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A B S T R A C T   

Acne inversa (AI) is an inflammatory skin disease associated with nicastrin (NCSTN) mutations. Despite the dysregulated bacterial–host immune 
interactions being an essential event in AI, the interaction between bacteria and keratinocytes in AI pathophysiology remains unclear. In this study, 
the NCSTN gene was suppressed using short hairpin RNA in HaCaT cells. Using RNA sequencing, real-time polymerase chain reaction, and western 
blotting, the expression of IL-36 cytokines was analyzed. The impact of Staphylococcus aureus on AI keratinocyte inflammation and underlying 
regulatory molecules was investigated by exposing the HaCaT cells to S. aureus. By stimulating NCSTN knockdown HaCaT cells with IFN-γ, the 
expression and regulatory mechanism of Cathepsin S (Cat S), an IL-36γ cleavage and activating protease, were investigated. After NCSTN knock-
down, the IL-36α expression increased, and the IL-36Ra expression was downregulated. NCSTN/MEK/ERK impairment-induced Krüppel-like factor 
4 (KLF4) up-regulation in concert with S. aureus-induced nuclear factor kappa B elevation acts synergistically to promote IL-36γ production with the 
subsequent IL-8 activation in HaCaT cells. NCSTN/MEK/ERK impairment was also observed in familial AI lesions. IFN-γ-induced Cat S in kerati-
nocytes was enhanced after NCSTN knockdown. The expression of IFN-II pathway molecules was significantly upregulated in both NCSTN 
knockdown HaCaT cells and familial AI lesions. The Cat S expression was significantly elevated in the patient’s AI lesions. Our findings suggested a 
synergistic relationship between S. aureus and NCSTN/MAPK/KLF4 axis in IL-36γ-induced familial AI keratinocytes.   

1. Introduction 

Acne inversa (AI) is a chronic, relapsing, inflammatory, follicular skin disease characterized by subcutaneous nodules and ab-
scesses, with sinus and scar formation mostly in the apocrine gland-bearing regions. Treating AI is still challenging owing to its un-
known etiology. Family history with autosomal dominant inheritance has been reported in patients with AI and is associated with 
mutations in the γ-secretase subunit, nicastrin (NCSTN), presenilin enhancer 2, and presenilin-1. Among them, the NCSTN gene has the 
highest mutation rate [1,2]. NCSTN exhibits anti-proliferative and pro-differentiation roles in keratinocytes, and functional loss 
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mutations in NCSTN can stimulate keratinocyte proliferation and inhibit differentiation through activation of signaling pathways 
including mitogen-activated protein kinase (MAPK), NF-κB, Notch, and PI3K-AKT [3–6]. 

Hyperkeratosis and dysregulated differentiation of hair follicle epidermis leading to follicle blockage and rupture is suspected to 
participate in the AI pathogenesis, suggesting the role of dysregulated keratinocyte proliferation and differentiation in AI [7,8]. In 
addition, the interfollicular epidermal inflammation in the early stage of AI indicating that keratinocyte inflammation with dysre-
gulated cytokines may also play an important role in AI pathogenesis [9,10]. Keratinocytes are the primary source of chemokines in 
response to external stimuli in the skin. During inflammation or immune responses, they synthesize various chemokines, with the 
expressed specific chemokines attracting corresponding types of immune cells to infiltrate the damaged skin areas [11]. The in-
flammatory cell infiltration within AI lesions includes neutrophils, lymphocytes, and macrophages, among which neutrophils are the 
predominant leukocytes, and neutrophil infiltration is a hallmark feature of AI skin lesions [12]. Activated neutrophils mediate AI skin 
damage through various mechanisms, including phagocytosis, degranulation, and the formation of neutrophil extracellular traps [13]. 
IL-8 and IL-36 are considered key cytokines produced by keratinocytes in AI pathogenesis, inducing neutrophil-mediated immune 
damage [14,15]. IL-8, a major chemokine for neutrophils, binds to its receptor CXCR1 on the surface of neutrophils, participating in 
their migration to AI sites [16]. In patients with AI, IL-8 expression is significantly upregulated at lesion sites, with elevated levels of 
the chemokine receptor CXCR1 on neutrophils, and the level of IL-8/CXCR1 correlates positively with the number of abscesses and 
nodules in patients with AI [17,18]. Studies have demonstrated that the expression of IL-8 in keratinocytes is regulated by IL-36γ [19, 
20]. The IL-36 subfamily (IL-36α, IL-36β, and IL-36γ) and the IL-36 receptor antagonist (IL-36Ra), belonging to the IL-1 family of 
cytokines, are primarily expressed in epithelial cells, especially keratinocytes, which are considered the key initiators of skin 
inflammation and are abnormally expressed in patients with AI [21–23]. Krüppel-like factor 4 (KLF4) has been demonstrated to 
promote the production of IL-36γ and is negatively regulated by the MAPK signaling pathway. The IL-36 promoter region contains two 
binding sites: a p65 binding site and an epidermal growth factor receptor inhibitor response element (EiRS), which respond to KLF4 
and the NF-κB subunit p65, respectively [24]. Additionally, IL-36 can induce the production of other pro-inflammatory cytokines and 
its own expression in an autocrine manner [25,26]. 

Studies have reported arrays of bacterial specimens in AI lesions, such as Staphylococcus aureus, coagulase-negative Staphylococcus, 
and Corynebacterium species [27,28]. The efficacy of antibiotics in AI also indicates the participation of bacteria in AI pathogenesis 
[29]. S. aureus is the most common infectious microorganism in AI, colonizing in approximately 26 % of AI cases, and is associated with 
AI recurrence and antimicrobial resistance [30]. Moreover, bacteria have been hypothesized to play not only a primary infectious role 
but also a pathogenic role that aggravates the immune disorders in AI [31]. However, the related studies concerning the interaction 
between bacteria and keratinocytes in AI pathophysiology remain limited. 

Thus, using the shRNA-mediated gene knockdown and RNA sequencing technology, we explored the differentially expressed 
signaling pathways regulated by NCSTN deficiency. Through exposing NCSTN knockdown HaCaT cells to S. aureus, we investigated the 
impact of S. aureus on keratinocyte inflammation and the related immune mechanisms in AI, and explored the activation mechanism of 
related molecules in AI. 

2. Materials and methods 

2.1. Human tissue specimen 

A Chinese Han family comprising four related patients with AI was first diagnosed at our institution in 2018. After obtaining written 
informed consent from all the patients, we obtained clinical data and lesion skin tissues of the four patients. We also collected AI skin 
lesions from eight sporadic patients as well as normal skin tissues from four healthy controls, among which the normal skin tissue 
biopsy samples were obtained from the four healthy individuals undergoing dermatoplastic surgery at our institution. This study was 
authorized by the Ethics Committee of Hospital for Skin Diseases (Institute of Dermatology), Chinese Academy of Medical Sciences, 
and Peking Union Medical College and was conducted in accordance with the Declaration of Helsinki (approval number: 2021-KY- 
056). 

2.2. Cell culture 

Human keratinocyte cell line HaCaT was purchased from National Collection of Authenticated Cell Cultures (Chinese Academy of 
Sciences, Shanghai, China) and cultured in Dulbecco’s modified Eagle’s medium (Lonza, Walkersville, MD, USA) supplemented with 
10 % bovine pituitary extract (Thermo Fisher Scientific, Waltham, MA, USA) and 1 % antibiotics (100 μg/mL streptomycin and 100 U/ 
mL penicillin) at 37 ◦C and 5 % CO2. 

2.3. NCSTN knockdown HaCaT cell model 

The HaCaT cells were infected with the lentivirus particles containing scrambled control shRNA (negative control group, NC group) 
and NCSTN targeting shRNA (interference group, shRNA group). The lentivirus particles containing shRNA were from GenePharma 
(Shanghai, China), and the shRNA sequence is listed in Supplementary Table S1. After 72 h of transfection, shRNA-expressing cells 
were selected using 2 mg/L puromycin for 5 d, and then RNA and protein were extracted. 
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2.4. Sequencing 

Total RNA was extracted from 3 shRNA and 3 NC groups HaCaT cells, respectively, with Trizol and quality controlled on the purity, 
concentration, and integrity. The mRNA carrying 3′-poly (A) tails were enriched with Oligo (dT) magnetic beads and fragmented in 
NEB fragmentation buffer. Subsequently, first- and second-strand cDNA were synthesized in the M-MuLV reverse transcriptase system 
and the DNA polymerase I system, respectively. The purified double-stranded cDNA was ligated using the NEBNext adaptor. After 
polymerase chain reaction (PCR) amplification and purification with AMPure XP beads, the libraries were established and sequenced 
on the Illumina HiSeq platform at the Novogene Bioinformatics Institute (Beijing, China). 

2.5. Differential expression analysis 

The DESeq R package (GitHub, San Francisco, CA, USA) was adopted to conduct a differential expression analysis [32]. For 
controlling the false discovery rate, P-values were adjusted with the Benjamini and Hochberg’s approach. Genes with adjusted P (padj) 
value < 0.05 were considered differentially expressed. The KOBAS software (Peking University, Beijing, China) was used to explore the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched by differentially expressed genes (DEGs) [33]. P < 0.05 in the 
hypergeometric test was considered significant. RNA-seq data were submitted to the GEO database (accession number: GSE209911). 

2.6. Quantitative real-time reverse transcriptase PCR (qRT-PCR) validation 

Total RNA was extracted with Trizol. After the concentration and purity were qualified, the RNA was reverse transcribed into cDNA 
(Takara Bio, Otsu, Japan). Then, 20 μL of mix: water, cDNA, primers (Life Technologies, Shanghai, China). SYBR Green Taq (Takara 
Bio, Otsu, Japan) was reacted in the FastStart Universal SYBR Green Master (ROX) system. The reaction conditions were as follows: 
denaturation step of 30 s at 95 ◦C, followed by 40 cycles at 95 ◦C for 5 s, and 60 ◦C for 20 s, and 65 ◦C for 15 s. The CT value was 
relatively quantified using the 2− △△CT method. The primer sequences are listed in Supplementary Table S2. 

2.7. Western blot (WB) analysis 

WB was performed as previously described [34]. Briefly, proteins were extracted by lysing cells with radioimmunoprecipitation 
assay buffer (Beyotime, Nantong, China), followed by quantification of protein concentrations using the bicinchoninic acid protein 
assay kit (P0010, Beyotime, Nantong, China). Subsequently, 60 μg of protein per sample was resolved by sodium dodecyl-sulfate 
polyacrylamide gel electrophoresis (Beyotime, Nantong, China) and transferred onto nitrocellulose membranes (Gelman Labora-
tory, Ann Arbor, MI, USA). These membranes were then blocked using 5 % bovine serum albumin (BSA) (Beyotime, Nantong, China) 
for 1 h before incubation with respective primary antibodies at 4 ◦C overnight. On the next day, the membranes were treated with 
secondary antibodies at room temperature for 1 h. Following several washes, the blots were visualized using enhanced chem-
iluminescence detection reagent (Merck Millipore, Hayward, CA, USA) and the FluorChem E fluorescence band detection system 
(Genentech, South San Francisco, CA, USA). For blot analysis, the procedure included adjusting images to an 8-bit format and selecting 
the relevant bands, generating plot lanes and demarcating groups with lines at the base, and measuring the area of each band. The 
intensity of the bands was quantified using the Image J software (National Institutes of Health, Bethesda, MD, USA). The antibodies are 
listed in Supplementary Table S3. 

2.8. Immunofluorescence 

Following deparaffinization and rehydration as described above, skin tissue sections were processed for epitope retrieval by heating 
the slides in ethylenediaminetetraacetic acid (EDTA) antigen retrieval buffer at a pH of 8.0 (Beyotime, Nantong, China) using a mi-
crowave. The sections were then permeabilized with Clear Solution (Beyotime, Nantong, China) and blocked using 3 % BSA (Beyotime, 
Nantong, China). Primary antibodies were applied to the sections and left to bind for 12 h at 4 ◦C. Following primary antibody in-
cubation, the sections were rinsed with phosphate-buffered saline (PBS) and incubated with Alexa-647-labeled secondary antibody 
(Thermo Fisher Scientific, Waltham, MA, USA) for 30 min at room temperature. Nuclei staining was achieved by counterstaining the 
samples with 4′,6-diamidino-2-phenylindole. Immunofluorescent images were obtained and documented using an Olympus BX53 
confocal microscope (Olympus Corporation, Tokyo, Japan) at 200 × magnification. The antibodies are listed in Supplementary 
Table S3. 

2.9. Immunohistochemistry 

Skin tissue sections, embedded in paraffin and cut to a thickness of 4–5 μm, were affixed to poly-L-lysine-coated slides and incu-
bated at 37 ◦C overnight to ensure proper adhesion. Subsequently, the sections underwent deparaffinization through a series of 
treatments with xylene and alcohols to eliminate paraffin and prepare the tissues for staining. Antigen was then retrieved using Tris- 
EDTA buffer (pH 6) in a microwave, followed by cooling and rinsing. To inhibit endogenous peroxidase activity, the sections were 
treated with 3 % hydrogen peroxide in methanol, and then blocked with serum. Prepared primary antibodies were applied to the tissue 
sections for 12 h at 4 ◦C to facilitate binding. After washing with PBS, secondary antibodies were applied for 30 min at room tem-
perature. Target proteins were visualized by adding a peroxidase substrate (DAB) (Beyotime, Nantong, China) for 5 min. The sections 
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were then mounted under coverslips for microscopic examination and photographed using an Olympus CX23 light microscope 
(Olympus Corporation, Tokyo, Japan) at magnifications of 100 × or 200 × . The antibodies are listed in Supplementary Table S3. 

2.10. Enzyme-linked immunosorbent assay (ELISA) 

The IL-8 ELISA kits (R&D Systems, Minneapolis, MN, USA) were utilized to measure the IL-8 levels secreted by HaCaT cells. 
Initially, IL-8 capture antibodies were coated onto 96-well microplates to create a solid-phase antibody base. Following S. aureus 
stimulation, HaCaT cell culture medium was collected and centrifuged at 1000 g and 4 ◦C for 10 min to remove cellular debris. 
Subsequently, 40 μL of diluent and 10 μL of the supernatant containing IL-8 were transferred into the enzyme-labeled coating 
microplate and incubated for 30 min at 37 ◦C. After washing the microplate five times, it was incubated with an enzyme-linked 
polyclonal IL-8 antibody for 30 min at 37 ◦C. Following a repeat of the washing steps, 3,3′,5,5′-tetramethylbenzidine substrate was 
added to the wells. The reaction was halted by adding a stop solution, and the absorbance was measured at 450 nm using the Multiskan 
FC Microplate Photometer (Thermo Fisher Scientific, Waltham, MA, USA). 

2.11. Statistical analysis 

All statistical data were analyzed using the SPSS 17.0 software (SPSS Software, CA, USA). The results are expressed as means ±
standard errors. The differences between the two groups were evaluated using the Student’s t-test. All experiments were performed in 
triplicate, and significance was set at P < 0.05. 

3. Results 

3.1. Transcriptomic profile of NCSTN knockdown HaCaT cells 

Initially, we built the NCSTN-shRNA-knockdown HaCaT cell model. Compared with the NC group, the NCSTN expression in the 
interference group (shRNA group) was significantly downregulated at the mRNA (P < 0.001) and protein (P < 0.001) levels (Fig. 1A 
and B). 

The transcriptomes of NCSTN knockdown HaCaT cells were measured by RNA sequencing (Fig. 1C). A total of 9840 mRNAs were 
identified as DEGs between the shRNA and the NC group (Fig. 1D). MKI67 (2.50 Log2 fold change) and transforming growth factor- 
beta 2 (TGFB2) (− 5.61 Log2 fold change) were the most significantly upregulated and downregulated DEGs, respectively (Supple-
mentary Table S4). The KEGG pathway analysis revealed the signaling pathways enriched by DEGs (Fig. 1E and F), and the MAPK 
signaling pathways were one of the most downregulated pathways (Fig. 1F). We also observed a significant down-regulation of NF-κB 
and the Notch signaling pathway in the sequencing data (Supplementary Table S4). 

Furthermore, we validated the MKI67 and TGFB2 and MAPK pathway molecules using qRT-PCR. Compared with the NC group, the 
MKI67 expression (P = 0.006) was significantly upregulated, whereas the TGFB2 (P = 0.010), extracellular signal-regulated kinase 
(ERK1/2) (P = 0.026), MAPK/ERK kinase (MEK1/2) (P = 0.042), and RAF (P = 0.012) were significantly downregulated, which was 
consistent with the expression level obtained from the sequencing analyses (Fig. 1G). 

3.2. IL-36 up-regulation in NCSTN knockdown HaCaT cells 

NCSTN is a key pathogenic gene in AI, and IL-36 is a key initiator of skin inflammation. To explore the relationship between NCSTN 
in AI pathogenesis and the initiation of inflammation, we examined the expression of the IL-36 family in NCSTN knockdown HaCaT 
cells. Changes in IL-36 expression were observed following NCSTN knockdown, as evidenced in the sequencing results (Supplementary 
Table S4). Therefore, we verified the IL-36 cytokines level using qRT-PCR and WB to explore the effect of NCSTN knockdown on 
keratinocyte inflammation. The IL-36α expression increased (P = 0.001), and whereas the IL-36Ra expression was downregulated (P <
0.001) after NCSTN knockdown. However, no significant change was observed in IL-36β and IL-36γ levels (Fig. 2A and B). These results 
suggest that NCSTN knockdown induces dysregulation of IL-36 expression in HaCaT cells, thereby initiating inflammation. 

3.3. IL-36γ induced by NCSTN/MAPK/KLF4 axis and S. aureus-induced NF-κB elevation 

Although S. aureus is the primary contaminating microorganism causing AI, its specific role in modulating cytokine secretion by 

Fig. 1. Differentially expressed genes (DEGs) after nicastrin (NCSTN) deficiency in HaCaT cells. 
NCSTN expression revealed by quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR) (A) and Western blot (B) in the 
HaCaT cells of the BL group (uninfected), NC group (infected with shNC lentiviral vectors), and shRNA group (infected with sh-NCSTN lentiviral 
vectors). The NCSTN protein exists in two forms: immature (imNCT) and mature (mNCT). The heatmap (C) and volcano plot (D) displays the DEGs 
in NCSTN knockdown HaCaT cells measured by RNA sequencing. The TOP 20 most enriched KEGG pathways by upregulated (E) and downregulated 
(F) DEGs. Rich factor refers to the ratio of the number of DEGs involved in the pathway to all genes involved in the pathway. The Q value is the 
corrected P value by multiple hypothesis testing, the closer to zero, the more significant the enrichment. (G) Validation of the MKI67, TGFβ2, MEK1/ 
2, ERK1/2, and RAF in NCSTN knockdown HaCaT cells by quantitative real-time reverse transcriptase polymerase chain reaction. Results are 
expressed as means ± standard deviations (n = 3). 
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Fig. 2. Increased IL-36γ expression in nicastrin knockdown HaCaT cells stimulated with Staphylococcus aureus. 
The IL-36 subfamily (IL-36α, IL-36β, and IL-36γ) and IL-36 receptor antagonist (IL-36Ra) expression level were validated by quantitative real-time 
reverse transcriptase polymerase chain reaction (qRT-PCR) (A) and western blotting (B) of HaCaT cells in the NC and shRNA groups. S. aureus cells 
were collected, and their concentration was measured with a microplate reader. The cells were diluted with serum-free Dulbecco’s modified Eagle’s 
medium. (C) The HaCaT cells of the NC and shRNA groups were exposed to S. aureus (MOI 10 and 20) for 8 h. The expression in protein level of IL-36 
cytokines, TLR, IL-8, and NF-kB were analyzed by western blotting. (D) The HaCaT cells of the NC and shRNA groups were exposed to S. aureus (MOI 
10) for 8 h. The expression of IL-36 cytokines, TLR2, IL-8, and NF-kB were analyzed by qRT-PCR. IL-36Ra (1 μg/mL) can significantly reduce (E) the 
secretion of IL-8 and (F) expression of NF-κB under the stimulation of S. aureus, detected by enzyme-linked immunosorbent assay and western 
blotting, respectively. Results are expressed as means ± standard deviations (n = 3). 
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Fig. 3. Altered MEK/ERK/KLF4 axis in nicastrin (NCSTN) knockdown HaCaT cells and the NCSTN/MEK/ERK deficiency in familial AI patient 
lesion. 
(A) The expression levels of MAPK signaling pathway molecules (ERK1/2, p-ERK1/2, MEK1/2, and p-MEK1/2) and downstream KLF4 were analyzed 
by western blotting in NCSTN knockdown HaCaT cells. (B) Painful subcutaneous nodules, abscesses, sinus, and scars in the axillary and groin area of 
the proband and the family tree reveal the affected individuals in the AI family. (C) Immunohistochemistry revealed the NCSTN, MEK1/2, ERK1/2 
expression levels in the proband patient of a Chinese AI family. Original magnification × 100 (NCSTN, MEK1/2); × 200 (ERK1/2). (D) Immu-
nofluorescence revealed the KLF4 expression in the epidermis of familial AI lesions (original magnification × 200). Results are expressed as means 
± standard deviations (n = 3). 

Fig. 4. Altered type II IFN signaling in nicastrin (NCSTN) knockdown HaCaT cells and familial AI patient lesion. 
(A) The upregulated IFN-II pathway in the sequencing results of NCSTN knockdown HaCaT cells. Upregulated gene nodes are marked in red, 
downregulated gene nodes are marked in green, and unmarked nodes have no significant difference. (B) Western blotting revealed the expression of 
IFN-II pathway molecules (JAK2, STAT1, p-STAT3 and IRF1) in NCSTN knockdown HaCaT cells. The P-STAT3 (C) and IRF-1 (D) expressions in the 
epidermis of the proband patient lesion of a Chinese AI family revealed by immunohistochemistry and immunofluorescence, respectively. Original 
magnification × 200. 
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Fig. 5. Enhanced IFN-γ-induced up-regulation of Cat S in nicastrin knockdown HaCaT cells, and the elevated expression of Cat S in the skin lesions 
of patients with AI. 
The HaCaT cells of the NC and shRNA groups were stimulated with 200 ng IFN-γ for 48 h. The expression level of Cat S was measured using 
quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR) (A) and western blotting (B). The Cat S expression levels of AI skin 
lesions and normal skin tissues (8 AI patients; 4 healthy individuals) were measured using qRT-PCR (C), Western blot analysis (D) and immuno-
fluorescence (E), respectively. Original magnification × 200. Results are expressed as means ± standard deviations (n = 3). 
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keratinocytes has not been thoroughly investigated. Hence, we exposed the HaCaT cells to S. aureus (ATCC, USA, Cat#25923) (MOI 10 
and 20) for 8 h to observe the IL-36 cytokine expression. The expression of IL-36α (P = 0.001), IL-36β (P = 0.003), IL-36γ (P < 0.001), 
and Toll-like receptor 2 (TLR2) (P < 0.001) are significantly increased by exposure to S. aureus both in the shRNA and NC groups 
(Fig. 2C and D). Interestingly, the IL-36γ expression was significantly enhanced in shRNA group at the mRNA and protein levels 
(Fig. 2C and D). However, no significant differences of the IL-36α, IL-36β, and TLR2 expression were observed between the NC and 
shRNA groups (Fig. 2C and D). 

The original expression of NF-κB (P < 0.001) and IL-8 (P < 0.001) in the shRNA group was significantly lower than that in the NC 
group (Fig. 2C and D), which might be attributed to the down-regulation of the Notch pathway caused by NCSTN knockdown. 
However, after S. aureus stimulation, the NF-κB (P = 0.006) and IL-8 (P = 0.012) expression significantly increased both in shRNA and 
NC group. It is noteworthy that the NF-κB (P = 0.002) and IL-8 (P < 0.001) up-regulation was significantly enhanced in NCSTN 
knockdown HaCaT cells (Fig. 2C and D). Furthermore, the natural IL-36 inhibitor, recombinant IL-36Ra (Novoprotein, Suzhou, China) 
addition can significantly decrease the IL-8 (P < 0.001), and NF-κB (P < 0.001) expression (Fig. 2E and F). These results suggested that 
S. aureus stimulation in NCSTN knockdown HaCaT cells drove elevated IL-36γ expression with subsequent activation NF-κB and the 
neutrophil chemotactic factor IL-8. 

Considering the involvement of the MAPK pathway in the pathogenesis of AI and the production of IL-36γ, we also focused on the 
expression of MAPK in NCSTN knockdown HaCaT cells. The sequencing data of NCSTN knockdown HaCaT cells revealed the sig-
nificant down-regulation of the MAPK signaling pathway (Fig. 1E and F). Fig. 3A demonstrated significant down-regulation of ERK1/2 
(P < 0.001), MEK1/2 (P < 0.001), phosphorylation ERK (p-ERK1/2) (P = 0.009), and p-MEK1/2 (P = 0.018) in NCSTN knockdown 
HaCaT cells. Moreover, we also identified a significant down-regulation of NCSTN (P = 0.007), ERK1/2 (P = 0.035), and MEK1/2 (P =
0.012) in the lesions of the proband in a Chinese AI family with four affected individuals (Fig. 3B and C). 

Furthermore, we observed an enhanced KLF4 expression (P < 0.001) in NCSTN knockdown HaCaT cells (Fig. 3A), which has been 
demonstrated to promote the IL-36γ production and is negatively regulated by MAPK signaling. Immunofluorescence revealed that 
compared with the normal skin tissues, the KLF4 expression was elevated in the epidermis of the lesions of patients with familial AI 
(Fig. 3D). Two binding sites: p65 binding site and EiRS exist in the promoter region of IL-36, which respond to KLF4 and NF-κB subunit 
p65 respectively. We observed a significant down-regulation in NF-κB signaling after NCSTN knockdown (Fig. 2C and D); therefore, the 
increased KLF4 expression led by NCSTN/MAPK impairment might not effectively induce the IL-36γ expression. S. aureus stimulation 
of keratinocytes activated the NF-κB signaling pathway (Fig. 2C and D), which may have partnered with upregulated KLF4 to enhance 
the IL-36γ secretion in NCSTN knockdown HaCaT cells. 

These data demonstrated that NCSTN/MAPK/KLF4 signaling pathway and S. aureus-induced NF-κB elevation act synergistically to 
induce IL-36γ production with subsequent activation of NF-κB and the neutrophil chemotactic factor IL-8 in AI keratinocytes. 

Upregulated type II IFN signaling promoted Cathepsin S (Cat S) secretion upon IFN-γ stimulation in NCSTN knockdown HaCaT 
cells. 

IL-36γ is expressed as an inactive precursor, requiring activation through proteolytic processing by proteases such as Cat S, which 
are secreted by keratinocytes via the IFN-γ and interferon regulatory factor (IRF-1) pathways. In sequencing data, we observed that the 
IFN-II pathway was elevated upon NCSTN knockdown in HaCaT cells (Fig. 4A). In addition, the expression of Janus kinase 2 (JAK2) (P 
< 0.001), phospho-STAT3 (p-STAT3) (P = 0.005), and IRF-1 (P = 0.004) were verified to significantly increase in NCSTN knockdown 
HaCaT cells (Fig. 4B). In addition, we also observed significantly elevated p-STAT3 (P = 0.031) and IRF-1 (P < 0.001) expression levels 
in the epidermis of patients with familial AI lesions (Fig. 4C and D). 

We stimulated NC and NCSTN-knockdown HaCaT cells with 200 ng IFN-γ (PeproTech, USA) to explore the regulation of IFN-γ on AI 
keratinocyte Cat S secretion. After 48 h, the Cat S expression was measured. Despite no significant difference in the Cat S expression 
between the shRNA and NC groups, the Cat S expression level (P = 0.001) in the IFN-γ-stimulated NCSTN-shRNA group was signif-
icantly higher than that in the IFN-γ-stimulated NC group (Fig. 5A–C). 

These results demonstrated that the upregulated IFN-II signaling pathway after NCSTN knockdown in keratinocytes increased the 
keratinocyte Cat S secretion under the IFN-γ stimulation. 

3.4. Cat S up-regulation in AI lesions 

Considering the crucial role of Cat S in the activation of IL-36, we examined the expression of Cat S in AI lesions in clinical samples. 
With the approval of the local medical ethical committee and the informed patient’s consent, biopsies were performed in eight patients 
with AI diagnosed based on criteria and four healthy individuals undergoing cosmetic surgery procedures. The Cat S expression in skin 
lesions of patients with AI and normal skin tissues were measured using qRT-PCR and WB analyses. The Cat S expression (P = 0.024) 
was significantly elevated in the skin lesions of patients with AI compared with normal skin tissues (Fig. 5D–E). The over-secreted Cat S 
might contribute to the cleavage and activation of IL-36γ with subsequent induction of the neutrophil chemotactic factor IL-8 in AI 
lesions. 

4. Discussion 

This study demonstrated that NCSTN/MAPK impairment partnered with S. aureus-induced keratinocyte IL-36γ expression. The 
upregulated IFN-II signaling pathway after NCSTN knockdown in keratinocytes increased the IFN-γ-induced Cat S secretion, thereby 
contributing to the cleavage and activation of IL-36γ and driving IL-8-mediated neutrophil enrichment inflammation in AI. 

The IL-36α expression elevation after NCSTN knockdown was consistent with a previous finding that NCSTN knockout increased 
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the IL-36α expression in mouse epidermis [35]. IL-36Ra deficiency was identified in several pustular skin diseases and has been 
considered a key molecule of autoinflammatory keratinization diseases [36]. IL-36α, IL-36β, and IL-36γ were upregulated in AI both 
systemically and lesionally. However, as a natural receptor antagonist of IL-36, IL-36Ra was reported to be not significantly expressed 
in AI lesions [37–39]. The imbalance of IL-36/IL-36RA might induce and accelerate an immune disorder in AI lesions. 

The clinical signs in active AI, the bacterial species identified from AI lesions, and the positive response to antibiotics in patients 
with AI strongly indicate the role of bacteria in AI pathogenesis. However, the related mechanism of bacteria in AI pathogenesis re-
mains unclear. Rather than as classic infectious pathogens, bacteria have been hypothesized to be activators of the disordered bac-
terial–host immunity interactions of AI [27–29]. Studies reflected the hyperactive systemic immune response to bacteria and the 
impaired antibacterial ability in patients with AI, concerning IL-26, IL-1β, IL-6, IL-23, IL-17α, and β-defensin [40]. Besides, the IL-22 
and AMP deficiency in AI lesions revealed weak epidermal antimicrobial defense in AI, leading to increased frequency of skin in-
fections in patients [41]. However, the related studies concerning the interaction between bacteria and keratinocytes in the patho-
physiology of AI are still limited. We observed that MEK/ERK was downregulated after NCSTN knockdown, leading to the 
up-regulation of downstream KLF4 expression. KLF4 was reported to play an essential role in terminal epidermal cell differentia-
tion [42,43]. The NCSTN/MAPK/KLF4 axis contributes to epidermal differentiation dysregulation, which may contribute to the 
epidermal barrier dysfunction and follicular occlusion, thus promoting bacterial invasion in AI. Meanwhile, the NCSTN/MAPK/KLF4 
axis partners with bacteria factors to induce an elevation of IL-36γ with subsequent activation of NF-κB and IL-8 in keratinocytes, 
leading to neutrophil enrichment inflammation in AI (Fig. 6). This may be relevant to the special area features of AI lesions. These areas 
(apocrine gland-bearing areas: axillary, inguinal, and anogenital regions; intertriginous areas that do not bear apocrine glands: sub-
mammary fold) are subject to skin friction. Moreover, the high temperature and moisture in these areas also favor specific microbiome 
multiplication. 

Our results revealed that Cat S expression was elevated in AI lesions. As reported, IL-36γ can be activated by neutrophil proteases, 
and then induce keratinocyte neutrophil chemokine production [44]. However, in perilesional and early-stage AI skin lesions, lym-
phocytes are the dominant infiltrating cells, while neutrophils mainly infiltrate the deep dermal lesions and play a role in the later 
stages of the inflammatory process [8,9]. Cat S precisely cleaved IL-36γ, and the cleavage product of IL-36γ was Ser18 which induced 
hyperkeratosis and epidermal psoriasiform changes in the human skin model, which is consistent with the early pathological char-
acteristics of AI [45]. Cat S is expressed in the skin-resident cells, including fibroblasts and keratinocytes, and remains bioactive in the 
neutral extracellular environments [46]. Compared with the neutrophil proteases that need cellular recruitment and degranulation, 
the upregulated Cat S expression in AI lesions may have a more dominant role for IL-36γ cleaving and activating in the early stage of 

Fig. 6. Model for the synergistic relationship between Staphylococcus aureus-induced NF-κB elevation and NCSTN/MAPK/KLF4 signaling pathway 
in the pathophysiology of acne inversa (AI), and the overexpression mechanism of Cat S in AI epidermis. The green arrow represents down- 
regulation, whereas the red arrow represents up-regulation. 
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the disease [39]. 
The enhanced IFN-γ-induced up-regulation of Cat S is associated with the upregulated IFN-II pathway in NCSTN-knockdown HaCaT 

cells. Moreover, the elevated IFN-II pathway after NCSTN deficiency may be a theoretical basis for the potential effectiveness of JAK 
inhibitors in AI [47]. In the IFN-II pathway, IRF1 is a transcriptional mediator of IFN-γ-dependent Cat S activation; IRF1 over-
expression increased the IFN-γ-induced Cat S expression in epithelial cells [48]. The IRF-1 expression was also elevated in the tran-
scriptome data of AI lesions [49]. In addition, the perilesional and lesional skins of patients with AI were characterized by the 
infiltration of CD4+ T cells that secreted IFN-γ [50]. The increased IRF-1 expression might further amplify the effect of elevated IFN-γ 
in AI lesions, promote Cat S expression, and activate CD4+ T cells and IL-36γ subsequently [45]. The IFN-II pathway and Cat S may play 
an essential role in the interaction between T cells and keratinocytes and form an inflammatory loop, which aggravates the AI immune 
disorder. 

Our findings suggested a synergistic relationship between microbial factors and keratinocyte immunity in the AI physiopathology. 
Further experiments are needed to explore the precise regulatory mechanism of MAPK and IFN-II pathway in AI. However, which 
specific components of S. aureus contribute to this process is not clear; since some studies [51] have reported the absence of S. aureus in 
certain AI patient cohorts, other microbes could play a similar role in AI through the same pathways. Moreover, the study’s limitation 
is its in vitro nature, which limits the direct applicability of the findings to in vivo conditions. Future studies should validate these 
mechanisms in clinical studies and evaluate the therapeutic effects of targeting the NCSTN/MAPK/KLF4 axis in patients with AI. 
Targeting IL-36 therapies such as anti-IL-36 receptor antibody under phase II clinical trials in patients with palmoplantar pustulosis or 
generalized pustular psoriasis, may also have a possibility for targeted therapy in AI [52,53]. Our results also suggest the possibility of 
therapeutic targeting Cat S through Cat S inhibitors in AI treatment. 

5. Conclusion 

This study elucidates the pathophysiological mechanisms in AI linked to NCSTN mutation through in vitro experiments and 
validation with clinical samples, highlighting a synergistic effect between S. aureus and the NCSTN/MAPK/KLF4 axis on IL-36γ in-
duction. The findings offer insights into the S. aureus–host interactions and potential targets for therapeutic intervention in AI. 
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