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Adult epidermal Notch activity induces dermal accumulation
of T cells and neural crest derivatives through upregulation

of jagged 1

Carrie A. Ambler'?* and Fiona M. Watt!3-*

SUMMARY

Notch signalling regulates epidermal differentiation and tumour formation via non-cell autonomous mechanisms that are
incompletely understood. This study shows that epidermal Notch activation via a 4-hydroxy-tamoxifen-inducible transgene caused
epidermal thickening, focal detachment from the underlying dermis and hair clumping. In addition, there was dermal
accumulation of T lymphocytes and stromal cells, some of which localised to the blisters at the epidermal-dermal boundary. The T
cell infiltrate was responsible for hair clumping but not for other Notch phenotypes. Notch-induced stromal cells were
heterogeneous, expressing markers of neural crest, melanocytes, smooth muscle and peripheral nerve. Although Slug1 expression
was expanded in the epidermis, the stromal cells did not arise through epithelial-mesenchymal transition. Epidermal Notch
activation resulted in upregulation of jagged 1 in both epidermis and dermis. When Notch was activated in the absence of
epidermal jagged 1, jagged 1 was not upregulated in the dermis, and epidermal thickening, blister formation, accumulation of T
cells and stromal cells were inhibited. Gene expression profiling revealed that epidermal Notch activation resulted in
upregulation of several growth factors and cytokines, including TNFo, the expression of which was dependent on epidermal
jagged 1. We conclude that jagged 1 is a key mediator of non-cell autonomous Notch signalling in skin.
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INTRODUCTION

The skin is a bi-compartmental organ. The outer layer is
maintained by stem cells and comprises a stratified epithelium, the
interfollicular epidermis, with associated hair follicles, sebaceous
glands and sweat glands (Fuchs and Horsley, 2008; Watt et al.,
2006). The sub-epidermal compartment comprises dermal
fibroblasts, peripheral nerves, blood vessels, muscle and fat.
Subpopulations of dermal cells, located in the dermal papilla and
dermal sheath, regulate epidermal stem cell properties, most
notably by controlling the hair growth cycle (Schneider et al., 2009;
Waters et al., 2007). A number of key developmental signaling
pathways, including those that involve Notch, BMP, Wnt and FGF,
mediate epidermal-dermal communication (Estrach et al., 2006;
Kawano et al., 2005; Kishimoto et al., 2000; Lowell et al., 2000;
Rendl et al., 2008; Zhang et al., 2008).

Notch signalling is activated when ligand binding initiates
cleavage of the Notch receptor, which releases the Notch
intracellular domain (NICD) from the plasma membrane (Kopan
and Ilagan, 2009). The NICD translocates to the nucleus and
interacts with its binding partners RBP-Jk (Rbpj — Mouse
Genome Informatics) and mastermind 1 to activate transcription
of downstream targets, including members of the Hes and Hey
families of transcriptional repressors. Notch signalling is
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important in local cell-to-cell communication, as both ligands
and receptors are tethered to the cell membrane. Nevertheless,
recent studies demonstrate that the cleaved domain of jagged 1
can be secreted and can modulate Notch signaling over a longer
range (Aho, 2004; Duarte et al., 2008; Nikopoulos et al., 2007,
Urs et al., 2008).

The importance of the Notch pathway in skin is well established
(Watt et al., 2008). High expression of the Notch ligand delta-like
1 (DII1) is a marker of human epidermal stem cells and plays a
dual role in promoting stem cell cohesion and stimulating
differentiation of neighbouring epidermal cells in culture (Estrach
et al.,, 2007, Lowell et al., 2000; Lowell and Watt, 2001).
Consistent with this, Notch acts as an epidermal tumour suppressor
(Estrach et al., 2008; Lefort et al., 2007; Nicolas et al., 2003).
Disrupting Notch signaling in embryonic and neonatal mouse
epidermis though genetic ablation of RBP-Jk, Hes1, or Notchl and
Notch2 leads to failure to maintain the hair follicles, abnormal
keratinocyte differentiation, barrier disruption and neonatal lethality
(Blanpain et al., 2006; Moriyama et al., 2008; Pan et al., 2004).
DIl1 regulates differentiation of the interfollicular epidermis, while
jagged 1, a B-catenin target gene, is required for hair follicle
maintenance (Estrach et al., 2006; Estrach et al., 2008). Conversely,
forced Notch activation in developing interfollicular epidermis
leads to loss of hemidesmosomes and promotion of keratinocyte
differentiation (Blanpain et al., 2006).

Although recent studies have tended to focus on the epidermal
consequences of modulating Notch, there are clear indications that
Notch signalling controls other aspects of skin function. Epidermal
deletion of Notch leads to increased epidermal production of
thymic stromal lymphopoietin (TSLP), which triggers a B
lymphoproliferative disorder with massive dermal accumulation of
B cells (Demehri et al., 2008). Notch signalling in melanoblasts is
required for their survival, when signalling is blocked, the hair
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follicles become depigmented (Moriyama et al., 2008). In addition,
the tumour suppressive function of Notch is not exclusively cell
autonomous (Demehri et al., 2009).

We previously generated transgenic mice in which 4-hydroxy-
tamoxifen (4OHT)-inducible expression of NICD is under the
control of the keratin 14 promoter (K14NICDER transgenics)
(Estrach et al., 2006). In addition to hair clumping and thickening
of the interfollicular epidermis, NICD activation causes changes in
the cellularity of the dermis. We now present evidence that those
changes result from signalling between the epidermis and dermis
that is mediated by jagged 1.

MATERIALS AND METHODS
Mice
Experimental procedures were performed under a UK government Home
Office licence. K14NICDER (also known as K14N'PA9PER), K 14CreER,
Jag1M1°¥1ox K 14ANBcateninER and CAG-CAT-EGFP mice have been
described previously (Brooker et al., 2006; Estrach et al., 2006; Jensen et
al., 2009; Kawamoto et al., 2000; Lo Celso et al., 2004). To activate the
NICDER and CreER transgenes, 7-week-old mice were treated topically
with 2 mg 40HT (Sigma) dissolved in acetone (Estrach et al., 2000).
Some mice were injected with 4 mg/kg dexamethasone (or saline, as a
control) into the abdominal subcutaneous space, starting 3 days prior to the
initial 4OHT treatment. Thereafter, mice received daily injections of
dexamethasone or saline, and 4OHT or acetone was applied topically three
times per week for 21 days.

Assay for epidermal barrier integrity

Pieces of back skin (2 cm?) were fixed overnight in 4% paraformaldehyde
in PBS and then dehydrated and rehydrated through a graded methanol
series. Skin was attached, dermal side down, to a Petri dish containing
petroleum jelly (Vaseline), leaving only the epidermis exposed. Toluidine
Blue solution (1%) was added for 2 minutes, and then the epidermis was
destained in PBS for 5-10 minutes (Byrne and Hardman, 2005). Frozen
sections (25 um) were imaged using a Leica MZ9.5 dissecting microscope.

Histology, immunostaining and in situ hybridisation

Tissue was collected and processed as previously described (Braun et al.,
2003; Estrach et al., 2006). The following antibodies (dilutions in brackets)
were used: K14 (1:1000, Covance), K10 (1:1000, Covance), Ki67 (1:400,
NeoMarkers), K17 (1:1000, a gift from P. Coulombe, Johns Hopkins
University School of Medicine) (McGowan and Coulombe, 2000), CD4
(1:100, BD Biosciences), CD8 (1:100, BD Biosciences), Hesl (1:1000, a
gift from N. Brown, Cincinnati Children’s Hospital Medical Centre), 0.6
integrin subunit (1:100, BD Biosciences), Laminin 5 (rabbit, 1:500, a gift
from P. Marinkovich, Stanford School of Medicine), nestin (rabbit, 1:1000,
a gift from R. McKay, NIH; mouse monoclonal, 1:100, Cell Signaling
Technologies), Crabpl (1:400, Sigma), Desmin (1:100, Abcam), Sm220
(1:200, Abcam), jagged 1 (1:100, Santa Cruz Biotechnology), Slugl
(1:1000, Abcam), E-cadherin, (ECCD-2, 1:600, Calbiochem), p75 (1:500,
Abcam), phosphorylated p65 (1:100, Abcam) and GFP (1:1000, Abcam).

To visualise alkaline phosphatase activity, frozen sections were fixed in
0.4% paraformaldehyde for 15 seconds, washed in phosphate-buffered
saline and then reacted with 4.5 ul of 75 mg/ml Nitro Blue Toluidine
(Roche) and 3.5 pl of 5 mg/ml 5-bromo-4-chloro-3-indolyl phosphate
substrate (Roche). Sections were post-fixed in 10% neutral buffered
formalin, counterstained with Fast Red and mounted using Permount
(Fisher Scientific).

Tissues were imaged using a Zeiss 510 confocal, Leica Tandem SP5
confocal or Nikon 90i brightfield microscope. Brightness of images was
adjusted using Adobe Photoshop CS3 software.

Quantitation was performed using Adobe Photoshop CS3 and Image]
software. To determine proliferation index, the number of Ki67-positive
basal cells and the total number of nuclei were counted per 200 um length
of interfollicular epidermis; at least 40 lengths were scored. The percentage
of each 200 um length of epidermis that was K10 positive (at least 20
lengths were scored) was also determined. The percentage of disrupted

basement membrane was determined per 200 um length of epidermis (at
least 20 lengths were scored) stained for laminin 5. The percentage of
Crabp!-, nestin- or Sm220-expressing cells was determined by counting
the number of antibody-stained cells relative to the total number of DAPI
positive nuclei in 200 um (length) X50 wm (depth) dermis adjacent to the
basement membrane; at least 15 areas were scored.

In situ hybridisation was performed as previously described (Ambler and
Watt, 2007) and photographed using bright- and darkfield illumination on
an Olympus Darkfield Microscope.

Electron microscopy

Adult mouse dorsal skin was fixed in 2.5% glutaraldehyde and 4%
paraformaldehyde in Sorensen’s buffer (pH 7.4), then embedded in araldite
resin. Sections (100 nm) were cut on a Reichert ultracut S ultramicrotome
and stained with 1.5% uranyl acetate and lead citrate. Specimens were
analysed on a JEOL 1010 electron microscope equipped with a US1000
camera (Gatan) using Digital Micrograph software (Gatan).

Dermal dissociation and sphere culture

The procedures have been described previously (Wong et al., 2006). Back
skin (60 mm?) was scraped free of fat and muscle and then diced into 2-5
mm? pieces. These pieces were digested in 1 mg/ml crude Type I
Collagenase (C-9891, Sigma) in 1:1 DMEM/F12 culture medium (31331-
028, Invitrogen) containing antibiotics at 37°C for 1 hour, dissociated
mechanically and filtered through a 70 um cell strainer.

Cells were plated in quadruplicate into 48-well plates at a density of
5Xx10* cells/ml in DMEM/F12 medium containing 2% B27 supplement
(Invitrogen) and antibiotics. Seven days later, each well was photographed
using a Nikon TE1000 microscope with a motorised stage and Plan Apo
4X objective. Using Nikon NIS-Elements automated imaging software,
sphere number was counted in the same five areas of each well. Sphere-
forming capacity was compared for wild-type (n=6 per time point) and
K14NICDER (n=6) transgenic littermate mice treated with 4OHT for 10
or 14 days. Wild-type sphere formation was designated 100%.

RNA isolation and microarray analysis

Seven-week old female mice were treated with 4OHT for 14 days. The
back skin was collected, bisected, immersed directly in RNAlater (Qiagen)
and stored overnight at 4°C. One piece of the bisected skin was
subsequently heated at 60°C for 10 seconds and then scraped gently to
separate epidermis from dermis. Total RNA was isolated from epidermis,
dermis and whole skin using the RNeasy Mini Kit with on-column DNase
digestion (Qiagen) and hybridised to Affymetrix Mouse 430 2 gene chips
(Patterson Microarray Facility, Manchester, UK). The average MASS5-
calculated signal intensity of replicate samples (n=3) of epidermis, dermis
and whole skin from wild-type (n=3) and transgenic mice (n=3) was
determined. Fold change represents the average difference in transgenic
versus wild-type signal intensity.

qPCR

Total RNA was reverse transcribed using a Superscript III first-strand
synthesis kit (Invitrogen) and quantitative PCR was performed under
standard conditions with an ABI 7500 fast real-time PCR machine.
Samples were run in triplicate for each probe and quantification was based
on AACT calculations. Samples were normalised to 3-actin and GAPDH
as loading controls and calibrated to wild-type levels. Pre-designed
TAQman probes were purchased from Applied Biosystems.

Western blotting

Pieces of back skin (0.5-1 cm?) were snap-frozen and stored in liquid
nitrogen. Frozen tissue was homogenised in RIPA buffer [150 mM NacCl,
50 mM Tris-HCI (pH 7.5), 1% Nonidet P-40, 0.25% sodium deoxycholate
with protease inhibitors]. Lysates were run on a 4-12% gradient
polyacrylamide gel (Invitrogen), transferred to PVDF membrane, blocked
with 3% cold water fish skin gelatin (Sigma)/0.2% Tween-20/PBS and
hybridised with goat polyclonal antibodies to jagged 1 (C-terminal, c-20
1:100; Santa Cruz Biotechnologies). Blots were rinsed in 0.2% Tween-
20/PBS, incubated with HRP-conjugated anti-goat secondary antibody
(Sigma) and visualised with ECL Western Blotting Substrate (Pierce).
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RESULTS

Epidermal Notch activation leads to changes in
skin architecture

We activated Notch in basal keratinocytes by applying 4OHT to
skin of 7-week-old K14NICDER transgenic mice and their wild-
type littermates for 21 days (Estrach et al., 2006). K14NICDER
transgenic mice had a thickened epidermis (Fig. 1A) (Estrach et al.,
2006). In addition, the dermal cells immediately adjacent to the
interfollicular epidermis were more numerous and had an elongated
morphology compared with the surrounding dermal cells (Fig. 1A).

One readout of Notch activity is upregulation of Hes and Hey
genes. In wild-type back skin, Hes1 was detected in rare suprabasal
epidermal cells (Fig. 1B). In KI4NICDER transgenic skin treated
with 40HT for 15 days, Hesl protein was detected in basal and
suprabasal epidermal cells, and occasional dermal cells (Fig. 1B).
Upregulation of Hesl mRNA was confirmed by in situ
hybridisation (Fig. 1C). In addition, HeyL. mRNA was strongly and
selectively upregulated in the dermis (see Fig. S1 in the
supplementary material). Thus, epidermal Notch activation leads
to upregulation of the Notch signalling pathway in both epidermis
and dermis.

Notch activation resulted in an increase in the number of keratin
14-positive epidermal layers (Fig. 1B). This was accompanied by
patchy loss of keratin 10 (Fig. 1D). The remaining keratin 10-
positive cells were located mainly in the interfollicular epidermis
adjacent to hair follicles (Fig. 1D; see Fig. S2A in the
supplementary material). Reduced keratin 10 expression correlated
with epidermal hyperproliferation: keratin 17 (McGowan and
Coulombe, 2000) was expressed in the interfollicular epidermis and
most basal layer cells were Ki67 positive (Fig. 1E,F; see Fig. S2B
in the supplementary material).

As loss of Notch perturbs the epidermal barrier (Demehri et al.,
2009), we investigated the effect of increased Notch activity. After
21 days of 4OHT treatment, the skin of K14NICDER transgenic
mice was permeable to Toluidine Blue (Byrne and Hardman,
2005), whereas that of wild-type littermates was not (see Fig. S3
in the supplementary material), indicating that sustained Notch
activation led to disruption of the epidermal barrier. Nevertheless,
epidermal cells still underwent complete terminal differentiation,
as evidenced by the presence of spinous, granular and cornified
layers (Fig. 1A).

In wild-type skin, the hemidesmosome component o634 integrin
and its extracellular matrix ligand laminin 5 colocalised at the basal
surface of keratinocytes (Fig. 1G). By contrast, colocalisation of
these markers was disrupted in 4OHT-treated K14NICDER skin
(Fig. 1G; see Fig. S2C in the supplementary material). Small
blisters formed through separation of epidermis from the
underlying dermis. As a result, the a6 integrin subunit and laminin
5 were still detected on the basal surface of epidermal
keratinocytes, but laminin 5 was also detected on the exposed
dermis underlying detached epidermal cells. The blisters contained
nucleated cells (Fig. 1G). Electron microscopy revealed a marked
reduction in hemidesmosomes in 4OHT-treated K14NICDER
transgenic compared with wild-type skin (Fig. 1H) (Blanpain et al.,
20006).

Ectopic Notch activity induces a dermal
inflammatory infiltrate

To investigate whether the increase in dermal cell density on
epidermal Notch activation was due to an inflammatory infiltrate,
we stained skin sections with antibodies to the T-lymphocyte
markers CD3, CD4 and CD8 (Fig. 2A and data not shown). In
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Fig. 1. Characterisation of K14NICDER transgenic mice.

(A) Haematoxylin and Eosin-stained back skin sections of 40HT-treated
wild-type (WT) and K14NICDER littermates. Inset shows a higher
magnification view of epidermis and underlying dermis. Epidermal
layers are indicated. B, basal; S, spinous; G, granular; C, cornified.

(B) Back skin of 40HT-treated wild-type (WT) and K14NICDER
littermates stained with antibodies to Hes1 (red) and keratin 14 (green).
Asterisk marks a Hes1-positive dermal cell. (C) RNA in situ hybridisation
with radiolabelled antisense Hes1 probe on back skin sections from
40HT-treated wild type (WT) and K14NICDER mice. Epidermal-dermal
boundary is indicated by a broken red line. (D-G) Back skin of 40HT-
treated wild-type (WT) and K14NICDER littermates mice stained with
antibodies to keratin 10 (green, D), keratin 17 (red, E), Ki67 (green, F),
o6 integrin subunit (green, G) and laminin 5 (red, G). (H) Transmission
electron micrographs of the epidermal basement membrane zone in
wild type (WT) and K14NICDER littermates. Arrows indicate
hemidesmosomes. BM, basement membrane; Coll, collagen fibres.
(B,D,G) Sections were DAPI counterstained (blue). Mice were 40HT-
treated for 14 days (C-F), 15 days (B) or 21 days (A,G-H). Scale bars:
Tumin H; 10um in B,G (inset); 25 um in D (right panel), G (left and
right panels); 50 um in A,C,D (left panels), E,F.

40HT-treated K14NICDER back skin, there was a massive
infiltrate of CD3-positive T cells (data not shown). These
comprised CD4-positive cells, with few CD8-positive cells being
present in epidermis or dermis (Fig. 2A,B).

In order to determine the contribution of the T cell infiltrate to
the K14NICDER skin phenotype, we treated 7-week-old mice with
the anti-inflammatory drug dexamethasone in combination with
40HT or acetone. Wild-type mice injected with dexamethasone or
saline and treated with 4OHT or acetone, and acetone-treated
transgenic mice injected with dexamethasone or saline, were
indistinguishable from untreated wild-type control mice (data not
shown). The number of CD4-positive cells was reduced to wild-
type levels in dexamethasone-treated K14NICDER mice (Fig. 2E).
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Fig. 2. Notch-induced skin inflammation. (A,B) Back skin sections of
40HT-treated wild-type (WT) and K14NICDER littermates stained with
antibodies to CD4 (A) and CD8 (B) (brown). Arrows indicate T cells in
epidermis and dermis. (C) Macroscopic phenotype of K14NICDER
transgenic mice treated with 40HT or 40HT + dexamethasone
(40HT/DEX). (D-F) Back skin sections of K14NICDER mice treated with
acetone, 40HT or 40HT and dexamethasone (4OHT/DEX). Sections
were stained with Haematoxylin and Eosin (D) or labeled with
antibodies to CD4 (E), a6 integrin subunit (red, F) and laminin 5 (green,
F). Nuclei were counterstained with Haematoxylin (A,B,E) or DAPI (blue,
F). Mice were injected with dexamethasone or saline for 24 days and
treated with 40HT or acetone for 21 days. Scale bars: 50 um in
AB,D,E; 10umin F

Notch activation results in hair shaft clumping, giving mice a
‘tufted’ appearance (Estrach et al., 2006) (Fig. 2C). K14NICDER
mice that received both dexamethasone and 4OHT had reduced
hair clumping (Fig. 2C). However, epidermal thickening (Fig. 2D)
and blister formation (visualised by dissociation of laminin 5 and
o6 integrin staining; Fig. 2F) were unaffected by dexamethasone
treatment. Thus, Notch activation induces a T-lymphocyte infiltrate
that is responsible for hair clumping, but not for other skin
phenotypes.

Epidermal Notch activity results in accumulation
of dermal cells that express neuronal, muscle,
dermal papilla and neural crest markers

To examine the effect of epidermal Notch activity on the
composition of the underlying dermal compartment, we stained
sections with markers to the various cell populations resident
within the dermis. Alkaline phosphatase is a marker of both dermal
papilla and arrector pili muscle (Fig. 3A) (Handjiski et al., 1994).
In 40HT-treated K14NICDER mice, alkaline phosphatase was
additionally detected in dermal cells at the epidermal-dermal
junction (Fig. 3A). The dermal papilla marker Crabpl was also
expressed by these cells (Fig. 3B) (Collins and Watt, 2008).

The intermediate filament protein nestin is expressed by
peripheral nerves adjacent to the hair follicle bulge and by neural
crest stem cells, melanocyte precursors and dermal papilla cells
(Amoh et al., 2005; Dunn et al., 2000; Kruse et al., 2006; Li et al.,
2003; Tiede et al., 2007). In KI4NICDER mice treated with 4OHT

for 14 days, there was marked accumulation of nestin-positive cells
at the epidermal-dermal boundary (Fig. 3C) and in the
subepidermal blisters of 4OHT-treated K14NICDER skin (Fig.
3D). Cells in this region also expressed neurofilament protein, an
intermediate filament protein that is highly expressed in neuronal
cells, but were negative for two additional markers of skin
peripheral neurons, Sox2 and NCAM (data not shown)
(Botchkarev et al., 1997; Driskell et al., 2009; Lauria et al., 2004).
There was also an increase in differentiated melanin-positive
melanocytes (Fig. 3E). The melanocytes expressed Kit (Fig. 3F),
and tended to lie below the nestin-positive cells at the
epidermal/dermal boundary (Fig. 3F). When transgenic skin was
treated with 4OHT for 21 days, the number of dermal Kit-positive
cells increased approximately threefold (see Fig. S4A in the
supplementary material).

Subepidermal dermal cells in 4OHT-treated K14NICDER skin
expressed the smooth muscle markers desmin and SM22¢. (Tagln
— Mouse Genome Informatics) but did not express the vascular
endothelial marker CD31 (Fig. 3G,H; data not shown) (Ya et al.,
1997; Zhang et al., 2001).

In wild-type adult back skin, nestin, Crabpl and SM22o. are
individual markers of peripheral nerves, dermal papilla cells and
arrector pili muscle cells, respectively (Fig. 3B,C,H; wild-type
panels). In back skin of 4OHT-treated K14NICDER mice, cells
that were singly positive for each marker were also present (Fig.
4A, arrowheads; Fig. 4C). However, many cells co-expressed
nestin and Crabpl or Sm22o and Crabpl (Fig. 4A, arrows; Fig.
4C). Quantitation of double- and single-positive cells was
performed both on skin sections (Fig. 4C) and on cytospin
preparations of disaggregated dermis (see Fig. S4B in the
supplementary material).

We detected a gradient in staining intensity for nestin and
SM22q., those cells immediately adjacent to the epidermis being
most strongly labelled (Fig. 4A). By contrast, Crabpl staining was
equally strong, regardless of cell location (Fig. 4A). We conclude
that the cells that accumulate at the epidermal-dermal boundary of
40HT treated K14NICDER skin are heterogeneous and distinct
from the cell types resident in wild-type dermis.

We next examined K14NICDER skin that had been treated with
40HT for 0 to 21 days. Occasional Crabpl- and nestin-positive
cells were detected after 2 days, with the majority of Crabpl-
positive cells initially located in unblistered areas of the
subepidermal dermis (Fig. 4B; data not shown). The number of
Crabpl-positive cells increased progressively throughout the
treatment period, whereas the number of nestin-positive cells was
maximal by 14 days (Fig. 4B,C). Nestin positive cells often co-
expressed Crabpl (Fig. 4B,C). Sm22a-positive cells were first
detected at 7 days and increased in abundance thereafter (Fig.
4B,C). Notch-induced stromal cells tended to form stable
intercellular adhesions that were not disrupted under conditions
used to isolate single dermal cell suspensions (Fig. 4G).

Origin of cells at the epidermal-dermal boundary
During development, peripheral neurons, smooth muscle cells,
facial dermal papilla cells and melanocytes are all derived from the
embryonic neural crest (Le Douarin et al., 2008). The neural crest
marker p75 was detected in cells at the epidermal/dermal junction
in 4OHT-treated K14NICDER skin (Fig. 4D). Nestin- and Crabp1-
positive cells were readily detected in embryonic and early
postnatal dermis (see Fig. SSA,D in the supplementary material)
(Collins and Watt, 2008). Thus, Notch-induced dermal cells
expressed several markers of neural crest derivatives.
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The dermal papilla contains multipotent stem cells (skin-derived
precursors; SKPs) that have similarities to neural crest stem cells
and can form nestin-positive neurospheres in culture (Fig. 4E)
(Fernandes et al., 2004; Toma et al., 2001; Wong et al., 2006). The
percentage of sphere-forming cells was lower in 4OHT-treated
KI14NICDER transgenics than in control back skin, regardless of
length of treatment (Fig. 4E,F; data not shown). Thus the
appearance of dermal cells that expressed neural crest markers
correlated with a reduction in the number of multipotent dermal
stem cells.

Nestin-positive cells are not of epidermal origin
During development, the neural crest arises from neuroectoderm
and correlates with upregulation of the transcription factor Slugl
(Sechrist et al., 1995), a Notch target gene (Niessen et al., 2008).
In wild-type skin, Slug1 was detected in some basal and suprabasal
epidermal cells and scattered dermal cells (Fig. SA) (Turner et al.,
2006). In 40HT-treated K14NICDER back skin, Slugl was
detected in all epidermal layers, and was strongly expressed in
dermal cells at the epidermal/dermal junction (Fig. SA).

In mammary epithelial cells, upregulation of Slugl results in
downregulation of E-cadherin and induces an epithelial to
mesenchymal transition (Leong et al., 2007). However, in both
40HT-treated K14NICDER and wild-type mice E-cadherin was
strongly expressed in basal and suprabasal epidermal layers (Fig.
5B). To further investigate whether the dermal cells accumulating
in response to Notch activation were derived from the epidermis,

Fig. 3. Epidermal Notch activity induces
accumulation of stromal cells in the
upper dermis. (A-H) 4 um (A,B,D,F-H) or
150 um (C,E) back skin sections of 40HT-
treated wild-type (WT) and K14NICDER
littermates were analysed. (A) Alkaline
phosphatase activity (blue). Locations of
dermal papilla (DP) and arrector pili muscle
(AM) are indicated with arrows. Arrows in
the right-hand panel show stromal cell
accumulation. (B-D,F-H) Immunolabelling
with antibodies to Crabp1 (B, brown), nestin
(C, red; D, green; F, green), laminin 5 (D,
red), Kit (F, red), desmin (G, red) and SM22a.
(H, red). Arrowheads in G,H indicate arrector
pili muscle; arrows in G,H indicate stromal
cells at the epidermal/dermal junction.
Asterisk in F indicates a Kit-positive mast cell.
(E) Brightfield image showing dermal
melanocytes in K14NICDER transgenic skin.
Sections were counterstained with Fast Red
(A), Haematoxylin (B) or DAPI (C,D,F-H, blue).
Mice were treated with 40HT for 14 days.
Scale bars: 50 um.

we generated triple transgenic mice by crossing the following
strains: K14NICDER, K14CreER and CAG-CAT-EGFP, which
contains a flox-stop-flox GFP reporter (Estrach et al., 2006; Hong
et al., 2004; Kawamoto et al., 2000). As the keratin 14 promoter is
specifically active in basal epidermal cells, Cre-induced expression
of GFP will only occur in cells of epidermal origin.

Seven-week-old K14CreER/CAG-CAT-EGFP (n=10) and
K14Cre/ER/CAG-CAT-EGFP/K14NICDER (n=11) littermates
were treated with 4OHT for 14 days to activate both the CreER and
NICDER transgenes. In 4OHT-treated K14CreER/CAG-CAT-
EGFP and K14CreER/CAG-CAT-EGFP/K14NICDER mice, GFP
expression was patchy, as a result of incomplete epidermal
recombination (Lopez-Rovira et al., 2005) (Fig. 5C). GFP-positive
cells were only detected within the epidermal compartment, never
the dermis, in 4OHT-treated mice, whether or not the mice
expressed the KI14NICDER transgene (Fig. 5C). This was
confirmed by double labelling disaggregated epidermal and dermal
cells for GFP and nestin (Fig. 5D). Therefore nestin-positive
dermal cells do not arise via an epithelial to mesenchymal
transition.

Epidermal Notch activation results in

upregulation of jagged 1 in epidermis and dermis
In developing skin, jagged 1 is detected both in the epidermis
and dermis (see Fig. S6 in the supplementary material) (Powell
et al., 1998), whereas in adult skin, jagged 1 is primarily
expressed in the bulb of anagen follicles (Estrach et al., 2006).
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Fig. 4. Kinetics of appearance of Notch-induced stromal cells. (A,B,D) Back skin sections of 40HT-treated K14NICDER mice stained with
antibodies to nestin (A, green or red; B, green), Crabp1 (A,B; red), Sm22a. (A, green) and p75 (D, green). (A) Arrows indicate double-labeled cells;
arrowheads indicate single-labeled cells. (B) Arrows indicate Crabp1-positive cells. (C) Percentage Crabp1 (C), nestin (N), Sm22a. (S) single-positive
cells and Crabp1/nestin and Crabp1/SM220. double-positive cells at the epidermal-dermal boundary (n>15 samples). (E) Skin-derived neurospheres
7 days after seeding, viewed by phase contrast (top) or anti-nestin labelling (bottom, red) and counterstained with DAPI (blue). Inset: labelling with
secondary antibody alone. (F) Percentage sphere formation by cells from wild-type (WT) and K14NICDER (TG) littermates treated with 40HT for 10
or 14 days. (G) Cytospin preparation of dermal cells isolated from 40HT-treated K14NICDER skin stained with antibodies to nestin (green) and
Crabp1 (red). Sections and cells were counterstained with DAPI (blue; A,B,D,E,G). Mice were treated with 40HT for 2 days (B), 5 days (B), 7 days (B),
10 days (A, left panel; G) or 14 days (A, middle and right panels; D). Scale bars: 25 um in A,B,G; 50 um in D. Data are mean+s.e.m.

In 4OHT-treated K14NICDER skin jagged 1 was upregulated in
the interfollicular epidermis (Fig. 6A), consistent with a previous
report that Jag! is positively regulated by Notch signaling (Ross
and Kadesch, 2004). Jagged 1 protein was also detected in the
upper dermis of 4OHT-treated K14NICDER skin (Fig. 6A),
correlating with dermal expression of Hesl and HeyL (Fig. 1C;
see Fig. S1 in the supplementary material). The increase in
jagged 1 protein was confirmed by western blotting of total skin
lysates (Fig. 6B). The Notch-induced increase in jagged 1
expression and accumulation of dermal cells expressing Crabpl,
Sm220 and other markers was also observed in transgenic mice
treated with dexamethasone (see Fig. S6 in the supplementary
material), indicating that they were independent of the Notch-
induced inflammatory infiltrate.

We performed in situ hybridisation to determine whether the
dermal accumulation of jagged 1 (Fig. 6A) was due to epidermal
secretion (Aho, 2004) or jagged 1 transcription in dermal cells
(Fig. 6C-E). Jagl mRNA was detected at low levels in wild-type
telogen back skin (Fig. 6C) (Estrach et al., 2006; Ambler and
Watt, 2007). When B-catenin activity was induced in the
epidermis by 4OHT treatment of K14ANB-cateninER transgenic
mice, Jagl was upregulated in the hair follicles and
interfollicular epidermis, but in the not dermis (Fig. 6E) (Estrach
et al., 2006). By contrast, in 4OHT-treated K14NICDER back
skin, Jagl mRNA levels were increased in both epidermis and

dermis (Fig. 6D). We conclude that activation of Notch in the
epidermal basal layer causes upregulation of jagged 1 expression
in both epidermis and dermis.

Accumulation of cells at the epidermal/dermal
junction is dependent on epidermal jagged 1
expression

To examine the role of jagged 1 in the Notch-induced skin
phenotype, we crossed KI4NICDER, K14CreER and Jag /" ox
strains of mice. In these mice, 4OHT treatment results in deletion
of Jagl in the same cells in which Notch is activated.
K 14NICDER/K 14CreER/Jag '**/x (triple) transgenic mice were
compared with untreated K14NICDER/K 14CreER/Jag /% mice
and littermates that were wild type for Notch. Treatment of
K14CreER/Jag /"% and K 14NICDER mice with 4OHT induced
minimal changes to the health of the mice (Estrach et al., 2006)
(data not shown). However, all 4OHT-treated triple transgenic mice
became sick (data not shown). Therefore, 7-week-old mice triple
and control mice were treated for a maximum of 10 days.

The back skin of treated KI4NICDER mice had the expected
phenotypic characteristics, including thickened, hyperproliferative
epidermis, blistering and accumulation of dermal cells at the
epidermal/dermal junction (Fig. 7A,B). In 4OHT-treated
K14CreER/Jag "**/°x mice, the epidermis was also thicker than
wild-type controls, consistent previous data (Fig. 7C) (Estrach et
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Fig. 5. Nestin-positive dermal cells are not of
epidermal origin. (A,B) Back skin sections of
40HT-treated wild-type (WT) and K14NICDER
littermates stained with antibodies to Slug 1 (A,
brown) and E-cadherin (B, green). (C,D) Back skin
sections (150 um) (C) and cytospin preparations
(D) of cells isolated from 40HT-treated

K14NICDER

K14CreER/CAG-CAT-EGFP mice and

) K14CreER/CAG-CAT-EGFP/KT4NICDER mice
stained with antibodies to GFP (green) and nestin
(red) with DAPI nuclear counterstain (blue). Mice
were 40HT-treated for 14 days (A-D). Scale bars:
20um in D; 50 um in A-C.

al., 2006). In addition, there was a marked dermal infiltrate of CD3
positive T-cells (Fig. 7C and data not shown; Table 1) (Estrach et
al., 2006).

Triple transgenic mice treated with 4OHT for 10 days
developed two distinct back skin phenotypes (Fig. 7D-F). In
some areas, the skin was similar to 4OHT-treated K14NICDER
skin (Fig. 7E), whereas in other areas the epidermis was similar
in thickness to wild type, but with a reduction in nucleated cells
(Fig. 7F; Table 1). In areas of reduced epidermal thickness, the
number of Ki67 positive, proliferating cells was similar to wild
type and was markedly reduced compared with K14NICDER
transgenic and K14CreER/Jag™®1°% mice (Fig. 1F; Fig. 7G and
data not shown). In addition, keratin 10 was expressed in all
suprabasal epidermal cells and a significant proportion of basal
cells (Fig. 7H). Blistering was reduced in thin epidermis of triple
transgenic mice, but present in thick epidermis (Fig. 7E,F; data
not shown; Table 1).

As reported previously, jagged 1 protein was undetectable in
epidermis of 4OHT-treated K14CreER/Jagl/*/** back skin
(data not shown) (Estrach et al., 2006). However, in 4OHT-
treated triple transgenics, jagged 1 deletion was incomplete. The

areas of thick epidermis that retained the KI4NICDER Notch
activation phenotype expressed jagged 1 protein and mRNA in
both epidermis and adjacent dermis (Fig. 8A,B), whereas jagged
1 was absent in thin epidermis and underlying dermis (Fig.
8B,C). The incomplete deletion of Jag! is consistent with the
partial expression of the CAG-CAT-eGFP reporter (Fig. 5C) and
indicates that 4OHT treatment was not sufficient to efficiently
activate two ER transgene fusion proteins simultaneously.

Sections of 40HT-treated K14NICDER and triple transgenic
back skin were labeled with antibodies to jagged 1 and nestin,
Crabpl, or SM22a (Fig. 8A,C; data not shown). In K14NICDER
dermis, nestin-, Crabp1- and SM220.-positive cells co-labeled with
jagged 1 (data not shown). In triple transgenic sections, positively
stained cells at the epidermal/dermal boundary were detected only
in the thick epidermal regions that retained jagged 1 in the
epidermis and dermis (Fig. 8A). Dermal cells did not accumulate
below thin, jagged 1-negative, regions in triple transgenics, nor in
back skin of 4OHT-treated K14CreER/Jag®¥1°* mice (Fig. 8C,D).
Therefore epidermal jagged 1 is required for epidermal Notch-
induced dermal jagged 1 expression and the accumulation of
dermal cells that express neural crest markers.
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Fig. 6. Notch induces Jag1 in the epidermis and dermis. (A,C-E) Back skin of wild-type (A,C), K14NICDER (A,D) and K14-ANBcateninER
(BcatER; E) mice. (A)Jagged 1 (red) immunolabelling with DAPI counterstain (blue). (B) Western blot of protein lysates from skin of wild-type (WT)
and K14NICDER mice probed with anti-jagged 1. Each lane contains protein from a different mouse. Arrow indicates position of jagged 1 protein.
Lower molecular mass bands are nonspecific and serve as loading controls. Molecular mass markers (kDa) are indicated. (C-E) RNA in situ
hybridisation using jagged 1 radiolabelled antisense probe. Corresponding brightfield (BF) and darkfield (DF) panels show same field. Red lines mark
the epidermal/dermal boundary. The right-hand panels in D are higher magnification views of the boxed region in the left-hand panels. Mice were
treated with 40HT for 21 days (A,B); 10 days (C,D) or 7 days (E). Scale bars: 50 um.
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Fig. 7. Jag1 is required for Notch-induced skin phenotype.

(A-F) Haematoxylin and Eosin-stained sections of back skin of wild type
(A, WT), K14NICDER (B), K14CreER/Jag17/fox (C) and
K14CreER/Jag170X1oX/K 1ANICDER (D-F, triple) mice treated with 40HT
for 10 days. In triple transgenics, areas of normal (F) and thickened (E)
epidermis were found. (E,F) Higher magnifications views of boxed
regions in D. (G,H) Back skin sections of triple transgenics in areas of
normal thickness stained with antibodies to Ki67 (G, brown) and K10
(H, green). Sections were counterstained with Haematoxylin (G) or DAPI
(H). Scale bars: 100 um in A-D; 25 um in E-H.

Jagged 1-dependent upregulation of TNFa
signalling

To investigate how epidermal Notch activation via jagged 1 led to
changes in the underlying dermis, we performed gene expression
profiling of epidermis, dermis and whole skin from transgenic and
wild-type mice treated with 4OHT for 14 days. The microarray data
were analysed using GeneSpring GX10 and Ingenuity Pathway
Analysis software programmes after average signal intensities had
been determined by MASS5-calculation. Data are deposited in
the NIH GEO repository (Accession Number GSE23782:
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23782).

Within the epidermis, Notch activation resulted in changes in
many genes that are associated with barrier formation and integrity,
including several metalloproteinases, SI00A8, Sprrlb and filaggrin
(see Table S1 in the supplementary material). In whole skin,
markers of melanocytes (such as Tyrpl) and regulators of neural
crest cell specification (such as Ednl) and glial and neuronal
differentiation (e.g. Sox11) were strongly upregulated (see Table
S1 in the supplementary material). These changes in gene
expression are consistent with the epidermal and dermal
phenotypes of 4OHT-treated K14NICDER skin.

To gain insights into potential mechanisms by which epidermal
Notch activation could induce jagged 1 in the underlying dermis,
we examined the microarrays for epidermal growth factors and
cytokines. The list included three growth factors that were
upregulated more than 10 fold: neuregulin 1, inhibin B A, and

Table 1. Effect of epidermal Jag? deletion on Notch-induced
skin phenotype

Phenotype IFE thickening IFE blisters ~ Stromal cells T cells
Wild type - - - -
Notch ++ ++ ++ ++
Jag1™- + - - ++
Notch and Jag7™- - + - -

Notch, 40HT-treated K14NICDER skin; Jag7™~, 4OHT-treated skin of K14CreER X
Jag 1719¥%oX mice; Notch and Jag 77, 40HT-treated triple transgenics (K14CreER X
Jag 1o¥flox s K 1ANICDER); —, wild-type phenotype; +, detectable effect; ++, strong
effect; IFE, interfollicular epidermis.

tumour necrosis factor o (TNFa) (see Table S1 in the
supplementary material). The results were validated by quantitative
RT-PCR of epidermal mRNA. All three factors were strongly
upregulated in 4OHT-treated K14NICDER epidermis (Fig. 8G).
Relative mRNA abundance was normalised to endogenous wild-
type levels (designated as 1).

The upregulation of TNFou was of particular interest because it is
linked to epidermal barrier disruption and skin inflammation
(Incorvaia et al., 2008), and also to the Notch pathway. TNFo
activates the NF-xB family of transcription factors that includes p65
(RelA). There is crosstalk between the Notch and NF-xB pathways
in many tissue types (Osipo et al., 2008) and in cultured human
keratinocytes, exposure to jagged 1 activates the NF-xB pathway
(Nickoloff et al., 2002). To confirm that the NF-xB pathway was
activated, sections were stained with an antibody specific to active
serine-phosphorylated (residue 276) p65. Occasional phospho-p65
positive nuclei were detected in wild-type epidermis but were largely
absent from the dermis (Fig. 8F). In 4OHT-treated transgenic skin,
phospho-p65 positive nuclei were detected in all epidermal layers
and in the dermis (Fig. 8F). The majority of phospho-p65 positive
dermal cells expressed Crabpl (Fig. 8E).

To further examine the link between jagged 1 and p65, we used
Ingenuity Pathway Analysis (IPA; see Fig. S7 in the supplementary
material). Three factors that directly link p65 activity and jagged 1
expression in the epidermis and dermis of 4OHT-treated
KI4NICDER mice were identified: TNFa, interferon y and
transforming growth factor beta (TGFp). Interferon y levels were
increased 2.5-fold and TGFP levels increased 3.0-fold in the
epidermal microarrays. Quantitative (Q) PCR performed on
epidermis treated with 4OHT for 10 days revealed an increase in
TGEFf but not in interferon-y mRNA levels (Fig. 8G).

To examine whether upregulation of TNFo and other secreted
factors was dependent on epidermal jagged 1 expression, we
performed Q-PCR  of mRNA from  4OHT-treated
K14NICDER/K 14CreER/Jag I''/°* (triple) transgenics (Fig. 8G).
Levels of inhibin B A and IFNYy did not decline in response to Jag!
deletion; indeed inhibin B A levels were further elevated. However,
levels of TNFo, TGFB, Ednl and Nrgl were all decreased on Jag!
deletion. Furthermore, in areas of Jagl deletion in 4OHT-treated
K14NICDER/K 14CreER/Jag /"% mice, phospho-p65 was not
detected in the epidermis or underlying dermis (Fig. 8F).

We conclude that the mechanism by which epidermal Notch
activation exerts its pleiotropic effects on the skin (Fig. 8H)
involves jagged 1-dependent induction of a number of secreted
factors and their downstream pathways, including NF-xB.

DISCUSSION

We report that Notch activation in the basal layer of the epidermis
not only results in thickening and blistering of the interfollicular
epidermis (Estrach et al., 2006; Blanpain et al., 2006), but also
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Epidermal Notch activation results in increased
expression of jagged 1 in epidermis and dermis,
which contributes to the epidermal changes and
accumulation of cells in the dermis.

causes remarkable changes in the dermis. These include a CD4-
positive T infiltrate and accumulation of cells that express neural
crest markers. Our data uncover a previously unappreciated role for
Notch signalling in epidermal-dermal interactions.

It is interesting that both inhibition and activation of epidermal
Notch leads to increased TSLP expression (see Table S1 in the
supplementary material) and accumulation of CD4-positive T cells
(Tournoy et al., 2004; Demehri et al., 2008). This suggests that the
inflammatory changes are a consequence of epidermal barrier
dysfunction rather than being caused by the direct effects of
activating or inhibiting Notch activity. Inflammation was
responsible for hair clumping, which parallels a human skin
condition known as tufted hair folliculitis (Tong and Baden, 1989;
Dalziel et al., 1990; Pranteda et al., 2004).

Epidermal Notch activation led to accumulation of cells that
expressed markers of smooth muscle, peripheral nerve, neural
crest and melanocytes, but not of endothelial cells. Notch
activity has been linked to Sm22a and nestin expression in other
cell types (Kennard et al., 2008; Shih and Holland, 2006) and
controls melanocyte survival (Moriyama et al., 2008). The
markers are consistent with a neural crest origin, and the increase
in p75 might indicate an expansion of neural crest stem cells
(Stemple and Anderson, 1992). We excluded an epidermal origin
for the dermal cells. Nevertheless, the contribution of neural crest
to trunk skin is limited (Wong et al., 2006; Le Douarin et al., 2008)
and we do not exclude the possibility of a mesenchymal origin of
the Notch-induced cells. Notch-induced stromal cells could arise
from a resident stem cell population, through transdifferentiation,
or by both processes.

On epidermal Notch activation, jagged 1 was upregulated in both
epidermis and dermis (Fig. 8H). Several additional factors that were
upregulated in the epidermis are known to influence proliferation and
differentiation of neural crest derivatives. These include endothelin
1 (Pla and Larue, 2003) and neuregulin 1 (Mei and Xiong, 2008),
expression of both of which was partially dependent on epidermal
jagged 1 (Fig. 8G). We have thus identified several secreted factors
that are likely to mediate the increase in neural crest derivatives in
response to epidermal Notch activation.

Gene expression profiling revealed one potential mechanism by
which jagged 1 is induced in the dermis. Epidermal Notch
activation resulted in induction of TNFa in the epidermis and
activation of NF-xB in both epidermis and dermis. TNFa induces
jagged 1 expression via NF-xB (Johnston et al., 2009). As jagged
1 activates the NF-kB pathway (Nickoloff et al., 2002) we envision
a positive auto-regulatory loop involving TNFo and jagged 1
expression in the skin. The upregulation of TNFa following Notch
activation is also likely to contribute to the inflammation and
barrier defects observed (Incorvaia et al., 2008).

In conclusion, our results identify jagged 1 as a key component
of cell autonomous and non-cell autonomous Notch signalling in
the skin. The mechanisms we have identified may explain some of
the previously reported changes in the stromal compartment of
epithelial tumours in which Notch is activated (Callahan and Egan,
2004; Collins and Watt, 2008; Demehri et al., 2009).
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Table S1. Selected categories of genes upregulated more than fivefold in K14NICDER
transgenic mice relative to wild-type littermate controls

Genes involved in barrier formation and integrity

Fold upregulation

Keratin 6A (3 probes)

147.0/55.5/32.1

Keratin 6b 63.9
S100A8 49.2
Lipid desaturase (Degs2) 27.1
Sprrib 27.1
Sprr2d 25.7
S100A9 17.0
Sprr2h 12.4
Filaggrin 8.1
Late cornified envelope 3a 8.1
Sprr 2i 7.7
Sprr 2f 7.1
Sprr 2a (2 probes) 6.6/5.0
Fold change

Genes involved in neural crest stem cell differentiation Epidermis Dermis
Cerebellin 1 precursor protein N/C 74.0/13.1/9.3
Dopachrome tautomerase 5.4 N/C
Edn1 13.1 N/C
Ednra 11.9/9.0 N/C
MelanA 8.0 3.8
Melanoma Antigen N/C 7.7
Neurophexin 1 2.0 6.0/2.7
Neuregulin 1 17.0 2.3
Sox 11 7.8/6.2/44/4.2 13.3/13.3/

11.3/3.5
Tenascin C 7.7/6.2 9.9/5.3
Tenascin N 18.8 3.8
Tyrosinase-related protein 1 37.3/23.2 49/4.1/3.5
Upregulated growth factors and cytokines in the epidermis Fold upregulation
CcCL1 43.1
Tumor Necrosis Factor alpha 17.1
Neuregulin 1 17.0
CXCL2 15.3
CCL20 14.1
Inhibin A 11.8
CXCL12 8.0
CXCL9 7.8
SPP1 7.6
TSLP 6.1
Leukemia Inhibitor Factor 6.1
CCL2 6.1

Al values shown are fold upregulation, except value in bold, which denotes fold downregulation.
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