga
mice as an AD model. Skin DCs from NC/Nga mice showed
decreased Dnmt1 expression as compared to untreated mice (UT)



Fig. 4. Methylation pattern in skin DCs from NC/Nga mice. (A) Ccr7 expression after 5-Aza treatment in BMDCs (*p < 0.05 vs UT). (B) Ccr7 expression in BMDCs after 3 days of 5-Aza
treatment (C) MFI of Ccr7-expressing BMDCs shown in (B) (*p < 0.05, vs UT). Similar results were observed in five independent experiments. (D) CpG sites in CCR7. (EeH) Percentage
of methylated CpG sites in Ccr7 of NC/Nga UT or AD (E, F), and of NC/Nga stress (þor -) mice (G, H).
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on day 1 after AD induction which is before the inflammatory
response appears in skin (Fig. 2A). Ccr7-expressing DCs is
involved in DCs migration to draining lymph nodes and activate
T-cells, thus triggering inflammatory responses [17]. CCR7 is
included in up-regulated genes of DNMT1-low AD patients
(Fig. 1A). We found that skin DCs in AD mice with low Dnmt1
expression also exhibited Ccr7 upregulation compared to UT mice
(Fig. 2B and C).
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Social defeat stress induces Dnmt1 downregulation and Ccr7
upregulation in DCs, and exacerbates AD pathology.

Next, we examined the impact of acquired factors, particularly
social defeat stress, on the expression ofDnmt1 and Ccr7 in skin DCs
of AD-induced mice. Notably, nerve disease caused by altered DNA
methylation was reported in stressed mice at specific gene loci in
the brain [14]. Before AD induction, NC/Nga mice were maintained
under stress (Fig. 3A). The level of corticosterone, a stress hormone,
was measured to confirm the stress condition, and it was increased
in the stressed mice compared to non-stressed mice (Fig. 3B). In
addition, Dnmt1 expression was downregulated (Fig. 3C), while
Ccr7 expression was upregulated, in skin DCs of stressed mice
compared to non-stressedmice (Fig. 3D). The stressedmice showed
a high dermatitis score and severity which were exacerbated after
AD induction compared to non-stressed mice (Fig. 3E and F).
Notably, the number of itch-related scratching bouts was higher
even before AD induction in the stressed mice (Fig. 3G). These re-
sults suggested that social defeat stress induced Dnmt1 down-
regulation and Ccr7 upregulation in skin DCs, and that these
changes were responsible for the exacerbation of AD pathology.

Effects of AD and social defeat stress on the methylation pattern
and expression of Ccr7 in skin DCs.

We explored the impact of DNMT1 on CCR7 methylation and
expression. We treated BMDCs with the DNA-methyltransferase
inhibitor, 5-Aza, and measured Ccr7 expression in cells. Ccr7
mRNA expression was increased after 5-Aza treatment (Fig. 4A).
CCR7 protein expression in BMDCs was increased on day 3 after 5-
Aza treatment (Fig. 4B and C).

We next examined the methylation status of Ccr7 in skin DCs
from AD and UT mice. To this end, the methylation percentage at
each CpG site was examined (Fig. 4D). Ccr7 promoter methylation
level was comparable between AD and UT mice (Fig. 4E). However,
in AD mice, the methylation status was altered in the first intron
downstream of the Ccr7 promoter (Fig. 4F). Also, there was no
difference between skin DCs from stressed and non-stressed mice
in the extent of CCR7 promoter methylation (Fig. 4G), but methyl-
ation status was altered in the first intron downstream of the Ccr7
promoter by social defeat stress in the first intron of Ccr7 (Fig. 4H).

4. Discussion

We found that exposure to social defeat stress induced Dnmt1
downregulation and Ccr7 upregulation in mouse skin DCs (Fig. 3C
and D), and that pre-exposure of mice to stress exacerbated the
severity of dermatitis following D. farinae body ointment applica-
tion (Fig. 3EeG). These findings suggest that Dnmt1 expression in
DCs is one of the AD-related factors that are modified by social
defeat stress.

Social defeat stress is reported to alter brain DNA methylation,
causing social avoidance [14]. Although the impact of social defeat
stress on immune cell function is unclear, adrenergic nerves control
leukocyte recruitment into tissues by regulating the expression of
adhesion molecules and the production of chemoattractants [18].
Therefore, the function of immune cells may be controlled by the
nervous system. Moreover, stress was reported to regulate micro-
RNA levels in PBMCs and sperm, thus affecting the offspring [19].
Thus, stress signals may exert systemic effects on microRNA
expression. In this study, social defeat stress was found to affect
Dnmt1 expression in mouse skin DCs (Fig. 3C). Since, in SLE, T-cell
DNMT1 expression is regulated by specific microRNAs [20], it could
be worth exploring the influence of social stress on microRNA-
induced DNMT1 regulation. Notably, Dnmt1 expression in skin
DCs was lower in ADmodel mice compared to controls (Fig. S3) and
could be further reduced by environmental factors such as social
defeat stress.
A previous study demonstrated that Ccr7-deficient mice are
defective in T cell activation, which causes local skin inflammation.
This is due to reduced ability of DCs to migrate from skin to regional
lymph nodes where they activate T-cells [21]. Here, we found that
Dnmt1 downregulation in skin DCs was associated with Ccr7
upregulation (Fig. 2AeC), which might promote DC migration from
the skin to regional lymph nodes, accelerating the initial steps of
inflammation [21].

DNMT1 expressionwas found to be decreased in AD patients but
not in PS patients (Fig. S2). PS is a chronic skin inflammatory con-
dition, especially affecting elderly patients and causing chronic itch.
This itch is associated with the consumption of several drugs, such
as aspirin and insulin used for the treatment of other diseases like
asthma, chronic obstructive pulmonary disease, and peptic ulcer
disease [22]. Notably, AD is characterized by severe itch [10]. We
found that the itch score was higher in DNMT1-low compared to
DNMT1-high AD patients (Fig. 1C), and scratching behavior was
more pronounced in stressed AD mice compared to non-stressed
AD mice, as reflected by DNMT1 downregulation (Fig. 3G). A pre-
vious study reported that DNMT1 is involved in type 2 cytokine
silencing in T-cells [23]. Moreover, it was recently reported that
type 2 cytokines cause itch sensitization by activating sensory
neurons [24]. Thus, the level of DNMT1 expression in T-cells might
affect itch sensitization during chronic inflammation in AD pa-
tients. Recently, itch has been reported to be associated with
mental stress [25]. Furthermore, in AD, itch is aggravated by stress,
as determined by Trier Social Test [26]. Scratching exacerbates skin
inflammation, causing damage to skin barrier and complications
such as infection and tissue destruction. Since it is difficult to
control the scratching behavior elucidating the mechanisms
responsible for itch is crucial for the prevention and treatment of
dermatitis. Our findings suggest that DNMT1 may be involved in
stress-induced itch.

Although stressed mice showed a higher dermatitis score
compared to non-stressed mice as reflected by Dnmt1 down-
regulation in DCs (Fig. 3E and F), the SCORAD index, a measure of
skin eczema, did not differ between DNMT1-low and -high AD
patients (Fig. 1B). Since subjects participated in this study on a
voluntary basis, they could not be selected according to age, sex,
therapeutic regimen or disease status. Therefore, the generaliz-
ability of our data needs further verification.

Additionally, 5-Aza-induced Ccr7 upregulation in BMDCs indi-
cated that DNA methylation had an impact on Ccr7 expression
(Fig. 4AeC). Moreover, in skin DCs in which Dnmt1 was down-
regulated by AD induction and/or stress, DNA methylation was
modified at a site downstream of the Ccr7 promoter (Fig. 4F, H).
Although the role of gene promoter methylation in transcriptional
silencing is known, methylation of intragenic regions is also
emerging as an important mechanism of gene regulation [27].
Recently, it was reported that intron methylation downstream of
the transcription start site is associated with gene expression [28].
Moreover, altered intron methylation may cause dysregulated gene
expression in cancer, SLE and schizophrenia [29e31]. Thus, the
methylation of sites downstream of the Ccr7 promoter might in-
fluence Ccr7 expression. Notably, AD induction or social defeat
stress did not affect Ccr7 promoter methylation (Fig. 4E, G). This is
in line with a previous study reporting that gene promoter
methylation is influenced by several factors, including transcription
factors [32].

In conclusion, Dnmt1 downregulation exacerbated AD pathol-
ogy, including itch, in skin DCs of mice pre-exposed to social defeat
stress, through the upregulation of Ccr7 expression. In light of DC
role in inflammation, it is possible that, in addition to AD, stress
may also be a general inducer of inflammatory responses.
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