
ARTICLE

FXYD3 enhances IL-17A signaling to promote psoriasis by
competitively binding TRAF3 in keratinocytes
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Psoriasis is a common chronic inflammatory skin disease characterized by inflammatory cell infiltration and epidermal hyperplasia.
However, the regulatory complexity of cytokine and cellular networks still needs to be investigated. Here, we show that the
expression of FXYD3, a member of the FXYD domain-containing regulators of Na+/K+ ATPases family, is significantly increased in
the lesional skin of psoriasis patients and mice with imiquimod (IMQ)-induced psoriasis. IL-17A, a cytokine important for the
development of psoriatic lesions, contributes to FXYD3 expression in human primary keratinocytes. FXYD3 deletion in keratinocytes
attenuated the psoriasis-like phenotype and inflammation in an IMQ-induced psoriasis model. Importantly, FXYD3 promotes the
formation of the IL-17R-ACT1 complex by competing with IL-17R for binding to TRAF3 and then enhances IL-17A signaling in
keratinocytes. This promotes the activation of the NF-κB and MAPK signaling pathways and leads to the expression of
proinflammatory factors. Our results clarify the mechanism by which FXYD3 serves as a mediator of IL-17A signaling in
keratinocytes to form a positive regulatory loop to promote psoriasis exacerbation. Targeting FXYD3 may serve as a potential
therapeutic approach in the treatment of psoriasis.
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INTRODUCTION
Psoriasis is a common chronic skin disease characterized by
keratinocyte hyperplasia and the infiltration of inflammatory cells
and affects 2–3% of the global population [1]. Although the exact
pathogenesis mechanism of psoriasis remains elusive, the
complex communication between keratinocytes and immune
cells has been highlighted in the contexts of disease initiation and
maintenance. Recently, the IL-23-IL-17 axis has been shown to
play a key role in psoriasis. Antagonists of IL-17, or the blocking of
IL-17RA, showed promising therapeutic effects in patients with
psoriasis, suggesting the importance of the IL-17 cytokine in
psoriasis pathogenesis [2]. The skin epidermis, mainly composed
of keratinocytes, plays an integral physiological role in the
establishment and maintenance of the skin barrier. Keratinocytes
are key participants in both the initiation and exacerbation of
psoriasis [1, 3]. Keratinocytes are also the main target cells of
proinflammatory cytokines such as IL-17A within the skin. These
are able to induce the production of chemokines (e.g., CXCL1,
CXCL2, CCL20, CXCL8) or antimicrobial proteins such as β-
defensins, S100A8 and S100A9, leading to the recruitment of
increased numbers of IL-17-producing T cells and neutrophils into
the skin [4–6]. Recent multivariate studies have revealed the
important role of IL-17-mediated NF-κB activation in keratinocytes

in the initiation and maintenance of psoriasis [7–9]. Although the
role of IL-17 is fairly well understood, it remains unclear whether
specific epithelial signaling pathways or tissue-specific mediators
of IL-17-mediated immune responses occur in psoriasis.
FXYD3, also known as Mat-8, belongs to the FXYD protein

family, and all members of this family have an FXYD domain [10].
The FXYD family contains seven members (FXYD1-7) that are
expressed in various tissues and exert diverse functions [11].
FXYD3 is mainly expressed in the skin as well as in the colon,
stomach, and uterus. It has been reported to contribute to the
progression of breast cancer and pancreatic ductal adenocarci-
nomas as well as have more general roles in cell proliferation and
survival [12, 13]. Our previous study revealed a critical role for the
SOX9/FXYD3/Src axis in boosting nongenomic estrogen signaling
and SOX9 nuclear entry to maintain ER+ breast cancer stem cells
and endocrine resistance [14]. However, the pathological roles and
mechanisms of FXYD3 in skin diseases such as psoriasis remain
largely unknown.
In this study, we observed that FXYD3 is mainly expressed in

epidermal keratinocytes and that it is expressed at significantly
higher levels in the skin lesions of psoriasis patients than in
normal skin. This suggests that FXYD3 may have an important
function in regulating psoriasis exacerbation. Correspondingly,
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FXYD3 deficiency in keratinocytes reduced inflammation and
disease severity in an IMQ-induced psoriasis-like skin model. In
response to IL-17 stimulation, FXYD3 competes with IL-17R to
interact with TRAF3 and promotes the formation of an IL-17R-
ACT1 complex. FXYD3 deficiency thereby inhibits the IL-17-
mediated expression of chemokines and antimicrobial peptides.
Furthermore, IL-17A increases the expression of FXYD3 in
keratinocytes, forming a psoriasis-related inflammatory circuit.
Given the importance of IL-17 signaling in psoriasis, these
findings provide novel insights into FXYD3 function as a
potential diagnostic and therapeutic target.

MATERIALS AND METHODS
Mice
FXYD3fl/fl mice on a C57BL/6J background were generated by Nanjing
Biomedical Research Institute of Nanjing University (Nanjing, China). K14-
Cre mice on a C57BL/6J background were obtained from the Model Animal
Research Center of Nanjing University. All mice were bred and maintained
at the Zhejiang University Laboratory Animal Center under specific
pathogen-free conditions. C57BL/6 mice were purchased from SLACCAS
(Shanghai, China). Age-matched and sex-matched mice were used for all
experiments. All animal experiments were conducted according to the
protocol approved by the Institutional Animal Care and Use Committee of
Zhejiang University School of Medicine.

Human subjects
Psoriatic skin samples were obtained from the Department of Dermatology
and Venereology, the Second Affiliated Hospital, Zhejiang University
School of Medicine. Normal control skin sections consisted of healthy
tissue from the resection edges of cutaneous biopsies that appeared to be
normal at the histological level. The expression of FXYD3 and TRAF3 was
detected by IHC staining and scored from 0 to 3 according to the
percentage of positive cells and staining intensity. The staining score was
calculated by multiplying the intensity score by the staining extent score.
The use of pathological specimens and the review of all pertinent patient
records were approved by the Ethics Review Board of the Second Affiliated
Hospital, Zhejiang University School of Medicine.

Immunohistochemistry and immunofluorescence staining
assay
Skin samples were fixed in 4% paraformaldehyde and embedded in
paraffin at the Histology Core Facility of Zhejiang University School of
Medicine, following the manufacturer’s standard protocol (reagents
purchased from Beijing Zhongshan Jinqiao Biotechnology Company). All
H&E- and immunohistochemistry-stained sections were imaged using an
Olympus BX61 microscope. The epidermal thickness of the skin was
calculated as the area of epidermis/the length of epidermis [15].
Fluorescence images were taken using an LSM880 microscope and
analyzed using ImageJ software. The following primary antibodies were
used: FXYD3 (ab205534, clone EPR17160), Ki67 (ab279653, clone B56), K14
(ab7800, clone LL002), K10 (ab76318, EP1607IHCY) and CD31 (ab182981,
clone EPR17259) from Abcam; TRAF3 (Santa Cruz, sc-947) from Santa Cruz
Biotechnology; and phospho-p38 (CST, 4511S) and phospho-ERK (CST,
4370S) from Cell Signaling Technology.

Cell cultures
Mouse primary keratinocytes were prepared as described previously [16].
To isolate primary mouse epidermal keratinocytes, whole skin from
neonatal mice was suspended in Dispase II (Sigma‒Aldrich cat. D4693,
2 mg/mL) overnight at 4 °C. The next day, after 12–18 h in dispase, the
epidermis was placed into TrypLE solution (GIBCO cat. 12604021) for
10min at 37 °C with gentle shaking. The cells were cultured in Medium
154CF (GIBCO cat. M154CF500) supplemented with 0.05mM calcium
chloride and human keratinocyte growth supplement (GIBCO cat. S0015).
The NHEK cell line (normal human epidermal keratinocytes, NHEK) was a
gift from Prof. Yuping Lai (Life Science Institute, East China Normal
University, Shanghai, China) and cultured in EpiLife medium (GIBCO cat.
MEPI500CA) supplemented with EDGS (GIBCO cat. S0125), 0.06 mM CaCl2
and Pen-Strep (100 units/ml penicillin and 100 µg/ml streptomycin). The
HaCaT cell line was kindly provided by Prof. Honglin Wang (Shanghai Jiao
Tong University School of Medicine, Shanghai, China). HaCaT, HeLa and

293 T cells were cultured in DMEM/high glucose containing 10% fetal
bovine serum.

Imiquimod model of psoriasis
Seven- to ten-week-old mice received a daily topical dose of 62.5 mg IMQ
cream (5%, Aldara, 3 M Pharmaceuticals) on the shaved dorsal back or
25mg on the ears for 3–6 days. An objective scoring system was used to
score skin inflammation based on the clinical Psoriasis Area and Severity
Index (PASI) according to a previous report [17]. Erythema, scaling, and
thickening were scored independently from 0 to 4 (0, none; 1, slight; 2,
moderate; 3, marked; 4, very marked). The cumulative score (erythema
score plus scaling score plus thickening score) served as the severity of
inflammation index (scale 0–12).

Skin cell isolation and flow cytometry
Single cells from the ear were generated according to a previously
reported study [18]. The antibodies for flow cytometry included APC-CD45
(Biolegend, 109814), PE-CF594-CD3 (Biolegend, 100245), FITC-βTCR
(eBioscience, 11-5961-81), PE-γδTCR (Biolegend, 107507), BV605-CD11b
(Biolegend, 101237), BV650-LY6G (Biolegend, 127641), PE-Cy7-CD11c
(Biolegend, 117317), AF700-MHCII (Biolegend, 107621), BV421-F4/80
(Biolegend, 123131), and APC-Cy7-LY6C (Biolegend, 128025); the Zombie
Aqua™ Fixable Viability Kit (Biolegend, 423101) was also used. The cells
were analyzed using a BD Fortessa Cell Analyzer. The data were analyzed
using FlowJo software.

RNA isolation and quantitative RT‒PCR
Total RNA from skin tissue or cells was isolated using TRIzol reagent
(Takara) according to the manufacturer’s directions. Reverse transcription
was performed using ReverTra Ace® qPCR RT Master Mix (TOYOBO)
according to the manufacturer’s instructions. Real-time PCR was performed
using SYBR Green Master Mix (Vazyme, Nanjing, China). The mRNA
expression levels of the examined genes were normalized and then
determined using the 2−ΔΔCt method. Primer sequences are shown in
Table S1.

IL-17A neutralization experiment
For the IL-17A neutralization experiment, anti-mouse IL-17A (BioxCell cat.
BE0173, 100 μg) or isotype control (BioxCell cat. BE0083) was intraper-
itoneally injected into the mice before IMQ application, and injections were
repeated every other day.

Immunoprecipitation and western blotting
Mouse primary epidermal keratinocytes were stimulated with IL-17A (R&D,
421-ML-025) at the indicated time point. Cells were then harvested and
lysed in lysis buffer. SDS‒PAGE and immunoblot analysis were performed
using the indicated antibodies. For exogenous co-IP, epitope-tagged
plasmids were transfected into HEK293T cells, and the cells were lysed in
lysis buffer (5% glycerol, 1% Nonidet P-40, 1 mM EDTA, 100mM NaCl,
20mM Tris-HCl pH 8.0, and protease inhibitors). Each sample supernatant
was incubated with anti-Flag M2 beads (Sigma, M8823) or anti-HA beads
(MCE, HY-K0201) at 4 °C overnight. For endogenous co-IP, primary
epidermal keratinocytes or HaCaT cells were stimulated with IL-17A, lysed
in lysis buffer and incubated with anti-FXYD3, anti-ACT1, or anti-TRAF3 and
protein G magnetic beads (MCE, HY-K0202). The proteins were then eluted
by loading buffer for immunoblot assay with the indicated antibodies. The
antibodies used in this study included phospho-p65 (CST, 3033S),
phospho-p38 (CST, 4511S), phospho-ERK (CST, 4370S), phospho-JNK (CST,
4668 S), p38 (CST, 8690S), JNK (CST, 9252S), p65 (Proteintech, 10745-1-AP),
ERK (CST, 4695S), β-tubulin (Proteintech, 10068-1-AP), ACT1 (Santa Cruz, sc-
11444, sc-100647), TRAF3 (Santa Cruz, sc-6933, sc-947), IL17R (Santa Cruz,
sc-376600), Flag (Abmart, M20008S), HA (Proteintech, 51064-2-AP), β-
tubulin (Proteintech, 10068-1-AP), and FXYD3 (Abcam, ab205534).

Plasmid construction and transfection
Flag-tagged and HA-tagged FXYD3 were generated by PCR and subcloned
into a pcDNA3.1 eukaryotic expression vector (Invitrogen). Truncated
FXYD3 was amplified from vectors expressing HA-full-length FXYD3 and
cloned into pcDNA3.1-HA expression vectors. Expression plasmids for Flag-
tagged TRAF2, TRAF3, TRAF5, TRAF6, and ACT1 and plasmids for HA-IL-17R,
HA-tagged TRAF3, or its variants, including TRAF3-ΔTRAF, TRAF3-ΔZ,
TRAF3-ΔRing, TRAF3-ΔCT, and TRAF3-TRAF, were kindly provided by Prof.
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XiaoJian Wang (Zhejiang University, Hangzhou, China). FXYD3 was cloned
into the pLenti-puro lentivirus vector for overexpression. The plasmids
were transfected into HEK293T cells or HeLa cells with jetPRIME® reagent
(Polyplus) according to the standard protocol.

RNA interference
Small interfering RNA (siRNA) was transfected into NHEKs and primary
mouse keratinocytes using Lipofectamine™ 3000 Transfection Reagent
(Invitrogen, L3000015) according to the manufacturer’s protocol. The
following siRNA oligonucleotide sequences were used: negative control
siRNA (5′-UUCUCCGAACGUGUCACGU-3′), FXYD3 siRNA (5′-GCCAAUGAC-
CUAGAAGAUAAA-3′), TRAF3 siRNA1 (5′-CCACCGGAGAGAUGAAUAU-3′),
TRAF 3 siRNA2 (5′-CAAGGUGUUUAAGGAUAAU-3′)

Statistical analysis
All statistical analyses were performed using GraphPad Prism 8 software
and are presented as the mean ± SEM. The results were analyzed using
Student’s t test (two groups) or ANOVA (more than two groups). A P value
of <0.05 was considered to indicate statistical significance.

RESULTS
FXYD3 is upregulated in the epidermis of patients with
psoriasis and in the IMQ mouse model
To study the relationship between psoriasis and FXYD3, we first
examined the expression pattern of FXYD3 in skin biopsies. As shown
in Fig. 1A, the FXYD3-positive signal (red) mainly colocalized with the
K14-positive signal (green) in the epidermis, indicating that FXYD3was
predominantly expressed in keratinocytes, especially in the basal and
spinous cell layers (Fig. 1A). GEO analysis (GSE13355 and GSE14905)
showed that FXYD3 mRNA expression was significantly increased in
lesional skin compared with normal skin from healthy individuals.
Moreover, FXYD3 mRNA levels in lesional skin were also higher than
those in the adjacent nonlesional skin of psoriasis patients in
GSE13355, although the levels were comparable in GSE14905 (Fig. 1B).
Analysis of pretherapy and posttherapy clinical data of patients with
psoriasis from public GEO databases showed that FXYD3 mRNA
expression was significantly decreased after the application of a TNF
inhibitor for 4 weeks or after treatment with anti-IL-17 receptor
antibody for 43 days (Fig. 1C).
To gain further insight into the correlation between FXYD3 and

the progression of psoriasis, we also collected skin tissue samples
from psoriasis patients for comparison with samples from healthy
donors and performed immunofluorescence and immunohisto-
chemical analysis of FXYD3 on the skin sections. The level of
FXYD3 was markedly increased in epidermal keratinocytes of
lesional skin but only slightly increased in nonlesional skin of
psoriasis patients compared to normal skin from healthy donors
(Fig. 1D–F). In the IMQ-induced psoriasis model, the level of FXYD3
was significantly increased in the epidermis and was highly
correlated with the pathological progression of psoriasis (Fig. 1G,
H; Fig. S1A). To further investigate which factor induced FXYD3
upregulation in keratinocytes, we analyzed multiple cytokines,
including IL-17A, IL-22, IL-6, TNF-α and IFN-γ. Among these
cytokines, IL-17A, TNF-α and IL-22, especially IL-17A, promoted the
expression of FXYD3 (Fig. 1I and Fig. S1B). Taken together, these
data indicate that the expression of FXYD3 is upregulated in the
lesions and correlated with psoriasis exacerbation.

FXYD3 ablation in keratinocytes attenuates psoriasis-like
phenotypes in an IMQ mouse model
To investigate the function of FXYD3 in the epidermis in vivo, we
generated K14creFXYD3f/f (hereafter referred to as cKO) mice by
crossing FXYD3 floxed (WT) mice with K14-Cre mice, in which FXYD3
was selectively deleted in keratinocytes (Fig. S2A). Compared to
those in WT mice, FXYD3 mRNA levels in cKO mice were significantly
lower in the epidermis (Fig. S2B). We next treated WT and cKO mice
with IMQ cream on the shaved back or ear daily for 6 days. The

knockout of FXYD3 in keratinocytes significantly reduced the scores
for psoriasis disease phenotypes, including erythema, scaling, and
thickening (Fig. 2A, B). The PASI score and ear thickness measure-
ment also decreased in the cKO mice (Fig. 2C, D). Microscopic
examination of hematoxylin and eosin-stained skin sections from
IMQ-treated cKO mice showed decreased epidermal thickening and
the presence of Munro’s microabscesses (black arrow) in the back
and ear skin (Fig. 2E–G). After IMQ treatment, the infiltration level of
CD45+ immune cells into the skin of mice was greater in WT mice
than in cKO mice (Fig. 2H).
To investigate the histological features of WT and cKO mice in

the IMQ model, we performed an immunohistochemical analysis
of Ki67 on the back skin where IMQ-treated cKO mice showed
reduced Ki67+ cells in the epidermis (Fig. 2I). Similar results were
found in dorsal skin; in cKO mice, higher expression levels of
keratin 10 (K10) reflected increased differentiation, whereas
decreased expression of K14 in the epidermal layer reflected
reduced keratinocyte proliferation (Fig. S1C, D). In addition, skin
sections were stained with CD31 to assess angiogenesis, another
classic hallmark of psoriasis. IMQ induced a significantly increase
in the number of cutaneous blood vessels in the dermis of the
dorsal skin in WT mice. This phenomenon was still observed in
cKO mice, but the change was significantly less pronounced
(Fig. 2J). Taken together, these results indicate that FXYD3 plays an
important role in promoting psoriasis development.

FXYD3 ablation in keratinocytes led to decreased IMQ-
induced psoriasis-like inflammation
We further studied whether FXYD3 affected IMQ-induced skin
inflammation. Single-cell suspensions isolated from ear skin were
stained with LY6G, CD11b, CD11c, MHCII, F4/80, LY6C, CD3, TCRβ, or
TCRγδ and analyzed by flow cytometry. We performed unbiased
clustering analysis by t-distributed stochastic neighbor embedding (t-
SNE) using CD45+ live+ single cells. A single t-SNE map was created
from the signal strength of the immune marker to define specific
cellular lineages expressed using a blue‒green-yellow‒red contin-
uous color scale (Fig. 3A). We identified several cell populations,
including neutrophils (CD11b+ Ly6G+), dendritic cells (CD11c+

MHCII+), macrophages (CD11b+ CD11c− Ly6G− F4/80+), monocytes
(CD11b+ Ly6G− CD11c− F4/80− Ly6C+) and T-cell subsets, via
conventional and t-SNE guided gating (Fig. 3B; Fig. S3A). The
distributions and relative frequencies of CD45+ immune cell subsets
were compared between IMQ-treated WT and cKO mice (Fig. 3C).
Notably, FXYD3 deficiency in keratinocytes markedly decreased both
the absolute number and percentage of neutrophils, monocytes and
macrophages. DCs and γδ T-cell counts were also decreased in
psoriatic skin in cKO mice, although the frequencies of γδ Thi cells
were higher than those in WT mice (Fig. 3D, E). Next, we analyzed
whether FXYD3 influences the expression of inflammatory mediators
and chemokines in the skin. FXYD3 knockout in keratinocytes
decreased the expression of IL-6, CXCL1, CCL20, S100A8 and S100A9
compared to that in wild-type mice, while the models showed similar
expression levels of CXCL2 (Fig. 3F). Furthermore, we also found
decreased gene expression of IL-23, IL-17A, IL-17F, IL-1β and IL-22,
except for a similar level of TNF-α compared to wild-type mice
(Fig. 3G). To further assess whether FXYD3 could also regulate
psoriasis development by regulating keratinocyte proliferation, we
treated primary keratinocytes with IL-17A in vitro for cell cycle
experiments. The results showed that FXYD3 knockout in keratino-
cytes did not alter the percentage of cells in the active phases of the
cell cycle (S and G2/M phases) (Fig. S3B). These results were also
confirmed by CCK-8 assays with transient knockdown of FXYD3 using
siRNA in NHEKs or overexpression of FXYD3 in HaCaT cells (Fig. S3C,
D), which further indicated that FXYD3 does not directly regulate the
proliferation of keratinocytes. These data showed that FXYD3 is
involved in IMQ-induced skin inflammation and is important in
mediating the recruitment of inflammatory immune cells in psoriasis.
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FXYD3 contributes to psoriasis-like inflammation by
promoting IL-17-mediated signaling
Given that IL-17 is a signature cytokine that responsively stimulates
keratinocytes to express various cytokines, chemokines, and

antimicrobial peptides, such as CXCL1, CCL20, S100A8 and S100A9
[6, 19], we hypothesized that FXYD3 is involved in IL-17A signaling in
keratinocytes. To test this, we isolated primary keratinocytes and
stimulated them with IL-17A in vitro. We found that the IL-17-induced

Fig. 1 FXYD3 is upregulated in the epidermis of patients with psoriasis and IMQ-treated mice. A Immunofluorescent staining of FXYD3 (red)
and K14 (green) in human skin. Bar= 50 µm. B The mRNA expression level of FXYD3 in the skin from normal, nonlesional skin, and lesional
skin of psoriasis patients was analyzed using the Gene Expression Omnibus (GEO) database. C GEO data analysis of FXYD3 mRNA levels before
and after TNF inhibitor (left) or anti-IL-17R antibody (right) treatment in patients with psoriasis. D Immunofluorescent labeling of FXYD3 in the
skin from healthy controls and psoriatic patients. Bar= 50 µm. E Immunohistochemical staining for FXYD3 in two healthy and two psoriatic
human skin sections. Bar= 50 µm. F Semiquantitative scoring of FXYD3 in the epidermis detected by IHC. G Representative images of the
expression of FXYD3 in the skin from IMQ-treated mice. Bar= 50 µm. H The mRNA expression of FXYD3 in the epidermis on Days 1, 3, 4, 5, 7, 8
and 10 during the application of IMQ in mice (n= 6/group). I Immunoblotting analysis of FXYD3 expression in NHEKs stimulated with IL-17A
for 24 h. Error bars show the mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. The P value was determined using two-tailed unpaired
Student’s t test (F) or one-way ANOVA (B and C). Data are representative of three independent experiments
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phosphorylation of p65, p38, and ERK1/2 was decreased in FXYD3-
knockout keratinocytes (Fig. 4A). Consistent with this, the IL-17-induced
phosphorylation of signaling molecules was reduced in FXYD3-
silenced NHEK compared to the negative control siRNA (siNC)-
transfected NHEKs (Fig. S4A). Immunohistochemistry staining of
p-p38 and p-ERK in the epidermis was significantly weaker in the
IMQ-treated FXYD3-deficient mice than in the WT mice (Fig. 4B).
Furthermore, after IL-17A treatment, the levels of CXCL1, CXCL2, CCL20,
S100A8 and S100A9 in FXYD3-deficient keratinocytes were lower than
those in wild-type cells (Fig. 4C).
To further determine whether FXYD3-mediated promotion of IL-17-

mediated signaling was responsible for the psoriasis-like phenotype in
the IMQ model, we used a blocking antibody against IL-17A during

the induction of psoriasis. Consistent with the results presented in
Fig. 2, the psoriasis phenotype was attenuated in cKO mice compared
with WT mice. More importantly, injection of an anti-IL-17 antibody
greatly inhibited the psoriasis-like phenotype in WT mice but not in
cKO mice (Fig. 4D, E). These results suggested that IL-17-stimulated
psoriasis pathogenesis might already be defective in FXYD3-cKO mice
and therefore is not further reduced by an anti-IL-17 antibody. The
levels of the target genes of IL-17A, such as CXCL1, CCL20, S100A8 and
S100A9, were substantially decreased in cKO mice compared with WT
mice. However, the levels of these genes inWTmice were comparable
to those in cKO mice after blocking IL-17A (Fig. 4F). These results
suggest that FXYD3 deficiency in keratinocytes restricts psoriasis
development, likely by suppressing IL-17-mediated signaling.

Fig. 2 FXYD3 ablation in KCs ameliorates the IMQ-induced psoriasis-like pathological phenotype in mice. A, B Representative images of dorsal
back from WT and FXYD3 cKO mice (n= 3/group) treated with imiquimod (IMQ) for 3 days and 6 days. C Daily scoring of the back skin in WT
and cKO model mice (n= 6/group). D Ear thickness of WT and cKO mice was measured on the days indicated (n= 6/group).
E–G Representative images of back and ear stained by hematoxylin and eosin and statistical analysis of measurements of epidermal thickness.
Scale bars, 100 μm. H Flow cytometry analysis of CD45+ cells in the ears of mice (n= 7–8/group). I Immunohistochemistry labeling of Ki67 in
mouse skin samples (n= 6/group). Scale bars, 100 μm. J Immunofluorescence images of back sections stained with DAPI (blue), CD31 (red)
and K14 (green) (n= 3–4/group). Scale bars, 100 μm. Error bars show the mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. The P value was
determined using two-tailed unpaired Student’s t test (H and J) or two-way ANOVA (C, D, G and I). Data are representative of three
independent experiments
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Fig. 3 FXYD3 ablation in keratinocytes decreased IMQ-induced psoriasis-like inflammation. A t-SNE analysis of CD45+ cells with the CD11b,
CD11c, F4/80, CD3, LY6G, LY6C, αβTCR, MHCII and γδ TCR markers. The colors in the expression-level heatmaps (right panel) represent the
median intensity values for each marker. B Distribution of the different immune cell subsets in the t-SNE analysis. C Relative clustering of skin
immune cells from WT and cKO mice. D Absolute numbers of immune cell subsets in the skin of WT and cKO mice (n= 5–6/group).
E Percentages of various immune cells among CD45+ skin cells from WT and cKO mice (n= 5–6/group). F, G Quantitative PCR analysis of
cytokines, chemokines, and antimicrobial peptides from the back skin of WT and cKO mice (n= 5–8/group). Error bars show the mean ± SEM.
*, P < 0.05; **, P < 0.01; ***, P < 0.001. The P value was determined using two-tailed unpaired Student’s t test (F) or two-way ANOVA (D and E).
Data are representative of three independent experiments
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Fig. 4 FXYD3 contributes to psoriasis-like inflammation via its promotion of IL-17-mediated signaling. A Western blot of p65, phospho-p65,
p38, phospho-p38, JNK, phospho-JNK, ERK, and phospho-ERK in primary keratinocytes treated with IL-17A (100 ng/ml). B Representative
images of p-p38 and p-ERK IHC staining in the backs of WT and cKO mice treated with IMQ for 5 days. The expression levels were calculated
on the right. Scale bar, 100 μm or 50 μm. C Relative expression of IL-17A target genes in primary keratinocytes from WT and cKO mice treated
with IL-17A for 3 and 6 h. D Representative images of back stained by hematoxylin and eosin and epidermal thickness measurements. The
mice were treated with intraperitoneal injections of an anti-IL-17A antibody or isotype control (100 µg) on Days 0, 2, and 4 during IMQ
application (n= 3–6/group). E Daily scoring of the back skin in WT-isotype, WT-anti-IL-17A, cKO-isotype and cKO-anti-IL-17A model mice
(n= 3–6/group). F CXCL1, CCL20, S100A8 and S100A9 mRNA levels were measured in the back skin of WT and cKO mice treated with anti-IL-
17A or isotype antibodies. Error bars show the mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. The P value was determined using two-way
ANOVA (C and E) or one-way ANOVA (D and F). Data are representative of three independent experiments
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FXYD3 interacts with TRAF3
IL-17 signaling begins with the binding of IL-17A/F cytokines to
their receptors IL-17RA and IL-17RC. Upon ligand binding, the
heterodimeric receptor complex recruits the adaptor protein
ACT1, which further recruits tumor necrosis factor receptor-
associated factor 6 (TRAF6) to trigger the activation of NF-κB
and mitogen-activated protein kinases (MAPKs) [20, 21]. Phos-
phorylated ACT1 also recruits TRAF2 and TRAF5 to mediate the
mRNA stability of IL-17 target genes [22, 23]. The IL-17R-ACT1
complex is also associated with MEKK3 and MEKK5 via TRAF4 to
activate ERK5, resulting in keratinocyte proliferation and tumor
formation [24]. Intriguingly, recent progress has also shown that
TRAF3 binds to the CBAD domain in IL-17RA, interferes with the IL-
17R-Act1 interaction, and negatively regulates IL-17 signaling [25].
As our results showed that FXYD3 promotes IL-17-mediated

signaling pathways, including those involving NF-κB and MAPKs,
we next examined how FXYD3 influences IL-17 signaling. FXYD3
was immunoprecipitated from the lysates of HEK293T cells stably
overexpressing IL-17 signaling-associated molecules to determine
which proteins might interact with FXYD3. The results showed
that FXYD3 physically associates with TRAF3 but not IL-17R, ACT1,
TRAF2, TRAF4 or TRAF5 (Fig. 5A, B, Fig. S5A). Whole-cell lysates of
HaCaT were immunoprecipitated with anti-FXYD3 or control IgG
and western blotted with anti-TRAF3. Consistent with the results
from the overexpression system, IL-17 stimulation also led to the
association of FXYD3 with TRAF3 (Fig. 5C). We next immunopre-
cipitated TRAF3 with anti-TRAF3 or control IgG and checked the
binding protein using FXYD3 antibodies. Similar results were
noted in that TRAF3 interacted with FXYD3 in an IL-17 signaling-
dependent manner (Fig. 5D). To examine which domain is
required for their interactions with TRAF3, we made different
deletion mutants of FXYD3 and performed coimmunoprecipita-
tion. We found that the constructs containing the C-terminal
domain (HA-Δ21-38aa) associated with TRAF3, whereas constructs
without the C-terminal domain (HA-Δ60-87aa) did not, indicating
that the C-terminal domain of FXYD3 is responsible for its
interaction with TRAF3 (Fig. 5E). As TRAF3 contains ring finger, zinc
finger, coil-coil and TRAF domains (Fig. 5F), we constructed
different deletion mutants and examined the potential domain for
TRAF3 to interact with FXYD3. We found that the coil-coil and
TRAF domains were necessary for the interaction of TRAF3 with
FXYD3 (Fig. 5G).

FXYD3 enhances IL-17-mediated signaling by targeting TRAF3
To further confirm whether FXYD3 positively regulates IL-17-
mediated signaling by targeting TRAF3, we transfected control
siNC or siTRAF3 into WT and cKO primary keratinocytes and
stimulated them with IL-17A in vitro. Consistent with previous
results [25], IL-17A-induced phosphorylation of p65, p38 and ERK
was significantly increased in siTRAF3 cells compared with siNC
cells (Fig. 6A). Under IL-17A stimulation, FXYD3 deficiency
impaired the phosphorylation of p65, p38 and ERK induced by
IL-17A in keratinocytes transfected with control siRNA but did not
impair the phosphorylation of p65, p38 and ERK in keratinocytes
transfected with TRAF3-specific siRNA (Fig. 6A). In addition, the
knockout of FXYD3 diminished IL-17-induced CXCL1, CCL20,
S100A8 and S100A9 expression in siNC primary keratinocytes
but not in siTRAF3 primary keratinocytes (Fig. 6B). Given that the
C-terminal domain of FXYD3 is responsible for its interaction with
TRAF3, we reasoned that deletion of this domain in FXYD3 may fail
to promote IL-17A signaling. To test this hypothesis, we
transfected HeLa cells with HA-vector, HA-FXYD3 or HA-Δ60-
87aa and stimulated them with IL-17A (Fig. 6C). Indeed, we found
that overexpression of FXYD3 increased IL-17-mediated signaling,
whereas deletion of the C-terminal domain of FXYD3 failed to
promote IL-17A signaling (Fig. 6C). TRAF3 has been shown to
interact with TRAF2 or TNF receptor 2 (TNFR2) to inhibit TNF
signaling [26, 27]. Therefore, we also examined whether FXYD3

regulates TNF-α signaling. WT and cKO primary keratinocytes were
treated with TNF-α for 5, 15, 30, or 60 min. The activation of p65,
p38 and ERK was reduced in cKO keratinocytes over all time
periods (Fig. 6D). Taken together, these results showed that FXYD3
promotes IL-17 signaling by targeting TRAF3.

FXYD3 competes with IL-17R to interact with TRAF3
TRAF3 has been shown to act as an inhibitor of IL-17 signaling by
competing with ACT1 to bind IL-17R and interfere with the IL-17R-
ACT1 interaction [25]. We first checked whether FXYD3 interferes
with the interaction between IL-17R and TRAF3 in IL-17 signaling.
HeLa cell lines stably expressing HA-tagged IL-17R were trans-
fected with Flag-vector or Flag-tagged-FXYD3-expressing plas-
mids, and whole-cell lysates were immunoprecipitated with anti-
HA and control IgG. The overexpression of FXYD3 inhibited IL-17-
induced interactions between IL-17R and TRAF3 but promoted the
interaction between IL-17R and ACT1 (Fig. 7A). To confirm our
results, we next used immunoprecipitation with either TRAF3 or
ACT1 antibodies or IgG control in mouse primary keratinocytes to
check the effects upon binding with IL-17R. Similarly, we found
that TRAF3 could interact with IL-17R in an IL-17 signal-dependent
manner, and the interaction was notably increased in FXYD3-KO
primary keratinocytes (Fig. 7B). In addition, the interaction of IL-
17R and ACT1 was inhibited in FXYD3-KO primary keratinocytes
compared to WT primary keratinocytes (Fig. 7C). Consistent with
this, the overexpression of FXYD3 in HaCaT cells increased the IL-
17-induced interactions of ACT1 and IL-17R (Fig. 7D). To evaluate
the distribution and expression level of TRAF3 in psoriasis, we
collected skin tissues from psoriasis patients and healthy donors
for immunohistochemistry staining. Immunohistochemistry stain-
ing showed (Fig. S6A) that TRAF3 was widely expressed in the
epidermis and that the amount of TRAF3 was comparable in the
epidermis of psoriasis patients and the healthy controls (Fig. S6B).
Consistently, the expression level of TRAF3 did not show any
significant difference in epidermis samples from WT-CTRL, cKO-
CTRL, WT-IMQ and cKO-IMQ mice (Fig. S6C, D), indicating that
FXYD3 has no effect on the expression of TRAF3. Taken together,
our results suggest that FXYD3 interferes with the interaction of IL-
17R and TRAF3 and promotes the formation of the IL-17R-ACT1
complex to play a positive role in IL-17A signaling.

DISCUSSION
FXYD3, a family member of FXYD-domain-containing regulators of
Na+/K+ ATPases, has been shown to be overexpressed in human
and mouse breast tumors, as initiated by the neu and ras
oncogenes [28], and to promote cellular proliferation in breast
cancer, prostate cancer and pancreatic cancer [13, 29]. FXYD3 is
also highly expressed in the epithelial cells of the skin. However,
the role of FXYD3 in this context remains largely unknown. In this
study, we demonstrated that FXYD3 exacerbates the development
of psoriasis: FXYD3 competes with IL-17R to interact with TRAF3
and promotes the formation of the IL-17R-ACT1 complex, which
then enhances IL-17 signaling in keratinocytes.
Psoriasis is a common, chronic skin disease mediated by both

the innate and adaptive immune response in which keratinocytes,
dendritic cells and T cells play important roles. Immunological and
genetic studies have identified the IL-23/IL-17 axis as a key driver
of psoriasis pathogenesis [4, 30]. As the main target cells for
proinflammatory factors, keratinocytes responsively secrete a
large amount of proinflammatory molecules and chemokines,
which then play important roles in amplifying the immune
response in lesional skin [31–33]. Our studies found that FXYD3
expression was significantly increased in the epidermis of patients
with psoriasis compared to that of healthy controls. For patients
with psoriasis, the level of FXYD3 was significantly decreased
posttherapy after the application of a TNF inhibitor or an anti-IL-17
receptor antibody. Interestingly, increased FXYD3 expression
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Fig. 5 FXYD3 interacts with TRAF3. A Coimmunoprecipitation and immunoblotting of HEK293T cells transfected with HA-FXYD3 plasmid and
Flag-empty vector or HA-FXYD3 together with Flag-TRAF2/3/5/6. B Flag-vector or Flag-FXYD3 was coexpressed with HA-TRAF3 in 293T cells
and immunoprecipitated with anti-Flag beads. C, D Immunoblot analysis of protein immunoprecipitation (IP) with antibodies against FXYD3
or TRAF3 in HaCaT cells treated with IL-17A (100 ng/ml). E FXYD3 deletion mutants are shown in the top panel. HA-vector, HA-tagged FXYD3,
HA-Δ21-38aa or HA-Δ60-87aa mutants were coexpressed with Flag-tagged TRAF3 in HEK293T cells. Whole-cell lysates were
immunoprecipitated with anti-HA and then immunoblotted with anti-HA or anti-Flag. F, G HA-TRAF3 or its deletion mutants and Flag-
FXYD3 were cotransfected into 293T cells. Whole-cell lysates were immunoblotted with anti-HA or anti-Flag antibodies. Data are
representative of three independent experiments
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levels were observed in NHEKs stimulated with cytokines such as
IL-17A and TNF-α, which are known to promote psoriatic
inflammation, suggesting the existence of a positive feedback
loop between immune cells and keratinocytes. FXYD3 knockout in
keratinocytes alleviated psoriasis-like skin inflammation in vivo,
reduced the phosphorylation of p65, p38, ERK and JNK and
decreased CXCL1, CCL20, S100A8, and S100A9 expression in vitro,
clearly linking FXYD3 to IL-17A signaling. Furthermore, the IL-17
blocking antibody inhibited the psoriasis-like phenotype in WT
mice but not in KO mice. Mechanistically, FXYD3 could interact
with TRAF3, a negative mediator of IL-17A signaling, thus
promoting the formation of the IL-17R-ACT1 complex; therefore,
FXYD3 plays a necessary role in mediating a positive feedback
loop to amplify inflammation.
Although the involvement of the IL-17 family in various

autoimmune and inflammatory diseases has been studied, the

role of the IL-17 cytokine family has also been a hot topic related
to psoriasis [31, 34, 35]. IL-17R signaling mainly recruits the
adaptor molecule ACT1 by a cytoplasmic motif known as the SEFIR
domain to stimulate downstream pathways. IL-17RA additionally
contains a C-EBP-β activation domain (CBAD), the function of
which has been associated with the negative regulation of
signaling. TRAF3 and A20, two signaling inhibitors, have similarly
been reported to associate with the CBAD domain [25, 36]. Here,
we found that FXYD3 specifically interacts with TRAF3 and
positively regulates IL-17 signaling by targeting TRAF3. The use
of deletion mutants confirmed that TRAF3 interacts with FXYD3
through the coil-coil and TRAF domains, while TRAF3 also binds to
IL-17R via the TRAF domain. Our data suggest that FXYD3 and IL-
17R compete with each other to associate with TRAF3.
TRAF3 plays a variety of context-dependent regulatory roles in

many types of immune cells. TRAF3 has also been reported to

Fig. 6 FXYD3 enhances IL-17-mediated signaling by targeting TRAF3. A WT and KO keratinocytes were transfected with si-negative or si-
TRAF3 and stimulated with IL-17A (100 ng/ml). Western blot was preformed for p65, phospho-p65, p38, phospho-p38, ERK, and phospho-ERK.
BWT and KO keratinocytes were transfected with si-negative or si-TRAF3 and stimulated with IL-17A (100 ng/ml) for 0 or 3 h. The expression of
CXCL1, CXCL2, CCL20, S100A8 and S100A9 was analyzed by real-time PCR. C HeLa cells were transfected with HA-vector, HA-FXYD3 or its
deletion mutant HA-Δ60-87aa and then stimulated with IL-17A (100 ng/ml) for 15 or 30min. Whole-cell lysates were immunoblotted with anti-
p65, anti-phospho-p65, anti-p38, anti-phospho-p38, anti-ERK, anti-phospho-ERK, anti-HA and anti-actin antibodies. DWT and KO keratinocytes
were stimulated with TNF-α (50 ng/ml), and immunoblot analysis was performed for p65, phospho-p65, p38, phospho-p38, ERK, and phospho-
ERK. Error bars show the mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. The P value was determined using two-way ANOVA (B). Data are
representative of three independent experiments
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Fig. 7 FXYD3 competes with IL-17R to interact with TRAF3 and promote the formation of the IL-17R-ACT1 complex. A Flag-vector or Flag-
FXYD3 was transfected into HeLa cells expressing HA-IL-17RA and stimulated with IL-17A (100 ng/ml). Whole-cell lysates were
immunoprecipitated (IP) with anti-HA or control IgG and then subjected to immunoblot analysis with the indicated antibodies. B WT and
KO keratinocytes were stimulated with IL-17A (100 ng/ml) for 0, 5, 15 or 30min, and then whole-cell lysates were immunoprecipitated (IP) with
anti-TRAF3 or control IgG. Whole-cell lysates were also immunoblotted with the indicated antibodies. C WT and KO keratinocytes were
stimulated with IL-17A (100 ng/ml) for 0, 5, 15 or 30min, and then whole-cell lysates were immunoprecipitated (IP) with anti-ACT1 or control
IgG. Whole-cell lysates were also subjected to immunoblotting with the indicated antibodies. D HaCaT cells expressing Flag-vector or Flag-
FXYD3 were stimulated with IL-17A (100 ng/ml) for 0, 5, 15 or 30min. Whole-cell lysates were immunoprecipitated (IP) with anti-ACT1 or
control IgG, followed by immunoblotting with the indicated antibodies. E A working model for the FXYD3 regulatory mechanism that
promotes psoriasis. Data are representative of three independent experiments
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interact with TRAF2 or TNFR2 to inhibit TNF signaling [27].
Correspondingly, the knockdown of TRAF3 increased the synergy
of IL-17- and TNF-mediated induction of proinflammatory genes
[25]. Here, we also showed that FXYD3 promotes TNF-α-mediated
signaling in keratinocytes. TRAF3, as a poorly understood member
of the TRAF family, plays essential roles in different signaling
pathways, including the control of inflammation, antiviral
immunity and cell survival [37]. However, the possibility that
TRAF3 plays other roles in keratinocytes requires further
exploration.
In summary, our study identified a novel role of FXYD3: FXYD3

regulates IL-17 signaling to promote the development of psoriasis.
FXYD3 competes with IL-17R to interact with TRAF3, promoting
the formation of the IL-17R-ACT1 complex. This further contributes
to the activation of downstream signaling and the production of
proinflammatory factors. On the other hand, IL-17A can upregu-
late FXYD3 in keratinocytes in psoriatic lesions, which contributes
to an inflammatory circuit. Antagonists of IL-17 or blockade of IL-
17RA has shown clinical efficacy in the treatment of psoriasis.
However, targeting IL-17 has been associated with worsening or
outbreaks of inflammatory bowel disease, and IL-17A blockers are
also associated with an increased risk for mucocutaneous
candidiasis [38]. More accurate drug targets still need to be
developed, and our present study suggests that FXYD3 may have
potential as a target for psoriasis treatment.
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