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Dominant-negative mutations associated with signal transducer and activator of
transcription 3 (STAT3) signaling, which controls epithelial proliferation in various
tissues, lead to atopic dermatitis in hyper IgE syndrome. This dermatitis is thought to
be attributed to defects in STAT3 signaling in type 17 helper T cell　specification.
However, the role of STAT3 signaling in skin epithelial cells remains unclear. We found
that STAT3 signaling in keratinocytes is required to maintain skin homeostasis by
negatively controlling the expression of hair follicle-specific keratin genes. These
expression patterns correlated with the onset of dermatitis, which was observed in
specific pathogen-free conditions but not in germ-free conditions, suggesting the
involvement of Toll-like receptor-mediated inflammatory responses. Thus, our study
suggests that STAT3-dependent gene expression in keratinocytes plays a critical role in
maintaining the homeostasis of skin, which is constantly exposed to microorganisms.

Keywords: STAT3 (signal transducer and activator of transcription 3), skin, atopic dermatitis, bacteria, hair
follicle (HF)
INTRODUCTION

Signal transducer and activator of transcription 3 (STAT3) signaling plays a critical role in
maintaining stem cell pluripotency and ensuring stem cell survival (1, 2), and it is associated
with many aspects of cell differentiation (3–6). STAT3 is a major signal transduction/transcription
factor involved in diverse processes, including wound healing, angiogenesis, immune responses,
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nervous system development, and cancer (7–9). Hyper IgE
syndrome (HIES) results from a dominant-negative STAT3
gene and is a primary immune deficiency characterized by
atopic dermatitis (AD)-like dermatitis (10–12). Defects in type
17 helper T cell (TH17) specification have been considered the
major cause of HIES, which has been attributed to decreased
expression of retinoid-related orphan receptor (ROR)-gt, a
protein that is induced by the interleukin (IL)-6 and IL-23
receptors (13, 14). Partial improvements in dermatitis in HIES
patients treated with hematopoietic stem cells have suggested
that the role of STAT3 signaling in cells other than T cells is
involved in the onset of dermatitis (15). However, the roles of
STAT3 signaling in skin homeostasis remain unknown.

It has been shown that STAT3 signaling is required for skin
wound healing, keratinocyte migration, and hair follicle (HF)
growth (16, 17). The topical application of JAK inhibitors has
been observed to trigger hair telogen-to-anagen transition,
suggesting the importance of JAK/STAT signaling in the
development of HF stem cells (HFSCs) (18). STAT3 is
reported to play a role in HF formation and the hair cycle
during the second anagen phase (19, 20), and HF-derived
cytokines regulate the trafficking of dendritic cells to the skin
and the maintenance of resident T cells (21, 22). Constitutive
expression of the active form or the deletion of STAT3 in the
basal layer of HFs suggests an essential role in keratinocyte stem/
progenitor cell homeostasis (23, 24). The skin epidermis is a
stratified epithelium that forms a barrier to protect against
mechanical stress and infections. The epidermis undergoes
constant turnover, and keratinocyte stem/progenitor cells are
responsible for homeostasis of the epidermal compartments. In
the present study, we attempted to understand the role of STAT3
signaling in the homeostasis of epidermal compartments.

Epithelial keratins are classified as acidic type I and basic or
neutral type II and are coexpressed as specific pairings with one
of each type. Keratin polymerization occurs based on a-helical
rod domains in type I and type II keratins to form heterodimers
that are arranged in parallel. Further polymerization of these
heterodimers builds intermediate filaments that comprise the
cytoskeleton of epithelial cells (25). Mutations in the type I and
type II keratin proteins that form heterodimers cause an
imbalance in the epidermal compartments, leading to several
skin diseases (26–28). However, little is known about how
STAT3 contributes to strict regulation of the specific pairing of
keratin proteins.

In the present study, we directly investigated the contribution
of STAT3 to skin homeostasis and dermatitis by generating mice
with conditional deficiencies in this protein in the skin. Our data
clearly indicate that STAT3 signaling is required to maintain the
homeostatic expression pattern of type I and II HF-specific
keratin genes under specific pathogen-free (SPF) conditions.
Furthermore, dysregulation of the homeostatic expression of
HF-keratin genes in infant skin were determined to be
associated with Tol l- l ike receptor (TLR)-mediated
inflammatory responses in this STAT3 mouse model of AD.
We further discuss how STAT3 signaling during early life
influences the regulation of skin homeostasis.
Frontiers in Immunology | www.frontiersin.org 2
RESULTS

STAT3 Signaling Controls Gene
Expressions of HF-Specific Keratins
To investigate how STAT3 signaling contributes to the
development of AD-like signs, we examined the effects of
STAT3 loss-of-function in the skin of Stat3DK5 mice in a
mixed 129×C57BL/6 background (mixed) and a pure C57BL/6
background (B6). Stat3DK5 mice of both genetic backgrounds
developed AD signs. The mixed mice exhibited >80% of AD
signs, whereas disease onset in B6 mice was reduced by 20%
(Figure 1A, left), and the disease score was milder in the B6 mice
than in the mixed mice (Figure 1A, right). The Stat3DK5 mice
were divided into two groups as follows: healthy individuals with
no dermatitis on the face until 20 weeks (KO-H), and diseased
mice with onset by 20 weeks (KO-D). Histological analysis based
on hematoxylin and eosin (HE) staining demonstrated that the
mixed KO-D model mice displayed atypical dermatitis at 10
weeks of age (Figure 1B). These results indicate that STAT3-
mediated signaling has an essential but partial role in
disease onset.

We collected ear samples at different time points, specifically
2–3, 5, 8, 10, and 12 weeks of age for the mixed mice (Figure 2)
and 2, 3, 4, 5, and 6 weeks of age for B6 mice (Figure 3). We
performed time-course RNA-sequencing (RNA-seq) analysis
and defined differentially expressed genes (DEGs) based on the
criteria of ≥1.2-fold change and a false discovery rate <0.05.
Based on these DEG profiles over time, the DEGs in the analysis
of mixed background mice were divided into several clusters.
Cluster I contained 311 DEGs that were highly expressed in KO-
H and KO-D mice (Figure 2A). In contrast, cluster II was the
largest cluster, containing 1181 DEGs exhibiting higher mRNA
levels in the KO-D than in the KO-H and Control K5-cre mice.
These DEGs contained several inflammatory genes associated
with Toll-like receptor (TLR) -NFkB pathways (Figure 2A). In
the present study, we focused on gene cluster I, which contained
82 keratin-related genes, to investigate the role of STAT3 in
disease onset (Figure 2A).

Gene ontogeny by Ingenuity Pathway Analysis (IPA) of the
cluster I DEGs indicated that Stat3 deficiency in keratinocytes is
associated with tissue and organ development and tissue
morphology, including hair and skin development and
function (Figure 2B). Interestingly, these keratin genes
contained several HF-specific keratins, namely type I (Krt25-
28, 31-36, and 39-40) and type II (Krt71, 73-75, 81-84, and 86)
(Figure 2A). The HF-keratin genes were highly expressed only in
2–3-week-old KO mice and reduced to the levels observed in
control mice at 5 to 10 weeks. Interestingly, the expression of
these genes was again increased in mixed KO-D mice after 12
weeks (Figure 2C). A similar oscillating expression pattern for
the HF-keratin genes was found in the B6 KO mice, although the
increase was more prominent in the mixed mice (Figures 3A, B).
Other epithelial keratins, such as Krt14 and Krt6, expressed in
the outer root sheath of HFs but not in hair epithelial cells, were
normally expressed (Figures 2C, 3B). Notably, gene expression
of Krt15, a marker gene for HF stem cells (28), at 2 weeks of age
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was similar between KO and WT mice of both genetic
backgrounds (Figures 2C and 3B). These results indicate that
Stat3 deficiency in epithelial cells leads to the dysregulation of
HF-keratin genes involved in epithelial regeneration. An analysis
of upstream regulators in the positive transcriptome from the
skin of mixed and B6-background mice using IPA indicated
STAT3-related inflammatory cytokines, including IL-6 and
oncostatin M (OSM) (Figure 3C). Notably, lipopolysaccharide
(LPS) was shown to be an upstream signal of DEGs that were
upregulated in the infant skin of KO mice (Figures 3C, D). To
investigate the effect of STAT3 signaling on TLR signaling, we
applied TLR agonists, LPS or lipoteichoic acid (LTA), to the skin
of KO mice and examined the expression of genes downstream
of TLR signaling. We found that the treatment of LPS increased
the expression of Cxcl2, which is a TLR signal target gene in the
skin of 6-week-old B6 KO mice (Figure 4A). Furthermore, the
other genes downstream of TLR signaling, including Ccl3, Ccl4,
Ccl8, Clec4d, Il1b, Il1f6, and Nfkbia tended to be upregulated by
LPS and LTA stimulation in the skin of B6 KOmice (Figure 4A).
Frontiers in Immunology | www.frontiersin.org 3
To investigate how STAT3 signaling affects TLR signaling, we
analyzed RNA-seq data from the skin of 2-week-old B6 KOmice.
We found that STAT3 signaling increased the expression of Dlk2
and Cxcr4, which are known as inhibitors of TLR signal
(Figure 4A) (29, 30). Similar changes of gene expression were
found in keratinocytes isolated from neonatal B6 KO mice
stimulated with LPS or LTA in vitro (Figure 4B). These results
indicate that STAT3 signaling negatively regulates TLR-
mediated inflammatory responses in infant skin.

The Skin Microorganism Composition
in the Infant Period Determines the
Onset of Dermatitis
Folliculitis is a skin disorder commonly observed in patients with
HIES, and HF dysbiosis is associated with inflammation (31–33).
However, it remains unclear how STAT3 regulates skin immune
homeostasis. We speculated that a bacterial component induces
STAT3 activation associated with skin homeostasis and disease
onset. To examine the effect of the bacterial components in the
A

B

FIGURE 1 | Atopic dermatitis (AD)-like dermatitis frequently develops in mixed-background Stat3DK5 mice. (A) Percentage of mixed- or B6-background Stat3DK5

mice with skin lesions at indicated weeks of age (left). The clinical scores were analyzed for mixed (n=22) or B6 (n=29) background Stat3DK5 mice at the indicated
weeks of age (right). Line colors indicate means of clinical scores in each group. Clinical scores were determined as follows: 0, no lesion; 1, lesion on periocular area;
2, lesion on part of the face; 3, lesion on the whole face; 4, lesion on ear. (B) Skin hematoxylin and eosin staining images of non-onset B6 and mixed background
healthy (KO-H) or onset (KO-D) Stat3DK5 mice at indicated weeks of age. Scale bar = 100 mm.
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C

FIGURE 2 | Clustering of gene expression profiles of ear skin from K5-cre and Stat3DK5 mice. (A) Stat3DK5 mice were divided into two groups based on disease
onset as follows: healthy with no dermatitis until 20 weeks (KO-H) and disease onset mice (KO-D) (top). Total RNA was isolated from the ears of individual mice,
specifically K5-cre (n=2), KO-H (n=5), and KO-D (n=6), at 5, 8, 10, and 12 weeks of age and analyzed by RNA-seq. The 2,064 differentially expressed genes (DEGs)
in control and Stat3-deficient cells (p<0.05, FPKM>2.0) were extracted by comparing the expression values among the K5-cre, KO-H, and KO-D groups at each
indicated week, and clustering analysis was performed using Ward’s method based on the chronological change. The gene groups belonging to the two clusters
were determined by gene expression changes over time. Finally, expression values of the genes in each cluster were aligned in the graph for visualization as heat
maps. Keratin genes are indicated with red. Genes associated with Toll-like receptor (TLR) –NF-kB pathways are indicated with blue. (B) The top 15 ranking
pathways in the Ingenuity Pathway Analysis (IPA) of DEGs in cluster I are shown with p-values. (C) The expression profiles of hair follicle (HF)-specific or other keratin
genes in the ear skin of mixed background WT (n=7) or Stat3DK5 (KO, n=7) mice bred under specific pathogen-free (SPF) conditions. The blue and red lines indicate
means for WT and KO, respectively. *p < 0.05, **p < 0.01.
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FIGURE 3 | Transition of gene expression of hair follicle (HF)-specific keratins in ear skin from Stat3DK5 mice. (A) Volcano plots showing changes in gene expression
due to Stat3 deficiency in skin of 2-weeks-old mixed (left) or B6 background (right) mice. Keratin genes are indicated with red. (B) The expression profiles of HF- and
non-HF keratins in the ear skin of B6 background Stat3 f/f (WT, n=4) or Stat3DK5 (KO, n=4) mice bred under specific pathogen-free (SPF) conditions. The blue and
red lines indicate means for WT and KO, respectively. (C) The results of upstream analysis of differentially expressed genes (DEGs) of mixed or B6 mouse ear skin
samples at indicated weeks of age using Ingenuity Pathway Analysis (IPA) are shown by p-values and gene coverage ratios for IL-1b, IL-4, IL-6, oncostatin M (OSM),
c-Kit (KIT), c-Myc (MYC), mechanistic target of rapamycin kinase (mTOR), nuclear factor-kappa B (NFkB), and lipopolysaccharide (LPS) as upstream regulators.
(D) Heatmaps show the expression patterns of genes shown to be under the control of LPS by the upstream analysis (C) in the skin of 2-week-old mixed
background (top) and B6 background (bottom) Stat3 deficient (n=4) and sufficient (mixed background, n=4; B6 background, n=2) mice. *p<0.05.
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A

B

FIGURE 4 | Expression of Toll-like receptor (TLR) target genes affected by the STAT3 signaling. (A) Ears of 6-week-old WT (white bars) or B6 background Stat3f/f

K5-cre (KO, black bars) mice were treated with 10 mg of lipopolysaccharide (LPS) or lipoteichoic acid (LTA) continuously once a day for 10 days. Relative expression
of mRNA of indicated genes that were regulated by TLR signaling was determined by a RT-qPCR (n=4, top and middle line). Total RNA were isolated from skin of 2-
week-old B6 background Stat3f/f (WT, white bars) or Stat3f/f K5-cre (KO, black bars) mice, and relative mRNA expression of Cxcr4 and Dlk2 genes was determined
by a RNA-seq (n=5, bottom line). (B) Keratinocytes isolated from neonatal B6 background Stat3f/f (WT, white bars) or Stat3f/f K5-cre (KO, black bars) mice were
treated with 10 µg/ml of LPS or LTA for 24 hr. Relative expression of mRNA of indicated genes that were regulated by TLR signaling was determined by a RT-qPCR
(n=4, top and middle line). Relative expression of mRNA of Cxcr4 and Dlk2 genes in keratinocytes isolated from neonatal B6 background Stat3f/f (WT, white bars) or
Stat3f/f K5-cre (KO, black bars) mice was determined by a RT-q-PCR (n=4, bottom line). *p<0.05, **p<0.01.
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feeding period, we compared disease onset between germ-free
(GF) and SPF mice. The same litters of Stat3DK5 mice were born
and maintained in GF conditions by 4 weeks of age, after which
half of the mice were transferred to SPF conditions and the other
half were maintained under GF conditions. The SPF group
consistently developed dermatitis, whereas the GF group had a
lower disease incidence (Figure 5A, left). Interestingly, disease
onset in the SPF group that had been transferred from GF
conditions was significantly delayed compared to that in the
SPF mice (Figure 5A, right).

We then compared the expression levels of HF-related keratin
genes in mice under SPF and GF conditions. The expression
levels of keratin genes in the Stat3DK5 skin were markedly
increased in mice under SPF conditions but not in GF
conditions (Figure 5B). The same expression pattern of HF-
keratin genes in mice under GF-to-SPF conditions was observed
in Stat3-sufficient skin. These results indicate that the
microorganism composition in infant skin determines the
lifetime onset of dermatitis through the STAT3-mediated
regulation of HF-related keratin genes.

Stat3 Deficiency in the Skin Leads to the
Dysregulation of Epidermal Development
The dermatitis onset observed in Stat3DK5 skin depended on the
dysregulation of HF-keratin gene expression. Thus, we next
investigated how the defect in STAT3 signaling impacts the
skin structure that leads to dermatitis. Stat3-deficient skin
showed higher mRNA expression of Krt1 than that in Stat3-
sufficient mice of the same age, whereas a marker of the stratum
basale, Krt14, was downregulated (Figures 6A, B). Lor and Flg
expression in the stratum granulosum was upregulated in Stat3-
deficient skin, possibly due to compensatory barrier dysfunction
(Figures 6A, B). Next, we measured transepidermal water loss
(TEWL), which represents the evaporation rate of water from the
dermal skin, in the skin of KO mice to directly investigate the
role of STAT3 signaling in maintaining skin barrier function.
The results showed an elevation in the TEWL value, which
indicates an increase in water evaporation from the dermis,
indicating that Stat3 signaling is necessary to maintain the
barrier function of the skin (Figure 6C).

To further understand the role of STAT3 in epidermis
formation, we established a three-dimensional (3D) skin culture
system using primary keratinocytes obtained from newborn skin.
The Stat3DK5 keratinocytes had a normal two-dimensional layer
but exhibited growth retardation in the 3D phase (Figure 6D).
RNA-Seq analyses indicated that the mRNA expression of Krt1
and Krt10 genes expressed in stratum spinosum was increased in
Stat3DK5 keratinocytes in vitro (Figure 6E), which is consistent
with the in vivo results, despite that changes in the mRNA
expression of Krt5 and Krt14 in the stratum basale differed
between in vivo and in vitro. To prove the possibility that an
imbalance of paired keratins influences skin structure, we
examined how the forced expression of Krt1 or Krt10, which
forms a dimer, affects morphological change and cell survival in
epithelial cells. The results indicated that imbalance in keratin
dimer expression leads to defect in skin structure and cell survival
Frontiers in Immunology | www.frontiersin.org 7
(Supplementary Figure S1). Furthermore, the mRNA expression
of the initiation components of eukaryotic translation, EIF3L, 60S
ribosomal subunits, RPL13a, 22, and 26, HSP40 family proteins,
and DNAJC 8 were downregulated both in vivo and in vitro in
Stat3DK5 keratinocytes (Figures 6F, G). These results indicate that
STAT3 is essential for protein synthesis andmetabolic pathways in
keratinocyte differentiation (34, 35). Therefore, we speculate that a
defect in STAT3 significantly impacts skin structure and barrier
function via the dysregulation of epithelial regeneration.
DISCUSSION

The present study indicates that STAT3-dependent gene
expression in keratinocytes plays an essential role in regulating
skin homeostasis. STAT3 signaling in skin epithelial cells is
critical for controlling the expression of HF-specific keratin
genes in infant skin. The excess expression of HF-specific
keratin genes depends on the presence of skin microorganisms,
indicating that the STAT3 signaling activated by skin
microorganisms plays a crucial role in regulating the
expression of HF-specific keratin genes. The excess expression
of HF-specific keratin genes during the infant period was
correlated with skin barrier dysfunction and the development
of dermatitis, suggesting that STAT3 signaling in infant skin is
crucial for maintaining skin barrier homeostasis to
prevent dermatitis.

We demonstrated that skin-specific Stat3 deficiency caused
oscillating expression of HF-specific type I and type II keratin
genes in early life stages. These results suggest that the
polymerization of keratin is impaired in the process of
heterodimer formation mediated by the pairing of type I and
type II keratin proteins. This altreated expression is closely
associated with increased rates of water evaporation and
dermatitis development, suggesting the importance of epithelial
homeostasis and maintenance of the skin barrier. We
demonstrated that the forced expression of Krt1 or Krt10, which
forms a dimer, affects viability of skin epithelial cells, suggesting
that Keratin gene expression, balanced by STAT3 signaling, is
important for cell survival (Supplementary Figure S1). Consistent
with our results, transgenic expression of Keratin 8 or 16 proteins
has been reported to cause hyperkeratotic and developmental
defects (36, 37). Further, mutations in hair keratins or hair
follicle-specific epithelial keratins (Krt 81, 83, and 86) cause skin
disorders, including epidermolytic hyperkeratosis and ichthyosis
bullosa of siemens (38).

STAT3 signaling has been reported to contribute to epithelial
differentiation, proliferation, and carcinogenesis (39–41). The
loss of function of STAT3 in keratinocytes increases the number
of apoptotic HFSCs and impairs epidermis regeneration and the
hair cycle process (19, 23). Meanwhile, gain of function increases
HFSCs and progenitor cells above the bulge region (24). These
observations support our notion that STAT3 signaling is an
essential epithelial component that negatively controls type I and
type II keratin expression to maintain skin homeostasis and
barrier formation. However, further investigation is necessary to
November 2021 | Volume 12 | Article 663177
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elucidate how the dysregulation of HF-specific keratin genes
impacts dermal structure and barrier functions.

Interestingly, the transient increase in HF-specific keratin
only occurred in SPF conditions but not in GF conditions,
Frontiers in Immunology | www.frontiersin.org 8
suggesting that bacterial components control the STAT3-
mediated transient keratin expression in the skin. Figure 3C
shows the transient activation of TLR signals at 2–5 weeks of age.
In patients with scarring alopecia, apoptosis of bulge HFSCs is
A

B

FIGURE 5 | Gene expression profiles of hair follicle (HF)-specific keratin in ear skin from Stat3DK5 mice in germ-free (GF) conditions. (A) The effect of changing the
breeding environment on dermatitis onset was evaluated under specific-pathogen free (SPF) and GF conditions. Mixed background Stat3DK5 (KO) mice born in GF
conditions were divided into two groups at 4 weeks of age and maintained in either SPF (white dots) or GF (red dots) conditions. Black dots show data from KO
mice raised in SPF conditions for life. The data indicate the percent incidence of dermatitis at the indicated weeks of age (left). The clinical scores for GF (red dots
and line, n=20), GF-SPF (white dots and black dotted line, n=20), or SPF (black dots and solid line, n=16) conditions were analyzed in mixed-background Stat3DK5

mice at the indicated time points (right). Lines indicate means of clinical scores in each group. (B) The expression profiles of HF-specific keratins in the ear skin of 20-
week-old WT (circles) or KO (triangles) mice raised on SPF or GF conditions. The blue and red lines in the violin plots indicate WT and KO, respectively, and closed
and open marks indicate SPF and GF, respectively. *p<0.05, N.S. indicates not significant.
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C D E

F G

FIGURE 6 | Dysregulation of epidermal development in in vitro cultured Stat3DK5 keratinocytes. (A) Time-dependent changes in in vivo mRNA expression of Lor, Flg,
Krt1, Krt10, Ivl, Krt5, and Krt14 are shown as lines for K5-cre (blue), and KO-D (green) mice. (B) Histological distribution of keratin 1 and 14, and filaggrin protein in
ear skin of WT and KO-D mice. Green and blue colors show Ki-67 expression and nuclei, respectively. (C) Transepidermal water loss (TEWL) from the ear of mixed
background Stat3f/f (n=4) or Stat3DK5 (n=5) mice was measured at 16 weeks of age. (D) Hematoxylin and eosin staining of 3D-cultured keratinocytes (day 14).
Keratinocytes were isolated from mixed background Stat3-sufficient (K5-cre) or deficient (KO) newborn mice. After 3 days of culture in liquid medium (2D-culture),
keratinocytes were induced to undergo 3D skin structure formation by exposing the apical layer to air, and cells were cultured for another 7 or 14 days. (E) Heatmap
depicting in vitro keratin gene expression in 2D (day 0) and 3D (day 7 and 14) cultures. (F) Heatmap depicting in vitro cell proliferation-related gene expression in 2D
(day 0) and 3D (day 7 and 14) cultures. (G) Time-dependent changes in gene expression of Dnajc8, Eif3l, Endog, Entpd2, Park2, Rpl13a, Rpl22, and Rpl26 in the ear
skin of mixed background (left) or B6 background (right) Stat3-sufficient (K5-cre for mixed background, Stat3f/f for B6 background) and deficient (KO) mice are
shown as lines for Stat3-sufficient (blue, n=4) and Stat3-deficient (KO, green, n=4) mice. Scale bar = 100 mm. *p<0.05, **p<0.01.
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linked to decreased expression of Krt15, a key marker for bulge
stem cells (42, 43). Dysbiosis occurring in the Sox9-expressing
tissue specific deficiency of ADAM17 results in disrupted HF
development (44), indicating the importance of commensal
bacteria in HF homeostasis. Therefore, it is reasonable to
speculate that the interplay between STAT3 signaling and
commensal bacteria-derived TLR signaling might contribute to
type I and type II HF-specific keratin expression during the
infant stage. This transient increase in HF-specific keratin might
impact the skin barrier function and microbiome later in life. In
fact, skin-specific Stat3-deficient mice showing a transient
increase in keratin gene expression exhibit TLR-mediated NF-
kB activation followed by dermatitis onset. Thus, the interplay
between STAT3 signaling and commensal bacteria might affect
penetration of the skin barrier and the susceptibility of immune
responses to invading microbes.

It is unclear why the loss of STAT3 signaling causes abnormal
keratin expression only in infant skin. Since most patients with
atopic dermatitis develop the disease in early childhood and
show symptom relief as they grow up, STAT3 signaling may play
a particularly important role as a defense against bacteria in the
immature skin immune environment of early childhood. Further
studies are needed to verify the role of STAT3 in infant skin.

This report found that STAT3 signaling negatively regulates
the expression of genes controlled by the TLR pathway in skin
epithelial cells. Crosstalk between JAK/STAT and TLR pathways
has been suggested in several reports (45–47).　In the case of
macrophages, STAT3 has been reported to be a negative
regulator for TLR4 signaling (47). Therefore, we concluded
that STAT3 signaling plays a role in negatively regulating the
inflammatory genes downstream of the TLR pathway in skin
epithelial cells. Penetration of skin commensal bacteria increases
the risk of the susceptibility of inflammatory responses to
invading microbes. Therefore, it is assumed that the STAT3-
mediated negative regulation may effectively prevent excessive
inflammatory responses in the neonatal period. Further studies
are needed to elucidate the molecular mechanism of how STAT3
influences the TLR pathway as the specific negative regulator.
However, this is a critical aspect of controlling skin homeostasis,
preventing inflammatory responses.

Taken together, this study indicated that STAT3 signaling in
infant skin is essential for the maintenance of healthy skin
homeostasis and regulates the HF development that is
disturbed by resident skin microorganisms to maintain the
integrity of skin barrier functions. Therefore, we conclude that
STAT3 signaling in skin epithelial cells plays an essential role in
skin homeostasis. These results suggest the potential of
antimicrobial therapy in preventing the disruption of skin
homeostasis caused by STAT3 signaling failure.
METHODS

Mice
The generation of K5-cre and Stat3f/f mice has been previously
described (16, 20). The mixed background of Stat3f/f K5-cre mice
was maintained by intercrossing to maintain the 129 genetic
Frontiers in Immunology | www.frontiersin.org 10
background (KO). Stat3f/f K5-cre mice with a B6 background
were generated by backcrossing with B6 mice for 12 generations
(B6-KO). All mice used in this study were maintained under SPF
or GF conditions as indicated, and animal care was performed in
accordance with the guidelines of the RIKEN Yokohama Institute.

Antibodies
Rabbit anti-Filaggrin (905804), rabbit anti-Keratin-1 (905204),
rabbit anti- Keratin-14 (905304), and rat anti-Ki-67 (11F6,
151202) antibodies were purchased from BioLegend (San
Diego, CA, USA). Donkey anti-rabbit IgG Cy3 (Jackson
ImmunoResearch, West Grove, PA) and goat anti-rat IgG
Alexa Fluor 488 (Life Technologies, Carlsbad, CA) were used
as secondary antibodies for immunohistochemistry.

Histology and Immunohistochemistry
Frozen skin sections were fixed with acetone. After blocking with
3% BSA/PBS for 30 min, the sections were incubated with
primary antibodies in 1% BSA/PBS for 30 min at room
temperature. The sections were washed with 0.05% tween20 in
PBS and incubated with secondary antibodies in 1% BSA/PBS for
30 min at room temperature. After washing the sections with
PBS for 5 min, they were mounted using Mountant Permafluor
(Thermo Fisher Scientific, Waltham, MA, USA). Images were
acquired using a Keyence BZ-X700 (Keyence, Osaka, Japan). For
hematoxylin and eosin staining, frozen sections of ear skin or
layered keratinocytes on the membrane were fixed with 4% PFA
in PBS and stained with hematoxylin and eosin (Muto Chemical,
Tokyo, Japan). Images were acquired with a Keyence BZ-
X700 (Keyence).

Generation and Analysis of Dynamic Gene
Expression Profiles
Total RNA was isolated with TRIzol (Thermo Fisher Scientific)
from mouse ears obtained at different time points, specifically 2–
3, 5, 8, 10, and 12 weeks of age, and kinetic RNA sequence
analysis was carried out. cDNA was synthesized using an
NEBNext Ultra RNA Library Prep Kit for Illumina (NEB
Biolabs, Inc. , Ipswich, MA, USA) according to the
manufacturer’s instructions. Sequencing data were obtained
using the HiSeq 1000 system (Illumina, San Diego, CA, USA),
which reads a 50 bp sequence (single-end 50 bp pair reads).
Hierarchical clustering and heat mapping of data were
performed with MeV (48). Data were analyzed with Strand
NGS (Strand Genomics, San Francisco, CA, USA) and IPA
(Ingenuity, Redwood City, CA) (49). RNA-Seq reads were first
aligned to the mouse genome (mm9) using ‘TopHat2’ (50). The
raw gene counts were then normalized and expressed as
frequency per kilobase per million mapped reads (FPKM) for
20,628 genes annotated in the reference genome database.

3′ mRNA-Seq Analysis
Total RNA was isolated with TRIzol frommouse ears obtained at
different time points, specifically 2, 3, 4, 5, and 6 weeks of age,
and kinetic RNA sequence analysis was carried out. The Lexogen
QuantSeq 3′ mRNA-seq library prep kit (Lexogen GmbH,
Vienna, Austria) was used with 10 ng of total RNA from the
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ear skin. Sequencing data were obtained using the HiSeq 1000
system, which reads a 50 bp sequence (single-end 50-base pair
reads). Sequenced reads were trimmed for adaptor sequences,
masked for low-complexity or low-quality sequences, and then
mapped to the whole mouse genome using STAR 2.7.0c with the
mouse genome (mm10 GRCm38.p6 ENSEMBL GTF:
GRCm38.97 ENSEMBL). Raw gene counts were normalized
and expressed as reads per million mapped reads (RPM).

BioMark HD Gene Expression System
Total RNA was isolated with TRIzol from ear samples, and reverse
transcription and pre-amplification were performed with Reverse
Transcription Master Mix and Preamp Master Mix (Fluidigm,
South San Francisco, CA, USA), respectively. Quantitative real-
time PCR was carried out in the Dynamic Arrays integrated fluidic
circuit of a BioMarkHD system (Fluidigm) with specific primer
pairs as indicated in Supplementary Table T1.

RT-q-PCR
Total RNA was isolated with TRIzol from keratinocytes, and
reverse transcription and pre-amplification were performed with
Superscript III reverse transcriptase (Thermo Fisher Scientific).
Quantitative real-time PCR was carried out using SYBR Premix
Ex Taq II (Takara Bio Inc, Shiga, Japan) with specific primer
pairs as indicated in Supplementary Table T1.

cDNA Cloning and Plasmid Construction
Total RNA was isolated from the back skin of 8-week-old female
C57BL6/J mice using an RNeasy Fibrous Kit (Qiagen, Hilden,
Germany). First-strand cDNA was prepared from total RNA by
Superscript II reverse transcriptase (Thermo Fisher Scientific).
The DNA fragment encoding the open reading frame of mouse
keratin 1 or mouse keratin 10 were amplified from mouse back
skin cDNA by PCR using following primer sets (keratin 1,
AATTGGTACCATGAGTCTACAGTGTAGCTCCAGGTCC
CTG/ATATCCCGGGTTATTTGGTCCCTCGGGAGTA
ACTGGTGG; keratin 10, AATT-GGTACCATGTCTGTTCTA
T A C A G C T C C A G C A G C A A G / A T A T G A T A T C -
TTAGTATCTTGGTCCTTTAGATGATTGGTC) primers. The
purified PCR product was digested with KpnI and SmaI and
subcloned into the pmCherry-c1 vector was purchased from
Takara Bio Inc. (Shiga, Japan).

TWEL Analysis
TWEL was measured in the ears of 16-week-old mice using a
VAPO SCAN (ASCH JAPAN, Tokyo, Japan) . Five
measurements were taken, and the mean of the three medians
was used as the measurement value.

3D Epidermal Cell Culture
Primary keratinocytes were obtained from the epidermis isolated
from neonatal mice. The epidermis was separated from the
dermis following overnight incubation at 4°C in 5 mg/mL
dispase (Roche, Basel, Switzerland) in CnT-PCT medium
(CELLnTEC, Advanced Cell Systems AG, Bern, Switzerland).
Keratinocytes were suspended using TrypLE (CELLnTEC) and
seeded on Millicell PCF inserts (Millipore, Billerica, MA) in a 60
Frontiers in Immunology | www.frontiersin.org 11
mm cell culture dish containing CnT-PCT medium. After 3 days
of culture in a humidified incubator at 37°C with 5% CO2, the
CnT-PCT medium was replaced with 3D Prime differentiation
medium (CELLnTEC) and keratinocytes were cultured for 16 h
at 37°C with 5% CO2. To initiate 3D structure formation, the
medium inside the insert was removed, and keratinocytes were
maintained by changing the outside medium every 3 days. After
7 or 14 days of culture, cells were harvested and RNA was
extracted using an RNAeasy Mini Kit (Qiagen, Hilden,
Germany) for RNA-seq analysis.

Bioinformatics Analysis
For clustering, 2,064 DEGs (p<0.05, FKPM>2.0) were extracted
by comparing the expression values at each week. The analysis
was implemented by Ward’s method for hierarchical clustering
based on Pearson’s correlation coefficient with the function
‘heatmap.2’ in R software (R version 3.2.2, R Core Team
(2017), R Foundation for Statistical Computing, Vienna,
Austria). The heatmap was normalized using z-scores.
Upstream molecules were predicted by upstream analysis of
IPA (Ingenuity, Redwood City, CA, USA).

Statistical Analysis
Unless otherwise stated, all statistical analyses were performed
using the Mann-Whitney test.
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Supplementary Figure 1 | Keratinocytes were freshly isolated from neonatal B6
background mice, and were transfected by TransIT-Keratinocyte Transfection
Reagent (Mirus Bio, Madison, WI, USA) with monomeric Cherry (as a control, white
dots), Keratin 1-Cherry (black dots) or Keratin 10-Cherry (red dots) expression
plasmids. Twenty-four hours after the transfection, picture of cells were obtained
with a BZ-X800 microscopy system (Keyence). In the pictures on top, white arrow
heads and black arrow heads indicate normal morphology keratinocytes and
Keratin 1 or 10-Cherry expressing-rounding keratinocytes, respectively. Cell
number of live or dead keratinocytes with or without Cherry fluoresces in a 30000
Frontiers in Immunology | www.frontiersin.org 12
µm2 square field was counted (n=5 to 7) and shown in the dot plot on bottom. Bars
indicates mean. **p<0.01.

Supplementary Figure 2 | Role of STAT3 signaling in maintaining homeostasis of
skin keratinocytes. A schematic diagram shows that STAT3 signaling is required for
balancing type I and II Keratin genes expression disturbed by microorganisms to
maintain skin homeostasis.

Supplementary Table 1 | List of primer sets for RT-q-PCR analysis.
REFERENCES
1. Ying QL, Nichols J, Chambers I, Smith A. BMP Induction of Id Proteins

Suppresses Differentiation and Sustains Embryonic Stem Cell Self-Renewal in
Collaboration With STAT3. Cell (2003) 115:281–92. doi: 10.1016/S0092-8674
(03)00847-X

2. Niwa H, Burdon T, Chambers I, Smith A. Self-Renewal of Pluripotent
Embryonic Stem Cells is Mediated via Activation of STAT3. Genes Dev
(1998) 12:2048–60. doi: 10.1101/gad.12.13.2048

3. Yamanaka Y, Nakajima K, Fukada T, Hibi M, Hirano T. Differentiation and
Growth Arrest Signals are Generated Through the Cytoplasmic Region of
Gp130 That is Essential for Stat3 Activation. EMBO J (1996) 15:1557–65. doi:
10.1002/j.1460-2075.1996.tb00500.x

4. Bonni A, Sun Y, Nadal-Vicens M, Bhatt A, Frank DA, Rozovsky I, et al.
Regulation of Gliogenesis in the Central Nervous System by the JAK-STAT
Signaling Pathway. Science (1997) 278:477–83. doi: 10.1126/science.
278.5337.477

5. Yanagisawa M, Nakashima K, Taga T. STAT3-Mediated Astrocyte
Differentiation From Mouse Fetal Neuroepithelial Cells by Mouse
Oncostatin M. Neurosci Lett (1999) 269:169–72. doi: 10.1016/S0304-3940
(99)00447-4

6. Karras JG, Wang Z, Huo L, Howard RG, Frank DA, Rothstein TL. Signal
Transducer and Activator of Transcription-3 (STAT3) Is Constitutively
Activated in Normal, Self-Renewing B-1 Cells But Only Inducibly
Expressed in Conventional B Lymphocytes. J Exp Med (1997) 185:1035–42.
doi: 10.1084/jem.185.6.1035

7. Levy DE, Lee CK. What Does Stat3 do? J Clin Invest (2002) 109:1143–8. doi:
10.1172/JCI0215650

8. Shiratori-Hayashi M, Koga K, Tozaki-Saitoh H, Kohro Y, Toyonaga H,
Yamaguchi C, et al. STAT3-Dependent Reactive Astrogliosis in the Spinal
Dorsal Horn Underlies Chronic Itch. Nat Med (2015) 21:927–31. doi:
10.1038/nm.3912

9. Fu XQ, Liu B, Wang YP, Li JK, Zhu PL, Li T, et al. Activation of STAT3 is a
Key Event in TLR4 Signaling-Mediated Melanoma Progression. Cell Death
Dis (2020) 11:246. doi: 10.1038/s41419-020-2440-1

10. Minegishi Y, Saito M, Tsuchiya S, Tsuge I, Takada H, Hara T, et al. Dominant-
Negative Mutations in the DNA-Binding Domain of STAT3 Cause Hyper-IgE
Syndrome. Nature (2007) 448:1058–62. doi: 10.1038/nature06096

11. Yong PF, Freeman AF, Engelhardt KR, Holland S, Puck JM, Grimbacher B.
An Update on the Hyper-IgE Syndromes. Arthritis Res Ther (2012) 14:228.
doi: 10.1186/ar4069

12. Oh J, Freeman AF, Park M, Sokolic R, Candotti F, Holland SM, et al. The
Altered Landscape of the Human Skin Microbiome in Patients With Primary
Immunodeficiencies. Genome Res (2013) 23:2103–14. doi: 10.1101/
gr.159467.113

13. Kane A, Deenick EK, Ma CS, Cook MC, Uzel G, Tangye SG. STAT3 is a
Central Regulator of Lymphocyte Differentiation and Function. Curr Opin
Immunol (2014) 28:49–57. doi: 10.1016/j.coi.2014.01.015

14. Durant L, Watford WT, Ramos HL, Laurence A, Vahedi G, Wei L, et al.
Diverse Targets of the Transcription Factor STAT3 Contribute to T Cell
Pathogenicity and Homeostasis. Immunity (2010) 32:605–15. doi: 10.1016/
j.immuni.2010.05.003

15. Oikonomopoulou C, Goussetis E. Autosomal Dominant Hyper-IgE
Syndrome: When Hematopoietic Stem Cell Transplantation Should be
Considered? Pediatr Transplant (2020) 24:e13699. doi: 10.1111/petr.13699

16. Sano S, Itami S, Takeda K, Tarutani M, Yamaguchi Y, Miura H, et al.
Keratinocyte-Specific Ablation of Stat3 Exhibits Impaired Skin Remodeling,
But Does Not Affect Skin Morphogenesis. EMBO J (1999) 18:4657–68. doi:
10.1093/emboj/18.17.4657

17. Sano S, Chan KS, DiGiovanni J. Impact of Stat3 Activation Upon Skin
Biology: A Dichotomy of its Role Between Homeostasis and Diseases.
J Dermatol Sci (2008) 50:1–14. doi: 10.1016/j.jdermsci.2007.05.016

18. Wang E, Harel S, Christiano AM. JAK-STAT Signaling Jump Starts the Hair
Cycle. J Invest Dermatol (2016) 136:2131–2. doi: 10.1016/j.jid.2016.08.029

19. Sano S, Takeda J, Yoshikawa K, Itami S. Tissue Regeneration: Hair Follicle as a
Model. J Investig Dermatol Symp Proc (2001) 6:43–8. doi: 10.1046/j.0022-
202x.2001.00004.x

20. Sano S, Kira d, Takagi S, Yoshikawa K, Takeda J, Itami S. Two Distinct
Signaling Pathways in Hair Cycle Induction: Stat3-Dependent and
-Independent Pathways. Proc Natl Acad Sci USA (2000) 97:13824–9. doi:
10.1073/pnas.240303097

21. Nagao K, Kobayashi T, Moro K, Ohyama M, Adachi T, Kitashima DY, et al.
Stress-Induced Production of Chemokines by Hair Follicles Regulates the
Trafficking of Dendritic Cells in Skin. Nat Immunol (2012) 13:744–52. doi:
10.1038/ni.2353

22. Adachi T, Kobayashi T, Sugihara E, Yamada T, Ikuta K, Pittaluga S, et al. Hair
Follicle-Derived IL-7 and IL-15 Mediate Skin-Resident Memory T Cell
Homeostasis and Lymphoma.NatMed (2015) 21:1272–9. doi: 10.1038/nm.3962

23. Kim DJ, Kataoka K, Rao D, Kiguchi K, Cotsarelis G, Digiovanni J. Targeted
Disruption of Stat3 Reveals a Major Role for Follicular Stem Cells in Skin
Tumor Initiation. Cancer Res (2009) 69:7587–94. doi: 10.1158/0008-
5472.CAN-09-1180

24. Rao D, Macias E, Carbajal S, Kiguchi K, DiGiovanni J. Constitutive Stat3
Activation Alters Behavior of Hair Follicle Stem and Progenitor Cell
Populations. Mol Carcinog (2015) 54:121–33. doi: 10.1002/mc.22080

25. Jacob JT, Coulombe PA, Kwan R, Omary MB. Types I and II Keratin
Intermediate Filaments. Cold Spring Harb Perspect Biol (2018) 10(4):
a018275. doi: 10.1101/cshperspect.a018275

26. Irvine AD, McLean WH. Human Keratin Diseases: The Increasing Spectrum
of Disease and Subtlety of the Phenotype-Genotype Correlation. Br J Dermatol
(1999) 140:815–28. doi: 10.1046/j.1365-2133.1999.02810.x

27. Chamcheu JC, Siddiqui IA, Syed DN, Adhami VM, Liovic M, Mukhtar H.
Keratin Gene Mutations in Disorders of Human Skin and its Appendages.
Arch Biochem Biophys (2011) 508:123–37. doi: 10.1016/j.abb.2010.12.019

28. Morris RJ, Liu Y, Marles L, Yang Z, Trempus C, Li S, et al. Capturing and
Profiling Adult Hair Follicle Stem Cells. Nat Biotechnol (2004) 22:411–7. doi:
10.1038/nbt950

29. Gonzalez MJ, Ruiz-Garcia A, Monsalve EM, Sanchez-Prieto R, Laborda J,
Diaz-Guerra MJ, et al. DLK1 is a Novel Inflammatory Inhibitor Which
Interferes With NOTCH1 Signaling in TLR-Activated Murine
Macrophages. Eur J Immunol (2015) 45:2615–27. doi: 10.1002/eji.201545514

30. Hajishengallis G, Wang M, Liang S, Triantafilou M, Triantafilou K. Pathogen
Induction of CXCR4/TLR2 Cross-Talk Impairs Host Defense Function. Proc
Natl Acad Sci USA (2008) 105:13532–7. doi: 10.1073/pnas.0803852105

31. Chamlin SL, McCalmont TH, Cunningham BB, Esterly NB, Lai CH, Mallory
SB, et al. Cutaneous Manifestations of Hyper-IgE Syndrome in Infants and
Children. J Pediatr (2002) 141:572–5. doi: 10.1067/mpd.2002.127503

32. Minegishi Y, Saito M. Cutaneous Manifestations of Hyper IgE Syndrome.
Allergol Int (2012) 61:191–6. doi: 10.2332/allergolint.12-RAI-0423

33. Polak-Witka K, Rudnicka L, Blume-Peytavi U, Vogt A. The Role of the
Microbiome in Scalp Hair Follicle Biology and Disease. Exp Dermatol (2020)
29:286–94. doi: 10.1111/exd.13935

34. Amano W, Nakajima S, Kunugi H, Numata Y, Kitoh A, Egawa G, et al. The
Janus Kinase Inhibitor JTE-052 Improves Skin Barrier Function Through
November 2021 | Volume 12 | Article 663177

https://doi.org/10.1016/S0092-8674(03)00847-X
https://doi.org/10.1016/S0092-8674(03)00847-X
https://doi.org/10.1101/gad.12.13.2048
https://doi.org/10.1002/j.1460-2075.1996.tb00500.x
https://doi.org/10.1126/science.278.5337.477
https://doi.org/10.1126/science.278.5337.477
https://doi.org/10.1016/S0304-3940(99)00447-4
https://doi.org/10.1016/S0304-3940(99)00447-4
https://doi.org/10.1084/jem.185.6.1035
https://doi.org/10.1172/JCI0215650
https://doi.org/10.1038/nm.3912
https://doi.org/10.1038/s41419-020-2440-1
https://doi.org/10.1038/nature06096
https://doi.org/10.1186/ar4069
https://doi.org/10.1101/gr.159467.113
https://doi.org/10.1101/gr.159467.113
https://doi.org/10.1016/j.coi.2014.01.015
https://doi.org/10.1016/j.immuni.2010.05.003
https://doi.org/10.1016/j.immuni.2010.05.003
https://doi.org/10.1111/petr.13699
https://doi.org/10.1093/emboj/18.17.4657
https://doi.org/10.1016/j.jdermsci.2007.05.016
https://doi.org/10.1016/j.jid.2016.08.029
https://doi.org/10.1046/j.0022-202x.2001.00004.x
https://doi.org/10.1046/j.0022-202x.2001.00004.x
https://doi.org/10.1073/pnas.240303097
https://doi.org/10.1038/ni.2353
https://doi.org/10.1038/nm.3962
https://doi.org/10.1158/0008-5472.CAN-09-1180
https://doi.org/10.1158/0008-5472.CAN-09-1180
https://doi.org/10.1002/mc.22080
https://doi.org/10.1101/cshperspect.a018275
https://doi.org/10.1046/j.1365-2133.1999.02810.x
https://doi.org/10.1016/j.abb.2010.12.019
https://doi.org/10.1038/nbt950
https://doi.org/10.1002/eji.201545514
https://doi.org/10.1073/pnas.0803852105
https://doi.org/10.1067/mpd.2002.127503
https://doi.org/10.2332/allergolint.12-RAI-0423
https://doi.org/10.1111/exd.13935
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Miyauchi et al. STAT3 Signaling in Hair Follicle
Suppressing Signal Transducer and Activator of Transcription 3 Signaling.
J Allergy Clin Immunol (2015) 136:667–677.e667. doi: 10.1016/j.jaci.2015.03.051

35. Clarysse K, Pfaff CM, Marquardt Y, Huth L, Kortekaas Krohn I, Kluwig D,
et al. JAK1/3 Inhibition Preserves Epidermal Morphology in Full-Thickness
3D Skin Models of Atopic Dermatitis and Psoriasis. J Eur Acad Dermatol
Venereol (2019) 33:367–75. doi: 10.1111/jdv.15301

36. Paladini RD, Coulombe PA. Directed Expression of Keratin 16 to the
Progenitor Basal Cells of Transgenic Mouse Skin Delays Skin Maturation.
J Cell Biol (1998) 142:1035–51. doi: 10.1083/jcb.142.4.1035

37. Casanova ML, Bravo A, Martinez-Palacio J, Fernandez-Acenero MJ,
Villanueva C, Larcher F, et al. Epidermal Abnormalities and Increased
Malignancy of Skin Tumors in Human Epidermal Keratin 8-Expressing
Transgenic Mice. FASEB J: Off Publ Fed Am Soc Exp Biol (2004) 18:1556–8.
doi: 10.1096/fj.04-1683fje

38. Schweizer J, Langbein L, Rogers MA, Winter H. Hair Follicle-Specific Keratins
and Their Diseases. Exp Cell Res (2007) 313:2010–20. doi: 10.1016/
j.yexcr.2007.02.032

39. Paris AJ, Hayer KE, Oved JH, Avgousti DC, Toulmin SA, Zepp JA, et al.
STAT3-BDNF-TrkB Signalling Promotes Alveolar Epithelial Regeneration
After Lung Injury. Nat Cell Biol (2020) 22:1197–210. doi: 10.1038/s41556-
020-0569-x

40. Lomada D, Jain M, Bolner M, Reeh KA, Kang R, Reddy MC, et al. Stat3
Signaling Promotes Survival And Maintenance Of Medullary Thymic Epithelial
Cells. PloS Genet (2016) 12:e1005777. doi: 10.1371/journal.pgen.1005777

41. Pickert G, Neufert C, Leppkes M, Zheng Y, Wittkopf N, Warntjen M, et al.
STAT3 Links IL-22 Signaling in Intestinal Epithelial Cells to Mucosal Wound
Healing. J Exp Med (2009) 206:1465–72. doi: 10.1084/jem.20082683

42. Harries MJ, Meyer K, Chaudhry IE, Kloepper JPoblet E, Griffiths CE, Paus R,
et al. Lichen Planopilaris Is Characterized by Immune Privilege Collapse of the
Hair Follicle’s Epithelial Stem Cell Niche. J Pathol (2013) 231:236–47. doi:
10.1002/path.4233

43. Nowak JA, Polak L, Pasolli HA, Fuchs E. Hair Follicle Stem Cells Are Specified
and Function in Early Skin Morphogenesis. Cell Stem Cell (2008) 3:33–43. doi:
10.1016/j.stem.2008.05.009

44. Kobayashi T, Glatz M, Horiuchi K, Kawasaki H, Akiyama H, Kaplan DH, et al.
Dysbiosis and Staphylococcus Aureus ColonizationDrives Inflammation inAtopic
Dermatitis. Immunity (2015) 42:756–66. doi: 10.1016/j.immuni.2015.03.014
Frontiers in Immunology | www.frontiersin.org 13
45. Greenhill CJ, Gould J, Ernst M, Jarnicki A, Hertzog PJ, Mansell A, et al. LPS
Hypersensitivity of Gp130 Mutant Mice is Independent of Elevated
Haemopoietic TLR4 Signaling. Immunol Cell Biol (2012) 90:559–63. doi:
10.1038/icb.2011.56

46. Balic JJ, Albargy H, Luu K, Kirby FJ, Jayasekara WSN, Mansell F, et al. STAT3
Serine Phosphorylation is Required for TLR4 Metabolic Reprogramming and
IL-1beta Expression. Nat Commun (2020) 11:3816. doi: 10.1038/s41467-020-
17669-5

47. Ahuja A, Kim E, Sung GH, Cho JY. STAT3 Differentially Regulates TLR4-
Mediated Inflammatory Responses in Early or Late Phases. Int J Mol Sci
(2020) 21(20):7675. doi: 10.3390/ijms21207675

48. Howe EA, Sinha R, Schlauch D, Quackenbush J. RNA-Seq Analysis in MeV.
Bioinformatics (2011) 27:3209–10. doi: 10.1093/bioinformatics/btr490

49. Kramer A, Green J, Pollard JJr., Tugendreich S. Causal Analysis Approaches
in Ingenuity Pathway Analysis. Bioinformatics (2014) 30:523–30. doi: 10.1093/
bioinformatics/btt703

50. Trapnell C, Pachter L, Salzberg SL. TopHat: Discovering Splice Junctions
With RNA-Seq. Bioinformatics (2009) 25:1105–11. doi: 10.1093/
bioinformatics/btp120

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Miyauchi, Ki, Ukai, Suzuki, Inoue, Suda, Matsui, Ito, Honda,
Koseki, Ohara, Tanaka, Okada-Hatakeyama and Kubo. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
November 2021 | Volume 12 | Article 663177

https://doi.org/10.1016/j.jaci.2015.03.051
https://doi.org/10.1111/jdv.15301
https://doi.org/10.1083/jcb.142.4.1035
https://doi.org/10.1096/fj.04-1683fje
https://doi.org/10.1016/j.yexcr.2007.02.032
https://doi.org/10.1016/j.yexcr.2007.02.032
https://doi.org/10.1038/s41556-020-0569-x
https://doi.org/10.1038/s41556-020-0569-x
https://doi.org/10.1371/journal.pgen.1005777
https://doi.org/10.1084/jem.20082683
https://doi.org/10.1002/path.4233
https://doi.org/10.1016/j.stem.2008.05.009
https://doi.org/10.1016/j.immuni.2015.03.014
https://doi.org/10.1038/icb.2011.56
https://doi.org/10.1038/s41467-020-17669-5
https://doi.org/10.1038/s41467-020-17669-5
https://doi.org/10.3390/ijms21207675
https://doi.org/10.1093/bioinformatics/btr490
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1093/bioinformatics/btp120
https://doi.org/10.1093/bioinformatics/btp120
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Essential Role of STAT3 Signaling in Hair Follicle Homeostasis
	Introduction
	Results
	STAT3 Signaling Controls Gene Expressions of HF-Specific Keratins
	The Skin Microorganism Composition in the Infant Period Determines the Onset of Dermatitis
	Stat3 Deficiency in the Skin Leads to the Dysregulation of Epidermal Development

	Discussion
	Methods
	Mice
	Antibodies
	Histology and Immunohistochemistry
	Generation and Analysis of Dynamic Gene Expression Profiles
	3&prime; mRNA-Seq Analysis
	BioMark HD Gene Expression System
	RT-q-PCR
	cDNA Cloning and Plasmid Construction
	TWEL Analysis
	3D Epidermal Cell Culture
	Bioinformatics Analysis
	Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


