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Abstract Familial acne inversa (AI) is an autoinflammatory disorder that affects hair follicles and is caused by
loss-of-function mutations in g-secretase component genes. We and other researchers showed that nicastrin
(NCSTN) is the most frequently mutated gene in familial AI. In this study, we generated a keratin 5-Cre-driven
epidermis-specific Ncstn conditional knockout mutant in mice. We determined that this mutant recapitulated the
major phenotypes of AI, including hyperkeratosis of hair follicles and inflammation. In Ncstnflox/flox;K5-Cre mice,
the IL-36a expression level markedly increased starting from postnatal day 0 (P0), and this increase occurred
much earlier than those of TNF-α, IL-23A, IL-1b, and TLR4. RNA-Seq analysis indicated that Sprr2d, a member
of the small proline-rich protein 2 family, in the skin tissues of theNcstnflox/flox;K5-Cremice was also upregulated on
P0. Quantitative reverse-transcription polymerase chain reaction showed that other Sprr2 genes had a similar
expression pattern. Our findings suggested that IL-36a might be a key inflammatory cytokine in the
pathophysiology of AI and implicate malfunction of the skin barrier in the pathogenesis of AI.

Keywords acne inversa mouse model; interleukin 1 family, member 6; small proline rich protein 2D; key inflammatory
cytokine

Introduction

Acne inversa (AI), also referred to as hidradenitis
suppurativa, is a chronic and recurrent inflammatory
disease affecting hair follicles and characterized by
abscesses, sinus tracts, and scar formation [1]. In AI,
lesions occur abundantly in areas where large sweat glands
are distributed. The exact prevalence of AI is unknown, but
it has an estimated overall prevalence of 0.1% in the United
States [2] and 1% in Europe [3–5]. The potential risk
factors of AI include smoking and obesity [6,7], and the
possible contributors of this disease are immune responses
and bacterial infection [8]. The onset of AI is usually after

puberty, and the disease has been regarded as androgen
dependent [9]. Therefore, sex hormones are considered to
be cofactors in AI. Approximately 30% – 40% of affected
patients have a family history of AI that typically presents
with an inheritance pattern of autosomal dominance and is
associated with genetic heterogeneity [10,11]. Studies have
also shown the reduced penetrance in AI [6,12].
The causal genes of familial AI, namely, PSEN1,

NCSTN, and PSENEN, which are the encoding compo-
nents of g-secretase, were identified in 2010 [13].
Subsequent studies have shown that NCSTN is the major
gene mutated in familial AI. g-Secretase functions as a
transmembrane protease involved in the Notch signaling
pathway. The haploinsufficiency of g-secretase leads to an
impaired downstream functioning of the Notch pathway,
and this impairment is considered a possible cause of AI
[14]. However, the pathogenesis of AI is not fully
understood.
The occurrence and development of AI are possibly due
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to hyperkeratosis of hair follicles, leading to the occlusion
and rupture of the pilosebaceous unit [15]. In this process,
exogenous bacteria and cortical keratinocytes are released
into the dermis, immune function is dysregulated, and
inflammatory cells infiltrate the affected area [16]. The
overexpression of proinflammatory cytokines in this
disease and the therapeutic efficacy of cytokine inhibitors
highlight the important roles of inflammatory cytokines in
the pathogenesis of AI [17,18]. The inhibition of tumor
necrosis factor-α (TNF-α) likely improves the condition of
patients with AI [19,20]. Interleukin (IL)-1 and IL-23
inhibitors have also been shown to result in favorable
outcomes in AI [21]. Kelly et al. [22] suggested that
immune dysregulation acts critically in initiating and
propagating AI in the skin of patients. These lines of
evidence support the hypothesis that inflammatory cyto-
kines are the major contributors to the pathogenesis of AI.
The products of SPRR2 are members of the small

proline-rich protein 2 family. This family provides barrier
functions in stratified squamous epithelial cells, thereby
protecting against environmental damage. These proteins
are also involved in inflammatory skin diseases [23].
In the present study, we established a conditional Ncstn

knockout mouse model in which AI-like phenotypes were
recapitulated. Herein, we described our findings on
alterations in gene expression in vivo and in vitro and
emphasized the important roles of IL-36a and Sprr2 in the
pathogenesis of AI.

Materials and methods

Animal model construction

Ncstnflox/flox mice were purchased from Jackson Laboratory
(Bar Harbor, ME, USA), and K5-Cre mice were provided
by Professor Xiao Yang (State Key Laboratory of
Proteomics, Genetic Laboratory of Development and
Diseases, Institute of Biotechnology, Beijing, China).
These strains were mated to yield heterozygous knockout
Ncstn (Ncstnflox/+;K5-Cre) mice. The Ncstnflox/+;K5-Cre and
Ncstn (Ncstnflox/flox) mice were mated to generate a
keratinocyte-specific null mutant of Ncstn (Ncstnflox/flox;
K5-Cre) in mice through the Cre-loxP system. All mouse
models were kept in a specific pathogen-free environment.

Hematoxylin and eosin staining

Paraffin-embedded sections (3 mm) were heated at 56 °C
for 30 min and treated with xylene twice for 20 min each.
Slides were dehydrated by rinsing with 100% ethanol
twice for 5 min each, graded ethanol, and distilled water.
Afterward, the tissue sections were deparaffinized, rehy-
drated, and stained with hematoxylin for 20 min and with
eosin for 5 min. Subsequently, the slides were rinsed in

prespecified concentrations of ethanol, distilled water, and
xylene for 5 min each. Stained tissue images were captured
with a microscope (Olympus, Tokyo, Japan).

Microarray analysis

The tissues of the back skin of the heterozygous knockout
Ncstn (Ncstnflox/+;K5-Cre) mice and the null Ncstn mutant
(Ncstnflox/flox;K5-Cre) mice were obtained at multiple ages
(i.e., postnatal days 0 [P0], 10 [P10], 15 [P15], 30 [P30],
and 45 [P45]). The gene expression patterns of the 10
resulting samples were ascertained using an Affymetrix
GeneChip Mouse Genome 430 2.0 array (Santa Clara, CA,
USA) and scanned with Affymetrix GeneChip Command
Console. The samples met the predetermined quality
criteria, and standard microarray hybridization was
performed [24]. The thresholds used to filter upregulated
or downregulated genes were ≥ 1.5-fold changes and
P < 0.05. Data were screened for differentially expressed
genes based on gene ontology (GO) terms, biological
pathways, and intersection.

RNA-Seq analysis

The skin tissues obtained from the backs of the Ncstnflox/flox;
K5-Cre and control mice on P0 and P30 were collected,
and three specimens were prepared as the biological
replicates of each genotype. Total RNAwas isolated from
the skin by using TRIzol reagent (Ambion, Life Technol-
ogies, Carlsbad, CA, USA). RNA-Seq was performed by
Novogene (Chula Vista, CA, USA) on an Illumina Hiseq
2000/2500 platform. Single-end clean reads were aligned
to the reference genome by using TopHat (v2.0.9, Johns
Hopkins University, Baltimore, MD, USA). Differential
gene expression between the two groups was verified with
the DESeq R package (v1.10.1, Bioconductor). Between-
group differential gene expression was analyzed using the
DEGseq (2010) R package [25,26]. Significantly different
expression was defined as P < 0.005 and |log2(fold
change)| > 5. The genes were further screened through
GO and KEGG enrichment analysis.

RNAi

HaCaT cells were cultured in Eagle’s minimum essential
medium with Earle’s balanced salts (Union Cell Resource
Center, Beijing, China), supplemented with 10% fetal
bovine serum (Gibco, Carlsbad, CA, USA) and 1%
penicillin and streptomycin in a 5% CO2 incubator at
37 °C. NCSTN and NOTCH1 siRNAs and control siRNAs
were synthesized by GenePharma (Shanghai, China;
Supplementary Table S4). Lipofectamine 3000 was
purchased from Invitrogen (Waltham, MA, USA).
HaCaT cells (1 � 105) were seeded in six-well plates
and incubated overnight. Afterward, the cells with
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30%–50% confluence were treated with 100 pmol of
siRNA precomplexed with Lipofectamine 3000 in accor-
dance with the manufacturer’s protocol. RNA and protein
were extracted 48 and 72 h after siRNA transfection, and
expression was quantified through quantitative reverse-
transcription polymerase chain reaction (qRT-PCR) and
Western blot. Results were depicted as the mean of three
independent experiments.

Results

Mouse mutant construction and verification

NCSTN encodes the NCSTN subunit of g-secretase. Loss-
of-function mutations in this gene play a pivotal role in the
etiology of AI [27–29]. Keratinocyte-specific Ncstn-
knockout mice were generated by using the Cre-loxP
system. Specifically, a mouse strain that carried loxP sites
in flanking exon 3 of Ncstn (Ncstnflox/flox) was mated with
transgenic mice expressing Cre under the control of the
keratin 5 (K5) promoter (Fig. 1A). The K5 promoter directs
gene expression from E13.5 in follicular keratinocytes and
in the basal layer of the epidermis; therefore, this strategy
enabled the disruption of the floxed Ncstn expression
throughout the epidermis and the outer root sheaths of hair
follicles [30]. The genomic DNA from the toes of the
knockout mice was amplified using specific primers to
validate the genotype (Fig. 1B and 1C). K5-Cre was
detected as described previously [31], and K5-Cre mice
were designated as the control group (WT). All experi-
mental procedures, including qRT-PCR, immunofluores-
cence staining (IF), and Western blot, were performed to
verify whether Ncstn was effectively knocked out in the
skin tissue of Ncstnflox/flox;K5-Cre mice (Fig. 1D–1G).
The Ncstn expression at various hair cycle stages was
also measured. Our findings indicated that the expression
of this gene did not correlate with hair cycle stages.
The mRNA and protein expression levels of Ncstn in
Ncstnflox/flox;K5-Cre mice decreased significantly, suggest-
ing that the conditional null mutant was generated.

Phenotypic and pathophysiologic characterization of
the mouse model

The Ncstnflox/flox;K5-Cre mice were morphologically simi-
lar to the WT mice from birth to P15. On approximately
P21, the Ncstnflox/flox;K5-Cre mice began shedding hair on
the upper eyelid. This shedding extended gradually from
the head and face to the back and was accompanied with
the hyperkeratosis of the hair follicles. The area of hair loss
covered primarily the head, face, and back of the neck.
Concurrently, hyperkeratosis developed and spread over
the entirety of the skin, and alopecia was observed in the
most severely affected areas. The Ncstnflox/flox;K5-Cre mice
could not open their eyes in the later stages because of the

hyperkeratosis of the eyelids (Fig. 2A). These mice died on
approximately P70. However, the heterozygous mutant
(Ncstnflox/+;K5-Cre) mice and the WT mice had no obvious
deficits.
The majority of AI-causing mutations involve a

predicted loss-of-function effect on g-secretase [32,33].
We performed qRT-PCR and Western blot analysis to
examine the expression of Notch1, an immediate substrate
of g-secretase, in the skin tissues of the mutant mice. As
shown in Fig. 2C, the mRNA expression of Notch1 in the
Ncstnflox/flox;K5-Cre mice was markedly downregulated
compared with that in the WT mice. Western blot findings
indicated a very weak signal corresponding to the
intracellular domain of Notch1 (Fig. 2D and 2E),
confirming that the enzymatic cleavage activity of
g-secretase was lost in the mutant group.
To further investigate pathophysiologic features in the

model of AI, we performed hematoxylin and eosin staining
on the skin specimens of the mutant and WT mice on P15,
P30, and P45. On P15, the number and shape of the hair
follicles of the Ncstnflox/flox;K5-Cre and WT mice were
similar (Fig. 2B). On P30, the Ncstnflox/flox;K5-Cre mice
showed loss of the fat layer because of the excessive
hyperplasia of keratinocytes. Nevertheless, the mutant
mice retained normal-appearing hair follicles at this stage,
and a few keratotic plugs were observed. On P45, the hair
follicles of the Ncstnflox/flox;K5-Cre mice were found to be
severely atrophic and further keratinized, and many
keratotic plugs were observed. In addition, the skin was
markedly thickened, and hair follicle cycling was lost
(Fig. 2B).
AI is an autoinflammatory disorder affecting hair

follicles and involving multiple inflammatory cytokines
that participate in immune dysregulation. We detected
the expression of TLR4 and three well-known inflamma-
tory cytokines, namely, TNF-α, IL-23A, and IL-1β, and
found that their expression levels significantly increased
(Fig. 2F–2I). This finding was consistent with clinical
results. In patients, the onset of AI is characterized by the
hyperkeratosis and subsequent blockage of hair follicles,
followed by inflammatory reactions and possibly by
secondary infections. In our study, the Ncstn null mutant
mice exhibited hyperkeratosis and inflammation pheno-
types similar to those seen in patients with AI. Therefore,
we considered the Ncstn null mutant mice to be an
appropriate model system for studies on AI pathogenesis.

Upregulation of IL-36a and LCN2 in the skin of the
mouse model

The skin specimens of the Ncstnflox/flox;K5-Cre and
Ncstnflox/+;K5-Cre mice were obtained at five stages (P0,
P10, P15, P30, and P45) and analyzed for gene expression.
In comparison with the genes of the Ncstnflox/+;K5-Cre
mice, 5295 genes were downregulated and 6201 genes
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Fig. 1 Mouse mutant construction and verification. (A) Conditional Ncstn knockout strategy. (B) Primers used for genotyping the mice. (C) Agarose
gel results showing the genotypes of the mice. K5-Cre mice were named WT. The cKO/cKO group was Ncstnflox/flox;K5-Cre. The cKO/+ group
corresponded to Ncstnflox/+;K5-Cre. M, DNA marker (DL2000). (D) The knockout efficiency of Ncstn in the skin of WT and Ncstnflox/flox;K5-Cre
mice was determined at the mRNA level on P0 and P30. Data shown were mean � standard deviation (SD) of three independent experiments, and
each experiment was performed in duplicate. Two asterisks denoted P < 0.01. The ratio of Ncstn to β-actin inWTmice was set to 1. The (E) presence/
absence and (F) quantification level of Ncstn protein in WT and Ncstnflox/flox;K5-Cre mice skin were determined on P30. (G) Immunofluorescence
staining results for Ncstn (green) and keratin 5 (red) in the skin of WT (a–c) and Ncstnflox/flox;K5-Cre (d–f) mice on P30. Scale bar = 50 mm.
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were upregulated in the Ncstnflox/flox;K5-Cre mice. The
scatter plot and hierarchical clustering map revealed the
differential gene expression levels in the Ncstnflox/flox;K5-
Cre mice versus the Ncstnflox/+;K5-Cre mice (Fig. 3). All
the differentially expressed genes from the five stages were
screened to obtain an intersection data set. From this data
set, only two probes remained: Il1f6 (1418609_at) and
Lcn2 (1427747_a_at). These two genes were upregulated
in the Ncstnflox/flox;K5-Cre mice at all five stages.
We performed qRT-PCR to validate whether IL-36a and

LCN2 expression levels were upregulated in the skin of the
Ncstnflox/flox;K5-Cremice at multiple hair follicle stages. As
shown in Fig. 4A and 4C, the mRNA expression levels of
IL-36a and LCN2 in the Ncstnflox/flox;K5-Cre mice
increased compared with those in the WT mice at all
four stages. Their protein expression levels similarly
increased (Fig. 4B and 4D). Furthermore, both genes

were upregulated on P0 compared with those of the WT
mice. By contrast, the expression levels of Tnf-a, Il23a,
and Il1b, which encode inflammatory cytokines upregu-
lated in AI, did not increase on P0 (Fig. 2F–2H). Given
that the upregulation of IL-36a is more significant than
that of Lcn2 on P0 and that IL-36a is also a novel
inflammatory cytokine potentially involved in AI, we
focused on IL-36a.
The tissue sections of the mouse skin were subjected to

immunohistochemistry analysis. In the dermis of the
mutant mice, the number of macrophages (as indicated
by CD68) and dendritic cells (as indicated by CD11C)
increased (Fig. 4E). In the damaged epidermis of these
mice, Th17 cells, or possibly ILC3s (as indicated by
RORgt), TNF-α, and IL-17A were found to be signifi-
cantly higher than those in the skin of the WT mice
(Fig. 4G–4H). Staining results also showed a significantly

Fig. 2 Phenotypic and pathophysiologic characterization of the mouse model. (A) The skin appearance of Ncstnflox/flox;K5-Cre and WT mice at the
indicated postnatal ages. (B) Hematoxylin- and eosin-stained skin sections on P15, P30, and P45. Scale bar = 50 mm. (C) mRNA expression of Notch1
in the skin of WT and Ncstnflox/flox;K5-Cre mice on P0 and P30, ascertained by qRT-PCR. Data shown were mean � SD of three experiments, and
each experiment was performed in duplicate. The ratio of Notch1 to β-actin in WT mice on P0 was set to 1. Two asterisks denoted P < 0.01. Western
blot was used to determine the (D) presence/absence and (E) quantification level of the cleaved Notch1 (NICD) in the mouse skin. Results of
quantitative reverse-transcription polymerase chain reaction for (F) Il23a, (G) Tnf-a, (H) Il1b, and (I) Tlr4. Data shown were mean � SD of three
experiments, and each experiment was performed in duplicate. The ratio of the gene of interest to β-actin in WT mice on P0 was set to 1.
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higher IL-36a expression in the epidermis of the
Ncstnflox/flox;K5-Cre mice than in the WT mice. As
indicated by the arrows in Fig. 4F, IL-36a was approxi-
mately colocalized with highly proliferated keratin 5-
positive keratinocytes. Hence, our data implicated kerati-
nocytes in the secretion of IL-36a, as described previously
[34].

Increased Sprr2d expression in the skin of the AI mouse
model

The entire transcriptome of the total skin tissue was
assessed to determine the differential gene expression in the
Ncstnflox/flox;K5-Cre and WT mice on P0 and P30. The
results of pairwise comparisons indicated a total of 3664

Fig. 3 Result of microarray analysis of Ncstnflox/flox;K5-Cre mice. (A) The scatter plot on P0, P10, P15, P30, and P45 and (B) the hierarchical
clustering map. (C) Three genes were screened from the intersection of four sets of data (P0, P10, P15, and P30) and intersected with the fifth set of
data (P45), leaving only two differentially expressed genes.
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Fig. 4 Upregulation of IL-36a and LCN2 in the skin of the mouse model. Results of the quantitative reverse-transcription polymerase chain reaction
and Western blot analysis of (A, B) IL-36a and (C, D) LCN2 expression in the skin of WT and Ncstnflox/flox;K5-Cre mice on P0, P15, P30, and P45.
Data shown were mean � SD of three independent experiments, and each experiment was performed in duplicate. The ratio of the gene of interest to
β-actin in WT mice on P0 was set to 1. Immunohistochemistry results for (E) CD68 (a marker of macrophages) and CD11c (a marker of dendritic
cells), (F) IL-36a and keratin 5 (markers of keratinocytes), (G) RORgt (a marker of Th17 cells and ILC3) and IL-17A, and (H) TNF-α on P30 in the
skin of WT and Ncstnflox/flox;K5-Cre mice. Arrows specify the positively stained areas. Scale bar = 50 mm. The cKO/cKO group corresponded to
Ncstnflox/flox;K5-Cre mice.
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upregulated and 3117 downregulated genes in the
Ncstnflox/flox;K5-Cre mice compared with those in the WT
mice. The most enriched GO terms and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways were
considered alongside the heat clustering map and volcano
plot to ascertain the differentially expressed genes (Fig. 5).
qRT-PCR was performed to validate the most relevant

differentially expressed gene, namely, Sprr2d. The result
showed that Sprr2d was significantly upregulated at
multiple stages (P0, P15, P30, and P45; Fig. 6A). Sprr
comprises a gene cluster that encodes small proline-rich
proteins. As such, the expression levels of other Sprr2
genes were also determined. Our results revealed that their
expression levels also significantly increased (Fig. 6B–6D).

Fig. 5 RNA-seq analysis of Ncstnflox/flox;K5-Cre mice versus K5-cre mice on P0 and P30. (A) Heat clustering map; (B,C) enriched pathways;
(D,E) enriched gene ontology terms; and (F,G) volcano plot.
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Upregulation of SPRR2 in NCSTN- and NOTCH1-
downregulated HaCaT cells

We prepared HaCaT cells in which NCSTN and NOTCH1
were downregulated by transfecting the cells with siRNAs
targeting each of the two genes. We determined the
knockdown efficiency of RNAi on NCSTN and Notch1 in
terms of mRNA and protein expression levels. We found
that the mRNA expression of NCSTN decreased by
approximately 60%. The protein expression also reduced
substantially in the cells transfected with NCSTN siRNA
compared with that in the cells transfected with the
negative control siRNA or a blank control (Fig. 7A and
7B). In NOTCH1-downregulated HaCaT cells, the knock-
down efficiency of mRNA and protein expression was
approximately 80% (Fig. 7D and 7E). As shown in
Fig. 7C, Notch1 expression was lower in NCSTN-down-
regulated HaCaT cells than in negative control HaCaT
cells. In HaCaT cells in which either NCSTN or Notch1
was downregulated, the expression levels of SPRR2-
cluster genes increased (Fig. 7C and 7F). This finding was
consistent with the results obtained from the mouse model.
However, we did not detect significantly increased IL-36a
and LCN2 expression levels in HaCaT cells transfected
with NCSTN siRNAs (Fig. 7C). We observed a 2-fold
increased IL-36a expression and an ~1.4-fold increased
LCN2 expression in NOTCH1-downregulated cells
(Fig. 7F).

Discussion

AI is a recurrent chronic inflammatory skin disease that
primarily affects body parts rich in apocrine glands. The
prevalence of AI ranges from 0.1% to 1% [2–5]. AI is
characterized by painful nodules, abscesses, sinus tracts,
and scarring; as such, this disease poses a major detriment
to a patient’s quality of life. Genetic factors are involved in
the etiology of AI [6], and mutations in genes encoding the
components of g-secretase are consistently detected in
patients with AI [35,36]. However, the pathogenesis of AI
is not fully understood, and no appropriate animal AI
model that recapitulates the disease phenotype has been
established [37].
Herein, we established a keratin 5-Cre-driven epidermis-

specific Ncstn conditional knockout mouse model of AI
(Ncstnflox/flox;K5-Cre). We validated this animal model
experimentally by using whole skin specimens. This
choice of tissue might explain why Ncstn expression was
not totally abolished (Fig. 1D–1F). Additionally, the
expression level of Ncstn did not correlate with the hair
cycle. Therefore, the observed abnormal phenotypes in the
mutant mice on approximately P30 were not related to the
entry of the hair follicle into the first anagen phase.
The autosomal dominant inheritance pattern of familial

AI is due to the haploinsufficiency of genes encoding g-
secretase subunits. However, our findings indicated that
the heterozygous Ncstnflox/+;K5-Cremice showed no defect

Fig. 6 Increased Sprr2d expression in the skin of the AI mouse model. The mRNA expression level of the Sprr2 gene cluster in the skin
of Ncstnflox/flox;K5-Cremice compared with that of WTmice at four stages (A–D). The ratio of the gene of interest to β-actin in WTmice on P0 was set
to 1. Data shown were mean � SD of three experiments, and each experiment was performed in duplicate. The cKO/cKO group corresponded to
Ncstnflox/flox;K5-Cre mice.
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possibly because Ncstn constituted only a conditional
knockout in mice. In the Ncstnflox/flox;K5-Cre mice,
abnormal features emerged approximately on P21 and
progressively worsened. The mutant mice exhibited key
features of AI, including apparent keratinization, keratotic
plug formation, and inflammation of the hair follicles (Fig.
2). However, some clinical features of AI, such as abscess,
were absent in the mouse model. These differences were
observed possibly because sweat glands are absent in mice
and that mice and humans differ in terms of hair follicle
cycles and hair distribution. Nevertheless, we posited that
Ncstnflox/flox;K5-Cre mice might be suitable for studying AI
pathogenesis. To our knowledge, we were the first to
establish a mouse AI model that recapitulated the clinical
hallmarks of this disease.
AI is regarded as an autoinflammatory disorder [38] in

which abundant inflammatory cytokines infiltrate skin
lesions in affected patients. These cytokines include TNF-
α, IL-1β, and IL-23A [22]. We found that these
components were upregulated in the Ncstnflox/flox;K5-Cre
mice (Fig. 2). Our microarray data revealed that two genes,
namely, Lcn2 and Il1f6, were upregulated at all five stages.
We verified these findings through qRT-PCR and Western
blot in mice (Fig. 4A and 4D). LCN2 and IL-36a were
upregulated in mutant mice on P0, whereas the other tested
inflammatory cytokines were not upregulated. This finding
indicated the potential role of IL-36a and LCN2 in the
initiation of inflammation in AI.
We first addressed whether the IL-36a and LCN2

upregulation was directly related to the NCSTN or
Notch1 downregulation. As shown in Fig. 7C and 7F,
the IL-1F6 and LCN2 upregulation seemed to be
associated with the NOTCH1 downregulation. When the
Notch1 expression was sufficiently high (i.e., approxi-
mately 80% of the NC), as in the NCSTN-knockdown cells
(Fig. 7C), IL-36a and LCN2 were not significantly
upregulated. In the NOTCH1-knockdown cells, the
Notch1 expression was low (approximately 20% of NC),
and IL-36a and LCN2 were both upregulated (Fig. 7F).
Therefore, the IL-36a and LCN2 expression might be
regulated directly by Notch1. We then validated our
finding that IL-36a was upregulated on P0 in the
Ncstnflox/flox;K5-Cre mice, and this result was different
from the clinical findings of other investigators [39,40].
Specifically, other authors determined that only patients
suffering from AI and aged > 18 years have an increased
IL-36a expression [41,42]. Accordingly, we speculated
that IL-36a might play a role in the induction and
exacerbation of inflammation in AI.
IL-36α is a recently described IL-1 family member that

is expressed primarily in the skin and other epithelial
tissues [43–45]. IL-36a binds to and signals through the
IL1RL2/IL-36R receptor, which in turn activates NF-kB
and MAPK signaling pathways in target cells to yield a
proinflammatory response [46]. Some authors suggested
that IL-36a may help regulate Th1 and Th17 immune
responses [47], and Th17-driven autoinflammation parti-
cipates in AI [38,48]. Other researchers confirmed the

Fig. 7 Upregulation of SPRR2 in both NCSTN- and NOTCH1-downregulated HaCaT cells. siRNA-induced downregulation of (A, D) mRNA and
(B, E) protein expression levels of NCSTN and NOTCH1 was depicted in HaCaT cells. Two asterisks denoted P < 0.01. The ratio of the gene of
interest to β-actin in the blank control was set to 1. The mRNA expression levels of IL-36a, LCN2, and SPRR2 were measured through quantitative
reverse-transcription polymerase chain reaction in HaCaT cells in which (C) NCSTN or (F) NOTCH1 was knocked down. The ratio of the gene of
interest to β-actin in the negative control was set to 1. Data shown were mean � SD of three experiments, and each experiment was performed in
duplicate. NC, negative control. Blank, blank control.
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prominent role of IL-36a in immune and inflammatory
responses, especially in regulating inflammation in the skin
[44]. Therefore, IL-36a, which is expressed at an early
stage, can be implicated not only in regulating the
expression of Th17 cells and enhancing their function
but also in directly inducing the production of proin-
flammatory mediators (TNF-α, IL-6) that regulate the
cellular and soluble components of the local inflammatory
environment [44]. We speculated that IL-36a might act as a
trigger in the pathogenesis of AI or at least function at the
early stage of skin inflammation. Therefore, IL-36a might
represent an important early target for the treatment of AI.
Work is ongoing to better characterize the association of
cytokines with keratinization.
For LCN2, other investigators suggested that LCN2 is

highly correlated with TNF-α levels in patients with AI and
can be used as a biomarker of AI disease activity [49]. This
concept was supported by our results in mice and cells. The
established mouse model in this study could be used to
further address the role of LCN2 in the pathogenesis of AI.
We also detected the upregulation of the Sprr2 genes in

mutant mice (Fig. 6). The SPRR proteins are a set of
structural proteins in the cornified cell envelope of most
stratified squamous epithelia, and they provide barrier
functions in epithelial cells [50]. The results of our in vivo
and in vitro experiments (Fig. 4, and Fig. 5C and 5F)
indicated the Sprr2 upregulation, which corresponded to
an impaired skin barrier. High Sprr2 gene expression
might explain the hyperkeratosis phenotype in patients
with AI.
Nrf2 encodes a transcription factor that regulates genes

via antioxidant response elements (AREs) in the promoter
region. Many of the genes regulated by Nrf2 encode
proteins involved in responses to injury and inflammation
[51]. The Nrf2 upregulation in keratinocytes in mice
upregulates cell-envelope proteins, such as Sprr2d, and
exacerbates hyperkeratosis and inflammation [52]. Other
studies have demonstrated that Notch1 possesses a
functional ARE, and Nrf2 directly regulates the Notch1
expression in the mouse liver [53]. Conversely, the
recruitment of the Notch intracellular domain to a
conserved sequence in the promoter of Nrf2 triggers Nrf2
activation and its stress-adaptive response pathway in the
mouse liver [54]. Therefore, we speculated that a
bidirectional Nrf2-Notch interaction, together with a
Nrf2-Sprr2d interaction, might partly explain how Ncstn
mutation yielded certain skin phenotypes in our mouse
model and in patients with AI. Further investigations are
needed to confirm whether the bidirectional interaction of
Nrf2 and Notch occurred in the skin of our mouse model.
This study has some limitations. Primarily, this work

described the histopathological findings of an AI-like
mouse model and did not further explore underlying
mechanisms, such as the regulation of IL36a and Sprr2 by
Ncstn.

In summary, this study was the first to successfully
establish a K5-specific Ncstn conditional knockout model
in mice. We found that mice harboring mutant Ncstn had
hyperkeratosis in hair follicles and inflammation, which
recapitulated the major phenotypes of AI. An inflamma-
tory factor (IL-36a) and a gene cluster with skin-barrier
functions (Sprr2) significantly increased in this AI-like
mouse model. We proposed that molecules of the skin
barrier and some key inflammatory cytokines, including
IL-36a (possibly the most important one), together with
Sprr2, might contribute to the pathogenesis of AI.
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