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mechanisms that maintain this barrier are not fully understood. Here, we have described a mutant mouse that
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of a Th2-biased immune response. These mice harbor a mutation that results in a single aa substitution in the JAK1
tyrosine kinase that results in hyperactivation, thereby leading to skin serine protease overexpression and disruption of
skin barrier function. Accordingly, treatment with an ointment to maintain normal skin barrier function protected mutant
mice from dermatitis onset. Pharmacological inhibition of JAK1 also delayed disease onset. Together, these findings
indicate that JAK1-mediated signaling cascades in skin regulate the expression of proteases associated with the
maintenance of skin barrier function and demonstrate that perturbation of these pathways can lead to the development of
spontaneous pruritic dermatitis.
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Introduction

The skin provides a strong and flexible barrier that protects the host
from foreign particles and microbial invasion and maintains homeo-
static water loss from the body’s surface. Since it is continuously
damaged physically and chemically by the environment, this skin
barrier system, the stratum corneum in the outermost layer, must
be maintained and continuously regenerated by the proliferation
and differentiation of keratinocytes. If this skin barrier system is dis-
rupted, various skin diseases such as ichthiosis vulgaris and atopic
dermatitis can result (1), although a skin immune reaction is also a
requisite for the development of such inflammatory conditions. Skin
homeostasis is thought to be controlled by a balance of various fac-
tors present in the skin tissue that allows for flexibility in dealing with
a changing environment (2). For example, epidermal growth factor
family members and their receptors are known to control the differ-
entiation and development of epidermal cells to maintain a normal
epidermal component (3, 4); proinflammatory cytokines such as IL-6
and IL-1f play important roles in wound healing and regeneration of
epidermal tissue (5, 6); and several cytokines are important for kera-
tinocyte proliferation and differentiation in inflammatory disease
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Skin homeostasis is maintained by the continuous proliferation and differentiation of epidermal cells. The skin forms a
strong but flexible barrier against microorganisms as well as physical and chemical insults; however, the physiological
mechanisms that maintain this barrier are not fully understood. Here, we have described a mutant mouse that spontaneously
develops pruritic dermatitis as the result of an initial defect in skin homeostasis that is followed by induction of a Th2-biased
immune response. These mice harbor a mutation that results in a single aa substitution in the JAK1 tyrosine kinase that
results in hyperactivation, thereby leading to skin serine protease overexpression and disruption of skin barrier function.
Accordingly, treatment with an ointment to maintain normal skin barrier function protected mutant mice from dermatitis
onset. Pharmacological inhibition of JAK1 also delayed disease onset. Together, these findings indicate that JAK1-mediated
signaling cascades in skin regulate the expression of proteases associated with the maintenance of skin barrier function and
demonstrate that perturbation of these pathways can lead to the development of spontaneous pruritic dermatitis.

conditions such as psoriasis (7, 8). However, the precise signal trans-
duction molecules activated by these cytokines and their receptors
in skin barrier maintenance are not fully understood.

In the present study, we identified a skin disease animal model
through phenotypic screening of N-ethyl N-nitorosourea-induced
(ENU-induced) randomly mutagenized mice (9). The mutant mouse
described here spontaneously developed dermatitis accompanied
by scratching behavior and, as the disease progressed, immunolog-
ical abnormalities that developed in a stepwise manner. We identi-
fied the responsible gene by genetic mapping, and by sequencing the
candidate gene Jakl, we identified a gain-of-function missense point
mutation in the coding region.

JAK1 is a signal transduction molecule associated with
various cytokine receptors that participates in several signal-
ing pathways to activate other molecules such as STATs or
GRB2 (10). More than 10 cytokines are known to be ligands of
JAK1-associated receptors and have activities on various cells
and tissues including leukocytes, neurons, and epithelial cells
(11). By means of genetic analysis and BM transfer experiments,
we found that the Jakl point mutation induces spontaneous skin
barrier disruption and that skin is the responsible tissue for der-
matitis onset. We discovered that several serine proteases regu-
lated by the JAK1 signaling pathway are overexpressed in mutant
skin and downregulated with JAK inhibitor administration.
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In addition, we found that emollient treatment effectively
delays the onset of dermatitis in this model.

Here, we describe a unique dermatitis model that mimics
human disease in terms of genetic factors, that of a single gene
mutation affecting both skin barrier homeostasis and immune
responses, and in terms of an environmental factor regulating
disease onset.

Results

Identification and characterization of the dermatitis model. Derma-
titis in this mutant mouse manifests as redness and desquamation
of the ears due to scratching and occurs in specific pathogen-free
(SPF) conditions in an autosomal recessive manner (Figure 1A and
Supplemental Video 1; supplemental material available online with
this article; doi:10.1172/JC182887DS1). In adult homozygotes, skin
lesions are characterized by epidermal hyperplasia and the infiltra-
tion of mononuclear inflammatory cells including mast cells, eos-
inophils, and CD4* T cells (Figure 1B and Supplemental Figure 1).
Dermatitis penetrance diagnosed by Matsuda’s clinical criteria (12)
reaches 100% in homozygotes by the time they reach 12 weeks of
age (Figure 1, C and D). Starting at approximately 3 weeks after the
onset of dermatitis, serum IgE and IgG1 Ab levels progressively
increased with age (Figure 1, E and F), and by 12 to 14 weeks, serum
histamine levels were also elevated (Figure 1G). From approxi-
mately 8 weeks after the onset of dermatitis, serum IgG2b and
IgG2clevels were also elevated (Supplemental Figure 2). To further
examine the Th2 and Thlimmune responses in dermatitis-afflicted
homozygotes, we measured cytokine production by CD4* T cells.
IL-4, IL-5, and IL-13 levels were significantly higher than those in
WT mice at 10 and 20 weeks of age, whereas the production of
IFN-y in homozygotes was augmented, but not until 20 weeks of
age (Supplemental Figure 3). These results suggest that the Th2-
related immune responses in homozygotes occur a few weeks after
the onset of dermatitis and that chronic inflammatory conditions
ultimately result in both Th2 and Thl immune responses. A small
fraction (<20%) of heterozygotes also developed mild dermatitis,
but it was not detected until after 6 months of age (Supplemental
Figure 4). Given its phenotype, we named this mutant mouse strain
Spade (stepwise, progressive atopic dermatitis).

Detection of the causative Spade mutation in the Jakl gene. To
define the causative dermatitis gene in the mutant mice, we
performed genetic mapping of the Spade allele in the C57BL/6]
(B6) strain by outbreeding with the C3H/He] (C3) strain (13) and
located it on chromosome 4 (Supplemental Figure 5). Further
screening for candidate genes identified a G-to-A missense muta-
tion at position 2633 in Jakl in Spade homozygotes that resulted
in an arginine (R) to histidine (H) substitution at position 878 in
the protein, located near the ATP-binding motif of the tyrosine
kinase domain (Figure 2, A and B). To confirm that this JakI point
mutation was sufficient to drive the development of dermatitis in
homozygotes, we generated a Jakl knockin allele harboring the
Spade point mutation (Figure 2C). Homozygous knockin mice
developed spontaneous progressive dermatitis that phenocopied
the disease in homozygous Spade mice (Figure 2, D-1). Thus, a sin-
gle nucleotide mutation in JakI resulting in the R878H substitution
is linked to the Spade phenotype. We designated this allele Jak1se
and will hereafter refer to this mutant as Spade.
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The Spade mutation resultsin hyperactivation of the JAKI tyrosine
kinase. The JAK1 tyrosine kinase is a cytoplasmic protein that is
activated through various cytokine receptors to initiate multiple
signal transduction pathways (11). Since the JakI** point muta-
tion was found in the protein kinase domain and localized in the
vicinity of the ATP-binding domain, we tested whether it affects
JAK1 tyrosine kinase function. After JAK1-mediated phosphoryla-
tion, STAT proteins form dimers and translocate to the nucleus,
where they activate gene expression (11). JAK1, STAT3, and
STAT1 were constitutively hyperphosphorylated in Jak]srade/Spade
mouse embryonic fibroblasts (MEFs) compared with that
observed in WT MEFs, and the inducible phosphorylation of each
of these molecules was further exaggerated upon stimulation
with IL-6 or IFN-o (Figure 3, A-C). These results suggested that
Spade is a gain-of-function mutation. In addition, expression lev-
els of SOCS3 and SOCS], transcriptionally activated molecules
in the JAK/STAT pathway (10), were upregulated in Jak]srade/Spade
MEFs compared with expression levels in WT MEFs after stimula-
tion with IL-6 or IFN-a (Figure 3, D and E). Moreover, HA-tagged
JAK1%¢ that was expressed and activated in an in vitro system
had higher catalytic activity against recombinant STAT3 than
did WT JAK1 expressed in the same system (Figure 3F and ref.
14). These results clearly show that JAK1% i catalytically more
active than WT JAKI in terms of its phosphotyrosine kinase activ-
ity toward itself and STAT proteins. Since JAK1 is expressed in all
cells and tissues (11, 15), we sought to determine the cellular ori-
gin of the dermatitis phenotype by characterizing the expression
of phosphorylated pY-JAK1 in the ear skin of mutant and WT litt-
ermates. Phosphorylated JAK1 was detected in presymptomatic
JakIspade/Spade epidermis, but was scarcely detected in WT tissues
(Figure 3G). This was accompanied by increased numbers of pro-
liferating keratinocytes with Ki67 expression and ectopic expres-
sion of cytokeratin 6 (K6) in mutant skin (Figure 3G). Together,
these results indicate that the proliferation and differentiation
process is perturbed in the mutant keratinocytes.

In addition to tyrosine-phosphorylated JAK1 (pY-JAK1) (Fig-
ure 3G), pY-STAT1, -STAT2, -STAT3, -STAT5, and -STAT6 were
present in the skin epidermal layer of 6-week-old Jak1%ed/Sade, but
not WT, mice (Supplemental Figure 6A). Moreover, the phospho-
rylation of these STATs was augmented by peritoneal administra-
tion of IL-6 (Supplemental Figure 6B). These data suggest that an
intrinsic perturbation in the signaling interaction disrupted kera-
tinocyte development in JakI%*#/Sade mice.

Skin is the tissue responsible for dermatitis onset, but immune cells
can modulate dermatitis symptoms. The results in Figure 3 and Sup-
plemental Figure 6 summarize the evidence that the incidence of
dermatitis is associated with aberrant JAK1 kinase activity in situ.
Because JAK1 is expressed in many cell types, including immune
cells, we asked whether hematopoietic lineage cells also partici-
pate in the induction of dermatitis as a consequence of the expres-
sion of mutant Jakl. To this end, we generated JakI$ede/Srade mice
that lacked T and B cells by crossing them with Ragl”~(16) mice.

As shown in Figure 4, A-C, histological analysis revealed that
the incidence, kinetics, and penetrance of dermatitis were similar
in Jak1sade/Seade and Ragl”/~ Jakl%**/+ mice. However, the clinical
dermatitis scores were significantly lower in the JakI%/Spade mice
with no B or T cells (Ragl”~ Jak1%*/%) indicating that lymphoid
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Figure 1. Phenotypic characterization of dermatitis induced by ENU mutagenesis. (A) A mutant mouse (right) and a WT littermate (left) at 20 weeks of
age. (B) Photomicrographs of histological sections of ear skin from mutant and WT mice (18 weeks of age) stained with H&E or TB. Scale bars: 100 pm.

(C and D) Longitudinal analyses of dermatitis incidence (C) and clinical scores (D) of homozygous (red), heterozygous (green), and WT (blue) mice. The
cumulative incidence of dermatitis plotted in panel C was determined from cohorts of 45 mutant homozygous, 20 heterozygous, and 50 WT mice. (E and
F) Longitudinal analyses of levels of serum IgE (E) and IgG1 (F) in homozygous, heterozygous, and WT mice. (G) Longitudinal analyses of serum histamine
levels in homozygous, heterozygous, and WT mice. Data in D-F represent the mean + SD of 8 mice per group. *P < 0.05 and **P < 0.01, relative to both

heterozygous and WT mice, by 1-way ANOVA, followed by Bonferroni’s test

cells can exacerbate the dermatitis symptoms (Figure 4, A-C). In
fact, the proliferation of thymocytes in response to various cytok-
ines was higher in Spade-mutant mice than in their WT littermates
(Supplemental Figure 7).

Considering that mast cells play a crucial role in skin derma-
titis (17), we examined their possible involvement by crossing
Jak1ede/Spade_mutant mice with Kig"W#"=t (18) mice. As shown in Fig-
ure 4, D-F, the congenital lack of mast cells did not significantly
influence the development of dermatitis in JakI®/Sad mjce.

To assess the role of any other hematopoietic or nonhemato-
poietic cells in the dermatitis, we generated BM chimeras using
WT and JaklIseade/Spade mice. Jakl$ed/Srade hosts harboring WT BM
cells developed dermatitis 10 weeks after transfer, whereas chi-
meras with the reciprocal combination of BM did not develop

jci.org  Volume126  Number6  June 2016

the disease, even 6 months after transfer (Figure 5A). Although
expression of the JakI% allele by BM-derived cells alone was
insufficient to drive dermatitis, epidermal hyperplasia and
inflammatory cell infiltration were more rapid and severe in
Jak1seade/Spade BN — Jak1%pade/Spade chimeras than in WT BM— Jak]sade/Spade
chimeras (Figure 5, B and C). Together, these results demon-
strate that the development of dermatitis in JaklI%</Sade mice
requires expression of the Jakl% allele by nonhematopoietic
cells but that the expression of this allele in the hematopoietic
compartment exacerbates the disease severity.

Permeability barrier function is defective in Spade-mutant skin.
Skin barrier defects are known to cause ichthyosis and atopic
dermatitis (2). To investigate whether dermatitis in Jak]spade/Spade.
mutant mice is associated with aberrant epidermal barrier
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Figure 2. Dermatitis is caused by a missense mutation in the Jak1 tyrosine kinase expressed in nonhematopoietic cells. (A and B) Detection of a Jak?
G-to-A point mutation in Jak7%%/*Pede-mutant mice (A) that replaces an arginine with a histidine at position 878 in the protein kinase domain of JAK1
(B). FERM, 4.1, ezrin, radixin, moesin; SH2, Src homology region 2. (C) Diagram of the JakTR¢’®" mutation knockin construct showing the location of the
point mutation (red M in exon 19) and the selection cassette. (D) PCR amplification with the primers shown at the bottom of C was used to screen for
homologous recombination in ES cells. (E) Southern blot of ES cell genomic DNA using the 5" and 3’ probes depicted in panel C, confirming homologous
recombination. (F) Physical appearance of a homozygous knockin mouse. (G) Photomicrographs showing histological sections of H&E- and TB-stained
ear skin from a 20-week-old homozygous knockin mouse. Scale bars: 100 um. Longitudinal analyses of dermatitis incidence (H) and clinical scores (1) of

homozygous, heterozygous, and WT mice.

function, we tested the rate of transepidermal water loss (TEWL)
as areadout for barrier function (19). The TEWL rate for skin from
6-week-old (presymptomatic) Jakl$ed/Seade mice was higher than
that of skin from age-matched heterozygous and WT mice and
became further elevated after dermatitis onset (Figure 6A). Bio-
tin particles painted onto the ear skin of 6-week-old Jaklsade/Spade
mice penetrated deeply into the stratum corneum, whereas these
particles remained on the skin surface of WT mice (Figure 6B).
Together, these data indicate that the physiological skin barrier of
Jakisede/Seade mice is defective.

To investigate whether compromised skin barrier function
plays a functional role in dermatitis development, we coated

the ear skin of JaklSrede/Spade mice with petrolatum 3 times per
week starting at 4 weeks of age. This treatment delayed the
onset of dermatitis, and by 14 weeks of age, only 25% of the
petrolatum-treated JakISrade/Spade mice had developed disease
(Figure 6C). Dermatitis was also clinically less severe in petro-
latum-treated mice (Figure 6D). Consistently, the TEWL rate
of the ear skin remained low in petrolatum-treated Jaklsred/Spade
mice that were protected from dermatitis (Figure 6E). By
histopathological analysis, dermal infiltrations of neutrophils
and monocytes were detected in the nontreated ears before
disease onset but were suppressed in petrolatum-treated ears
(Supplemental Figure 8).
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Figure 3. Constitutive activation of JAK1 promotes dermatitis in Jak1°°¢/5rade mijce. (A-C) Data are from immunoprecipitated lysates of MEFs stimu-
lated with IL-6 (JAK1 and STAT3) or IFN-o. (STAT1). Western blots and densitometric analysis showing cytokine-induced hyperphosphorylation of JAK1
(A), STAT3 (B), and STAT1 (C). (D and E) Cytokine-induced Socs3 (D) and Socs7 (E) transcript levels in Jak1°Pede/sPede and WT MEFs stimulated with IL-6 or
IFN-a. Error bars represent the mean + SD. *P < 0.05 and **P < 0.01, by 2-tailed Student’s t test. (F) Immunoblots showing in vitro phosphorylation
of STAT3 by cytokine-activated JAK1T and JAK1%P* immunoprecipitated from 293T cells expressing a chimeric G-CSFR-gp130 receptor. (G) Frozen ear
sections from Jak15Pede/spade gnd WT mice at 6 weeks of age were stained for pY-JAK1 and Ki67 (both red) and K6 (green), and nuclei were counterstained

with DAPI (blue). Scale bars: 20 um.

Next, to examine whether permeability barrier disruption
has any significant effect on accelerating or worsening derma-
titis in Spade-mutant mice, we disrupted the permeability bar-
rier of Jak1sade/Seade JaR1+/Spade and WT mice using the sequential
tape-stripping method described in reports by Feingold and Elias
(20). In JakIsrad/srede mice, the onset of dermatitis was not accel-
erated by tape stripping, but in Jakl*/* and WT mice, the treat-
ment induced ear inflammation in both genotypes, although it
was slightly more severe in Jakl”/* mice. The inflammatory

jci.org  Volume126  Number6  June 2016

status, judged by histopathological findings, was comparable
among all the mice (Supplemental Figure 9).

Overexpression of serine proteases in mutant skin induces the
barrier defect. To define the genetic skin signature, we per-
formed microarray analysis to compare the gene expression
profiles of Jak1srade/Srade and WT ear skin at 2, 4, and 6 weeks after
birth (Supplemental Figure 10). Raw and processed microarray
data are available through the NCBI’s Gene Expression Omni-
bus (GEO) database (GEO GSE57108). These analyses revealed
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Figure 4. Dermatitis development in T and B cell- or mast cell-deficient Jak15P°/5pd mice. (A and D) Physical and histological appearance of der-
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+ 2.1 for Kit W-sh/W=sh Jgjc1spade/spade mijce and 9.67 + 0.98 for Jak1°Pede/spade mice (P = 0.860, by 2-tailed Student’s t test). *P < 0.05, **P < 0.01, and ***P
< 0.0071, relative to the Jak7°Pe%¢/spa% single-mutant mice in C, by Mann-Whitney U test.
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that expression of a group of genes, including keratinocyte
differentiation-specific molecules, macrophage activation-
specific molecules, and mast cell-specific molecules, was upreg-
ulated in the skin tissue of mutant mice (Supplemental Table 1).
Among this group of genes, we focused on the expression levels
of serine proteases, because it has been reported that a defect in
a skin serine protease-specific inhibitor caused hyperactivation
of serine proteases, which in turn resulted in an atopic derma-
titis-like disease in Netherton syndrome (21). The expression
level of several serine proteases was dramatically upregulated
in the weeks leading up to dermatitis onset in Jakl%/Srade mice
(Figure 7A). Validation of these results by quantitative reverse
transcription PCR (qRT-PCR) revealed that Kiké6 (22, 23) and
marapsin (also known as Prss27) (24) mRNAs were expressed at
10-fold higher levels in the skin from Jakl%/$e¢ mice than in
skin from WT mice (Figure 7, B and C). The 5’ upstream regions
of the Klk6 and marapsin genes contain a binding consensus
sequence for STAT family transcription factors, therefore, we
next investigated whether the JAKI%¢ mutation affects the
transcriptional activity of these protease genes. To this end,
we cotransfected 293T cells with a WT or JakI®** ¢cDNA and a
luciferase reporter construct containing the promoter regions of
Klk6 or marapsin. Luciferase activity was significantly increased
in transfectants expressing the JakI®* gene compared with
those expressing WT Jakl (Figure 7, D and E). This result sug-
gests that the hyperactivity of the JAKI* mutant directly
affects the transcriptional regulation of protease genes and may
induce overexpression of these proteases in the skin.

To confirm the relationship between JAK1 hyperactiva-
tion and protease overexpression, we painted the ear skin of
Jak1seade/Seade mice with a JAK inhibitor or with solvent alone
every 2 days from 4 weeks of age. This treatment considerably
delayed the onset of disease and attenuated the disease pro-
gression rate (Figure 7F), such that approximately 50% of the
mutants had no dermatitis symptoms at 12 weeks of age (Fig-
ure 7G). This therapeutic benefit coincided with decreased
expression of pY-JAK1 and Ki67 compared with expression lev-
els detected in mutant mice treated with solvent alone (Figure
7H). Taken together, our results indicate that the development
of dermatitis in Jakl%*<S*d mice is mediated by JAK1 hyper-
activity in epidermal keratinocytes. We examined the expres-
sion levels of Klk6 and marapsin mRNA in mouse ear skin by
qRT-PCR and found that they were lower in inhibitor-painted
ears than in solvent-painted ears (Supplemental Figure 11, A
and B). In contrast, the expression level of these proteases in
the petrolatum-painted ears of mutant mice was comparable to
that of nontreated Spade homozygotes (Supplemental Figure 11,
C and D). These results indicate that the decreased expression
of proteases observed in JAK inhibitor-painted skin was not the
result of delayed disease onset but rather was due to inhibition
of JAK1 activation.

Hyperphosphorylation of JAKI in the skin of patients with
atopic dermatitis. The above results suggested that JAK1 hyper-
phosphorylation might also be seen in the epidermis of patients
with dermatitis. We examined 6 independent atopic dermatitis
skin biopsies from patients and detected increased epidermal
JAK1 phosphorylation in 4 of the biopsies (Figure 8).
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Discussion

In this study, we established a new dermatitis mouse model
induced by a point mutation (R878H), designated the Spade
mutant, in the JakI tyrosine kinase near the ATP-binding motif
of the tyrosine kinase domain. Although the reported JakI-
deficient mouse has no phenotype in skin development (25), the
Spade point mutation constitutively hyperactivates the JAK1/
STAT signal transduction pathway in the epidermis, which in
turn results in aberrant differentiation and hyperproliferation
of keratinocytes, resulting in a skin barrier defect. We observed
that JAK1 hyperactivation in the epidermis is accompanied by
overexpression of serine proteases, including members of the
kallikrein-related peptidases (KLK) family. KLK family serine
proteases participate in corneodesmosome degradation during
skin turnover (26), and their overexpression or deletion of their
physiologic inhibitors induces a dermatitis phenotype in humans
(27) and mice (28). In addition, we observed that painting of a
JAK inhibitor onto Spade homozygous mutant ears decreased
the expression of these proteases and delayed the onset of der-
matitis. Our results provide evidence for the overexpression
of such serine proteases by activation of STATSs via a signaling
cascade through an activated JAK1 pathway, defining a linkage
between JAK1 and skin barrier homeostasis via serine protease
activation. It is interesting to note that, recently, several JAK
inhibitors have been administrated to patients with psoriasis
and are showing beneficial results for the treatment of psori-
asis skin inflammation (29). In these cases, JAK inhibitors are
thought to be acting via immune cell function regulation (30)
rather than affecting skin tissue, however, our study suggests
that the epidermal keratinocyte proliferation or differentiation
may also be a target of those reagents. Since hyperphosphoryla-
tion of epidermal JAK1 was detected in a subset of of skin sam-
ples from patients with atopic dermatitis, it will be interesting to
determine whether JAK inhibitors might also prevent the onset
of human atopic dermatitis.

In addition to the direct effect on skin, we have found that
BM cells with JAK1 hyperactivation also affect the onset of der-
matitis in JakI®ed</S*d mice. Since proliferation and differentia-
tion of the skin epidermis is affected by various cytokine signals,
intrinsic or from other cells (7, 31-33), it seems plausible that
distinct cytokines activating the JAKI signal transduction system
in BM-derived cells may play some role in skin barrier mainte-
nance. In fact, there is a report of elevated KLK6 and marapsin
expression levels in reorganized human keratinocytes upon in
vitro stimulation with IL-19, IL-20, IL-24, and IL-22, cytokines
produced by dermal macrophages, DCs, and Th17 cells (34). As
they also participate in epidermal keratinocyte proliferation and
psoriasis development (35), these cytokines are plausible candi-
dates for regulators of skin barrier maintenance via JAK1 signal
transduction in both normal and disease states.

It is thought that the acquired immune system modulates the
onset and progression of atopic dermatitis, in particular via Th2
immune responses driven by T and B lymphocytes or mast cells
(31, 36, 37). However, dermatitis developed in Spade-mutant mice
lacking these immune cells, supporting the idea that initiation of
the disease is independent of the activity of lymphocytes or mast
cells. Nonetheless, WT BM cells transferred into Spade-mutant
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Figure 5. Dermatitis development in BM-transferred mice. (A) Photomicrographs showing H&E and TB staining of ear skin histological sections from BM
chimeric mice in various combinations. Scale bars: 100 um. (B and C) Longitudinal analyses of dermatitis incidence (B) and clinical scores (C) after BM trans-
plantation between Jak7°Pede/spade and WT mice. *P < 0.05 and ***P < 0.001, relative to Jak7°Pade/spade BM—s gk 1°Pade/spade chimeric mice, by Mann-Whitney U test.

mice delayed the onset of disease, suggesting the possible impor-
tance of some components of the innate immune response in the
initiation of dermatitis (38).

In addition to genetic factors, we have found that an environ-
mental factor, skin barrier functional repair by petrolatum paint-
ing, prevented the onset of dermatitis. Under these conditions,
infiltration of neutrophils and monocytes to the dermis of the ear
was blocked, in keeping with delayed dermatitis onset, suggesting
that the infiltration of myeloid cells might play an important role
in the onset of dermatitis. On the other hand, permeability barrier
disruption induced experimentally by tape stripping did not accel-
erate dermatitis development in homozygous or heterozygous
mice. These results indicate that dermatitis is initially induced
by the genetic defect, which disrupts skin barrier homeostasis,
but that environmental factors that induce innate immune cell
activation also strongly modulate disease onset and progression.
Recently, several studies have suggested that the development of
human juvenile atopic dermatitis could be prevented by emollient
treatment (39, 40). From this point of view, our Spade-mutant

mice should be a useful model to investigate the presymptomatic
pathological changes in the skin under emollient treatment, which
is difficult to investigate in humans.

While the present article was in preparation, Sabrauski et al.
reported that a missense point mutation (S645P) in the pseu-
dokinase domain of the Jakl gene resulted in dermatitis accom-
panied by STAT3 activation (41). However, there are important
differences between our results and theirs with respect to disease
onset and phenotype. Their Jak1%¢" mutant did not develop spon-
taneous dermatitis until approximately 4 months of age, which
was later than the disease onset observed in our JakI+ (R878H)
mutant mice. Moreover, the S645P mutation results in a systemic
lupus erythematosus-like (SLE-like) disease, coincident with the
elevation of serum Ig isotypes and production of autoantibodies.
As signal transduction by JAKI involves multiple downstream sig-
naling pathways (42), it is conceivable that the 2 JAK1 mutations,
S645P and R878H, promote JAK1 gain of function, but with vari-
ably enhanced activation of different downstream signaling path-
ways. In fact, it has been reported that point mutations such as
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A634D in the pseudokinase domain (JH2) of human JAKI and the
tyrosine kinase domain mutation R879C (corresponding to mouse
R878H) displayed different cellular phenotypes in transfection
studies (43, 44). Further analysis is needed to clarify how the qual-
ity of signal transduction via JAK1 is different between pseudoki-
nase and kinase domain mutations.

We have investigated whether the equivalent Jak1%** (R878H)
mutation has been reported in human JAKI; however, there have
been no reports showing such a gain-of-function mutation in
the coding region of the JAKI gene as a germline mutation (45).
Instead, there was a case report describing a somatic mutation of
JAKI, resulting in an arginine-to-histidine change at aa position
879, JAKI®$7H  which corresponds to the same point mutation as
that found in the Spade mutant (R878H), in adult pre-T cell-type
acute lymphoblastic leukemia (T-ALL) (43, 45). It was reported
that approximately 18% of adult patients with early-onset T-ALL
have a mutation in the JAK1 coding region and that all of the
mutants examined in vitro showed a gain-of-function phenotype
(43). In this context, the proliferation of Spade thymocytes was
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elevated; however, we did not detect any tumor development in
more than 100 homozygous mice that were observed up until 76
weeks of age. This may reflect multiple incidental alterations in
the genome in early T-ALL genesis (46), and JAKI®$! may not be
a driver mutation.

In future studies, careful analysis of dermatitis development
and immune responses, not only in Spade mice but also in JakIs***
mice, will reveal the signaling pathways critical for skin barrier
homeostasis and disease development, findings that will be a help-
ful tool for human skin inflammatory disease investigations.

Methods

Mice. The detailed ENU mutagenesis protocol has been previously
described (13). C57BL/6] and C3H/He] mice were purchased
from CLEA Japan. C57BL/6-Kit"="/"=" mice were provided by the
RIKEN BioResource Center (deposited by Kesuke Oboki, National
Research Institute for Child Health and Development, Tokyo,
Japan). C57BL/6-Ragl”~mice were bred in our facility. All mice were
maintained under SPF conditions
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Clinical scoring of dermatitis. A clinical severity score was deter-
mined as the sum of the individual scores for scratching behavior
and the symptoms in 4 regions (right and left ears, face excluding
ears, and other regions) (12). Scratching behavior was graded as O
(rarely); 1 (sometimes; <30 seconds of scratching during a 120-
second observation); 2 (frequently; 30-90 seconds); or 3 (constantly;
>90 seconds). Symptoms were graded as O (none); 1 (mild; skin dry-
ness, erythema, hemorrhage, scaling, and excoriation); 2 (moder-
ate; erosion, crust, and fissures/rhagades on the ear); or 3 (severe;

thickening/lichenification and deformed/defective ears). Disease
onset was defined as a clinical score above 1.

Mapping and sequencing. Phenodeviants that showed skin anom-
alies were crossed with C3H/He] mice to test for phenotype trans-
mission and for genetic mapping using SNPs (9). For sequencing,
we focused on Jakl among the candidate genes identified by the
PosMed bioinformatics-based search engine (47). Genomic DNA
was amplified by PCR and sequenced using JakI-specific primers
(Supplemental Table 2).
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Healthy skin

Atopic dermatitis skin

Figure 8. Immunohistological analysis of JAK1 activation in the skin of
a patient with atopic dermatitis. Photomicrographs of skin histological
sections from a patient with atopic dermatitis and a healthy control
immunostained for pY-JAK1. Hyperphosphorylation of JAK1 was detected
in 4 of 6 samples from patients with atopic dermatitis. A representative
photograph is shown. Scale bars: 100 pm.

Generation of BM chimeric mice. Recipient mice were lethally
irradiated at 9.5 Gy with a '¥Cs source and injected i.v. with 1.0 x
107 BM cells from the the Jak1$#/Sade or WT donor mice 8-10 hours
after irradiation. The recipient mice were given drinking water con-
taining 0.5 mg/ml neomycin sulfate and 0.3 mg/ml tetracycline
hydrochloride (Calbiochem).

Generation of Jakl-mutant mice. A genomic clone RP23-25A20
was obtained from a C57BL/6] mouse bacterial artificial chromosome
(BAC) clone collection (Invitrogen). The 2.4-kbp BxtXI-Aor5I1HI and
4.3-kbp Aor51HI-EcoRV DNA fragments containing exons 16-17 and
18-22, respectively, of the Jakl gene were subcloned into the pPGEM-T
Easy Vector (Promega). We introduced the mutation (R878H, from
CGT to CAT) in exon 19 of Jakl using a recombinant PCR technique.
The targeting vector was constructed using the pMClneoPolyA
(Stratagene) plasmid. A loxP-flanked Neo cassette was cloned into the
Aor5IHI site of intron 17 of Jakl. The thymidine kinase gene was
inserted upstream of the 5" arm. M1 ES cells were transfected with
the linearized vector by electroporation. The resultant G418- and
ganciclovir-resistant clones were screened using PCR and South-
ern blot analysis with two ¥*P-dCTP-labeled DNA probes. The fol-
lowing primer sets were used for PCR screening of embryonic stem
(ES) cells: for 5'-side PCR amplification, 5-GAGTGGAGAAAGCT-
GACCTGTG-3' and 5-CGCCTTCTATCGCCTTCTTGAC-3; for
3'-side PCR amplification, 5-CAGTCATAGCCGAATAGCCTC-3'
and 5~ AGCAGTCCAGAGGCTCACAGCAAC-3'. Southern blot anal-
yses of candidate ES cells were performed using 2 probes taken from
genomic DNA containing the Jakl gene (for the 5’ probe of 810 bp,
5-CTAGCATGATGAGACAGGTT-3' and 5-TCCGGTGCATGAA-
GAGATCC-3; for the 3’ probe of 490 bp, 5-CAGCATGAATGGC-
CAGAGTCC-3' and 5-ATTGGTCCATAACAGCACATC-3'). The
genomic mutation (R878H) was confirmed by sequencing. Germline
chimeric mice were generated by aggregation methods, and mice
with a high ES cell chimera contribution were crossed with C57BL/6]
mice to produce heterozygous mutants. The heterozygous mutants
were mated with mice expressing the Cre recombinase protein to
remove the loxP-flanked Neo cassette.

Western blotting. MEFs were stimulated with either IL-6 (50 ng/
ml) or IFN-a (500 U/ml). The cell lysates were incubated with JAK1
(BD Biosciences; catalog 610231, clone 73/JAK1) mAb and STAT3
(Cell Signaling Technology; catalog 9132) or STAT1 (Cell Signaling
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Technology; catalog 9172) polyclonal Abs, together with protein A
sepharose (GE Healthcare). The immunoprecipitates were separated
by gradient SDS-PAGE, followed by transfer onto a PVDF Immobilon
P Membrane (EMD Millipore). The membranes were incubated with
pTyr (Upstate; catalog 05-777, clone 4G10); JAK1 (BD Biosciences; cat-
alog 610231, clone 73/JAK1); pY-STAT3 (Cell Signaling Technology;
catalog 9131); STAT3 (Cell Signaling Technology; catalog 9132);
pY-STAT1 (Cell Signaling Technology; catalog 9171); or STAT1 (Cell
Signaling Technology; catalog 9172) Abs. After washing, the mem-
branes were incubated with HRP-conjugated goat anti-rabbit IgG
(Zymed; catalog 65-6120). The immune complexes were visualized
using a chemiluminescence system (PerkinElmer Life Sciences). The
density of each band was quantified using Image]J software (NIH).

In vitro kinase assay. JAK1 kinase activity was analyzed as previ-
ously described (14). Briefly, 293T cells expressing a chimeric receptor
composed of the extracellular domain of the granulocyte-CSF (G-CSF)
receptor and the intracellular domain of gp130 were transfected with
the R878H mutant or WT JAKI, followed by stimulation with G-CSF
(100 ng/ml). After stimulation, HA-tagged JAK1 was immunoprecip-
itated, washed, and incubated with kinase buffer and recombinant
STAT3 protein (Active Motif) as a substrate. Phosphorylation was ana-
lyzed by immunoblotting using pY-JAK1 (Cell Signaling Technology;
catalog 3331); JAK1 (BD Biosciences; catalog 610231, clone 73/JAK1);
pY-STATS3 (Cell Signaling Technology; catalog 9131); and STAT3 (Cell
Signaling Technology; catalog 9132) Abs.

Barrier function assays. TEWL was evaluated on the ear using the
Tewameter TM 300 electrolytic water analyzer (Courage + Khazaka
electronic GmBH). For permeability assays, an isotonic solution con-
taining NHS-LC-biotin (Pierce) in PBS was applied on the ear. After a
60-minute incubation, the ear skin was dissected and frozen. Frozen
sections were stained with Alexa Fluor 546-conjugated streptavidin
(Invitrogen) and counterstained with DAPI (Vector Laboratories).

Topical application of a JAK inhibitor and skin-protective agent. JAK
Inhibitor I (150 uM; Calbiochem) in 10-pl aliquots of acetone and olive
oil (AOO) (4:1) or petrolatum was topically applied 3 times per week to the
ventral and dorsal portions of the ear for the duration of the treatment.

Histological and immunohistological analysis. Mouse ear skin was
fixed with 4% paraformaldehyde, embedded in polyester wax (VWR
International), and sectioned for H&E or toluidine blue (TB) stain-
ing. For immunohistology, frozen ear specimens were sectioned and
fixed by microwave irradiation. After blockade with 5% normal mouse
serum in 3% BSA in PBS, slides were stained with pY-JAK1 (Cell Sig-
naling Technology; catalog 3331); Ki67 (Abcam; catalog ab15580); or
K6 (Covance; catalog PRB-169P) Abs, followed by incubation with
FITC-conjugated swine anti-rabbit Igs (Dako; catalog FO205) or
Cy3-conjugated goat anti-rabbit IgG (Zymed; catalog 81-6115) second-
ary Abs. Slides were counterstained with DAPI (Vector Laboratories).

Immunohistological analysis of human skin. Formalin-fixed, par-
affin-embedded skin tissue sections from patients with atopic der-
matitis or from healthy controls were antigen retrieved with 10 mM
sodium citrate buffer (pH 6.0) and then probed with pY-JAK1 Ab
(Sigma-Aldrich; catalog SAB4504446). Sections were incubated with
biotinylated secondary anti-rabbit IgG Ab, followed by an avidin-
biotinylated alkaline phosphatase (AP) complex (VECTASTAIN
ABC-AP Rabbit IgG Kit; Vector Laboratories; catalog AK-5001). The
Ab was detected with red AP substrate, and nuclei were counter-
stained with hematoxylin.
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ELISA. Serum Ig and histamine levels were determined using an
ELISA kit (Bethyl and MBL).

Real-time reverse transcription gRT-PCR analysis. Ear tissue was
disrupted using a bead mill (Tomy Seiko; MS-100R), and total cellu-
lar mRNA was isolated using an RNeasy Fibrous Tissue Kit (QIAGEN)
according to the manufacturer’s instructions. RNA was reverse tran-
scribed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). For
the quantitative analysis of gene expression, qRT-PCR was performed
on an ABI 7300 Real-Time PCR System with TagMan Gene Expres-
sion Assays (KLK6; Mm00478322_m1, PRSS27; Mm00841353_g1)
and TagMan Gene Expression Master Mix (both from Applied Biosys-
tems). Samples were normalized to the mouse ribosomal housekeep-
ing gene RPL19 (Mm02601633_g1) and reported according to the 2744¢
method, where ACt = Ct of the target gene - Ct of RPL19, and AACT =
ACT of the sample - ACT of the WT sample.

Total RNA was extracted from MEFs using Sepasol-RNA I
(Nacalai Tesque) and reverse transcribed with oligo-(dT) prim-
ers and reverse transcriptase (ReverTra Ace; Toyobo). SYBR
Green PCR Master Mix (Applied Biosystems) was used for qRT-
PCR analysis. Transcript levels were normalized to those of the
gene encoding Gapdh. Primer sequences were as follows: Socsl,
5-CACCTTCTTGGTGCGCG-3' and 5-AAGCCATCTTCACGCT-
GAGC-3'; Socs3, 5'-CCCAAGGCCGGAGATTTC-3' and 5-GGAGC-
CAGCGTGGATCTG-3'; and Gapdh, 5-AGCTGAACGGGAAGCT-
CACT-3, and 5-TGAAGTCGCAGGAGACAACC-3'.

Dual-Luciferase reporter assay. Genomic DNA fragments of the Klk6
(-1859 to -1) and Prss27 (-1012 to -1) promoter regions containing a
STAT3-binding site (TTCCCRKAA) (48) were amplified from genomic
DNA by PCR using primers with an appropriate restriction site (KIk6,
5-CTTGCGAGATACAAATAACA-3' and 5-CTTGAGAGGGTAAGC-
CAACG-3; and Prss27, 5-GCTGCACCCTCTGCTCCTGCGGG-3,
and 5-GTTCTCTGGCTTGGTGGACG-3). The amplified products
were subcloned into the pGL3 basic vector (Promega) containing a
firefly luciferase reporter gene. The authenticity of the clones was con-
firmed by DNA sequencing. 293T cells stably transfected with R878H-
mutant JAK1 (pCMV-mutant JAK1), WT JAK1 (pCMV-JAK1), or pPCMV
vector alone were cotransfected with a STAT3 expression vector (pEF-
BOS-STAT?), a Renilla luciferase expression vector (pRL-TK; Promega),
and either pGL3-KLK6 or pGL-PRSS27 using Lipofectamine 2000 (Invit-
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rogen). Twelve hours after transfection, cell extracts were prepared, and
reporter gene assays were conducted with the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s instructions.
Firefly luciferase activity was normalized to Renilla luciferase values.

Additional experimental procedures are described in the Supple-
mental Methods.

Statistics. Statistical significance was calculated by a 2-tailed Stu-
dent’s £ test or a Mann-Whitney U test or by 1-way ANOVA, followed
by Bonferroni’s test for multiple comparisons. P values of 0.05 or less
were considered significant.

Study approval. All animal experiments were carried out under
the guidance of the Regulations for the Animal Experiments
(RIKEN Yokohama Institute, Yokohama, Japan) and were approved
by the Animal Experiment Committee of RIKEN (Yokohama Insti-
tute, Yokohama, Japan).

After informed consent was provided, human skin samples were
obtained from patients with atopic dermatitis or from unused por-
tions of grafts, most of which had been intended for use in surgery.
The protocol was approved by the Ethics Committee for Human Stud-
ies of Kyoto University Graduate School of Medicine, which stipulates
adherence to the rules laid out in the Declaration of Helsinki.
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