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WFDC12-overexpressing contributes to the development of
atopic dermatitis via accelerating ALOX12/15 metabolism and
PAF accumulation
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Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by eczema-like skin lesions, dry skin, severe itching, and
recurrent recurrence. The whey acidic protein four-disulfide core domain gene WFDC12 is highly expressed in skin tissue and up-
regulated in the skin lesions of AD patients, but its role and relevant mechanism in AD pathogenesis have not been studied yet. In
this study, we found that the expression of WFDC12 was closely related to clinical symptoms of AD and the severity of AD-like
lesions induced by DNFB in transgenic mice. WFDC12-overexpressing in the epidermis might promote the migration of skin-
presenting cells to lymph nodes and increase Th cell infiltration. Meanwhile, the number and ratio of immune cells and mRNA levels
of cytokines were significantly upregulated in transgenic mice. In addition, we found that ALOX12/15 gene expression was
upregulated in the arachidonic acid metabolism pathway, and the corresponding metabolite accumulation was increased. The
activity of epidermal serine hydrolase decreased and the accumulation of platelet-activating factor (PAF) increased in the epidermis
of transgenic mice. Collectively, our data demonstrate that WFDC12 may contribute to the exacerbation of AD-like symptoms in
DNFB-induced mouse model by enhancing arachidonic acid metabolism and PAF accumulation and that WFDC12 may be a
potential therapeutic target for human atopic dermatitis.
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INTRODUCTION
Atopic dermatitis (AD) is a common multifactorial chronic
inflammatory disease characterized by impaired skin barrier,
immune disorders, and dysbiosis of skin flora [1, 2]. Approxi-
mately 20% of children and 10% of adults in developed countries
are affected by AD [3], which is clinically manifested as chronic
lesions such as recurrent erythema eczema, dry skin, and severe
itching [4]. The prevalence of changes in mood and sleeping
disorders in AD patients is higher than that in the normal
population, and normal life is hideously disturbed [5]. Patients’
epidermal barrier is usually blocked by genetic or other
incentives, resulting in augmenting the percutaneous filtration
rate and the barrier permeability, increasing the invasiveness of
the penetrable antigens such as microbes and allergens from the
external environment to the inside body [6], enhancing the
absorption and presentation of antigens by antigen-presenting
cells (APCs) such as epidermal Langerhans-cells (LCs) and dermic
reside dendritic cells (rDCs) and the migration of APCs to the
lymph nodes. Antigen presentation activates T cells and activates
effector T cells migrate to the skin and participate in the
regulation of local immune responses. Skin inflammation is the
core mechanism of AD. In childhood or the acute phase of AD,

the Th2-mediated immune response is the main mechanism in
the human body. During this period, the release of the alarmins
caused by the destruction of the epidermal barrier activates APCs,
which migrate to lymph nodes and activate CD4+T cells to
become Th2 cells and migrate to the skin lesions. The activated
Th2 cells produce IL-4 and IL-13, which promote the production
of antigen-specific IgE through signal transduction in B cells [7]. In
the lesions of patients, keratinocytes release alarmins such as
IL-33 and thymic stromal lymphopoietin (TSLP) to send pro-
inflammatory and itchy signals. With the development of AD and
the occurrence of chronic inflammation, Th1/Th17 cells become
active and dominated via secreting a variety of cytokines to
activate other immune cells and cooperate with inflammatory
factors. Skin resident immune cells and T cells that migrate to
lymph nodes produce large amounts of cytokines that recruit and
activate other immune cells to regulate inflammation. With the
progression of inflammation in the skin, mast cells, eosinophils,
and neutrophils are involved in regulating the skin’s immune
microenvironment [8]. The pathogenesis of AD contains many
complex factors such as genetics, environment, and psychology,
and the existing drug therapy has limited effects and certain side
effects. Therefore, it is urgent to further study the mechanism and
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correlated functional molecules of AD to lay a foundation for the
development of new drug targets and clinical treatment.
Arachidonic acid (AA), a polyunsaturated fatty acid with 20 carbon

atoms and 4 double bounds, is mainly esterified to phospholipids at
the second carbon (sn-2) of the phospholipid glycerol backbone of
the cell membrane [9]. When keratinocytes respond to skin irritation
and injury, AA is released from phospholipid by the action of
phospholipases, and AA metabolism is then activated [10].
Increasing evidence highlights that AA metabolism and relevant
enzymatic pathways are widely involved in many inflammatory
diseases [11], such as asthma [12], arthritis [13], etc. However, the
role of AA metabolism and relevant metabolic enzymes in the
pathogenesis of AD remains elusive.
There are so many proteases and endogenous protease

inhibitor molecules in human beings’ skin [14, 15]. They catalyze
different substrates to form a complex hydrolysis network and
play a role as key signal molecules in the cellular pathway and
then participate in various physiological functions such as
epidermal differentiation and desquamation, lipid synthesis, and
cytokine secretion. The dysregulation of biochemical reactions
caused by proteases is a key factor in the occurrence and
development of various human skin diseases [14–20]. Endogen-
ous protease inhibitor molecules also play a vital role in
maintaining normal skin physiological functions and resisting
the attack of skin diseases [21, 22]. The whey acidic protein
4-disulfide core domain 12 (WFDC12) is a member of the whey
acidic protein (WAP) family, which has a core disulfide domain
and has pleiotropic effects on protease inhibition, antibacterial
and antiviral activities [23]. For example, the member of this
family WFDC14, secretory leukocyte peptidase inhibitor (SLPI), and
WFDC5 are highly expressed in the skin and participate in the
regulation of skin homeostasis [24–26]. Meanwhile, SLPI has a
higher plasma content in AD patients and promotes the migration
of eosinophils to the lesions [27]. Both SLPI and WFDC14 have
been shown to play an irreplaceable role in the development of
psoriasis. These studies indicate that the members of this family
have great academic and practical values in the clinical
development and application in skin inflammatory diseases. As
a molecule highly expressed in human skin specifically, WFDC12 is
highly expressed in non-skin lesions and skin lesions in psoriasis
and AD [26], but its characteristic role and underlying mechanisms
in skin homeostasis and skin diseases remain mysterious.
Our findings revealed the unique role and potential mechanism

of WFDC12 and AA metabolism pathway in the occurrence and
development of AD, providing an experimental basis and theoretical
basis for the clarification of AD pathogenesis and the search for new
clinical drug targets and treatment methods.

RESULTS
The expression of WFDC12 positively correlated with AD
clinical feature
To explore the association between WFDC12 and AD, we first
analyzed the mRNA levels of WFDC12 in different human tissues
through the GTEx database. The results showed that the
expression level of WFDC12 was the highest in the skin
(Fig. 1a), indicating that WFDC12 might play an important role
in the occurrence and development of skin-related diseases.
Then, we examined WFDC12 protein expression level and
distribution in the healthy human skin tissue and the skin lesions
of AD patients by using immunohistochemical staining. WFDC12
was mainly located in the epidermis of the skin and was mainly
expressed in the highly differentiated stratum corneous (Fig. 1b).
Compared with normal skin tissue, WFDC12 expression was
significantly increased in the skin tissue of AD patients (Fig. 1c),
which is consistent with previous reports [26, 28]. 2,4-dinitro-
fluorobenzene (DNFB) treatment was performed on the dorsal
skin of wild-type mice (WT) to construct the AD mouse model and

the mRNA level of WFDC12 in the lesions was detected. The
results showed that WFDC12 was significantly increased in the
skin lesion of the modeled mice (Fig. 1d). In addition, we analyzed
the level of WFDC12 in the GDS2820 with normal mouse skin and
DNFB-induced AD-like skin tissue. And we found that the mRNA
level of WFDC12 in the skin lesion area of the modeled mice was
higher (Fig. 1e), which was consistent with the results obtained in
our experiments. Thus, WFDC12 is bound up with AD clinical
features and may participate in the development of AD.

The construction and characterization of skin homeostasis of
specific epidermal K14-WFDC12-overexpressing mice
To further explore the exact role and underlying mechanism of
WFDC12 in the development and progression of AD, we
constructed K14-WFDC12-overexpressing transgenic mice (TG)
with high specific WFDC12 expression in epidermis using K14
promoter (Fig. 2a). The identification of TG was proceeded by
using PCR with K14-WFDC12 primers and gel electrophoresis. The
length of PCR products is 551 bp in TG, while no electrophoretic
band represents WT (Fig, S1a). To verify the stable expression of
K14-WFDC12, we detected the mRNA level of WFDC12 by qRT-
PCR, and the results showed that WFDC12 was highly expressed in
TG (Figs. 2b and S1b). Meanwhile, the constructed TG carried the
HA tag (Fig. 2a). Western blot was used to detect the HA-Tag, and
HA expression was found in the TG but not in WT (Fig. 2c,
Supplemental Material 2). In addition, we measured the expres-
sion of WFDC12 protein in mice by using ELISA and found that the
WFDC12 content was higher in TG (Fig. 2d).
It has been reported that deletion or overexpression of

epidermal protease or protease inhibitors might affect skin
barrier function in the homeostasis in mice, causing sponta-
neous skin diseases and impairing the survival of mice [29]. To
confirm whether the overexpression of WFDC12 caused the
above changes, toluidine blue (TB) staining (Fig. 2e) and trans
epidermal water loss (TEWL) (Fig. 2f) were taken from fetal mice
about 3 days old to detect skin barrier function, and the results
showed no difference between TG and WT. Secondly, we
recorded the changes in body weight of mice during growth
and found no significant difference in body weight between TG
and WT mice (Fig. 2g). Furthermore, we observed the surface
appearance and volume of mice aged about 8 weeks and
took the back skin for histopathological Hematoxylin and Eosin
(H&E) staining. The results showed that the two groups share no
difference in the surface appearance (Fig. 2h) and thickness of
the epidermis (Fig. S1c). Consistent with the above results, we
found that overexpression of WFDC12 in HaCaT cells did not
have significant effects on cell migration (Fig. S2a) and
proliferation (Fig. S2b).
These results suggest that TG mice were successfully con-

structed, and the overexpression of WFDC12 in keratinocytes does
not affect the natural physiological status of the skin barrier, body
weight, appearance, and skin structure in mice in homeostasis.

WFDC12-overexpressing exacerbated AD-like symptoms in
DNFB-induced K14-WFDC12 transgenic mice
To study the function of WFDC12 in AD pathogenesis, an AD
animal model was established by applying 0.5% DNFB on the back
skin after being stimulated by 0.3% DNFB. The DNFB-induced
scheme is shown in Fig. 3a. From the second day to the end of
modeling, mice began to show varying degrees of erythema,
edema, scab, ulceration, dryness, scales, and pigmentation in
dorsal skin (Fig. 3b). We carried out a phenotypic analysis of the
skin back tissues based on four AD-like symptoms including
desquamation, erythema hemorrhage, epidermal damage or
shedding and edema to evaluate the severity of illness in mice
modeled for 21 days. The results showed that AD-like inflamed
symptoms on the skin back of TG mice were more serious and the
scores of skin back lesions of TG were obviously higher than that
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of WT mice (Figs. 3c and S2). Additionally, these epidermis
cytokines such as IL-4 and IL-13 stimulate B lymphocytes to
produce serum-specific IgE, so the increase of serum IgE is one of
the markers of AD [18]. Therefore, both apparent symptoms and
histopathological and hematological indicators are equally impor-
tant for the assessment of the illness’s severity. Tissue and serum
samples were obtained from modeled mice after 21 days
modeling procedure. Paraffin-embedded skin tissue was sectioned
for H&E and TB staining. Meanwhile, the skin thickness and mast
cell infiltration in the skin were measured and the serum IgE was
detected by ELISA. Compared to WT, the enhancive epidermal
thickness (Fig. 3d, e), the accessorial number of dermal infiltration
mast cells (Fig. 3f, g), and the increased contents of serum IgE
were more remarkable (Fig. 3h). These results imply that AD-like

inflamed lesions in TG are more serious than those in WT after
induced by DNFB.

WFDC12-overexpressing promoted the migration of antigen-
presenting cells to lymph nodes and increased disease-related
T cell differentiation in DNFB-induced mice
The activation of T cells by DNFB mainly depends on the uptake
of hapten complexes in the skin by migrant antigen-presenting
cells (mAPCs) and their migration to lymph nodes to activate
T cells [30]. The flow capability of mAPCs which flow from the
epidermis to lymph nodes keeps in a steady state during normal
homeostatic conditions, while it is enhanced in infected or
inflamed skin [31]. Therefore, we first detected the infiltration
of mAPCs migrating from the epidermis in mice lymph nodes

Fig. 1 WFDC12 was closely related to the occurrence and progression of AD. a The relative expression of WFDC12 in different tissues in
normal people from GTEx database (n= 6–860) (huWFDC12, Human WFDC12). b Immunohistochemical staining of WFDC12 was performed in
human normal skin (n= 3) and AD-lesion (n= 3). Scale bars: left figure. 200 μm; right figure. 100 μm. c The positive expression level of WFDC12
in immunohistochemistry staining. d RT-qPCR analysis of WFDC12 mRNA level in mouse normal skin (n= 4) and DNFB-induced skin lesions
(n= 4). e The transcriptional level of WFDC12 in mouse normal skin (n= 6) and DNFB-induced skin lesions (n= 6) from GEO Datasets
(GDS2820). Data were expressed as mean ± SD. Asterisks indicate statistical significance based on unpaired or paired T-test; **p < 0.01.
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(Fig. 4a). The results showed that there was no significant
difference in mAPC and rDC infiltration in lymph nodes between
solvent control WT mice (WT-Ctrl) and solvent control K14-
WFDC12 mice (TG-Ctrl) (Fig. 4b, c). Compared with the control
group (WT-Ctrl and TG-Ctrl), the infiltration of mAPC in DNFB-
induced mice (WT-DNFB and TG-DNFB) lymph nodes increased
significantly (Fig. 4b). Moreover, compared with WT-DNFB group
mice, K14-WFDC12 mice treated with DNFB showed more mAPC
infiltration, while no significant difference was found in rDC
infiltration (Fig. 4b, c).
Next, we investigated the differentiation of T cells in the

inguinal lymph nodes of control and DNFB-induced mice (Fig. 4d).
The results showed that there was no difference in the infiltration
proportion of various cells between the solvent control group
WT-DNFB and TG-DNFB mice (Fig. 4e–h). After DNFB induction,
the Th1 (Fig. 4e) and Tc1 (Fig. 4f) cells of lymph node endocrine
IFN-γ in TG-DNFB mice were significantly higher than those in WT-
DNFB mice. The infiltration of Th2 (Fig. 4g) and Th17 (Fig. 4h) cells
secreting IL-4/IL17 in TG-DNFB mice was also higher than those of
WT-DNFB mice.

These results indicate that specific WFDC12-overexpressing in
the epidermis may accelerate the differentiation of Th cells in
lymph nodes by promoting the migration of mAPCs from the skin
to lymph nodes.

WFDC12-overexpressing enhanced immune response in
epidermis in DNFB-induced mice
In addition to T cells, many bones marrow-derived immune cells
are also involved in the occurrence and development of AD. And
they can be recruited by chemokines and secrete reciprocal
cytokines, proteases, and other bioactive media to regulate skin
immune microcirculation [32, 33]. Moreover, the immune cells
infiltrating the skin lesions can regulate each other in a
cytokine–cytokine receptor manner [34]. On the one hand, we
examined the infiltration of bone marrow cells in the epidermis by
flow cytometry (Fig. 5a). It was found that in the control groups,
the infiltration of monocytes (Fig. 5b), neutrophils (Fig. 5c) and
eosinophils (Fig. 5d) in the skin lesions of WT and TG were not
significantly different. After DNFB induction, the infiltration of
monocytes (Fig. 5b), neutrophils (Fig. 5c), and eosinophils (Fig. 5d)

Fig. 2 The transgenic mice with keratinocyte-specific overexpression of WFDC12 (K14-WFDC12) were successfully constructed and the
overexpression of WFDC12 did not affect the skin homeostasis and survival of mice. a The construction schematic diagram of K14-WFDC12
plasmid. b RT-PCR analysis was used to detect WFDC12 mRNA levels in WT and TG mice. c The western blot results of dorsal skins of WT and
TG by using anti-HA. d ELISA was used to detect the protein expression of WFDC12 in the skin of WT and TG mice. e The toluidine blue
staining of fetus mice. f TWEL determination in fetus rats. g Statistical chart of weight change during mouse growth. h Direct view of 8-week-
old mice dorsal skin after shaving and H&E staining of paraffin sections in skin stable state. Scale bar: 200 μm. Data were expressed as
mean ± SD. Asterisks indicate statistical significance based on unpaired or paired T-tests. ‘ns’ indicates no statistical difference.
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in the skin lesion area of TG-DNFB were significantly higher than
that of WT-DNFB. On the other hand, the expression of related
cytokines was detected by qRT-PCR. The results showed that the
expression of cytokines such as IL-33, TSLP, and IFN-γ in TG-DNFB
were higher than those of in WT-DNFB (Fig. 5e). Interestingly, the
transcriptome sequencing data showed that the expression of
various cytokines (such as CXCL9/10 related to Th1), chemokines
(CCL19/21 related to DC cell migration) and their receptors in TG
mice were higher than WT mice (Fig. S4). These results suggest
that epidermal-specific overexpression of WFDC12 promotes the
infiltration of immune cells and the expression of related cytokines
and chemokines, strengthening the epidermal immune inflam-
matory response.

WFDC12 regulated arachidonic acid lipoxygenase metabolism
pathway in modeled K14-WFDC12 mice
The above studies showed that WFDC12-overexpressing pro-
moted the migration of mouse epidermal APCs to lymph nodes,
promoted the differentiation of T cells in lymph nodes related to
disease progression, and affected the infiltration of immune cells
in the immune microenvironment of mouse skin lesions. Next, we

evaluated the gene expression profile in mouse epidermis after
DNFB induction by RNA-seq analysis to investigate the mechan-
ism of WFDC12 accelerating AD-like skin inflammation in mice.
Among 2004 differentially expressed genes (DEGs) in WT-DNFB
and TG-DNFB, 1117 and 887 genes were significantly upregulated
and downregulated, respectively (Fig. 6a, Supplementary Table
S2). The heatmap displayed 30 representative DEGs (Fig. 6b). GO
enrichment analysis found that DEGs were mainly enriched in
pathways which contained responding to interferon-β (IFN-β),
epidermal cell differentiation, peptide cross-linking, fatty acid
metabolism and antigen receptor mediated pathways (Fig. 6c). At
the molecular function level, DEGs were primarily enriched in
terms of chemokine activity, cytokine activity and extracellular
matrix (ECM) mechanism composition (Fig. 6c). In addition, we
found that the signaling pathways with significant statistical
differences chiefly included Staphylococcus aureus infection,
extracellular matrix–receptor interaction, arachidonic acid (AA)
signaling pathway, and cytokine–cytokine receptor interaction
receptor signaling pathway (Fig. 6d). Combined with the analysis
of DEGs in WT mice before and after DNFB induction (Fig. S5) and
previous reports [11, 35], we hypothesized that the mechanism of

Fig. 3 WFDC12-overexpressing exacerbated DNFB-induced AD-like symptoms in mice. a Established scheme of DNFB-induced AD mouse
model. b Dorsal skin lesions after 21 days of modeling. c Total scores of dorsal skin lesions after 21 days of modeling (n= 5). d The H&E
staining representative figure in skin lesions. Scale bar. 200 μm. e Quantitative analysis of epidermal thickness. Five visual field measurements
were randomly selected for each sample (n= 4). f Toluidine blue staining representative images. scale bar 100 μm; Arrows indicate mast cells.
g Statistical results of mast cells. Five visual field measurements were randomly selected for each sample (n= 4 or 5). h ELISA was used to
detect serum IgE (n= 4 or 5). Data were expressed as mean ± SD. Asterisks indicate statistical significance based on unpaired or paired T-test;
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001, ‘ns’ indicates no statistical difference.
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Fig. 4 WFDC12-overexpressing facilitates the migration of mAPCs to lymph nodes and T cells differentiation in lymph nodes. a Analysis
of mAPCs and rDCs in lymph nodes of WT and TG mice in control and after DNFB-induced. b and c The proportion of mAPC (b) and rDC (c) in
the total number of live cells in mice (n= 4 or 5). d Flow cytometric analysis of T cell differentiation in mouse lymph nodes. e–h The ratio of
Tc1 (e), Th1 (f), Th2 (g), and Th17 (h) in mouse lymph nodes. Data were expressed as mean ± SD. Asterisks indicate statistical significance based
on unpaired or paired T-test; *p < 0.05, **p < 0.01, ***p < 0.001, ‘ns’ indicates no statistical difference.
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WFDC12 regulating skin immunity may be closely related to the
AA metabolism pathway. Subsequently, we found significant
changes in the expression of genes involved in the lipoxygenase
pathway and cytochrome P450 pathway in TG-DNFB (Fig. 6e). RT-
qPCR was used to verify the transcriptome results, and it was
found that the expression of arachidonate 12-lipoxygenase
(ALOX12) and arachidonate 15-lipoxygenase (ALOX15) in the
dorsal skin of TG-DNFB was up-regulated (Fig. 6f, g). In addition,
we found that ALOX12/15 silencing has no significant effect
on the migration (Fig. S6a) and proliferation (Fig. S6b) of
mouse keratinocyte PAM212. It has been reported that ALOX12
and ALOX15 are crucial lipid-metabolizing enzymes that
enhance AA metabolism in AD lesions [33, 36, 37]. Their
metabolites, 12-hydroxyeicosatetraenoic acid (12-HETE) and 15-
hydroxyeicosatetraenoic acid (15-HETE) exert proinflammatory
effects by promoting chemokine expression [38–40] and immune
cell infiltration [41, 42]. We found that the contents of 12-HETE

and 15-HETE in the skin lesion area of TG-DNFB were higher than
those in WT-DNFB by using ELISA (Fig. 6h, i).
These results suggest that keratinocyte-specific high expres-

sion of WFDC12 may up-regulate the expression of ALOX12 and
ALOX15 and promote the accumulation of inflammatory media-
tors 12-HETE and 15-HETE of AA metabolites by activating the
lipoxygenase AlOX12/15 pathway in the epidermal AA metabolic
pathway, thus aggravating those AD symptoms induced by
DNFB in mice.

WFDC12 affected the activity of epidermal serine hydrolase
In the previous sections, we found that WFDC12 may regulate AD
immune inflammation by affecting the metabolism of lipoxygen-
ase ALOX12/15 in the AA metabolic pathway and promoting the
production and accumulation of inflammatory mediators 12/15-
HETE. Next, a specific fluorescence probe and mass spectrometry
(MS) were used to explore the functional substrate of WFDC12 as

Fig. 5 WFDC12-overexpressing enhanced immune responses in mice epidermis. a Flow cytometric analysis of bone marrow cells (BMCs) in
mice epidermis. b–d The ratio of monocytes (b). neutrophil (c) and eosinophil (d) in CD11b+ cells in mice epidermis (n= 4 or 5). e–j RT-qPCR
analysis of IL-4 (e), IL-33 (f), TLSP (g), IL-17A (h), IL-6 (i). and IFN-γ (j) (n= 4 or 5). Data were expressed as mean ± SD. Asterisks indicate statistical
significance based on unpaired or paired T-test; *p < 0.05, **p < 0.01, ***p < 0.001, ‘ns’ indicates no statistical difference.
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Fig. 6 WFDC12-overexpressing regulates the metabolic pathways of arachidonic acid lipoxygenase in the epidermis of modeled mice.
a Volcano map of DEGs in WT-DNFB/ TG-DNFB. DEGs were more than 2 times and FDR ≤ 0.05. The abscissa represents the fold change of gene
expression in each group. The ordinate represents the statistical difference in gene expression. Red dots and blue dots represent upregulated
genes and downregulated genes in WT-DNFB/ TG-DNFB, respectively. Gray dots indicate the indifference genes. b Heatmaps showing the
representative 30 DEGs in WT-DNFB/ TG-DNFB. c DEGs in TG-DNFB and WT-DNFB were clustered in the term of biological process. subcellular
localization and molecular function. d KEGG Pathway enrichment analysis results. The results were arranged according to the p value from the
smallest to the largest. and 10 items were selected for drawing. e The fold changes of DEGs were gathered in the AA pathway in DNFB-
induced mice. f and g RT-PCR analysis of the relative expression of ALOX12 (f) and ALOX15 (g) in the epidermis of mice (n= 4 or 5). h and
i ELISA analysis of 12-HETE (h) and 15-HETE (i) in the epidermis of mice (n= 4 or 5). Data were expressed as mean ± SD. Asterisks indicate
statistical significance based on unpaired or paired T-test; **p < 0.01. ‘ns’ indicates no statistical difference.
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an enzyme inhibitor. The experimental technical process was
shown in Fig. 7a. Mice back skin tissue protein incubated with the
activity-based probe (ABP) with specific serine hydrolase activity
sites and fluorescent report groups. Electrophoresis was per-
formed after the reaction, then imaging with a fluorescent
chemiluminescence imager and evaluating the enzyme activity
by fluorescence intensity (Fig. 7b). The results showed that the
serine protease activity in TG mice was significantly lower than
that in WT mice, whether DNFB-induced or not (Fig. 7c). Moreover,
total proteins were stained using Coomassie brilliant blue after
SDS–PAGE electrophoresis (Fig. 7d).
To further identify the enzyme whose activity was inhibited by

WFDC12, we cut the differential bands for mass spectrometry
identification by comparing the fluorescence imaging and the
Coomassie brilliant blue staining. The results showed that the
differential bands contained 9331 peptides belonging to 988
proteins, of which 13 had serine protease activity. Further analysis
revealed that 3 serine hydrolases of the 13 were related to the
regulation of the AA metabolic pathway mentioned above,
namely Cytochrome P450 protein 4F14 (CYP 4F14), and the
subtype of platelet-activating factor acetylhydrolase (PAF-AH)
PAF-AHIBI and PAF-AH2 (Supplementary Table S3). CYP4F14, also
known as leukotriene-B4 ω-hydroxylase 3, inactivates the inflam-
matory medium leukotriene-B4 (LTB4) which is the metabolons of

AA in lipoxygenase 5 pathway by hydroxylation or carboxylation
[43]. PAF-AH is a hydrolase of PAF and inactivates PAF by
catalyzing the hydrolysis of acetyl esters at the SN-2 site of PAF
[44]. PAF is a pro-inflammatory lipid medium of glycerophosphoric
choline expressed in a variety of immune cells, which activates
immune cells by binding to receptors and is widely involved in the
regulation of various allergic diseases such as asthma and AD
[45–47]. Therefore, we used ELISA to detect the content of PAF in
the skin of the modeled mice. The results showed that the PAF
content in K14-WFDC12 mice was significantly higher than that in
WT mice (Fig. 7e).
In conclusion, WFDC12 may promote the accumulation of

PAF by regulating enzyme activity and activating the lipox-
ygenase pathway of AA metabolism to promote the production
of inflammatory lipid mediators, thus participating in the
immune inflammatory response in AD pathogenesis and
regulating AD progression.

DISCUSSION
AD is a chronic inflammatory skin disease with complex etiology
[48]. Existing clinical treatment methods or programs have
obvious side effects and AD cannot be cured, seriously affecting
patients’ physical and mental health and quality of life [3].

Fig. 7 WFDC12-expressing accelerates the activity of serine hydrolase strengthen and the accumulation of PAF. a Schematic diagram of
enzyme activity detection with the probe with serine hydrolase binding activity. ABP activity-based probe. b The gel fluorescence imaging
of serine protease activity in mice epidermis. c Quantitative analysis of serine protease activity. d Coomassie brilliant blue staining analysis of
proteins in the epidermis. e The content of PAF in mice epidermis.
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Proteases and protease inhibitors inside the human body skin
widely participate in controlling the expression of growth factor,
chemokines, cytokines and lipid active molecules, the activation of
signal receptors and adhesion molecules, the regulation of ion
channels, and the remodeling of extracellular matrix and so on all
sorts of biological process, gradually become important regulatory
factors in physiological and pathological skin environment.
WFDC12 is located on human chromosome 20 (20q13) and

encodes the epidermal endogenous serine protease inhibitor
WFDC12 which belongs to the WFDC family involved in both
innate and adaptive immunity extensively [49]. WFDC12 has been
reported to be highly expressed in the skin and was upregulated
in the lesions of AD patients, but its precise role and concerned
mechanism in AD have not been studied yet. In this study, we
systematically explored the role and possible mechanism of
WFDC12 in AD progression with the DNFB-induced mouse model.
In our study, we found that WFDC12 was up-regulated in AD

patients and DNFB-induced AD mice models through public
databases and related confirmatory experiments, and prelimina-
rily clarified the clinical relevance of its expression with AD. In the
inflammatory state, those cytokines such as IL-17A and TNF-α in
epidermal keratinocytes promote the transcription and expres-
sion of transcription factor AP-1 and enhance its binding to the
AP-1 binding site in the upstream region of WFDC12, leading to
the up-regulation of WFDC12 expressions [50]. This may be one of
the mechanisms contributing to the high expression of WFDC12
in AD lesions. It has been reported that deletion or over-
expression of proteases and/or their inhibitors in the epidermis
may affect epidermal development and skin barrier in mice,
resulting in impaired survival status in mice [16–19]. However, no
skin barrier damage and spontaneous skin inflammation were
observed in K14-initiated transgenic mice with epidermal-specific
high expression of WFDC12, and overexpression of WFDC12 did
not affect the proliferation and migration of HaCaT cells,
suggesting that overexpression of WFDC12 had no significant
effect on the development of mice skin homeostasis and the
biological behavior of keratinocytes. Therefore, we surmised that
there might be a corresponding alternative mechanism for the
protease and protease inhibitor interaction network to maintain
skin homeostasis and ensure the normal function of the skin
barrier. When human skin is exposed to external stimulus in the
inflammatory state, keratinocytes are activated, immune cells are
infiltrated in large quantities, and protease hydrolysis activity is
dysregulated. We supposed that WFDC12 plays a momentous
role in these above processes.
We used DNFB to smear dorsal skin to establish an AD mice

model and found that the modeled K14-WFDC12 transgenic mice
showed more serious desquamation, deeper epidermal thicken-
ing, increased mast cell dermal infiltration in the skin lesions and
increased serum IgE content, and other pathological features of
AD. In addition to being absorbed by epidermal resident APCs
and delivered to lymph nodes, DNFB also activates keratinocytes
in the epidermis, resulting in the production of cytokines and
chemokines [51]. Therefore, flow cytometry showed that the
proportion of specific CD11c+MHCIIhigh that migrated from skin
to lymph node was significantly increased in TG, while there was
no significant difference in the proportion of rDCs. APCs migrate
to lymph nodes and activate the differentiation of undifferen-
tiated T cells into effector T cells to secrete cytokines. The
differentiation of Tc1, Th1, Th2, and Th17 cells in the lymph nodes
of K14-WFDC12 transgenic mice was significantly increased (the
proportion was significantly higher than WT). T cells migrating to
the epidermis produce many cytokines, while keratinocytes, DC
cells, and macrophages inherent in the skin also secrete
chemokines and cytokines, such as CXCL9 and CXCL19, which
further recruit monocytes, neutrophils, and eosinophils and other
immune cells to infiltrate the inflammatory site. In K14-WFDC12
mice, the infiltration of monocytes, neutrophils, and eosinophils

was increased in the skin, and the expressions of inflammatory
factors such as IL-4, IL-33, CXCL9, and TSLP were significantly up-
regulated. The foregoing data show that skin-specific over-
expression of WFDC12 may facilitate the migration of APCs with
the ability to migrate to lymph nodes and enhance the
differentiation of T cells, taking part in the regulation of the skin
immune microenvironment.
Transcriptome sequencing is an important research method to

study pathological mechanisms. In this paper, we took mouse
back skin tissue for transcriptome sequencing. Consistent with the
above experimental results, the Th1/Th2 differentiation-related
signaling pathway and IL-17 signaling pathway were activated in
the mice after modeling. Meanwhile, the PPAR signaling pathway
related to lipid metabolism was also activated in the skin after
DNFB induction, indicating that lipid metabolism may play an
indispensable role in the DNFB-induced AD model. What’s more,
these DEGs were mainly concentrated in pathways of cytokines,
ECM, and lipid metabolism after WFDC12-overexpressing. Tran-
scriptomic and lipidomic analysis of lesions and non-lesions in AD
patients revealed that AA metabolism was abnormal in the lesions
of AD patients [39]. Under normal physiological conditions, AA
binds to cell membranes to form supporting complex membrane
phospholipids. AA was hydrolyzed off the membrane with the
help of phospholipases when cells received external stimulators
and AA metabolism is activated. There are three main pathways of
AA metabolism: epoxidase pathway (COXs pathway), lipoxy-
genases pathway (LOXs pathway), and cytochromes pathway
(CYPs pathway). AA metabolism pathways contain a wide variety
of enzymes, and their metabolites play important physiological
regulatory functions in inflammation, fever, blood pressure,
reproductive system, respiratory system, etc. Therefore, the AA
metabolic pathway in this KEGG enrichment result attracted our
attention. We then conducted a validation test. In DNFB-induced
K14-WFDC12 transgenic mice, the expression of lipoxygenases
ALOX12 and ALOX15 in the AA metabolic pathway was
upregulated significantly. Some studies have shown that 12/15-
LOX and their derivatives function in epithelial inflammatory
diseases and epithelial injury repair [52]. ALOX15-deficient mice
showed a deficiency of ALOX15-derived lipoxin A4 (LXA4) and
neuroprotectin D1 (NPD1), as well as defects in corneal re-
epithelialization and neutrophil recruitment. But in our study,
ALOX12/15 silencing in mouse PAM212 keratinocytes did not
affect the ability of proliferation and migration (Fig. S6). In studies
of lipid composition in keratinocyte-derived human epidermal
equivalents from AD patients, 12/15-LOX-derived products 12/15-
HETE were found to be the major metabolite of the lipoxygenase
pathway in AD pathogenesis [39]. In our study, the expression of
ALOX15/12 was up-regulated in the skin of K14-WFDC12 mice,
and the content of major metabolite 12/15-HETE was also clearly
increased. 12/15-HETE has been shown to be an active mediator
of lipids exerting proinflammatory effects. In conclusion, we
hypothesized that WFDC12 may regulate the process of the skin
immune microenvironment by up-regulating the metabolic path-
way of AA lipoxygenase.
WFDC12 is a member of the serine protease suppressor family,

and the recombinant WFDC12 protein has inhibitory effects on
kallikrein 7 (KLK7) and human neutrophil elastase (HNE) in vitro
[26]. KLK7 is specifically highly expressed in the epidermis and is
mainly associated with the process of cuticle desquamate and
some studies have shown that the absence of WFDC12 has no
effect on AD-like inflammation [53]. HNE acts a proinflammatory
role in most inflammatory diseases, so existing reports on
WFDC12 substrate do not well explain our findings. Based on
the above study, we hypothesized that WFDC12 has other
functional substrates to activate the lipoxygenase ALOX12/15
pathway of AA to function in a pro-inflammatory role in the more
complex physiological environment in vivo and then tested it.
CYP4F14 and PAF-AH were found to regulate AA metabolism.

G. Li et al.

10

Cell Death and Disease          (2023) 14:185 



The former regulates the downstream pathway of AA metabolism
and metabolizes and inactivates the proinflammatory mediator
LTB4 which is the product of AA metabolism by lipoxygenase 5
(ALOX5) [54]. PAF-AH is the only enzyme that can regulate the
hydrolysis of PAF. Once PAF-AH is disabled or inhibited, PAF
accumulates in the body. PAF is a proinflammatory lipid mediator
and functions in many inflammatory diseases by binding to the
receptor PAF-R. In the skin, PAF regulates the expression of
cytokines such as IL-8, IL-6, and IL-1β in keratinocytes by binding
to PAF-R in the keratinocyte epidermis. Based on the above, we
demonstrate a potential molecular mechanism by which WFDC12
promotes DNFB-induced AD inflammation by regulating AA
metabolic pathways and related enzyme activities (Fig. S7). When
the skin is exposed to external irritation, membrane phospholi-
pids are broken down into LYSO-PAF (precursor of PAF) and free
AA under the action of phospholipase A2 [55]. On the one hand,
LYSO-PAF is metabolized into PAF and enters the cell via a
receptor (PAF-R). WFDC12 inactivates PAF-AH to make the
accumulation of PAF in cells rapidly and to stimulate the
augment of chemokines and cytokines, thus causing enhanced
inflammatory response. On the other hand, free AA increased and
AA metabolism in cells was strengthened. In the LOXs pathway,
AA can be metabolized by ALOX5 to LTB4 (a potent chemotactic
lipid mediator that can be inactivated by CYP 4F14) or directly
metabolized by ALOX12/15 to 12/15-HETE [11]. WFDC12 inhibits
the activity of CYP 4F14, which can lead to the increase of LTB4
and enhance the secretion of various factors. Meanwhile, CYP
4F14 was inactivated in the AA CYPs pathway, which enhanced
the metabolism of the ALOX12/15 pathway, resulting in the
increase of 12/15-HETE and further aggravation of AD symptoms.
Taken together, WFDC12 may activate the ALOX12/15 pathway in
AA metabolism by affecting the activity of epidermal PAF-AH and
CYP 4F14, thus promoting the accumulation of relevant
inflammatory lipid mediators and participating in the regulation
of AD pathogenesis and progression.
It is worth mentioning that we did not construct WFDC12-

knockout mice and perform corresponding verification and
explore whether WFDC12 function loss has a protective effect
on DNFB induction, which may be an important aspect of our
future experiments. In addition, in our current experimental
designs, direct interactions between WFDC12 and 3 potential
interacting substrates CYP 4F14, PAF-AHIBI (encoding PAF-AHIβ
subunit), and PAF-AH2 (single subunit polypeptide) were not
explored. This will be the focus of our subsequent work to
identify the molecules that play an exact or major role in the
overall mechanism.
In summary, our study found that the specific high expression

of WFDC12 in epidermal keratinocytes plays an irreplaceable
role in promoting the development of AD by regulating AA
metabolism. Meanwhile, we combined these research means in
cell biology, transcriptomics, and protease activity studies to
investigate the related mechanism of WFDC12 in regulating the
pathogenesis of AD, which provides new insights and theoretical
basis for the elucidation of the pathogenesis, new diagnosis, and
treatment methods and the search for potent drug targets of AD.

MATERIALS AND METHODS
Animals
The K14-WFDC12 transgenic mice were commissioned to construct by
Saiye Biotechnology Co., Ltd. C57BL/6 mice (Wild-type, WT) used for
breeding were purchased according to the policies and agreements
approved by Sichuan University. Sterile house condition, 12 h light/12 h
dark cycle, the temperature of 25 ± 1 °C, and free access to water and
food. The experiments were carried out following the National Institutes
of Health’s ethical guidelines for the care and use of laboratory animals
and the International Association for the Study of Pain (IASP). Tail
biopsies of mice were collected and used to identify genotypes by PCR
with the Mouse Direct PCR Kit (Bimake, B40015). The primers employed in

PCR are shown in Supplementary Table S1. All experimental procedures
were performed following the guidelines of experimental animals from
Sichuan University.

Human subjects
Biopsies of the lesional skin of 3 AD patients and the healthy skin of 3
donors were taken from the West China Hospital of Sichuan University.
This study was conducted by the principles of the Helsinki Declaration and
was approved by the ethics committee of West China Hospital of Sichuan
University (Chengdu, Sichuan, China).

Cell lines
The human keratinocyte cell line HaCaT was obtained from the China
Center for Type Culture Collection (0106) and the mouse keratinocyte cell
line PAM212 was purchased from the Mingzhoubio (MZ-2610). HaCaT and
PAM212 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Thermo Fisher Scientific, C11995500BT) and Roswell Park
Memorial Institute 1640 medium (RPMI-1640; Gibco, 11875119), respec-
tively. And both mediums were supplemented with 10% (v:v) fetal bovine
serum (FBS; Thermo Fisher Scientific, 10099141), 100 U/mL penicillin G, and
0.1 mg/mL streptomycin sulfate (Thermo Fisher Scientific, 15140122). The
cell culture conditions were 37 °C and 5% CO2. All cells were found to be
free from mycoplasma contamination.

DNFB-induced AD-like skin inflammation model
The treatment of each group was as follows: The female mice (aged
8 weeks, 17–18 g) were sorted out to construct a DNFB-induced AD
model. Before induction of DNFB, the back skin of mice was shaved and
exposed with an approximate area of 2 × 3 cm. The solvent was prepared
with acetone (Sinopharm Chemical Reagent Co., Ltd,10000418) and olive
oil (Sigma-Aldrich, O1514) at a volume ratio of 3:1, and a certain amount of
DNFB (Sigma-Aldrich, D1529) was added to prepare 0.5% and 0.3% DNFB
solutions. For DNFB induction treatment, 150 μL 0.5% DNFB solution was
applied on the first day for sensitization, and 120 μL 0.3% DNFB solution
was applied on the fifth, eighth, 11th, 14th, 17th, and 20th days to induce
AD-like inflammation. In the control group, the solvent was applied at the
corresponding time points. The control group applied the same amount
of solvent at the same time point. During the modeling process, the
following four symptoms were evaluated: desquamation, erythema
bleeding, epidermal damage or shedding, and edema [28]. Here we refer
to the scoring standards for AD scores in mice, as follows: the degree of
the scale, the degree of erythema, and the degree of thickening
of the dorsal skin; each factor is independent in the range of 0–3. Score
(0—none, 1—slight, 2—moderate, 3—maximum, and recorded every
24 h). The total score ranges from 0 to 12.

RNA isolation, cDNA synthesis, and reverse transcription-
quantitative polymerase chain reaction (RT-qPCR)
Mice skin tissues were ground in liquid nitrogen and used for RNA
extraction with TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) accord-
ing to the manufacturer’s protocol. Total RNA (2 µg) was reverse
transcribed into cDNA using the PrimeScript RT reagent kit with gDNA
Eraser (Takara Bio, Inc., Otsu, Japan) at 42 °C for 50 min and 85 °C for
5 min according to the instructions. cDNA (20 ng) was subjected to qPCR
analysis with TB Green™ Premix Ex Taq™ II (Tli RNaseH Plus; Takara Bio,
Inc.). β-actin was used as the internal gene and quantification were
performed using the 2−ΔΔCt method. The primers employed in RT-qPCR
are shown in Supplementary Table S2.

Western blotting
The samples derived from skin tissue were lysed, separated by
electrophoresis on SDS–PAGE gels (Beyotime Institute of Biotechnology,
P0012AC), and transferred to polyvinylidene fluoride (PVDF) membranes
(MerckMinipore, IPVH00010). For western blotting detection, the proteins
were incubated overnight with the following primary antibody: HA (Cell
Signaling Technology, 1:1000 dilution), incubated overnight. Labeling of
the primary antibodies was detected using goat anti-rabbit antibody
conjugated to horseradish peroxidase (HRP) (Invitrogen, 2215587,
1:10,000 dilution), and further detected using ECL reagents (MerckMini-
pore, WBULS0500). ImageJ was used for further quantification of the
band intensities in the images, and only the band intensities in the linear
range were included.
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Hematoxylin and eosin (H&E) staining, microscopy, and image
analysis
Human skin and mouse dorsal skin were fixed in 4% paraformaldehyde in
PBS, embedded in paraffin, sectioned, and stained with H&E for histopatho-
logic examination. Images were captured using an Olympus BX600
microscope (Olympus Corporation, Tokyo, Japan) and SPOT Flex camera
(Olympus Corporation, Tokyo, Japan) and were analyzed with ImagePro Plus
(version 6.0, Media Cybernetics) software. The epithelial thickness and
infiltrating cells were evaluated in independent regions. For the measurement
of skin thickness, 5 visual fields, and 5–10 measuring points were selected for
each back film, and the average value was taken.

Immunohistochemistry, microscopy, and image analysis
Human skin were tissues fixed in 4% paraformaldehyde in PBS, and the
fixed sections were incubated in 3% H2O2 solution in PBS at room
temperature for 10 min. Antigen retrieval was performed in sodium
citrate buffer (0.01 M, pH 6.0) in a microwave oven at 1000W for 3 min.
Nonspecific antibody binding was blocked by incubation with 5% normal
goat serum in PBS for 1 h at room temperature. Slides were stained
overnight at 4 °C with the following primary antibodies: WFDC12
(Proteintech, 25101-1-AP; 1:500 dilution). The slides were subsequently
washed and incubated with biotin-conjugated secondary antibodies for
30 min, and then with Horseradish Peroxidase Streptavidin (HRP
Streptavidin) for 30 min (SPlink Detection Kits; ZSGB-BIO, SP-9001 or
SP-9002). The sections were developed using the 3,3ʹ-diaminobenzidine
(DAB) substrate kit (ZSGB-BIO, ZLI-9017) and counterstained with
hematoxylin. Images were captured using an Olympus BX600 microscope
and SPOT Flex camera. ImagePro Plus was used for further quantification
of the DAB intensity.

Toluidine blue staining, microscopy, and image analysis
Newborn mice were sacrificed and dehydrated by sequential incubation in
25%, 50%, 75%, and 100% methanol. After rehydration in PBS, they were
incubated for 10min in 0.01% toluidine blue and detained with PBS. Mice
dorsal skin was fixed in 4% paraformaldehyde in PBS, embedded in
paraffin, sectioned, and stained with 0.5% toluidine blue for 25min. 0.5%
acetic acid was dropped for cytoplasmic separation, and sections were
sealed with neutral gum. Each step should be cleaned with distilled water.
Images were captured using an Olympus BX600 microscope (Olympus
Corporation, Tokyo, Japan) and SPOT Flex camera (Olympus Corporation,
Tokyo, Japan) and were analyzed with ImagePro Plus (version 6.0, Media
Cybernetics) software. Infiltrating cells were evaluated in independent
regions, 4-5 visual fields were selected for each back film, and the average
value was taken.

Enzyme-linked immunosorbent assay (ELISA)
QuantiCyto® Mouse IgE ELISA Kit (NeoBioscience, EMC117.96) was used to
detect the levels of serum IgE in mice. Mouse Wfdc12 (Single WAP motif
protein 2) ELISA Kit (Wuhan Fine Biotech Co., Ltd., EM2019) was used
to detect the levels of WFDC12 in mice epidermis. And 12-HETE (12-
Hydroxyeicosatetraenoic Acid) ELISA Kit (Wuhan Fine Biotech Co., Ltd.,
EU3131), and 15-HETE (15-hydroxyeicosatetraenoic acid) ELISA Kit (Wuhan
Fine Biotech Co., Ltd., EU2612) were used to detect the level of 12-HETE
and 15-HETE, respectively. All assays were performed according to the
manufacturer’s instructions.

Flow cytometry
To obtain single-cell suspension from dorsal skin, samples were removed
from the subcutaneous fat and mucosal tissue with the scalpel and spread
into a Petri dish. The samples were then incubated in 2.4 U/mL dispase II
overnight at 4 °C and then immersed in DMEM containing 50% (v:v) FBS to
inactivate the dispase II. Gently scrape off the epidermal layer and add
5mL of 0.25% EDTA-free trypsin (Thermo Fisher, 15050057) to the tube to
obtain a single cell suspension, after digestion at 37 °C for 20min. Finally,
neutralized with 5 mL DMEM medium (GbicoTM, LS11995065). Single-cell
suspension of epidermis cells was made followed by mechanical
dissociation with a gentle MACS dissociator (Miltenyi Biotech, Bergisch
Gladbach, Germany), and filtered sequentially through 70 μm cell strainers
(BD Bioscience, 352350), and cells were washed once with PBS.
To obtain single-cell suspension from lymph nodes, samples were

ground in 40 μm cell strainers (BD Bioscience, 352340) with 5 mL PBS
solution, and then filtered with 70 μm cell strainers (BD Bioscience, 352350).
Cells were washed once with PBS.

For surface staining, the cells were stained with appropriate antibodies
against surface antigens in PBS on ice for 30min. The cellular viability was
assessed by staining with 7-amino actinomycin D (7-AAD) (BioLegend,
420404; 0.5 μg/mL) to exclude dead cells. For the analysis of IL-4、IFN-γ
and IL-17A production, in vitro re-stimulation, and intracellular staining,
single-cell suspensions were incubated for 4 h at 37 °C with PMA (Sigma-
Aldrich, p1585; 200 ng/mL), brefeldin A (BioLegend, 420601; 5 μg/mL), and
ionomycin (Abcam, ab120116; 1 μg/mL). The cells were then washed and
stained with the fixable viability stain 620 (FVS 620; BD-Biosciences, 564996)
for 10min. After performing surface staining as described above, cells were
fixed with 4% paraformaldehyde and permeabilized with PBS supplemen-
ted with 0.1% Triton X-100. Intracellular staining with fluorescent-labeled
antibodies was per- formed for 30min in PBS. For flow cytometric analysis,
the cells were washed and resuspended in PBS. Flow cytometry was per-
formed using the NovoCyte flow cytometer and ACEA NovoExpressTM
software (ACEA Biosciences, San Diego, CA, USA) and BD LSRFortessaTM and
Flow Jo™ software (BD Biosciences, USA). The single-cell suspensions were
stained with the following antibodies: CD3-APC-CY7 (100222), CD4-PerCP/
Cy5.5 (100434), CD8-PE-CY7 (100722), IFN-γ-FITC (505806), IL-4-APC
(562045), IL-17A- PE (506903), CD11b -FITC (11-0112-82), Ly6G-PE-cy7
(108416), Ly6C-APC/Cy7 (1208026), Siglec-F-Bv421 (E50-2440), CD11c-APC/
Cy7 (117324), MHCII-FITC(I-A-I-E, 107606). Antibodies were purchased from
eBioscience and BioLegend and used at 1:100 dilution.

Genome-wide transcriptome profiling by RNA-Seq
Total RNA of mice’s back skin was isolated with Trizol (Invitrogen) and
subjected to RNA-seq analysis. RNA sequencing was performed by
Majorbio Bio-pharm Technology Co., Ltd (Shanghai, China). The raw reads
(SRA Data Accession number: PRJNA917152) were aligned to the mm10
reference genome (build mm10) by using HISAT2 software. The mapping
rate was more than 90% overall across all the samples. StringTie was used
to quantify the gene expression counts. Differential expression analysis
was performed on the count data using the R package DESeq2.
Benjamini–Hochberg step-up method to control false discovery rate.
Significant genes are defined by a Benjamini and Hochberg corrected
p value of cut-off of 0.05 and fold-change of at least 2.
Through GO analysis, the functions of genes at different levels were

analyzed, and the clustering items with significant statistical differences were
drawn into a functional clustering relationship diagram, relationship weight.
KEGG pathway analysis was performed on the differential genes with

FC > 2 in the two groups of transcriptomics, and p value < 0.01 was
selected as a statistical enrichment difference, and the signal pathway with
a higher enrichment index was analyzed by the enrichment index, to
analyze the KEGG pathway layer (KEGG pathway), so as to understand the
transcriptome data more intuitively and comprehensively.

Enzyme activity was detected by the serine protease activity
probe
The tissue was ground in liquid nitrogen, resuspended in cold lysis buffer
(20 mM HEPES pH 7.2, 2 mM DTT, 250 mM sucrose, 1 mM MgCl2, 2.5 U/mL
benzonase), and incubated on ice (15–30 min). Protein concentrations
were determined by a Quick StartTM Bradford Protein Assay and diluted
samples were flash-frozen in liquid nitrogen and stored at −80 °C until
further use.
The sample was diluted to 2mg/mL, and 50 μL was absorbed. The probe

was balanced in desiccant to room temperature, and 100 μL DMSO was
added to prepare a 0.1 mm storage solution. 1 μL of ActivX® Serine
Hydrolase Probes (Thermo, 88318) was added to each sample at a final
concentration of 2 μm/μL. After mixing, the samples were incubated for 1 h
at room temperature under the light. The reaction was terminated by
boiling 10 μL 6X SDS–PAGE protein loading buffer for 5 min. The reaction
was electrophoresed with 12% SDS–PAGE. Gels were scanned using Cy3
and Cy5 multichannel settings (605/50 and 695/55, filters respectively) and
stained with Coomassie after scanning. Fluorescence intensity was analyzed
by Image J. The SDS–PAGE with fluorescence coloring was placed in
Coomassie brilliant blue glue dye solution and stained on a shaker for 2 h.
Then, the molecules with fluorescence coloring and Coomassie brilliant
blue staining were decolorized and scanned, and the different bands were
cut out for identification.

Lentiviral gene overexpression in vitro
Lentivirus gene overexpression was performed by using pCDH-CMV vector
to overexpress homo WFDC12 (Genewiz). Lentivirus was prepared by
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transient transfection of HEK293T cells with transfer vectors along with
second-generation packaging constructs (pMD2.G and psPAX2). The viral
titers were determined with qPCR. HaCaT cells were transfected with
concentrated virus supernatant overnight in the presence of polybrene
(5mg/mL) and selected in puromycin (0.5 mg/mL).

siRNA-mediated gene silencing in vitro
RNAi transfection was performed in cells at 30–50% confluency, mixing
20 pmol siRNA with RNAFit transfection reagent according to the manu-
facturer’s conditions. siRNAs and RNAFit transfection reagent were obtained
from Shanghai HANBIO Co., Ltd. 72 h post-transfection, cells were harvested
and processed as required. All siRNA sequences corresponding to all genes
were shown in Supplementary Table S4.

In vitro keratinocyte wound healing assay and proliferation
assay
Cell migration ability was calculated using a wound healing assay.
Keratinocytes were plated in 6-well plates at a concentration of about
1.5 × 106 cells/well and allowed to form a confluent monolayer for 12–24 h.
The monolayer was scratched with a sterile 200 µL (yellow) pipette tip both
horizontally and vertically across the plate, washed with serum-free
medium to remove floating and detached cells, and photographed (0 and
12 h) using an inverted fluorescence microscope (Olympus, Tokyo, Japan).
Cell proliferation assay was measured by Cell Counting Kit-8 (Bimake,
China) according to the manufacturer’s instructions. Keratinocytes were
plated in 96-well plates at a density of 2 × 103 cells per well. After seeding,
cell proliferation was assessed. The cells were incubated for 2 h in 100 µL of
CCK-8 reagent at 37 °C. The optical density (OD) at 450 nm was determined
using a microplate reader.

Statistics
The statistical software GraphPad Prism 8.0.8 was used for data analysis in
the experiment. The difference between the two groups was compared by
unpaired or paired T-test, and the experimental data were expressed as
mean ± standard error. * Indicates p < 0.05, the difference is statistically
significant, ** indicates p < 0.01, the difference is statistically very
significant, *** indicates p < 0.001, the difference is statistically extremely
significant, and ns indicates no statistical significance.

DATA AVAILABILITY
All data of the present study can be available with the approval of the corresponding
authors.

MATERIAL AVAILABILITY
All materials of the present study can be available with the approval of the
corresponding authors.

REFERENCES
1. Boguniewicz M, Leung DY. Atopic dermatitis: a disease of altered skin barrier and

immune dysregulation. Immunol Rev. 2011;242:233–46.
2. Leung DY. New insights into atopic dermatitis: role of skin barrier and immune

dysregulation. Allergol Int. 2013;62:151–61.
3. Langan SM, Irvine AD, Weidinger S. Atopic dermatitis. Lancet. 2020;396:345–60.
4. Gavrilova T. Immune dysregulation in the pathogenesis of atopic dermatitis.

Dermatitis. 2018;29:57–62.
5. Eckert L, Gupta S, Amand C, Gadkari A, Mahajan P, Gelfand JM. Impact of atopic

dermatitis on health-related quality of life and productivity in adults in the United
States: an analysis using the National Health and Wellness Survey. J Am Acad
Dermatol. 2017;77:274–9.e3.

6. Kraft MT, Prince BT. Atopic dermatitis is a barrier issue, not an allergy issue.
Immunol Allergy Clin North Am. 2019;39:507–19.

7. Leung DY, Bieber T. Atopic dermatitis. Lancet. 2003;361:151–60.
8. Gandhi NA, Bennett BL, Graham NM, Pirozzi G, Stahl N, Yancopoulos GD. Tar-

geting key proximal drivers of type 2 inflammation in disease. Nat Rev Drug
Discov. 2016;15:35–50.

9. Irvine RF. How is the level of free arachidonic acid controlled in mammalian cells?
Biochem J. 1982;204:3–16.

10. Seeds MC, Bass DA. Regulation and metabolism of arachidonic acid. Clin Rev
Allergy Immunol. 1999;17:5–26.

11. Wang B, Wu L, Chen J, Dong L, Chen C, Wen Z, et al. Metabolism pathways of
arachidonic acids: mechanisms and potential therapeutic targets. Signal Trans-
duct Target Ther. 2021;6:94.

12. Lund SJ, Portillo A, Cavagnero K, Baum RE, Naji LH, Badrani JH, et al. Leukotriene
C4 potentiates IL-33-induced Group 2 innate lymphoid cell activation and lung
inflammation. J Immunol. 2017;199:1096–104.

13. Miyabe Y, Miyabe C, Luster AD. LTB4 and BLT1 in inflammatory arthritis. Semin
Immunol. 2017;33:52–7.

14. Li C, Lasse S, Lee P, Nakasaki M, Chen SW, Yamasaki K, et al. Development of
atopic dermatitis-like skin disease from the chronic loss of epidermal caspase-8.
Proc Natl Acad Sci USA. 2010;107:22249–54.

15. Kovalenko A, Kim JC, Kang TB, Rajput A, Bogdanov K, Dittrich-Breiholz O, et al.
Caspase-8 deficiency in epidermal keratinocytes triggers an inflammatory skin
disease. J Exp Med. 2009;206:2161–77.

16. Bhatt T, Bhosale A, Bajantri B, Mathapathi MS, Rizvi A, Scita G, et al. Sustained
secretion of the antimicrobial peptide S100A7 is dependent on the down-
regulation of caspase-8. Cell Rep. 2019;29:2546–55.e4.

17. Madsen DH, Szabo R, Molinolo AA, Bugge TH. TMPRSS13 deficiency impairs
stratum corneum formation and epidermal barrier acquisition. Biochem J.
2014;461:487–95.

18. Yoshiike T, Aikawa Y, Sindhvananda J, Suto H, Nishimura K, Kawamoto T, et al.
Skin barrier defect in atopic dermatitis: increased permeability of the stratum
corneum using dimethyl sulfoxide and theophylline. J Dermatol Sci. 1993;5:92–6.

19. Dupont L, Ehx G, Chantry M, Monseur C, Leduc C, Janssen L, et al. Spontaneous
atopic dermatitis due to immune dysregulation in mice lacking Adamts2 and 14.
Matrix Biol. 2018;70:140–57.

20. Pampalakis G, Zingkou E, Kaklamanis L, Spella M, Stathopoulos GT, Sotiropoulou
G. Elimination of KLK5 inhibits early skin tumorigenesis by reducing epidermal
proteolysis and reinforcing epidermal microstructure. Biochim Biophys Acta Mol
Basis Dis. 2019;1865:165520.

21. Zeeuwen PL, Van Vlijmen-Willems IM, Jansen BJ, Sotiropoulou G, Curfs JH,
Meis JF, et al. Cystatin M/E expression is restricted to differentiated epidermal
keratinocytes and sweat glands: a new skin-specific proteinase inhibitor
that is a target for cross-linking by transglutaminase. J Investig Dermatol.
2001;116:693–701.

22. Sivaprasad U, Kinker KG, Ericksen MB, Lindsey M, Gibson AM, Bass SA, et al.
SERPINB3/B4 contributes to early inflammation and barrier dysfunction in an
experimental murine model of atopic dermatitis. J Investig Dermatol.
2015;135:160–9.

23. Bingle CD, Vyakarnam A. Novel innate immune functions of the whey acidic
protein family. Trends Immunol. 2008;29:444–53.

24. Nakane H, Ishida-Yamamoto A, Takahashi H, Iizuka H. Elafin, a secretory protein, is
cross-linked into the cornified cell envelopes from the inside of psoriatic kerati-
nocytes. J Investig Dermatol. 2002;119:50–5.

25. Aung G, Niyonsaba F, Ushio H, Ikeda S, Okumura K, Ogawa H. Elafin and secretory
leukocyte protease inhibitor stimulate the production of cytokines and chemo-
kines by human keratinocytes via MAPK/ERK and NF-kappaB activation. J Der-
matol Sci. 2011;63:128–31.

26. Kalinina P, Vorstandlechner V, Buchberger M, Eckhart L, Lengauer B, Golabi B,
et al. The whey acidic protein WFDC12 is specifically expressed in terminally
differentiated keratinocytes and regulates epidermal serine protease activity. J
Investig Dermatol. 2021;141:1198–1206e13.

27. Choi BD, Jeong SJ, Wang G, Park JJ, Lim DS, Kim BH, et al. Secretory leukocyte
protease inhibitor is associated with MMP-2 and MMP-9 to promote migration
and invasion in SNU638 gastric cancer cells. Int J Mol Med. 2011;28:527–34.

28. Wang Z, Zheng H, Zhou H, Huang N, Wei X, Liu X, et al. Systematic screening and
identification of novel psoriasis specific genes from the transcriptome of psoriasis
like keratinocytes. Mol Med Rep. 2019;19:1529–42.

29. de Veer SJ, Furio L, Harris JM, Hovnanian A. Proteases: common culprits in human
skin disorders. Trends Mol Med. 2014;20:166–78.

30. Gilhar A, Reich K, Keren A, Kabashima K, Steinhoff M, Paus R. Mouse models of
atopic dermatitis: a critical reappraisal. Exp Dermatol. 2021;30:319–36.

31. Merad M, Ginhoux F, Collin M. Origin, homeostasis and function of Langer-
hans cells and other langerin-expressing dendritic cells. Nat Rev Immunol.
2008;8:935–47.

32. Radonjic-Hoesli S, Bruggen MC, Feldmeyer L, Simon HU, Simon D. Eosinophils in
skin diseases. Semin Immunopathol. 2021;43:393–409.

33. Nagata N, Hamasaki Y, Inagaki S, Nakamura T, Horikami D, Yamamoto-Hanada K,
et al. Urinary lipid profile of atopic dermatitis in murine model and human
patients. FASEB J. 2021;35:e21949.

34. Gallegos-Alcala P, Jimenez M, Cervantes-Garcia D, Salinas E. The keratinocyte as a
crucial cell in the predisposition, onset, progression, therapy and study of the
atopic dermatitis. Int J Mol Sci. 2021;22:10661.

35. Iversen L, Kragballe K. Arachidonic acid metabolism in skin health and disease.
Prostaglandins Other Lipid Mediat. 2000;63:25–42.

G. Li et al.

13

Cell Death and Disease          (2023) 14:185 



36. Barr RM, Brain S, Camp RD, Cilliers J, Greaves MW, Mallet AI, et al. Levels of
arachidonic acid and its metabolites in the skin in human allergic and irritant
contact dermatitis. Br J Dermatol. 1984;111:23–8.

37. Schlotter YM, Riemers FM, Rutten VP, Knol EF, Willemse T. Enzymes involved in
the conversion of arachidonic acid to eicosanoids in the skin of atopic dogs. Exp
Dermatol. 2010;19:e317–9.

38. Li Z, Zeng M, Deng Y, Zhao J, Zhou X, Trudeau JB, et al. 15-Lipoxygenase 1 in
nasal polyps promotes CCL26/eotaxin 3 expression through extracellular signal-
regulated kinase activation. J Allergy Clin Immunol. 2019;144:1228–41.e9.

39. Torocsik D, Weise C, Gericke J, Szegedi A, Lucas R, Mihaly J, et al. Transcriptomic
and lipidomic profiling of eicosanoid/docosanoid signalling in affected and non-
affected skin of human atopic dermatitis patients. Exp Dermatol. 2019;28:177–89.

40. Saika A, Nagatake T, Hirata SI, Sawane K, Adachi J, Abe Y, et al. omega3 fatty acid
metabolite, 12-hydroxyeicosapentaenoic acid, alleviates contact hypersensitivity
by downregulation of CXCL1 and CXCL2 gene expression in keratinocytes via
retinoid X receptor alpha. FASEB J. 2021;35:e21354.

41. Rossaint J, Nadler JL, Ley K, Zarbock A. Eliminating or blocking 12/15-lipox-
ygenase reduces neutrophil recruitment in mouse models of acute lung injury.
Crit Care. 2012;16:R166.

42. Ibrahim AS, Saleh H, El-Shafey M, Hussein KA, El-Masry K, Baban B, et al. Targeting
of 12/15-Lipoxygenase in retinal endothelial cells, but not in monocytes/mac-
rophages, attenuates high glucose-induced retinal leukostasis. Biochim Biophys
Acta Mol Cell Biol Lipids. 2017;1862:636–45.

43. Kalsotra A, Turman CM, Kikuta Y, Strobel HW. Expression and characterization of
human cytochrome P450 4F11: putative role in the metabolism of therapeutic
drugs and eicosanoids. Toxicol Appl Pharm. 2004;199:295–304.

44. Kono N, Arai H. Platelet-activating factor acetylhydrolases: an overview and
update. Biochim Biophys Acta Mol Cell Biol Lipids. 2019;1864:922–31.

45. Zimmerman GA, McIntyre TM, Prescott SM, Stafforini DM. The platelet-activating
factor signaling system and its regulators in syndromes of inflammation and
thrombosis. Crit Care Med. 2002;30:S294–301.

46. Chen J, Yang L, Foulks JM, Weyrich AS, Marathe GK, McIntyre TM. Intracellular PAF
catabolism by PAF acetylhydrolase counteracts continual PAF synthesis. J Lipid
Res. 2007;48:2365–76.

47. Piwowarek KL, Rzeszotarska A, Korsak JL, Juszkiewicz A, Chcialowski A, Kruszewski
J. Clinical significance of plasma PAF acetylhydrolase activity measurements as a
biomarker of anaphylaxis: cross-sectional study. PLoS ONE. 2021;16:e0256168.

48. Kim MS, Kim JE, Yoon YS, Seo JG, Chung MJ, Yum DY. A probiotic preparation
alleviates atopic dermatitis-like skin lesions in murine models. Toxicol Res.
2016;32:149–58.

49. Hurle B, Swanson W. N.C.S. Program & E.D. Green. Comparative sequence ana-
lyses reveal rapid and divergent evolutionary changes of the WFDC locus in the
primate lineage. Genome Res. 2007;17:276–86.

50. Piruzian ES, Nikolskaya TA, Abdeev RM, Brouskin SA. Transcription factor AP-1
components as psoriasis candidate genes. Mol Biol. 2007;41:974–85.

51. Kim D, Kobayashi T, Nagao K. Research techniques made simple: mouse models
of atopic dermatitis. J Investig Dermatol. 2019;139:984–90.e1.

52. Singh NK, Rao GN. Emerging role of 12/15-Lipoxygenase (ALOX15) in human
pathologies. Prog Lipid Res. 2019;73:28–45.

53. Guo CJ, Mack MR, Oetjen LK, Trier AM, Council ML, Pavel AB, et al. Kallikrein 7
promotes atopic dermatitis-associated itch independently of skin inflammation. J
Investig Dermatol. 2020;140:1244–52.e4.

54. Kikuta Y, Kasyu H, Kusunose E, Kusunose M. Expression and catalytic activity of
mouse leukotriene B4 omega-hydroxylase, CYP4F14. Arch Biochem Biophys.
2000;383:225–32.

55. Jorgensen KM, Felberg HS, Berge RK, Laegreid A, Johansen B. Platelet activating
factor stimulates arachidonic acid release in differentiated keratinocytes via
arachidonyl non-selective phospholipase A2. Arch Dermatol Res. 2010;302:221–7.

ACKNOWLEDGEMENTS
This work was supported by the National Natural Science Foundation of China
(81673061, 81573050, 81472650, 31872739, 31271483, 30300313), the National
Science and Technology Major Project (2019ZX09201003-003, 2018ZX09733001-001-
006, 2013ZX09301304001-003, 2012ZX10002006-003-001, 2009ZX09103-714), the
Key Research and Development Program of Sichuan Province (2020YFS0271), the
Applied Basic Research Program of Sichuan Province (2008SZ0093), the Sichuan
Provincial Outstanding Youth Fund (2015JQO025).

AUTHOR CONTRIBUTIONS
GL, LG, and JL designed the experiments and present study. GL, LG, and FZ
performed most of the experiments and wrote the draft of the manuscript. YH, XW,
FZ, JY, CY, PZ, YL, YF, JH, NH, WW, KC, and WL contributed to data analyses and
rechecked the manuscript, and put forward meaningful comments on it. All authors
approved the final version of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The present study and experimental procedures were performed in accordance with
the principles of the Helsinki Declaration and approved by the Ethics Committee of
the West China Hospital, Sichuan University.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-05686-3.

Correspondence and requests for materials should be addressed to Jiong Li.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

G. Li et al.

14

Cell Death and Disease          (2023) 14:185 

https://doi.org/10.1038/s41419-023-05686-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	WFDC12-overexpressing contributes to the development of atopic dermatitis via accelerating ALOX12/15 metabolism and PAF accumulation
	Introduction
	Results
	The expression of WFDC12 positively correlated with AD clinical feature
	The construction and characterization of skin homeostasis of specific epidermal K14-WFDC12-overexpressing mice
	WFDC12-overexpressing exacerbated AD-like symptoms in DNFB-induced K14-WFDC12 transgenic mice
	WFDC12-overexpressing promoted the migration of antigen-presenting cells to lymph nodes and increased disease-related T cell differentiation in DNFB-induced mice
	WFDC12-overexpressing enhanced immune response in epidermis in DNFB-induced mice
	WFDC12 regulated arachidonic acid lipoxygenase metabolism pathway in modeled K14-WFDC12 mice
	WFDC12 affected the activity of epidermal serine hydrolase

	Discussion
	Materials and methods
	Animals
	Human subjects
	Cell lines
	DNFB-induced AD-like skin inflammation model
	RNA isolation, cDNA synthesis, and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
	Western blotting
	Hematoxylin and eosin (H&#x00026;E) staining, microscopy, and image analysis
	Immunohistochemistry, microscopy, and image analysis
	Toluidine blue staining, microscopy, and image analysis
	Enzyme-linked immunosorbent assay (ELISA)
	Flow cytometry
	Genome-wide transcriptome profiling by RNA-Seq
	Enzyme activity was detected by the serine protease activity probe
	Lentiviral gene overexpression in�vitro
	siRNA-mediated gene silencing in�vitro
	In vitro keratinocyte wound healing assay and proliferation assay
	Statistics

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




