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Atopic dermatitis (AD) is a common inflammatory skin
disease caused by an immune disorder. Mast cells are known
to be activated and granulated to maintain an allergic reaction,
including rhinitis, asthma, and AD. Although hypoxia-induc-
ible factor-1 alpha (HIF-1a) and signal transducer and acti-
vator of transcription 5 (STAT5) play crucial roles in mast
cell survival and granulation, their effects need to be clarified
in allergic disorders. Thus, we designed decoy oligodeoxynu-
cleotide (ODN) synthetic DNA, without open ends, containing
complementary sequences for HIF-1a and STAT5 to suppress
the transcriptional activities of HIF-1a and STAT5. In
this study, we demonstrated the effects of HIF-1a/STAT5
ODN using AD-like in vivo and in vitro models. The HIF-1a/
STAT5 decoy ODN significantly alleviated cutaneous symp-
toms similar to AD, including morphology changes, immune
cell infiltration, skin barrier dysfunction, and inflammatory
response. In the AD model, it also inhibited mast cell infiltra-
tion and degranulation in skin tissue. These results suggest
that the HIF-1a/STAT5 decoy ODN ameliorates the AD-like
disorder and immunoglobulin E (IgE)-inducedmast cell activa-
tion by disrupting HIF-1a/STAT5 signaling pathways. Taken
together, these findings suggest the possibility of HIF-1a/
STAT5 as therapeutic targets and their decoy ODN as a poten-
tial therapeutic tool for AD.
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INTRODUCTION
Atopic dermatitis (AD) is a common chronic inflammatory and
allergic skin disease affecting 1%–3% of adults and up to 15%–20%
of children worldwide.1 Furthermore, the incidence and severity of
AD have increased 2- to 3-fold over the past several decades and
have been steadily increasing to date.2–4 The clinical symptoms of
AD include erythema, scarring/dryness, skin thickening, and eczem-
atous skin lesions, which are often accompanied by obvious itching
and can have a significant impact on quality of life.5–7

Although the etiology of AD is not fully understood, numerous
studies have suggested that AD occurs and worsens as a result of
the complex interaction of multiple factors, including environmental,
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genetic, and immunological factors.5,8,9 Immunologically, the pri-
mary pathogenic mechanism associated with the development of
AD is an imbalance in T helper (Th) cells with allergy sensitization
and the development of an inflammatory response to a specific
allergen.10 In the acute phase of AD, an abnormal Th2 cell immune
response induces elevated levels of immunoglobulin E (IgE) and infil-
tration of AD effector cells, thereby potentially aggravating the disease
and triggering a systemic Th2 cell response.11,12 In addition, Th2-
associated inflammatory cytokines and chemokines, including inter-
leukin (IL)-4, IL-5, and IL-13, have a direct effect on skin cells, such as
keratinocytes and mast cells.2,13,14

Mast cells are hemopoietic cells that reside in various tissues and are
crucial components of innate and acquired immunity.15,16 Further-
more, mast cells play an important role in type 2 immune responses
and allergic inflammation diseases, such as AD and psoriasis.17,18

Mast cells express the high-affinity IgE receptor (FcεRI) on their
surfaces, which recognizes IgE and leads to cell activation upon cross-
linking with allergens.19 After activation, mast cells release allergic in-
flammatory mediators, such as serotonin, histamine, proteases,
b-hexosaminidase, chemokines, and inflammatory cytokines, from
secretory granules, resulting in a Th2-mediated allergic response.20–22

Mast cells are capable of regulating the degranulation process and
being reactivated, thereby inducing and sustaining the allergic
response.23 Moreover, the induction of mast cell apoptosis has been
proposed as a potential therapeutic approach to treat allergic and
chronic inflammatory diseases such as AD.24,25

FcεRI signaling is a well-known mechanism of mast cell activation
that plays a crucial role in allergic inflammation and diseases.26
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This signaling is initiated by the crosslinking of multivalent antigens
bound to IgE. When an allergen crosslinks with IgE, FcεRIs are phos-
phorylated by the Src family kinases, such as Lyn and Fyn, and initiate
downstream cell signaling.27,28 FcεRI-IgE-allergen complexes induce
activation of the phosphatidylinositol 3-kinase, mitogen-activated
protein kinase pathway, and various transcription factors, including
nuclear factor kB (NF-kB), hypoxia-inducible factor 1 (HIF-1) com-
plex, and signal transducer and activator of transcription (STAT).29

Among transcription factors activated by FcεRI signaling, HIF-1a
and STAT5 play an important role not only in allergic inflammation
but also in mast cell activation and survival.

The HIF-1 complex is an important transcription factor for the
cellular response to hypoxia and is a heterodimer composed of two
subunits, namely, HIF-1a and HIF-1b.30 Among these subunits,
HIF-1a is an oxygen-regulated subunit whose stability affects
HIF-1 transcriptional activity.31 During hypoxic conditions, HIF-1a
becomes stabilized and dimerized with HIF-1b to form the HIF-1
complex, which binds to the hypoxia response element (HRE) in
the promoter region.32 In addition to oxygen-dependent regulation,
HIF-1a expression is controlled by various growth factors and cyto-
kines through oxygen-independent pathways.33 The HIF-1 complex
regulates the expression of various target genes involved in several
biological processes, such as angiogenesis, survival/apoptosis, cell
adhesion/migration, activation of immune cells, and cytokine expres-
sion, which are crucial for inflammatory and innate immune re-
sponses.33–35 In addition, several studies have demonstrated that
HIF-1a stabilizes and accumulates in basophils and mast cells during
allergic inflammation, and this accumulation occurs in an IgE-depen-
dent manner.36,37

The pathogenesis of AD involves a complex interplay among immune
dysregulation, genetic factors, and environmental triggers. The Janus
kinase (JAK)-STAT signaling pathway has emerged as a key regulator
in the development and progression of AD among the key immune
response players.38 JAK1 is a crucial enzyme involved in the signal
transduction triggered by various cytokines and growth factors that
contribute to the pathogenesis of AD.39 In particular, IL-4, IL-13,
and IL-31 have been identified as important cytokines driving the in-
flammatory response in AD.40 In addition, emerging evidence sug-
gests that STAT1 may play a role in the pathogenesis of this complex
skin disease.38 STAT1 can be activated by other cytokines, such as
interferon (IFN), in addition to IL-4 and IL-13. Increased expression
of IFN has been observed in AD lesions, suggesting that STAT1
signaling is involved in chronic inflammation and immune dysregu-
lation in AD. Understanding the complex interactions among JAK1,
STAT1, and other components of the JAK-STAT pathway in the
pathogenesis of AD is critical for the development of targeted
therapies.

The STAT family includes STAT1, STAT2, STAT3, STAT5A/B, and
STAT6, which are intracellular transcription factors that regulate
various aspects of cellular immunity, differentiation, proliferation,
and apoptosis. In addition, several studies have revealed that STAT
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family members play a crucial role in allergic inflammation progres-
sion.26,41 Among these STAT family members, STAT5 is an essential
regulator of mast cell development and survival, as well as IgE-medi-
ated functioning.26 In mast cells, STAT5 is activated mainly by the
stem cell factor receptor through JAK2 and FcεRI signaling through
the Src family kinase. STAT5 dimers enter the nucleus upon activa-
tion and bind to the gamma-activated site (GAS) motifs in the pro-
moter region to regulate the target genes, including Bcl-2, Bcl-XL,
and cyclin D3.42,43 Taken together, the activation of HIF-1a and
STAT5 contributes to the increase in the expression of pro-inflamma-
tory mediators and the maintenance of mast cell homeostasis. There-
fore, targeting HIF-1a and STAT5may be a potential new therapeutic
strategy to treat AD.

Decoy oligodeoxynucleotide (ODN), a type of gene therapy product,
has been developed to block the activity of specific transcription fac-
tors. Decoy ODNs are synthetic DNA segments that are identical to
the consensus sequence to which transcription factors can bind to ex-
press downstream genes. Decoy ODN subsequently binds to the
target transcription factor and attenuates target gene expression by
inhibiting the activity of transcription factors at the pre-transcription
level.44–46 Therefore, this decoy ODN strategy has been proposed as
an effective therapeutic tool to treat several disorders by suppressing
the expression of specific genes both in vitro and in vivo.47–49 Our pre-
vious studies demonstrated the efficacy of synthetic decoy ODNs in
various disease models, including renal fibrosis, liver fibrosis, and
arteriosclerosis.45,47,50 However, the therapeutic effect of HIF-1a/
STAT5 decoy ODN in AD has not been demonstrated.

In this study, we evaluated the therapeutic effects of HIF-1a/STAT5
decoy ODNs, which contain a DNA-binding sequence without an
open end, and block the expression of their downstream factors.
We also demonstrated their therapeutic effects through validated
diverse assays with AD in vitro and in vivo models.

RESULTS
Generation of HIF-1a/STAT5 decoy ODN

To investigate the effects of HIF-1a/STAT5 in AD, we generated a
synthetic HIF-1a/STAT5 decoy ODN, which was designed as a dou-
ble-stranded nucleotide containing the consensus binding sequences
of HIF-1a (HRE; CACGT) and STAT5 (GAS; TTCCCGGAA). The
HIF-1a/STAT5 decoy ODN was synthesized with a ring-type struc-
ture to prevent nuclease degradation and stabilize its expression.
The two individual sequences corresponding to the binding motifs
of HIF-1a and STAT5 had a small loop and a cohesive end, respec-
tively (Figure 1A, top). These sequences were altered to a closed
ODN with two small loops that could self-ligate with T4 DNA ligase
enzymes (Figure 1A, bottom). The sequence of the HIF-1a/STAT5
decoy ODN do not match with any nucleotides except for the HIF-
1a/STAT5 sequence, as determined using the Basic Local Alignment
Search Tool program (data not shown). We used rat basophilic leuke-
mia (RBL)-2H3 cells for our model system to study mast cell func-
tions because bone-marrow-derived mast cells show low transfection
efficiency.51



Figure 1. Structure of the synthetic HIF-1a/STAT5 decoy ODN and transfection efficiency of the HIF-1a/STAT5 decoy ODN in an AD-like in vitro and in vivo

model

(A) Primary sequence of the HIF-1a/STAT5 decoy ODN. (B) The fluorescence result showed that HIF-1a/STAT5 decoy ODN was effectively transfected into RBL-2H3 cells.

The RBL-2H3 cells were transfected with FITC-labeled HIF-1a/STAT5 decoy ODN (60 nM; green). The cells were then stained with DAPI (blue). Scale bar, 50 mm. (C)

Transfection efficiency of the FITC-labeled HIF-1a/STAT5 decoy ODN was analyzed using flow cytometry. (D and E) HIF-1a- and STAT5 DNA-binding activity was

analyzed using electrophoretic mobility shift assay (EMSA) using the nuclear extract of the RBL-2H3 cells. Three independent EMSA data were used to quantify the dot

(legend continued on next page)
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HIF-1a/STAT5 decoy ODN suppressed HIF-1a and STAT5 DNA-

binding activity in AD in vitro and in vivo models

To visualize the HIF-1a/STAT5 decoy ODN transfected into RBL-2H3
cells, we made a fluorescein isothiocyanate (FITC)-conjugated decoy
ODN and analyzed the cellular distribution using confocal microscopy.
FITC-labeled HIF-1a/STAT5 decoy ODN was found in both the cyto-
plasm and nucleus of the RBL-2H3 cells after 6 h transfection (Fig-
ure 1B, top). At 24 h after transfection, a green fluorescence signal
was detected in both the cytoplasm and the nucleus (Figure 1B, bot-
tom). Next, we used the liposome transfection method and then per-
formed flow cytometry to count the transfection efficiency of the
HIF-1a/STAT5 decoy ODN in RBL-2H3 cells. The green fluorescence
signal in the RBL-2H3 cells transfected with the FITC-labeled decoy
ODN had a value of 89.54%, showing a higher positive rate compared
with the non-labeled decoy ODN (Figure 1C). Next, we verified the in-
jection efficiency of theHIF-1a/STAT5 decoyODN inmice before per-
forming the animal experiments. The signal of FITC-labeled HIF-1a/
STAT5 decoy ODN was observed in the skin when it was injected
into the mouse through tail vein (Figure S1A). In addition, to deter-
minewhetherHIF-1a/STAT5 decoyODN is introduced intomast cells
in mouse skin, we performed immunofluorescence using FITC-labeled
decoy ODN and tryptase, a mast cell marker. As a result, we confirmed
the part where FITC-labeled ODN and tryptase co-localize and show a
yellow signal, indicating that HIF-1a/STAT5 decoy ODN enters the
mast cell in mouse skin (Figure S1B). These results indicate that the
HIF-1a/STAT5 decoy ODN is effectively transfected into RBL-2H3
cells and the dorsal skin of Balb/c mice.

After determining the efficacy of transfection, immunoblot analysis
was performed to examine the effect of the HIF-1a, STAT5, and
HIF-1a/STAT5 decoy ODNs in AD-like in vitro and in vivo models.
The protein expression levels of HIF-1a, phospho-STAT5 (p-
STAT5), and their downstream genes were reduced in each decoy
ODN groups compared with the Scr decoy ODN group. Specifically,
the HIF-1a/STAT5 decoy ODN attenuated these factor expression
levels more significantly than the single decoy ODN. As a result,
the HIF-1a/STAT5 decoy ODN significantly decreased cytokines,
such as TNF-a and IL-4 (Figures S1C–S1E and S2). To investigate
the cellular function of the HIF-1a/STAT5 decoy ODN, we per-
formed an electrophoretic mobility shift assay (EMSA) with HIF-
1a- or STAT5-binding oligonucleotide probes labeled with biotin.
The DNA-binding activity of HIF-1a or STAT5 was increased in
the IgE+Ag-treated RBL-2H3 cells compared with the non-treated
cells. The HIF-1a-DNA or STAT5-DNA complexes were signifi-
cantly decreased in the HIF-1a/STAT5 decoy ODN compared with
the Scr ODN in IgE+Ag-treated RBL-2H3 cells (Figures 1D and
1E). Furthermore, the same results were confirmed in animal exper-
iments. HIF-1a/STAT5 decoy ODN significantly inhibited the DNA-
plots. +, treated; �, un-treated; vehicle (Veh), distilled water; scrambled (Scr) ODN, scr

non-treated; IgE+Ag, IgE+Ag treated. *p < 0.05 compared with the vehicle group; yp <

HIF-1a and STAT5 was measured using EMSA using the mouse nuclear extract. The

treated; vehicle (Veh), distilled water; scrambled (Scr) ODN, scrambled decoy ODN; HIF-

DNCB/DfE, DNCB- and DfE-sensitized group. *p < 0.05 compared with the vehicle gr
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binding activity of HIF-1a and STAT5 compared with the AD-like
skin disease mouse model (Figures 1F and 1G). These results indicate
that the HIF-1a/STAT5 decoy ODN effectively prevents the DNA-
binding activity of both HIF-1a and STAT5 at the transcription level.
HIF-1a/STAT5 decoy ODN suppressed the expression levels of

HIF-1a and STAT5 and downstream factors in IgE+Ag-treated

RBL-2H3 cells

We first measured HIF-1a and STAT5 expression levels after trans-
fection with the HIF-1a/STAT5 decoy ODN in RBL-2H3 cells using
immunofluorescent staining. The expression of HIF-1a and STAT5
was significantly increased in the IgE+Ag-treated RBL-2H3 cells
compared with the normal cells. Their expression levels were signif-
icantly decreased in the RBL-2H3 cells transfected with the HIF-
1a/STAT5 decoy ODN compared with the scrambled ODN
(Figures 2A and 2B). We performed an immunoblot assay to examine
the expression levels of HIF-1a, STAT5, and their downstream fac-
tors. We selected VEGF, iNOS, and COX-2 as downstream factors
of HIF-1a and Bcl-2, Bcl-XL, and cyclin D3 as downstream factors
of STAT5 through a survey of several published reports.42,52,53 The
expression levels of HIF-1a and STAT5 were significantly attenuated
in the RBL-2H3 cells transfected with the HIF-1a/STAT5 decoy ODN
(Figures 2C, 2D, 2H, and 2I). The protein expression levels of VEGF,
iNOS, and COX-2 were significantly attenuated in the RBL-2H3 cells
transfected with the HIF-1a/STAT5 decoy ODN compared with the
normal cells (Figures 2C, 2E, 2F, and 2G). The expression levels of
Bcl-2, Bcl-XL, and cyclin D3 were significantly attenuated in the
RBL-2H3 cells transfected with the HIF-1a/STAT5 decoy ODN
compared with the normal cells (Figures 2H, 2J, 2K, and 2L).
Together, these results indicate that the HIF-1a/STAT5 decoy
ODN suppressed the expression levels of HIF-1a, STAT5, and their
downstream factors. Subsequently, we focused on the pro-inflamma-
tory cytokine tryptase, which is used as an indicator of allergic
response in RBL-2H3 cells. We first performed immunofluorescence
staining, and immunofluorescent images were visualized using
confocal microscopy. The tryptase that stained a green color was
decreased in the IgE+Ag-treated RBL-2H3 cells transfected with the
HIF-1a/STAT5 decoy ODN compared with the scrambled decoy
ODN (Figures 3A and 3B). To further validate these results, we per-
formed an immunoblot assay with tryptase, TNF-a, and IL-4 because
mast cells are known to secrete the pro-inflammatory cytokines TNF-
a, and IL-4 after stimulation with IgE+Ag.54,55 The HIF-1a/STAT5
decoy ODN significantly attenuated the expression levels of tryptase,
TNF-a, and IL-4 compared with the scrambled decoy ODN
(Figures 3C–3F). These results indicate that the HIF-1a/STAT5 decoy
ODN significantly inhibited the pro-inflammatory cytokines in the
IgE+Ag-treated RBL-2H3 cells.
ambled decoy ODN; HIF-1a/STAT5 ODN, HIF-1a/STAT5 decoy ODN; NT, IgE+Ag

0.05 compared with the IgE+Ag-sensitized group. (F and G) DNA-binding activity of

dot graphs were quantified from three independent EMSA data. +, treated; �, un-

1a/STAT5 ODN, HIF-1a/STAT5 decoy ODN; NT, DNCB and DfE non-treated group;

oup; yp < 0.05 compared with the DNCB/DfE-sensitized group.



Figure 2. The HIF-1a/STAT5 decoy ODN significantly suppressed the expression of HIF-1a and STAT5 and attenuated their downstream target genes in

IgE+Ag-sensitized RBL-2H3 cells

(A) Representative images of the immunofluorescence staining for HIF-1a (green, top) and STAT5 (red, bottom) in RBL-2H3 cells. The nuclei were labeled with DAPI (blue).

Scale bar, 50 mm. (B) Quantification of the HIF-1a and STAT5 immunofluorescence signals. (C) Western blot analysis of HIF-1a and HIF-1a-related genes, including VEGF,

(legend continued on next page)
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HIF-1a/STAT5 decoy ODN inhibited mast cell survival via the

regulation of apoptosis signaling

Because several studies have shown that STAT5 is a critical transcrip-
tion factor for mast cell survival and proliferation and that the HIF-1
transcription complex plays a crucial role in the adaption of various
immune cells to hypoxic and inflammatory stresse,56–58 we investi-
gated whether HIF-1a and STAT5 transcription factors can induce
mast cell apoptosis or not. We performed a TUNEL assay, which is
an apoptosis monitoring assay, using the IgE+Ag-treated RBL-2H3
cells. The HIF-1a/STAT5 decoy ODN induced apoptosis in
IgE+Ag-treated RBL-2H3 compared with normal cells (Figure 4A).
Next, under the same conditions, we examined the expression levels
of apoptosis-related proteins, such as cytochrome c, cleaved
caspase-3, Bax, Bcl-2, and Bcl-XL. Expression of the pro-apoptotic
proteins Bax, cytochrome c, and cleaved caspase-3 was substantially
increased in the RBL-2H3 cells treated with the HIF-1a/STAT5 decoy
ODN, which was consistent with the TUNEL results (Figures 4B–4E).
In contrast, expression of the anti-apoptotic proteins Bcl-2 and Bcl-XL
was decreased in the RBL-2H3 cells treated with the HIF-1a/STAT5
decoy ODN (Figures 4F–4H). These results indicate that the HIF-1a/
STAT5 decoy ODN can induce apoptosis of RBL-2H3 cells.

HIF-1a/STAT5 decoy ODN attenuated the morphological

changes in AD-like skin lesions in a 1-chloro-2,4-

dinitrobenzene/Dermatophagoides farinae extract-induced

mouse model

On the basis of the results of the in vitro observations for AD, we per-
formed various experiments to examine the therapeutic effect of the
HIF-1a/STAT5 decoy ODN in an AD-like skin disease animal model.
D. farinae is a type of house dust mite that is a common environ-
mental allergen associated with AD. 1-chloro-2,4-dinitrobenzene
(DNCB) and D. farinae extract (DfE) are routinely used to experi-
mentally induce AD by inducing both acute and chronic AD le-
sions.59–61 We used an AD-like mouse model induced by DNCB/
DfE to validate the effect of the HIF-1a/STAT5 decoy ODN on
AD. The experimental procedure of AD-like skin disorder induction
is schematically described in Figure 5A. Macroscopically, the dorsal
skin lesions in the DNCB- and DfE-sensitized mice showed consider-
ably increased physical signs of AD, such as erythema, punctiform,
edema, hemorrhage, dryness, and crusting, compared with normal
mice (Figure 5B). The administration of the HIF-1a/STAT5 decoy
ODN alleviated AD-like skin lesions compared with the scrambled
ODN. It was reported that AD skin has various characteristic clinical
symptoms, such as redness, scabs, and keratosis, accompanied by
inflammation and histopathological changes, including epidermal/
dermal thickening and infiltration of immune cells within the le-
sions.6 Thus, we performed H&E staining to determine the effect of
the HIF-1a/STAT5 decoy ODN on DNCB/DfE-induced AD-like
symptoms. The skin lesions of the DNCB/DfE-stimulated mice
iNOS, and COX-2. GAPDH was used as a loading control. (D–G) The dot graphs wer

p-STAT5, t-STAT5, Bcl2, Bcl-XL, and cyclin D3. GAPDH was used as a loading contr

treated;�, un-treated; vehicle (Veh), distilled water; scrambled (Scr) ODN, scrambled de

IgE+Ag, IgE+Ag treated. *p < 0.05 compared with the vehicle group; yp < 0.05 compa
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showed distinct hyperkeratosis, thickened epidermis and dermis,
and immune cell infiltration in the dermis. The extent of skin thick-
ness and immune cell infiltration was significantly decreased by injec-
tion with the HIF-1a/STAT5 decoy ODN compared with the scram-
bled ODN (Figures 5C–5E). These results imply that the HIF-1a/
STAT5 decoy ODNmay ameliorate the symptoms of AD-like skin le-
sions in the DNCB/DfE-sensitized Balb/c mice.

HIF-1a/STAT5 decoy ODN alleviated mast cell infiltration and

degranulation in DNCB/DfE-induced AD-like skin disease

Mast cells are the principal effector cells of IgE-mediated allergic and
inflammatory responses, which include common skin disorders such
as AD and psoriasis.24 In addition, IgE is involved in the development
of allergic diseases, and the overproduction of serum IgE is a charac-
teristic of AD.2 We analyzed mast cell infiltration and degranulation
using Giemsa staining and noted that mast cell infiltration and
degranulation in AD-like skin lesions was significantly increased in
the DNCB/DfE-induced AD-like mouse model. However, the admin-
istration of the HIF-1a/STAT5 decoy ODN significantly decreased
mast cell infiltration and degranulation (Figures 5F–5I). HIF-1a/
STAT5 decoy ODN administration also significantly decreased the
levels of serum IgE, which were upregulated by the DNCB/DfE-
induced AD-like mouse model, whereas the scrambled ODN decoy
ODNdid not affect serum IgE levels (Figure 5J). These results indicate
that the HIF-1a/STAT5 decoy ODN ameliorates mast cell infiltration
and degranulation in DNCB/DfE-induced AD-like skin disease.

HIF-1a/STAT5 decoy ODN suppressed DNCB/DfE-mediated

pro-inflammatory cytokines

During degranulation, tryptase is released from mast cells, along with
other granule products such as chymase and histamine.62 Because
tryptase is the most abundant mast cell secretory granule-derived
serine proteinase,63 we performed immunohistochemistry to detect
tryptase after treatment with the HIF-1a/STAT5 decoy ODN in the
DNCB/DfE-induced mice. Tryptase expression levels in the dorsal
skin were markedly increased with the administration of the scram-
bled decoy ODN in the DNCB/DfE-induced mice, whereas its expres-
sion level was inhibited with administration of the HIF-1a/STAT5
decoy ODN (Figures 6A and 6B). We obtained similar results in
the immunoblot, which showed that treatment of the HIF-1a/
STAT5 decoy ODN inhibited the expression of tryptase in the tissue
removed from the dorsal skin of DNCB/DfE-induced mice
(Figures 6C and 6D). In addition, we investigated the expression level
of pro-inflammatory cytokines such as TNF-a, IL-1b, IL-4, and
thymic stromal lymphopoietin (TSLP). It was reported that TSLP, a
novel cytokine, functions as a regulator in Th2-driven inflammatory
diseases.64 The protein expression of TNF-a, IL-1b, IL-4, and TSLP
was increased in the DNCB/DfE-induced AD-like skin disease. How-
ever, administration of the HIF-1a/STAT5 decoy ODN drastically
e quantified from three independent immunoblot data. (H) Immunoblot analysis of

ol. (I–L) Three independent immunoblots were used to quantify the dot graphs. +,

coy ODN; HIF-1a/STAT5ODN, HIF-1a/STAT5 decoy ODN; NT, IgE+Ag non-treated;

red with the IgE+Ag-sensitized group.



Figure 3. Effect of the HIF-1a/STAT5 decoy ODN on IgE-mediated degranulation in IgE+Ag-challenged RBL-2H3 cells

(A) Immunofluorescence staining for tryptase (green). The nuclei were labeled with DAPI (blue). Scale bar, 20 mm. (B) Quantification of the tryptase fluorescence signal. The dot

graphs were quantified from three independent immunofluorescence images. (C) Immunoblot result showed that the HIF-1a/STAT5 decoy ODN attenuated the cytokine

expression. GAPDH was used as a loading control. (D–F) The graphs show the quantification of (D) tryptase, (E) TNF-a, and (F) IL-4, each normalized to GAPDH. The graphs

were quantified from three independent immunoblot data. +, treated; �, un-treated; vehicle (Veh), distilled water; scrambled (Scr) ODN, scrambled decoy ODN; HIF-1a/

STAT5ODN, HIF-1a/STAT5 decoy ODN; NT, IgE+Ag non-treated; IgE+Ag, IgE+Ag treated. *p < 0.05 compared with the vehicle group; yp < 0.05 compared with the IgE+Ag-

sensitized group.
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attenuated the expression levels of pro-inflammatory cytokines in
DNCB/DfE-induced AD-like skin disease compared with the scram-
bled decoy ODN (Figures 6E–6I). These results indicate that the HIF-
1a/STAT5 decoy ODN suppressed the DNCB/DfE-mediated pro-in-
flammatory cytokines.

Administration of HIF-1a/STAT5 decoy ODN may rescue the

filaggrin expression suppressed by DNCB/DfE

Filaggrin-related disruption of skin barrier can be a primary cause of
AD.65 Because filaggrin is the main structural component of the stra-
tum corneum and acts as the skin barrier,66 we evaluated whether the
HIF-1a/STAT5 decoy ODN may prevent the suppression of filaggrin
expression by DNCB/DfE-induced AD-like skin disease. To evaluate
the effect of the HIF-1a/STAT5 decoy ODN on filaggrin-related bar-
rier dysfunction, we performed immunofluorescence and immuno-
blot. Filaggrin expression was decreased in the DNCB/DfE-treated
group compared with that of non-treated group. However, adminis-
tration of the HIF-1a/STAT5 decoy ODN significantly restored filag-
grin expression compared with the scrambled ODN (Figures 6J–6M).
These results indicate that HIF-1a/STAT5 decoy ODN might rescue
filaggrin expression that is suppressed by DNCB/DfE-induced AD-
like skin disease.

Administration of HIF-1a/STAT5 decoy ODN suppresses the

downstream factors in DNCB/DfE-sensitized AD-like skin

lesions

Next, we investigated the suppressive effect of the HIF-1a/STAT5
decoy ODN in the DNCB/DfE mice model by analyzing the target
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Figure 4. The HIF-1a/STAT5 decoy ODN-induced apoptosis of RBL-2H3 cells via the regulation of apoptosis-associated molecules

(A) TUNEL staining images of the RBL-2H3 cells from the indicated groups. DAPI was used to stain nuclei (blue). After TUNEL staining, these representative images were

taken from random sites locations. Apoptotic cells are indicated by arrows, and representative images of apoptotic cells are indicated in the enlarged frames. Scale bar,

20 mm. (B) Immunoblotting analysis of pro-apoptotic proteins. GAPDH was used as a loading control. (C–E) The graphs show the quantification of (C) cytochrome c,

(D) cleaved caspase-3, and (E) Bax, each normalized to GAPDH. The graphs were quantified from three independent immunoblot data. (F) Western blot analysis of anti-

apoptotic proteins. All samples were loaded in equal volumes, as normalized by loading GAPDH together. (G and H) The graphs show the quantification of (G) Bcl-2 and (H)

Bcl-XL, each normalized to GAPDH. The dot graphs were quantified from three independent immunoblot data. +, treated; �, un-treated; vehicle (Veh), distilled water;

scrambled (Scr) ODN, scrambled decoy ODN; HIF-1a/STAT5 ODN, HIF-1a/STAT5 decoy ODN; NT, IgE+Ag non-treated; IgE+Ag, IgE+Ag treated. *p < 0.05 compared with

the vehicle group; yp < 0.05 compared with the IgE+Ag-sensitized group.
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gene expression levels of the target genes via the transcriptional activ-
ities of HIF-1a and STAT5. Immunofluorescence showed the sup-
pression of HIF-1a and STAT5 by administration of the HIF-1a/
STAT5 decoy ODN in the DNCB/DfE-treated AD mice model
(Figures 7A and 7B). Administration of the HIF-1a/STAT5 decoy
ODN attenuated the expression of HIF-1a downstream genes, such
8 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
as VEGF, iNOS, and COX-2, in the same model (Figures 7C–7G).
It also inhibited the protein expression of STAT5 downstream genes,
such as Bcl-2, Bcl-XL, and cyclin D3, in the same model (Figures 7H–

7L). Collectively, these results suggest that the HIF-1a/STAT5 decoy
ODN affects the expression levels of downstream factors via tran-
scriptional activities of HIF-1a and STAT5.



Figure 5. Effect of the HIF-1a/STAT5 decoy ODN in DNCB/DfE-induced AD-like symptoms, skin histological changes, and mast cell infiltration

(A) The schedule for induction of AD caused by DNCB/DfE sensitization and treatment of HIF-1a/STAT5 decoy ODN. (B) Balb/c mice dorsal skin lesions of each group. The

animal experiment was performed in two independent experiments (n = 4 in the first experiment and n = 5 in the second experiment, for a total of n = 9 mice per group). (C)

Paraffin-embedded sections of murine dorsal skin stained with hematoxylin and eosin. Scale bar, 100 mm. (D and E) The thicknesses of the (D) epidermis and (E) dermis were

measured from at least 10 random fields per section at 200� magnification. (F) Paraffin-embedded sections of murine dorsal skin stained with Giemsa (n = 9). The

representative images of mast cells are indicated in the enlarged frames. Scale bar, 50 mm. (G–I) The graphs show the statistical analysis of (G) the number of infiltrated mast

(legend continued on next page)
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DISCUSSION
Various environmental and genetic factors are related to the develop-
ment of allergic disease.67 In recent years, the prevalence and severity
of allergic disorders such as asthma, AD, eczema, and allergic rhinitis
have increased significantly, and they have become an important
public health problem affecting more than 300 million people
worldwide.68–70 Among these allergy-related diseases, AD is a chronic
inflammatory skin disease that is characterized by allergic inflamma-
tory responses and intense pruritus.60 The therapeutic drugs mainly
used for patients with AD are topical corticosteroids, anti-histamines,
immunosuppressants, antibiotics, and calcineurin inhibitors (e.g., ta-
crolimus), which can reduce the inflammation and itching.71 How-
ever, the long-term use of these currently available drugs can cause
various side effects.72 Furthermore, many patients with AD still expe-
rience recurrent relapses.73 Therefore, new treatment approaches and
drugs against new targets, without side effects, are required for the
treatment of AD.

In the present study, we investigated the therapeutic effect of the HIF-
1a/STAT5 decoy ODN as a new approach for AD treatment using
AD in vivo or in vitro models. The synthetic HIF-1a/STAT5 decoy
ODN used in this experiment was created using decoy technology.
The HIF-1a/STAT5 decoy ODN was synthesized in the form of a
chimeric decoy ODN, as presented in our previous study.74,75

The chimeric decoy ODN inhibits both transcription factors by
combining two different consensus sequences into one structure.
When considering the introduction efficiency of ODN into mast cells,
transfection of the chimeric decoy ODN may be more efficient than
that of individual single decoy ODNs. As expected, we confirmed
that the HIF-1a/STAT5 decoy ODN works much more effectively
than the single target decoy ODN (Figures S1C and S2). On the basis
of the EMSA results, the transcriptional activities of HIF-1a and
STAT5 were blocked by the HIF-1a/STAT5 decoy ODN
(Figures 1D–1G). The HIF-1a/STAT5 decoy ODN successfully in-
hibited the target genes of HIF-1a and STAT5, including VEGF,
COX-2, iNOS, Bcl-2, Bcl-XL, and cyclin D3, in the in vivo and
in vitro AD-like skin disease models (Figures 2 and 7). In addition,
we explored the therapeutic effect of the synthetic HIF-1a/STAT5
decoy ODN using a mouse model with DNCB/DfE-sensitized AD-
like allergy inflammation and a IgE+Ag-treated mast-cell-like
cell line.

Mast cells are long-lived tissue-resident cells that can proliferate after
suitable stimuli with many inflammatory settings, including allergic
reactions.76–78 Moreover, mast cells can induce the aggregation of
FcεRI (IgE/FcεRI crosslinking) and ensuing degranulation process,
which is a major event inmaintaining the inflammatory response.21,79

Therefore, mast cells can be an appropriate target for the development
of therapeutic agents for allergic disorders. Among the transcription
cells, (H) the number of degranulated mast cells, and (I) degranulated mast cell rate (deg

was counted from at least 10 random fields per skin section at 400� magnification. (J)

scrambled (Scr) ODN, scrambled decoy ODN; HIF-1a/STAT5 ODN, HIF-1a/STAT5 d

sensitized group. *p < 0.05 compared with the vehicle group; yp < 0.05 compared with
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factors in FcεRI signaling, HIF-1a and STAT5 play important roles in
regulating mast cell survival.34,35,56 HIF-1a is major regulator for the
ability of cells to adapt to changes in oxygen level. In addition,
McGettrick et al.80 described the significance of HIF-1a in cell differ-
entiation and survival of various immune cells under hypoxic and in-
flammatory conditions. STAT5 plays a crucial role in mast cell devel-
opment, survival, and cytokine production, which are features of late
mast cell responses. In some patients with AD, their skin lesions show
accumulated mast cell infiltration with high levels of p-STAT5.81 In
addition, STAT5 is known to bind to the promoter of the Bcl-x
gene and stimulate the transcription of Bcl-XL, an anti-apoptosis
mediator, in various immune cells.56 Thus, we hypothesized that
the HIF-1a/STAT5 decoy ODN has a suppressive effect on mast
cell survival by blocking HIF-1a and STAT5 activities. In the present
study, we performed TUNEL staining to detect the apoptotic cells in
IgE+Ag-sensitized cells. The TUNEL staining results showed that
HIF-1a/STAT5 decoy ODN treatment could effectively induce
apoptosis in RBL-2H3 cells (Figure 4A). In addition, the immuno-
blotting results showed that the administration of the HIF-1a/
STAT5 decoy ODN significantly induced the pro-apoptotic gene
expression, including cytochrome c, cleaved-caspase-3, and Bax
(Figures 4B–4E). A previous study suggested the role of STAT5a in
the repression of apoptosis through the regulation of the anti-
apoptotic gene Bcl-XL.

82 In addition, Bcl-XL is the most prominently
induced gene in mouse basophils, whereas the induction of Bcl-2 is
more prominent in mast cells.83 In our study, we demonstrated that
the HIF-1a/STAT5 decoy prevents the expression of the downstream
factors via inhibition of the transcription activity of HIF-1a and
STAT5, thus suppressing mast cell survival. In addition, we also
investigated whether the HIF-1a/STAT5 decoy ODN induces
apoptosis in the absence of IgE and Ag (basal state). Our results
showed that the HIF-1a/STAT5 decoy ODN promote cell death in
the absence of IgE+Ag (Figure 4). Furthermore, HIF-1a/STAT5
decoy ODN-induced apoptosis was enhanced in the presence of
IgE+Ag compared with the absence of IgE+Ag.

Mast cells produce pro-inflammatory cytokines as allergic mediators,
such as histamine, tryptase, chemokines, and cytokines.29,84 As previ-
ously described, the activation of mast cells can result in both the
degranulation and de novo synthesis of cytokines.85,86 Both phases
of the mast cell IgE response are key events in the pathogenesis of
allergic diseases, such as AD.87 Abraham et al.85 reported that mast
cells could produce several cytokines, including TNF-a, IL-4, IL-3,
and IL-6, following appropriate stimulation. Inflammatory cytokines,
including TNF-a, IL-4, IL-3, and IL-6, support a chronic phase of al-
lergy diseases, thereby enhancing the activation of T cell or B cell sur-
vival.29 Previous studies have suggested that the inhibition of mast cell
degranulation prevents both inflammatory and allergic responses.8,88

We hypothesized that the HIF-1a/STAT5 decoy ODNwould alleviate
ranulated/non-degranulated). The number of infiltrated or degranulated in mast cells

Serum IgE was measured using mouse serum (n = 5). Vehicle (Veh), distilled water;

ecoy ODN; NT, DNCB and DfE non-treated group; DNCB/DfE, DNCB- and DfE-

the DNCB/DfE-sensitized with Scr ODN group.



Figure 6. The HIF-1a/STAT5 decoy ODN improved the DNCB/DfE-induced Th2 inflammation and skin barrier destruction

(A) The representative tryptase in immunohistochemistry (n = 9). Scale bar, 100 mm. (B) The graphs show the tryptase-positive area (%). (C) Tryptase protein expression levels

were detected using immunoblotting. GAPDH was used as a loading control. (D) The graphs show the quantification of tryptase. The dot graphs were quantified from three

independent immunoblot data. (E) The protein expression levels of pro-inflammatory and Th2 cytokines were detected using immunoblotting with the indicated antibodies.

GAPDH was used as a loading control. (F–I) The graphs show the quantification of (F) TNF-a, (G) IL-1b, (H) IL-4, and (I) TSLP, each normalized to GAPDH. The dot graphs

were quantified from three independent immunoblot data. (J) Paraffin-embedded skin sections were deparaffinized and stained with anti-filaggrin (green) (n = 9), and the

(legend continued on next page)
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AD-like symptoms by inhibiting the degranulation and cytokine syn-
thesis of mast cells (Figures 3, 5F–5J, and 6). The immunoblotting re-
sults showed that the increased protein expression of IL-1b, IL-4,
TNF-a, and tryptase in the in vivo and in vitro AD-like allergic disor-
der models was significantly attenuated by the HIF-1a/STAT5 decoy
ODN (Figures 3 and 6). The administration of the HIF-1a/STAT5
decoy ODN effectively ameliorated mast cell infiltration and degran-
ulation, as evidenced by Giemsa and immunohistochemistry staining
with mast cell tryptase (Figures 5 and 6). The newly synthesized gran-
ules were increased by IgE/antigen stimulation, which was observed
by tryptase immunofluorescence staining. However, the HIF-1a/
STAT5 decoy ODN treatment suppressed the expression of tryptase,
indicating the inhibition of mast cell de novo synthesis. Altogether,
these findings suggest that the HIF-1a/STAT5 decoy ODN has an
anti-inflammatory effect via the inhibition of allergic inflammatory
cytokine production. However, this study has a limitation regarding
the understanding the mast cell degranulation that occurred within
minutes of administration, because the in vitro experiment was con-
ducted at 18 h. Therefore, additional studies are required to under-
stand the effect of the HIF-1a/STAT5 decoy ODN on mast cell
degranulation.

We speculated that the HIF-1a/STAT5 decoy ODN would attenuate
the AD-like skin disease by regulating the number of mast cells. To
prove this hypothesis, we used a DNCB/DfE model to induce AD-
like allergic inflammation. D. farinae is a common environmental
allergen associated with AD. House dust mites are known to
contribute to the pathogenesis of AD by recruiting IL-4- and IL-13-
producing Th2 cells to atopic lesions.89 Similar to other studies,90,91

the dorsal skin of the DNCB/DfE-sensitized mice exhibited redness,
hyperplasia, swelling, dysregulated differentiation of the epidermis,
and infiltration of various immune cells, such as T cells andmast cells,
within the lesions. The pathogenesis of AD is mediated by the inter-
actions between the skin barrier dysfunction and abnormal inflam-
matory responses characterized by enhanced Th2 inflammation.92

In addition, house dust mite allergens have been identified as a
causative agent that affects skin barrier function by inducing a Th2
immune response.60 Filaggrin is a major structural protein of the stra-
tum corneum, which plays a crucial role in the functioning of the
epidermal barrier and is influential for skin homeostasis.93 Previous
studies have shown that filaggrin deficiency and mutations affect
AD and dry skin.94 The abnormal expression of filaggrin is concerned
with the impairment of the skin barrier, allowing antigens to pene-
trate the skin and trigger the production of inflammatory cyto-
kines.95–97 Our study showed that the expression of filaggrin was
decreased by DNCB/DfE treatment, whereas treatment with the
HIF-1a/STAT5 decoy ODN effectively ameliorated the DNCB/DfE-
induced filaggrin deficiency (Figures 6J–6L). Several studies have re-
nuclei were stained with DAPI (blue). The bottom image is an enlargement of the area m

those of the bottom images are 50 mm. (K) The immunoblotting analysis shows the expre

the quantitative signal intensity of filaggrin after normalization with GAPDH. The bar gr

treated; vehicle (Veh), distilled water; scrambled (Scr) ODN, scrambled decoy ODN; HIF-

DNCB/DfE, DNCB- and DfE-sensitized group. *p < 0.05 compared with the vehicle gr
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ported that Th2 inflammatory mediators, including IL-4, IL-13, and
TSLP, reduced the expression of filaggrin.92,98 Given this finding,
the HIF-1a/STAT5 decoy ODN may contribute to the prevention
of epithelial barrier dysfunction by decreasing the expression levels
of IL-4 and TSLP.

In summary, our results demonstrated the therapeutic effect of HIF-
1a/STAT5 decoy ODN on DNCB/DfE-induced AD-like skin disease
and on an IgE+Ag-sensitized mast-cell-like cell line. HIF-1a/STAT5
decoy ODN significantly suppressed HIF-1a- and STAT5-down-
stream genes, such as VEGF, Cox-2, iNOS, Bcl-2, Bcl-XL, and cyclin
D3. As a result, the HIF-1a/STAT5 decoy ODN significantly in-
hibited AD-like cutaneous symptoms, such as skin morphology
changes, skin barrier dysfunction, and allergic inflammation. Further-
more, the HIF-1a/STAT5 decoy ODN effectively suppressed the de
novo cytokines synthesis and induced cell death in RBL-2H3 cells
(Figure 7M). To the best of our knowledge, these results are the first
evidence that the simultaneous inhibition of both HIF-1a and STAT5
transcription factors using a decoy strategy effectively attenuates mast
cell survival and alleviates AD-like skin disease in vitro and in vivo
models. However, further studies are required to determine whether
HIF-1a/STAT5 decoy ODNs may have adverse side effects, because
both HIF-1a and STAT5 are essential factors for variety of cell
responses. In this study, we suggest the promising possibility of
HIF-1a and STAT5 as therapeutic targets and their decoy ODN as
a potential therapeutic tool for AD.

MATERIALS AND METHODS
Synthesis of decoy ODNs

The decoy ODN was synthesized on a Macrogen (Seoul, Korea). The
synthetic decoy ODN sequences were used as follows (the target site
of the consensus sequence is underlined): scrambled (Scr) decoy
ODN: 5ʹ-GAATTCAATTCAGGGTACGGCAAAAAATTGCCGTAC
CCTGAATT-3ʹ; HIF-1a decoy ODN: 5ʹ-GAATTCGTCACGTATG
AAAACATACGTGACG-3ʹ; STAT5 decoy ODN: 5ʹ-GAATTCTTT
CCCGGAAACAAAAGTTTCCGGGAAAG-3ʹ.

Considering the stability of the decoy ODN strategy, we designed a
ring-type structured decoy ODN. These ODNs (HIF-1a, STAT5,
HIF-1a/STAT5, and Scr ODN) were annealed for 6 h while temper-
ature was gradually decreased from 80�C to 25�C. Each ODN was
mixed with T4 ligase (Takara Bio, Otsu, Japan) and incubated for
18 h at 16�C to obtain a covalent ligation for the ring-type
decoy ODNs.

Animals

All animal care and experimental procedures were performed and
approved in accordance with the guidelines established by the
arked with a red square. The scale bars of the upper images are 100 mm, whereas

ssion levels of filaggrin and GAPDH in themouse skin tissue. (L) The bar graphs show

aphs were quantified from three independent immunoblot data. +, treated; �, un-

1a/STAT5 ODN, HIF-1a/STAT5 decoy ODN; NT, DNCB and DfE non-treated group;

oup; yp < 0.05 compared with the DNCB/DfE-sensitized group.



Figure 7. Inhibitory effect of theHIF-1a/STAT5 decoyODNonHIF-1a and STAT5 expression levels and their downstream target genes in DNCB/DfE-induced

AD-like skin disorder

(A) Representative images of HIF-1a (green, top) and STAT5 (red, bottom) in themouse dorsal skin via immunofluorescence staining (n = 9). The nuclei were stained with DAPI

(blue). Scale bar, 200 mm. (B) Quantification of the immunofluorescence signals of HIF-1a and STAT5. (C)Western blot analysis of HIF-1a and HIF-1a-related genes, including

VEGF, iNOS, and COX-2. GAPDHwas used as a loading control. (D–G) The dot graphs show the quantitative signal intensity of (D) HIF-1a, (E) VEGF, (F) iNOS, and (G) COX-2

(legend continued on next page)
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Institutional Animal Care and Use Committee of the Catholic Uni-
versity of Daegu (Approval number DCIAFCR-190620-08-Y). The
animals were treated humanely, and every effort was made to mini-
mize the animals’ suffering and the number of animals used. Six-
week-old female Balb/c mice (Samtoko, Osan, Korea) were housed
in polycarbonate animal cages and maintained under conventional
conditions at 22 ± 2�C and 55% humidity and allowed to acclimatize
for one week. The mice were randomly divided into each group (n = 9
per group).

Induction of AD animal model and synthetic decoy ODN

administration

The Balb/c mice were anesthetized by isoflurane inhalation (Ifran;
HANA Pharm, Seoul, Korea) using an RC2 Rodent Cir-cuit
Controller (VETEQUIP). The dorsal skin was shaved under anes-
thesia using an electric clipper and hair removal creams. On the first
day after shaving, 200 mL 1% DNCB in acetone/olive oil (3:1) was
applied to the shaved dorsal skin. The following week, 200 mL 1%
DNCB was applied to the dorsal skin, followed four days later by
200 mL DfE (10 mg/mL). DNCB/DfE treatment was repeated weekly
in rotation for four weeks. One week after the first induction of AD,
HIF-1a, STAT5, HIF-1a/STAT5, and Scr ODN (10 mg) were injected
into the mice intravenously at an interval of once time per week for
four weeks using an in vivo gene delivery system (Mirus Bio, Madison,
WI). The dose of synthetic ODN used in this study were based on pre-
vious studies.47 The experimental procedure for the induction of AD-
like skin inflammation is schematically described in Figure 5A. The
mice were sacrificed at the end of each treatment period. Blood sam-
ples were obtained by puncturing the heart. Immediately following
blood collection, the dorsal skin was excised for the subsequent
experiments.

Transfection of synthetic decoy ODNs and transfection

efficiency

To evaluate the in vivo transcription efficiency of the synthetic decoy
ODNs, mice were injected with FITC-labeled decoy ODN via the tail
vein. Before transfection, the HIF-1a/STAT5 decoy ODN was labeled
with FITC using a Label IT nucleic acid-labeling kit (Mirus Bio). Skin
samples were embedded using an optimum cutting temperature com-
pound (Sakura Finetek Japan, Tokyo, Japan), frozen sectioning was
performed. Fluorescence was measured using a confocal microscope
(Nikon, Tokyo, Japan). The in vitro transfection efficiency of the HIF-
1a/STAT5 decoy ODNwas examined using confocal microscopy and
flow cytometry (Navious; Beckman Coulter, Miami, FL). For fluores-
cence analysis, RBL-2H3 cells were cultured in six-well plates (2� 105

cells/well) and transfected with FITC-labeled ODN using Lipofect-
amine 2000 (Invitrogen, Carlsbad, CA). After transfection for 6 h,
after normalization with GAPDH. The graphs were quantified from three immunoblot da

Bcl2, Bcl-XL, and cyclin D3, were analyzed using immunoblotting. GAPDH was used a

STAT5, (J) Bcl2, (K) Bcl-XL, and (L) cyclin D3 after normalization with GAPDH or t-STAT5

graphic illustration of the effect of HIF-1a/STAT5 decoy ODN in DNCB/DfE-induced a

treated;�, un-treated; vehicle (Veh), distilled water; scrambled (Scr) ODN, scrambled de

treated group; DNCB/DfE, DNCB- and DfE-sensitized group. *p < 0.05 compared with
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the cells were washed with PBS and fixed with 3.75% paraformalde-
hyde for 15 min at room temperature (RT). To investigate the persis-
tence of the synthetic decoy ODN, the RBL-2H3 cells were washed
and incubated with serum-free medium for 24 h after 6 h of transfec-
tion. The fixed cells were stained with DAPI for 2 min, and the slides
were mounted using Dako fluorescence mounting medium. Speci-
mens were examined and photographed with a Nikon Alt confocal
microscope (Nikon). For flow cytometric analysis, RBL-2H3 cells
were seeded at 3 � 105 cells per 3 mL of complete medium in a
60 mm dish and transfected with FITC-labeled ODNs. After transfec-
tion for 6 h, the cells were washed, trypsinized, dispersed, and then
transferred into 500 mL PBS. The samples were then analyzed using
flow cytometry.

Cell culture and treatments

The RBL-2H3 cell line was obtained from the American Type Culture
Collection (ATCC). The RBL-2H3 cells were cultured in DMEM sup-
plemented with 10% fetal bovine serum (FBS) and 1% antibiotics
(100 U/mL penicillin and 100 mg/mL streptomycin) at 37�C in a
5% humidified CO2 incubator. The RBL-2H3 cells were seeded at
3 � 105 cells in a 60 mm cell culture dish and sensitized with anti-
DNP-IgE (100 ng/mL). After incubating overnight, the medium
was changed to serum-free medium containing the indicated syn-
thetic decoy ODNs (60 nM) with Lipofectamine 2000. After transfec-
tion for 6 h, the RBL-2H3 cells were cultured in a serum-free medium
containing DNP-BSA (10 mg/mL) for an additional 18 h.

ELISA

The whole-blood samples collected via cardiac puncture were allowed
to clot for 1 h at RT. Sera for the immunoassays were obtained from
the supernatants after centrifugation at 2,000 � g for 20 min. Next,
using an ELISA kit in accordance with the manufacturer’s instruc-
tions; the IgE concentration in mouse serum was measured. Optical
density was measured at 450 nm using an ELISA reader (BMG Lab-
tech, Baden-Wurttemberg, Germany). Measurements were per-
formed in triplicate and the IgE concentrations of the samples were
determined by comparison with the standard curve. The ELISA kits
were purchased from Bethyl Laboratories (IgE; Montgomery,
TX, USA).

Histological analysis

All dorsal skin tissues were fixed in 10% formalin solution for 24 h at
RT. After fixation, the sections that were cut perpendicular to the
anterior-posterior axis of the skin were dehydrated in graded ethanol,
cleared in xylene, and embedded in paraffin. Subsequently, paraffin-
embedded skin tissues were cut into 4 mm sections, mounted on
slides, and deparaffinized. The sections were stained with H&E to
ta. (H) The protein expression levels of STAT5 and STAT5-targeted genes, including

s a loading control. (I–L) The bar graphs show the quantitative signal intensity of (I)

. The dot graphs were quantified from three independent immunoblot data. (M) The

nd IgE/Ag-induced AD-like model via suppressing of transcriptional expression. +,

coy ODN; HIF-1a/STAT5ODN, HIF-1a/STAT5 decoy ODN; NT, DNCB and DfE non-

the vehicle group; yp < 0.05 compared with the DNCB/DfE-sensitized group.
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analyze the thicknesses of the epidermis, dermis, and inflammatory
infiltration; they were also stained with Giemsa to count the mast
cells. As part of the histological assessment, all slides were examined
under a slide scanner (3DHISTECH Pannoramic MIDI, Budapest,
Hungary). The thicknesses of the epidermis and dermis were
measured from at least 10 random fields per section at 200� magni-
fication with CaseViewer 1.4 software (3DHISTECH). The number of
infiltrated and degranulated mast cells was counted from at least 10
random fields per section at 400� magnification with CaseViewer
1.4 software.

Immunohistochemical staining

The paraffin-embedded tissue sections on the slides were deparaffi-
nized with xylene and dehydrated with gradually decreasing concen-
trations of ethanol. The dehydrated tissue sections were treated with
3% hydrogen peroxide in methanol for 10 min to block endogenous
peroxidase activity. The tissue sections were immersed in 10 mM so-
dium citrate buffer (pH 6.0) for 5 min at 95�C. The final step was
repeated using a 10 mM sodium citrate solution (pH 6.0). The sec-
tions stayed in the same solution while cooling for 20 min and then
rinsed with PBS. Subsequently, the sections were incubated with a
primary antibody (1:100 dilution) for 1 h at 37�C. The primary anti-
bodies were used anti-TNF-a and anti-tryptase (Abcam, Cambridge,
MA). After three serial washes with PBS, the signal was visualized
using an Envision System (DAKO) for 30 min at 37�C. 3,30-Diamino-
benzidine tetrahydrochloride was used as a coloring reagent, and he-
matoxylin was used as the counterstain. The slides were viewed with a
slide scanner (Pannoramic MIDI) and the integrated optical density
was analyzed using the iSolution DT software.

Immunofluorescence staining and confocal microscopy

The paraffin-embedded skin tissue sections were placed on slides and
deparaffinized. The skin tissue sections were placed in a blocking so-
lution (1% BSA in PBS) at RT for 30 min. The slides were immuno-
stained with the primary antibodies (1:200) against Filaggrin (Enzo
Life Sciences), HIF-1a (Santa Cruz Biotechnology, Santa Cruz, CA),
or p-STAT5 (Santa Cruz Biotechnology) as appropriate at 37�C for
1 h. After washing, the sections were incubated with secondary anti-
bodies (1:200 dilution) conjugated with Alexa Fluor 488/Alexa Fluor
555 (Thermo Fisher Scientific, Waltham, MA) for 1 h at 37�C. The
nuclei were labeled with DAPI (1:1,000) at RT for 2 min and the tissue
slides were mounted using a Dako fluorescence mounting medium.
The stained slides were viewed under a confocal microscope (Nikon).
The treated RBL-2H3 cells were washed with PBS and fixed with
3.75% paraformaldehyde for 15 min at RT. The fixed cells were
then permeabilized by treating them with 0.1% Triton X-100 in
PBS for 10 min. Following permeabilization, the cells were blocked
in PBS containing 1% BSA at RT for 15 min. After blocking, the cells
were incubated with a primary antibody (1:200 dilution) against HIF-
1a (Santa Cruz Biotechnology), tryptase (Abcam), or p-STAT5 (Santa
Cruz Biotechnology) at 37�C for 1 h. The cells were incubated with a
secondary antibody (Alexa Fluor 488 or Alexa Fluor 555) at 37�C for
1 h and the nuclei were stained with DAPI for 2 min. The slides were
mounted using Dako fluorescence mounting medium, and the spec-
imens were examined and photographed using a confocal microscope
system (Nikon). To quantify all immunofluorescence results, we
measured at least 3 areas of the immunofluorescence image.

TUNEL staining

Apoptotic cell death was verified by TUNEL staining using an in situ
cell death detection kit (Roche Diagnostics, Indianapolis, IN) accord-
ing to the manufacturer’s instructions. The RBL-2H3 cells were
seeded at 2 � 105 cells per 2 mL in a six-well cell culture dish. After
transfection and stimulation, the cells were washed with PBS and
fixed with 3.75% paraformaldehyde for 15 min at RT. The fixed cells
were permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate
for 10 min at RT. After washing, the cells were incubated with the
TUNEL reaction mixture for 1 h at 37�C. Nuclei were stained with
DAPI and images were visualized and captured using a confocal mi-
croscope (Nikon).

EMSA

The nuclear protein fractionation from the RBL-2H3 cells and skin tis-
sues of mice was conducted using an NE-PER Nuclear and Cyto-
plasmic Extraction Kit (Thermo Fisher Scientific) according to the in-
struction manual. The Lightshift Chemiluminescent EMSA Kit
(Thermo Fisher Scientific) was used for the EMSA assay to analyze
the DNA-binding activity of HIF-1a and STAT5. The HIF-1a and
STAT5 (HIF-1a forward: 5ʹ-TCTGTACGTGACCACACTCACCTC-
3ʹ; HIF-1a reverse: 5ʹ-GAGGTGAGTGTGGTCACGTACAGA-3ʹ;
STAT5 forward: 5ʹ-TCTCTTTCCCGGAAACTC-3ʹ; STAT5 reverse:
5ʹ-GAGTTTCCGGGAAAGAGA-3ʹ; consensus sequences are under-
lined) oligonucleotide probe was 3ʹ-end-labeled with biotin. An image
analyzer (Chemidoc XRS+system) was used to detect the chemilumi-
nescence of the biotin-labeled DNA.

Immunoblot analysis

Protein samples were prepared from the skin tissues and cultured
RBL-2H3 cells using a protein extraction buffer (Cell Lytic M;
Sigma-Aldrich) according to the manufacturer’s instructions. The to-
tal protein concentration of the samples at an optimal density of
562 nm, as measured using a spectrophotometer, was measured using
a BCA Protein Assay (Thermo Fisher Scientific). The protein samples
were separated on a precast gradient polyacrylamide gel (Bolt 4%–
12% Bis-Tris Plus Gels, Thermo Fisher Scientific) and transferred
to a nitrocellulose membrane (GenDEPOT, Barker, TX) using a
Bolt Mini Blot Module, Mini Gel Tank, and Power Blotter-Semi-
dry Transfer System (Thermo Fisher Scientific) according to theman-
ufacturer’s recommendations. The membranes were blocked with 5%
BSA in Tris-buffered saline with Tween 20 (TBS-T; 10 mM Tris,
150 mM NaCl, and 0.1% Tween 20) for 1 h at RT. The blocked mem-
branes were incubated with a primary antibody (1:1,000 dilution)
overnight at 4�C. The membranes were washed and probed with
horseradish peroxidase (HRP)-conjugated secondary antibody
(1:1,000 dilution) for 1 h at RT. Following another wash step, the
membranes were maintained in an enhanced chemiluminescence
detection reagent (Thermo Fisher Scientific). The signals were de-
tected using an enhanced chemiluminescence detection system
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(Amersham, Piscataway, NJ). The protein expression values were
normalized to the GAPDH expression values. The primary antibodies
used in this study were as follows: anti-Bax, Bcl-2, COX-2, HIF-1a,
IL-4, IL-1b, iNOS, VEGF (Santa Cruz Biotechnology), anti-TNF-a,
tryptase, TSLP, p-STAT5, t-STAT5 (Abcam), anti-Bcl-XL, cleaved
caspase-3, cyclin D3, cytochrome c, GAPDH (Cell Signaling, Beverly,
MA), and anti-filaggrin (Enzo Life Sciences).

Statistical analysis

All data are presented as mean ± SEM. Group means were compared
using one-way analysis of variance (ANOVA) with Tukey’s multiple-
comparison test. Statistical significance was examined using Prism 5
(GraphPad Software, Inc., San Diego, CA). A p value of <0.05 was
determined to indicate statistical significance.
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