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Summary
Notch1-deficient epidermal keratinocytes become progressively hyperplastic, eventually producing
tumors. In contrast, we observed that Notch1 deficient hair matrix keratinocytes have lower mitotic
rates, resulting in smaller follicles with fewer cells. In addition, the ratio of melanocytes to
keratinocytes is greatly reduced. Investigation into the underlying mechanistic basis for these
phenotypes revealed that three pathways, not previously linked with Notch signaling, were
significantly impacted: the KIT, TGFβ and IGF signaling pathways. The level of Kitl/Scf produced
by follicular keratinocytes was reduced, resulting in a decline of resident melanocyte populations.
TGFβ ligands were elevated in Notch1-deficient keratinocytes, which correlated with elevated
expression of several targets, including the diffusible IGF antagonist IGFBP3 in the dermal papilla.
Diffusible stromal targets remained elevated in the absence of epithelial TGFβ receptors, consistent
with paracrine TGFβ actions. Overexpression of IGF1 in the keratinocyte reversed the phenotype,
as expected if Notch1 loss altered the IGF/IGFBP equilibrium. Conversely, epidermal keratinocytes
contained less stromal IGFBP4 and may thus be primed to experience an increase in IGF signaling
as animals age. These results suggest that Notch1 participates in a bi-compartmental communication
system that controls homeostasis, follicular proliferation rates and melanocyte population via
modulation of KIT, TGFβ and IGF signaling.
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Introduction
During skin organogenesis, keratinocytes and the underlying mesenchymal cells engage in
reciprocal, sequential communication events that result in formation of the hair follicles, the
sebaceous gland, interfollicular epidermis with its region-specific thickness and the sweat
glands (Hardy, 1992; Millar, 2002; Sengel, 1976). Migratory melanocytes, Merkel and
Langerhans cells later join in to form a community of specialized cells that together form a
unique constellation of physiological functions. Despite their shared origin, hair follicles and
epidermal keratinocytes diverge to execute their unique differentiation programs and, in the
adult, replenish themselves from distinct stem cell populations (Alonso and Fuchs, 2003; Ito
et al., 2005). Epidermal keratinocytes restricted to the innermost (Basal) layer are the only ones
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to proliferate in the adult under normal circumstances. Asymmetric basal cell divisions result
in one cell withdrawing from the cell cycle, commencing a terminal differentiation program
and a journey outwards towards the skin surface (Lechler and Fuchs, 2005). Differentiation is
manifest by unique gene expression profiles that distinguish the Spinous layer, Granular layer,
and Cornified layer (Fuchs and Raghavan, 2002; Jamora and Fuchs, 2002).

In contrast, hair follicle keratinocytes surround a teardrop shaped core of mesenchymal cells
(dermal papilla, DP) in a structure called a bulb, where only lineage-restricted stem cells
maintain contact with the DP (Legue and Nicolas, 2005); the proliferation zone within the bulb
contains many cells that are not in direct contact with a basement membrane. As matrix
keratinocytes exit the cell cycle, they differentiate into several different cell layers (Hardy,
1992; Millar, 2002; Sengel, 1976). Starting in the third week of life, murine hair follicles start
to cycle, i.e., they undergo a period of destruction, rest and regeneration which continues
throughout adult life (Muller-Rover et al., 2001; Stenn and Paus, 2001). The phase in which
the hair shaft is actively produced is called anagen, while the short destructive phase is called
catagen. During catagen, the bottom two thirds of each hair follicle undergo apoptosis; only
the upper third of the follicle, the stem cell niche (bulge) and DP, remain intact. Catagen lasts
~ 3 days, followed by a resting phase (telogen) of variable length. Subsequent entry into anagen
is believed to begin when signals from DP activate stem cells in the bulge (Stenn and Paus,
2001).

Notch is a transmembrane receptor activated by transmembrane ligands on the neighboring
cells (Kopan, 2002). Binding of Notch to its ligand leads to the cleavage of Notch and to the
translocation of Notch intracellular domain (NICD) into the nucleus, where NICD binds to
CSL (CBF1/RBPjk, Su(H), and Lag-1). CSL is a transcriptional repressor bound with other
nuclear factors to the promoter region of particular genes. Association of NICD with CSL
triggers an allosteric change that facilitates transient conversion of CSL from transcription
repressor to transcription activator resulting in transcriptional activation of downstream targets
(Fryer et al., 2004; Mumm and Kopan, 2000). Notch signaling promotes selection of the hair
fate by activated bulge stem cells (Yamamoto et al., 2003) and plays an important role in
maintenance of the inner root sheath fate (Pan et al., 2004). In the embryonic mouse epidermis,
NICD is ubiquitous in supra-basal keratinocytes selecting the spinous fate (Blanpain et al.,
2006; Lin and Kopan, 2003; Pan et al., 2004); after birth, NICD is detected transiently in a
small fraction of spinous cell (YP and RK, unpublished observations). This pattern of Notch1
activation is consistent with its proposed role in suppressing proliferation and promoting
differentiation via cell autonomous modulation of targets that may include Wnt, p21cip1, K1,
K10, Hes1 and p63 (Blanpain et al., 2006; Devgan et al., 2005; Mammucari et al., 2005; Nguyen
et al., 2006; Okuyama et al., 2004; Rangarajan et al., 2001). In addition, keratinocytes deficient
in Notch1 are sensitive to chemical carcinogenesis, establishing Notch1 as a tumor suppressor
in the epidermis (Nicolas et al., 2003). Although the role of Notch2 in the epidermis is thought
to be minimal (Rangarajan et al., 2001), loss of Notch1 and 2, RBPjk or presenilin results in
more severe epidermal phenotypes (Blanpain et al., 2006; Pan et al., 2004), indicating that
Notch2 also contributes to epidermal differentiation.

The contribution of Notch signaling to follicular and epidermal homeostasis can result from
both cell autonomous and cell non-autonomous effects. Both are consistent with the role of
Notch as a transcriptional modulator: the former is built on the proven ability of Notch to
modulate the transcription landscape within keratinocytes (Blanpain et al., 2006; Devgan et
al., 2005; Nguyen et al., 2006), while the latter posits that among the transcripts altered by
Notch, cell surface or secreted molecules would impact neighboring cells (Lin et al., 2000;
Pan et al., 2004).
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In this report, we demonstrate that Notch1 plays contrasting roles in keratinocyte proliferation
of hair follicles and epidermis, attributed in large part to previously underappreciated cell non-
autonomous signals. We provide evidence that TGFβ signaling is elevated and Kitl/Scf
expression is reduced in Notch1-deficient hair matrix keratinocytes, correlating with reduced
keratinocyte mitotic rates and melanocyte population, respectively. In addition, we
demonstrate that the impact on the epithelial cell cycle is not dependent on autocrine TGFβ
reception in the keratinocyte but on paracrine signaling to neighboring fibroblasts. The
fibroblast, in turn, controls keratinocyte proliferation by modulation of IGF signaling: in the
hair follicle, Insulin-like growth factor binding protein 3 (Igfbp3) levels were elevated in the
dermal papilla (DP), while in the epidermis, a reduction in Igfbp4 production was detected.
Increasing the IGF/IGFBP ratio by IGF1 overexpression in Notch1-deficient skin restored the
cell numbers in the hair matrix. Thus, bi-compartmental signaling that involves diffusible
epithelial TGFβ and stromal IGFBP acts downstream of Notch1. This paracrine loop could
contribute to keratinocyte hyperproliferation in the epidermis, may explain why Notch1-
deficient phenotypes differ in chimera vs. globally deleted skin, and may even facilitate the
response of Notch1 deficient mice to chemical carcinogens in a manner analogous to the vicious
cycle seen in bone metastasis.

Materials and methods
Production and Analysis of Single and Compound Mutant Mice

The generation of Tgfbr2flox,(Yang et al., 2004), Trp53 null (Jacks et al., 1994), Msx2-Cre
(Sun et al., 2000), Ivl::IGF1 (Weger and Schlake, 2005a), and N1CKO (Msx2-
Cre;Notchflox/flox) (Pan et al., 2004) mice were described previously.

N1IGF1—Ivl::IGF1 females were crossed with NICKO males, and the F1 Msx2-Cre/
+;Notch1flox/+;Ivl::IGF1 male offspring were then crossed with F1 Notch1flox/+; Ivl::IGF1
females to produce Msx2-Cre/+;Notch1flox/flox;Ivl::IGF1 offspring.

N1P53DCKO—Female mice containing Trp53−/− were crossed with NICKO males, and the
male Trp53−/− mice with Notch1flox/flox females. The F1 male offspring Msx2-Cre/
+;Notch1flox/+;Trp53+/− were then crossed with F1 females Notch1flox/+;Trp53+/−. The F2
offspring, Msx2-Cre/+;Notch1flox/flox;Trp53+/− males and Notch1flox/flox;Trp53−/− females,
were mated to produce the compound mice Msx2Cre/+;Notch1flox/flox;Trp53−/−, and their
littermates were used for analysis.

N1TβR2CKO—Tgfbr2flox/flox males and females were similarly used to generate Msx2-Cre/
+;Notch1flox/flox;Tgfbr2flox/flox for analysis.

PCR condition and protocols used for genotyping will be provided upon request.

Histology, In situ Hybridization (ISH), and Immunohistochemical Analysis
To obtain stereoscopic images, 9-day-old (P9) skins were torn as strips across the caudal-rostral
axis with fine forceps in PBS and photographed with an Olympus SZH10 stereo dissecting
microscope. For hematoxylin/eosin staining, ISH, and the immunohistochemical analyses,
skins fixed in 4% paraformaldehyde in PBS were embedded in paraffin and sectioned at 5μm.
ISH was performed as described (Pan et al., 2004) with probes prepared using cDNAs either
generated by RT-PCR or from the following sources: Cdkn1a (IMAGE 3495942), Nrarp
(IMAGE 6439916), and notch1 (Kopan and Weintraub, 1993). The primer sequences for RT-
PCR are available upon request. For each reaction, a corresponding sense transcript was used
as a negative control. Immunohistochemical analysis was performed as described previously
(Lin et al., 2000; Pan et al., 2004). For BrdU staining, animals were intraperitoneally
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administered BrdU in 100μg/g body weight exactly 30 minutes before sacrifice. For the source
and dilution condition for primary antibodies including AE13, BrdU, and Ki67, refer to
previous reports (Lin and Kopan, 2003; Lin et al., 2000). Other antibodies used are Hes1 (rabbit,
1:1000; kindly provided by Dr. Sudo (Ito et al., 2000), Igfbp2 (goat, 1:200; R&D systems
AF797), Igfbp3 (goat, 1:200; R&D systems AF775), and p73 (mouse, 1:1000; Labvision
ER15). For β-galactosidase (rabbit, 1:1000, 5 Prime → 3 Prime, Inc) and Dct-1 (goat, 1:200,
Santa Cruz sc-10451) antibody staining, skins were fixed in periodate-lysine-
paraformaldehyde, cryoprotected with 30% sucrose in PBS overnight, embedded in OCT, and
sectioned in 7μm thickness. Sections were counterstained with DAPI.

Cell counting and progenitor cell labeling index
For hair matrix cell counting, paraffin sections were stained with DAPI and photographed
under both UV and visible light. The two pictures were overlapped and nuclei located below
the first visible melanin granules were counted from each hair follicle. More than 20 hair
follicles in proper longitudinal orientation per genotype were counted to calculate average and
standard deviation. For progenitor cell labeling index, BrdU- and Ki67-positive cells were
counted from more than 20 hair follicles per mice, three mice in each genotype. For calculating
the melanocyte cell fraction, the number of Dct-1 positive cells was divided by the number of
hair matrix cells in each follicle. The average percentage and standard deviation from more
than 20 hair follicles per each genotype was calculated. In all cases, differences between means
were determined by two-tailed Student’s t-test.

TUNEL (Terminal deoxynucleotide transferase dUTP-digoxigenin nick end labeling) staining
Fresh, unfixed frozen dorsal skins were embedded in OCT, and 10μm sections were prepared
for TUNEL assay. TUNEL assay was performed as described (Lindner et al., 1997). The
number of TUNEL-positive cells per follicle was counted from more than 60 longitudinally
sectioned follicles with proper orientation from each individual, and 3 different individuals
were used per each genotype (P9 anN1, emN1, wild-type and P16 wild-type). Statistical
significance was measured by two-tailed Student’s t-test.

Isolation of hair bulbs and epidermis, total RNA extraction, and microarray
For hair bulb isolation, freshly obtained P9 skin samples were immediately immersed in
RNAlater (Ambion, TX) and individual hair follicles were collected using a fine tungsten
needle and precisely cut with a 26G syringe needle (Becton Dickinson and Company, NJ) in
the place two times higher than the distance between the tip of the bulb and the onset of
pigmentation. For epidermis preparation, a patch of P9 dorsal skin was harvested and flash-
frozen on dry ice, and epidermis was isolated by scraping it off the skin using a cold scalpel.
Isolated hair bulbs and epidermis samples were then subjected to total RNA isolation using
QIAGEN RNeasy Micro Kit (QIAGEN Sciences, MD) according to the manufacturer’s
protocol. For hair bulb microarray analyses, 50–100ng of hair bulb total RNA collected from
two mice of each genotype (emN1, anN1, and wild-type) was subjected to double-round
amplification/labeling procedures. The cRNA products were then hybridized to Affymetrix
MOE430v2 chips. All protocols were conducted at the Washington University Genechip
Facility as described in the Affymetrix manual. Affymetrix microarray suite 5.0 and dChip
software (http://www.dchip.org) were used for comparisons and GO (Gene Ontology)-based
classification. Ingenuity (https://analysis.ingenuity.com) and David2
(http://niaid.abcc.ncifcrf.gov/) were used for pathway analyses.

cDNA preparation and Quantitative RT-PCR
Total RNA from hair bulbs and epidermis were used for cDNA preparation using QIAGEN
Sensiscript RT Kit (QIAGEN Sciences, MD) according to the manufacturer’s protocol. The

Lee et al. Page 4

Development. Author manuscript; available in PMC 2008 November 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.dchip.org
http://niaid.abcc.ncifcrf.gov/


cDNA was amplified with SYBR-Green PCR Master Mix (Applied Biosystems, CA) and gene-
specific exon-exon junction spanning primers in ABI7700 sequence detection system (Applied
Biosystems, CA) or in MyIQ iCycler (Bio-rad, CA). Reaction was performed in 95°c for 10
minutes followed by 40 cycles of 95 for 15 seconds, 55°c for 45 seconds, and 72°c for 30
seconds. Normalizations across samples were performed using hypoxanthine guanine
phosphoribosyl transferase 1 (hprt1) or glyceraldehyde-3-phosphate dehydrogenase (gapdh)
primers. The differences between samples and controls were calculated using the Comparative
CT (2−ΔΔCT) Method. The histograms in Figures show mean ± s.e.m. of two or three
independent experiments for hair follicles and five for epidermal samples, each of which was
performed in triplicate. All qRT-PCR primers were tested for the presence of nonspecific
primer dimers and for linear amplification. The identity of the qRTPCR amplicons was
validated by DNA sequencing or restriction enzyme digestion of the amplicon (cyclinD1).
Primer sequences are available upon request.

Immunoblotting
For immunoblotting, frozen epidermal samples as described above were immediately lysed in
NP40 lysis buffer (1% NP-40, 150mM NaCl, 10% glycerol, and 1mM EDTA, and 20mM Tris,
pH 8.0) with protease and phosphatase inhibitors; lysate was combined with 2x Laemmli buffer
for SDS-PAGE. Western blot transfer was done as previously described. The following primary
antibodies were used: a-tubulin (mouse, 1:1000; Sigma-Aldrich B-5-2), CyclinD1 (rabbit,
1:1500; Santa Cruz sc-718), IGFBP4 (rabbit, 1:5000; kindly provided by Dr. Chernausek,
Cincinnati Children’s Hospital), p15 (rabbit, 1:200; Santa Cruz sc-612), p21 (mouse, 1:100;
Santa Cruz sc-6246) and anti-TGFβ2 (rabbit, 1:200; Santa Cruz sc-90). Western blot
quantification was performed using Quantity One software (Bio-Rad Laboratories, CA). The
histograms in Figures show mean ± s.e.m. of two or three independent epidermal lysates per
genotype.

Results and Discussion
The bulbs of Notch1-deficient hair follicles contain fewer keratinocytes

Conditional deletion of Notch1 in Msx2Cre; Notch1flox/flox (N1CKO) mice produced two
different patterns of gene loss in hair follicles, previously referred to as anagen-deleted and
embryo-deleted (Fig. 1A and (Pan et al., 2004)). As the names imply, Embryo deleted (emN1)
epidermis and follicles are derived from cells experiencing a pulse of Cre activity at E9.5 and
thus lack Notch1 from that point onwards. Anagen deleted (anN1) follicles express Cre
recombinase in the mid-bulb region a few days after the start of the growth phase (anagen);
Notch1 is thus only removed in the upper bulb (Fig. 1A). We observed that emN1 follicles are
substantially shorter than anN1 or wild type follicles (Figs 1B and C). Because anN1 follicles
are wild type in appearance, we concluded that Notch1 function is required in the proximal,
actively proliferating matrix during hair morphogenesis (Figs 1B and C; (Pan et al., 2004)).

Closer inspection of the emN1 hair bulbs revealed that the portion below the first visible
melanin granules (marked by a dashed red line in Fig. 1D) was shorter than wild type or anN1
follicles at postnatal day 9 (Fig. 1D). Cell size in all genotypes was not altered, suggesting that
the PI3K (Ciofani and Zuniga-Pflucker, 2005;Luo et al., 2005) and Myc pathways impacted
in Notch1-deficient thymocytes (Weng et al., 2006) are intact in keratinocytes. Instead, fewer
cells were detected in longitudinal sections of Notch1-deficient follicles: emN1 hair follicles
had only 44.69 ± 8.92 cells, whereas wild type (75.32 ± 10.30) and anN1 (69.86 ± 14.17) hair
follicles had nearly twice as many cells (Fig. 1E). Notch1-deficient epidermis did not display
any observable hyperplasia at this age, but the epidermis of older mice did (Figs 1F and G;
(Nicolas et al., 2003;Rangarajan et al., 2001)). We thus conclude that in contrast to the
epidermis, where the number of Notch1-deficient epidermal keratinocytes increase as mice age
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(Nicolas et al., 2003;Rangarajan et al., 2001), fewer Notch1-deficient keratinocytes formed the
hair bulb. Therefore, Notch1 loss leads to context-dependent impact on related keratinocyte
population.

Notch1-deficient hair matrix cells have decreased mitotic rates
During catagen, hair bulbs involute and regress quickly (during three to four days) by a
combination of cell cycle arrest and apoptotic cell death (Dry, 1926; Lindner et al., 1997;
Muller-Rover et al., 2001; Weedon and Strutton, 1981). One trivial explanation for reduced
keratinocyte numbers in emN1 bulbs is accelerated catagen onset, observed in mice with global
epithelial deletion of Notch1 (K14-Cre; Notch1flox/flox and K5-CreERT; Notch1flox/flox

(Vauclair et al., 2005)). To ask if reduced cell numbers in emN1 hair bulbs reflected catagen
onset at P9, we examined emN1 skin from P9, P13, P17, and P22 (Fig. 2A). If catagen had
started at P9, follicles would have lost their lower two thirds by P13. Instead, characteristic
follicular catagen destruction was detected in all genotypes at P17, indicating that Notch1
deficient skin in chimeric mice did not accelerate entry into catagen (Fig. 2A).

Hair bulbs including >2 TUNEL-positive cells are morphologically identical to follicles in
anagen, but have been classified as being in catagen I (Muller-Rover et al., 2001). Early catagen
II follicles contain, on average, 4 or more TUNEL-positive cells ((Lindner et al., 1997), Figs
2B and C). While we observed a few Notch1-deficient follicles containing >2 TUNEL positive
cells, more than 40% of emN1 hair follicles lacked TUNEL-positive cells (data not shown).
Moreover, the average number of TUNEL positive cells was significantly lower than the 4
cells seen in P16 (early catagen, 1.34 in emN1 at P9 vs 4.18 TUNEL-positive cells/HF p<
0.005; Fig. 2C). Given that no further morphological changes were detected until after P13,
we concluded that increased apoptotic cell death did not indicate catagen onset nor could it
explain the reduction in cell number seen in TUNEL-negative hair follicles.

Another possible explanation for the lower cell numbers in emN1 follicles is a reduced
proliferation rate. To examine mitotic rates at P9, we identified mitotic cells with Ki67 (red in
Fig. 2D) and BrdU-incorporating S-phase cells (green in Fig. 2D) following a 30-minute BrdU
pulse-label (Chenn and Walsh, 2002). The ratio of S-phase cells in the cycling population
(BrdU+/Ki67+) was tabulated in hair follicles and the epidermis of mutant and wild type mice.
Interestingly, emN1 hair follicles displayed a reduced progenitor-labeling index (27.07
±1.99%) compared with anN1 (36.26±1.33%) and wild type (35.28±0.71%) follicles (Fig. 2E),
which correlated with the cell numbers in these follicles. In contrast, P9 epidermal
keratinocytes did not display any difference in the progenitor-labeling index (Fig. 2E).
Collectively, it is evident that delayed cell cycle, with a small contribution from increased
apoptotic cell death, accounts for the lower cell numbers within Notch1-deficient hair bulbs
and that the proliferation defect in epidermal keratinocytes is progressive, evident only as the
animals age.

Notch1-deficient hair follicles contain elevated levels of transcripts encoding cytostatic and
proapoptotic proteins

The length of the G1 phase in mammalian cells can vary, while the length of S and G2+M
phases remain relatively unchanged (Chenn and Walsh, 2002; DiSalvo et al., 1995; Malkinson
and Keane, 1978). If the reduced mitotic rate in emN1 is attributable to changes in G1 length
or the G1/S checkpoint, either the expression/stability of G1 cyclins has decreased or the
abundance of Cyclin kinase inhibitors (CKIs) has increased (Mainprize et al., 2001; Massague,
2004; Sherr and Roberts, 1999). To address the molecular mechanism underlying the lowered
mitotic index and increased apoptosis seen in Notch1-deficient hair follicles, we mechanically
micro-dissected hair bulbs of emN1, anN1, and wild type mice (~100 follicles/mouse; two
animals per genotype, Fig. 3A). Isolated total RNA was subjected to microarray analysis, and
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genes altered in emN1 matrix but not in anN1 matrix were subjected first to GO-based
classification. We identified 47 genes altered in Notch1-deficient hair matrix that are involved
in cell growth, cycle, proliferation, or programmed cell death (Table S1; see Material and
methods for details).

The microarray analysis and qRT-PCR revealed that transcription of the cyclin kinase
inhibitors Cdkn1a (p21Cip1), Cdkn2b (p15INK4b) and Cdkn1c (p57Kip2) was increased upon
Notch1 loss, while mRNA expression of G1 cyclins, cyclin D1 and cyclin E did not change
(Table S1 and Fig. 3B). In addition, the expression of gsdm1 (gasdermin 1), so named due to
its presence in skin and the upper gastrointestinal tract (Lunny et al., 2005;Saeki et al., 2000),
was significantly increased (Table S1 and Fig. 3B). gsdm1 is absent from proliferating
keratinocytes and from several gastric cancer cell lines, leading to the hypothesis that it
promotes cell cycle arrest (Saeki et al., 2000). Moreover, the mRNA level of a proapoptotic
gene, Scotin, was also significantly induced upon Notch1 loss (Fig. 3B), consistent with the
observed increase in apoptosis (Fig. 2C). These data are consistent with the hypothesis that
loss of Notch1 affected the length of the G1 phase via increased cytostatic genes and a slight
increase of apoptosis through elevated levels of proapoptotic genes in follicular keratinocytes.
However, these changes clearly fell short from full induction of catagen.

The impact of Notch1 loss is not mediated via p53 family members
The cytostatic and proapoptotic transcripts elevated in Notch1-deficient follicles include
shared p53 family targets Cdkn1a, Scotin (Fig. 3B; (Harms and Chen, 2005;Rossi et al.,
2004;Terrinoni et al., 2004)) and Igfbp3 (Fig. 5A, described in detail below). Members of the
p53 family are known regulators of G1/S arrest and apoptosis (Bartek and Lukas,
2001;Massague, 2004;Moll and Slade, 2004); Notch loss can lead to a reduction in p53 activity
(Huang et al., 2004;Yang et al., 2004). In the epidermis, however, loss of Notch1 results in
elevated p63 levels (Nguyen et al., 2006), which in turn contributes to proliferation at the
expense of differentiation.

Trp63 (p63) transcripts were not significantly altered in Notch1-deficient follicles (Fig 4A).
In contrast, transcripts of Trp73 (p73) were greatly elevated (Fig. 4A). p73 expression was
restricted to the subset of lineage-restricted stem cells adjacent to the DP (Fig. 4B). In the
absence of Notch1, p73 expression extended to additional IRS and ORS cells (Fig. 4B),
indicating that Notch1 or its targets may negatively regulate p73 expression. This expression
pattern, however, did not overlap with the expression domain of any shared p53 family targets
(Figs 4B, 5B, and 8B). Moreover, p73-positive cells are actively cycling, as evident from BrdU
incorporation studies (compare Fig. 2D with 4B).

To explore if changes in p53 accumulation contributed to the Notch1 phenotype, we crossed
our N1CKO with p53-deficient mice (Msx2-Cre;Notch1flox/flox;p53−/−). Skin morphology and
histology of compound homozygous mice were indistinguishable from Notch1-deficient hair
follicles (Fig. S1). Moreover, the mRNAs of putative targets (Igfbp3, cdkn1a, and Scotin) did
not change in compound Msx2-Cre;Notch1flox/flox;p53−/− hair follicles (Fig. 4C). Therefore,
we conclude that none of the p53 members contribute significantly to the Notch1 phenotype
in the hair follicle.

Altered IGF signaling in Notch1-deficient hair follicles
As mentioned above, transcripts for IGF signaling modulators (Igfbp2, 3, and 4) are elevated
in Notch1-deficient hair bulbs (Table S1 and Fig. 5A). Importantly, diffusible IGF binding
proteins (IGFBPs) antagonize the mitogenic (Baserga et al., 1997;Firth and Baxter, 2002) and
antiapoptotic (Butt et al., 1999;Resnicoff and Baserga, 1998) activity of IGF1 by sequestering
it from its receptors (Edmondson et al., 2003;Firth and Baxter, 2002). IGF signaling promotes
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cell proliferation by reducing the length of G1 phase (Edmondson et al., 2003), the inverse of
the phenotype we observed in Notch1-deficient hair follicles (Fig. 2). Pathway analysis of
transcripts altered in emN1 relative to wild type follicles confirmed that the vast majority of
possible protein networks were anchored around IGFBPs (data not shown).

We therefore attempted to confirm, at the tissue level, the observed changes in IGFBP
expression. IGFBP2 expression was detected in the nuclei of hair matrix cells, and no change
in its distribution was evident at the protein level in Notch1-deficient hair follicles (Fig. 5B).
Strikingly, while IGFBP3 mRNA and protein are undetectable in wild type hair follicles, their
expression was evident in DP fibroblasts of Notch1-deficient hair follicles, not keratinocytes
(Fig. 5B). However, the expression levels fell far below those seen during catagen (see below
and Supplemental Figure S5).

IGFBP3 is a diffusible molecule and its ectopic expression in hair follicles decreased hair length
and the volume of the bulb (Weger and Schlake, 2005b), a phenotype strikingly similar to
Notch1-deficient hair follicles (Figs 1 and 2). Conversely, ectopic expression of IGF1 promotes
hair growth and follicular elongation (Su et al., 1999a; Su et al., 1999b; Weger and Schlake,
2005a). Importantly, mice overexpressing both IGF1 and IGFBP3 are normal (Weger and
Schlake, 2005a), indicating that IGF/IGFBP3 balance is an important regulator of follicular
keratinocyte proliferation.

To determine if IGF1 overexpression (and thus a higher IGF/IGFBP ratio) can rescue Notch1-
deficient hair follicles, we generated Msx2-Cre;Notch1flox/flox;Ivl::IGF1 mice (Weger and
Schlake, 2005a) and analyzed the morphology of hair follicles at P9. The cell numbers in
Notch1-deficient, IGF1-expressing hair follicles increased (Figure 5C and D), indicating that
equilibrium between IGF ligand and IGFBPs was indeed a contributing factor to the phenotype
of Notch1-deficient follicles.

We reported that a change in protein expression in one compartment (Notch1-loss in
keratinocytes) led to a change in another (IGFBP3 gain in DP). Dermal fibroblasts and DP do
not contain Notch1 mRNA or protein (Figs. 8 and S6), have not experienced Msx2-Cre activity
(as evident from lack of LacZ expression in Msx2-Cre; Rosa26R skin; Fig. 1A and data not
shown), and are separated from Notch1 expressing cells by a basement-membrane and a layer
of keratinocytes lacking Notch1 proteins. Therefore, a longer G1 in Notch1-deficient matrix
keartinocytes is brought about either by a cell-autonomous mechanism (elevated expression
of Igfbp2, cytostatic and proapoptotic genes), a cell non-autonomous mechanism (elevation of
Igfbp3 in the DP), or a combination of both. We again turned to the array information in search
for molecules that can participate in bi-compartmental communication.

Bi-compartmental signals that impact melanocyte populations are not likely to contribute to
the follicular phenotype

In silico comparison of proximal transcripts from Notch1-deficient and wild type hair bulbs
revealed that expression of the diffusible factor Kitl/SCF was significantly down regulated in
Notch1-deficient hair bulbs (Table S1 and Fig. 6A), suggesting that Notch1 is a positive
regulator of this melanocyte survival factor in hair matrix cells. Further analysis uncovered
reduction in multiple melanocyte-signature transcripts (Table S2, (Rendl et al., 2005)). To
ascertain if this reflected a reduced transcriptional output from the same number of cells or
change in the number of melanocytes residing within the bulb, Dct1-positive melanocytes were
counted (Figs 6B and 6C). Strikingly, a significant reduction in melanocyte number was
observed in Notch1-deficient hair bulbs (Figs 6B and 6C), even after correcting for keratinocyte
numbers (emN1 bulbs contain fewer cells, Fig. 1E). Notch-mediated activation of Hes1
contributes autonomously to melanoblast survival (Moriyama et al., 2006); however,
melanocytes in N1CKO skin did not experience a Cre-mediated gene deletion (Fig. S4) and
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express Hes1 (Fig. 8B). Therefore, proliferation and survival of follicular melanocytes, which
requires activated c-Kit receptors, depends on a ligand produced by keratinocytes (Botchkareva
et al., 2001;Ito et al., 1999) under the control of Notch1.

Notch signaling has been shown to control the proliferation and differentiation of neighboring
cells (Baker and Schubiger, 1996; Buckles et al., 2001; Giraldez and Cohen, 2003; Lin and
Kopan, 2003; Lin et al., 2000; Pan et al., 2004). Although several diffusible molecules,
including Wingless and Unpaired, have been identified as mediators of such cell non-
autonomous Notch functions in Drosophila (Giraldez and Cohen, 2003; Vaccari and Bilder,
2005), KITL is the first mammalian factor mediating bi-compartmental, Notch1-dependent
signals that regulate proliferation or survival of a neighboring cell population (melanocytes
within the hair follicles). Ascertaining whether Kitl is a direct or indirect target of Notch
signaling will be addressed elsewhere. Nonetheless, reduced autocrine Kitl is not sufficient to
explain the Notch1-deficient follicular phenotypes because animals treated with ACK2 (anti
c-Kit antibody) or animals with mutations that reduced KITL/SCF levels do not display any
phenotypes reminiscent of Notch1 loss in their hair follicles (Besmer et al., 1993; Botchkareva
et al., 2001; Lecoin et al., 1995; Okura et al., 1995).

Changes in epithelial TGFβ ligands lie downstream of Notch1 and may contribute to the skin
phenotype

Another signaling pathway shown to induce both IGFBPs and CKIs, and thus capable of
promoting G1 arrest, was altered in N1CKO skin: the TGFβ signaling pathway (Firth and
Baxter, 2002; Jetten et al., 1986; Moustakas et al., 2002). Transcription of Tgfb1 and Tgfb2,
the receptor Tgfbr2 (itself a target of TGFβ signaling (Cui et al., 1995)), the co-receptor
Tgfbr3 (Brown et al., 1999), as well as the TGFβ target Col1a2 (Inagaki et al., 1994) and
Thbs1, were all elevated in the emN1 hair bulb (Table S1 and Fig. 6D). The ligands TGFβ1
and TGFβ2 and the receptors TGFβRI and TGFβRII are all expressed in the hair follicle (Fig.
S2 and (Paus et al., 1997)). These receptors are also expressed in DP (Fig. S2), and Col1a2 is
specifically expressed in dermal fibroblasts (Zheng et al., 2002), indicating that TGFβ signals
are received in fibroblasts. Because TGFβ-mediated signaling can act both as an autocrine and
a paracrine signal, this pathway is capable of activating transcription of Igfbp2 in keratinocytes
(Moustakas et al., 2002; Scandura et al., 2004), as well as that of Igfbp3 in neighboring cells
(Guo et al., 1995; Martin and Baxter, 1991).

To ask if autocrine reception of TGFβ plays a role in hair matrix homeostasis, we removed the
essential type II receptor Tgfbr2 in all Notch1-deficient keratinocytes by generating
Msx2Cre;Tgfbr2flox/flox (TβR2CKO) and Msx2Cre;Notch1flox/flox;Tgfbr2flox/flox

(N1TβR2CKO) mice. Only dermal fibroblasts and DP cells in these compound mice retain the
ability to respond to TGFβ ligands, yet the skin of TβR2CKO mice is indistinguishable from
wild type (data not shown). Importantly, hair follicles from N1TβR2CKO and N1CKO mice
were morphologically identical, and qRT-PCR analysis confirmed that the expression of Tgfb1,
Tgfb2, Tgfbr3, Igfbp2, Igfbp3, Col1a2, and CKIs remained elevated in TβR2CKO emN1 hair
bulbs (Fig. 6E).

These observations indicate that (1) TGFβRII-mediated TGFβ signals do not regulate the
proliferation/apoptosis of hair matrix keratinocytes cell-autonomously, and (2) elevated
Igfbp2 or CKI mRNA levels are not a consequence of autocrine TGFβ signaling in hair matrix.
Collectively, the results in this and the previous sections are consistent with the hypothesis that
Notch1 regulates hair matrix proliferation both autonomously, by preventing expression of
proapoptotic and cytostatic genes (including gsdm1), and non-autonomously, by establishing
a bi-compartmental feed-back loop: loss of Notch1 in transit amplifying keratinocytes induced
TGFβ ligands, which are received in DP cells. Diffusible IGFBP3, produced exclusively in DP
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cells as a possible consequence of TGFβ signaling, could inhibit follicular IGF signaling to
suppress the proliferation of follicular keratinocytes.

Entry into catagen was accelerated in 90% of follicles when Notch1 is removed over the entire
skin surface (K14-Cre and K5-CreERT, (Vauclair et al., 2005)). However, catagen was not
accelerated in Notch1-deficient hair follicles when they reside in a heterogeneous environment
with anN1 follicles present. Instead, synchronicity is maintained in the chimeric skin with
Notch1-deficient follicles entering catagen when their wild type neighbors do. Until this report,
no mechanistic connection was made between Notch1 and catagen induction that could explain
either phenomenon.

While several pro-catagen transcripts were elevated when Notch1 was lost, these changes were
not sufficient to permit catagen onset in our chimeric mice. For example, detection of Igfbp3
mRNA in N1CKO skin by ISH required extended incubation time in NBT reagent (48 hours)
compared to signal development in early catagen follicles (3 hours; Supplemental Figure S5).
If catagen onset relied only on follicle-intrinsic mechanisms, it would be expected that
Notch1-deficient follicles would enter catagen early, even if embedded in a heterogeneous
environment. It is important to consider that while our mice have a chimeric skin, most
individual follicles are not salt-and-paper mosaics; they either express Notch1 or they do not
(Figs 1A, 8B, and S6). This unequivocal finding eliminates one trivial explanation (rescue by
wild type matrix cells) for the milder phenotype we see in Notch1-deficient follicles.

Several other possible explanations for this observation exist. First, the timing of Notch1
deletion in these experimental paradigms differs: dorsal ectodermal Msx2-Cre expression (Pan
et al., 2004) precedes dorsal Keratin 14 expression (Byrne et al., 1994); the earliest catagen
was induced by the postnatal Cre-mediated deletion (by K5-CreERT in newborn mice; (Vauclair
et al., 2005)). Perhaps early deletion allowed for compensation by an intrinsic follicular factor.
Alternatively, accelerated catagen may be due in part to Cre mediated toxicity (Loonstra et al.,
2001; Schmidt et al., 2000), which may be more severe in later-deleting follicles. However,
we cannot rule out a third possibility: the presence of wild type epidermis and follicles in Msx2-
Cre lines ameliorate the impact of Notch1 loss by generation of systemic, diffusible factor(s)
that can entrain the cycling of Notch1-deficient follicles (Stenn and Paus, 2001) and prevent
them from entering into catagen.

It is important to note that transgenic mice expressing activated Notch1 enter catagen as their
wild type littermates (Lin et al., 2000), indicating that Notch1 do not antagonize catagen-
inducing factors such as FGF5.

Differential response in the stroma may contribute to the differential impact of Notch1 loss
on hair follicle and epidermal keratinocytes

In Notch1-deficient skin, the proliferation of epidermal keratinocytes increases progressively
until a hyperplastic skin phenotype is evident, whereas follicular keratinocytes are hypoplastic,
resulting in a shorter hair shaft (Fig. 1). To gain further insight into the basis of the differential
response in these related keratinocyte populations, we asked if any proteins whose expression
was altered in Notch1-deficient hair follicles were also affected in the epidermis. IGFBP2,
p15INK4b and TGFβ2 protein levels were similarly regulated in the Notch1-deficient epidermis
and hair follicles at P9 (Figs 3B and 7). The mRNA levels of Nrarp and Heyl, known Notch1
targets (Krebs et al., 2001;Lamar et al., 2001), were reduced in the epidermis and in the hair
follicle (Figs 7C and 8A). In addition, Nrarp and Notch1 transcripts overlap in the hair follicle
(Fig. 8B).

We confirmed previous reports that epidermal Hes1 and p21Cip1 protein levels were reduced
in Notch1-deficient epidermal keratinocytes (Fig. 7A). In contrast, mRNA expression of Hes1
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and p21Cip1 was sustained in Notch1-deficient hair follicles (Figs 3B and 8). Moreover, Hes1
protein, unarguably the best-studied Notch target, did not accumulate where Notch1 mRNA
(Fig. 8B) or protein (Fig. S6) were present. Instead, it overlapped with the expression domain
of Notch2 and Notch3 (see (Pan et al., 2004)). In Notch1-deficient hair follicles, p21Cip1 mRNA
expression was sustained and its expression overlapped well with Hes1. This observation
supports an indirect p21Cip1 activation mechanism by Hes1 through Calcineurin/NFAT
(Mammucari et al., 2005). Therefore, we conclude that p21Cip1 may be a target of Hes1 in both
the epidermis and the hair follicle, and that Hes1 acts as a Notch1 target only in the epidermal
keratinocytes; in the hair follicle, its expression may be regulated by other Notch paralogs
(Notch2 or Notch3). These data collectively agree with the common hypothesis that cellular
context affects usage of targets, which contribute to the distinct proliferative behavior of hair
follicles and epidermal keratinocytes in response to Notch1 loss.

The second striking molecular difference between epidermis and hair follicles is the behavior
of two IGF binding proteins: IGFBP3 and IGFBP4. In Notch1-deficient hair follicles, induction
of IGFBP3 in DP, presumably by reception of TGFβ in wild type DP cells, underlie the
follicular phenotype in N1CKO animals. In contrast, the levels of IGBP4 were significantly
down regulated (Fig. 7A and B) in Notch1-deficient epidermis, opposite to the trend seen in
the hair follicles (Fig. 5A). Igfbp4 mRNA accumulates in dermis (Batch et al., 1994) and
overexpression of this diffusible protein can decrease the growth of prostate cancer in vivo
(Durai et al., 2006). Therefore, we posit that the differential modulation of IGF signaling that
could result from changes in dermal IGFBP levels may underlie the difference in the response
of epidermis and hair follicles to Notch1 loss. Thus, the contribution of Notch signaling to
differential follicular and epidermal homeostasis results from both cell autonomous
(differential target selection) and cell non-autonomous effects (differential stromal response
to the same diffusible factors), the later mediated possibly by TGFβ.

TGFβ signaling, which is negatively regulated by Notch1 in both keratinocyte populations
observed here (Figs 6D and 7), has been shown to cooperate with Notch1 in other systems
(Blokzijl et al., 2003;Zavadil et al., 2004). However, to our knowledge, this is the first report
to place Notch1 upstream of TGFβ signaling in any cell type. While at this time we can only
speculate how TGFβ ligands responded to Notch1 loss, the broad spectrum of co-regulated
TGFβ response genes confirm that this pathway is perturbed in response to Notch1 loss. The
published observations we summarized and the data presented in this manuscript suggest that
prior to overt changes in Notch1-deficient epidermal keratinocytes, a dialog between stromal
fibroblast and keratinocyte, mediated in part via TGFβ signaling, is established to control
keratinocyte proliferation. It was reported that TGFβ expression in basal epidermal cells leads
to epidermal hyperplasia, most likely due to stromal involvement: epidermal overexpression
is accompanied by changes in dermal compartments, which include increased angiogenesis,
inflammatory responses, and dermal hyperplasia (Li et al., 2004;Liu et al., 2001), all seen in
Notch1 deficient skin (data not shown). Although TGFβ1 is the major ligand in epidermal
keratinocytes (Li et al., 2006), TGFβ2 can also promote keratinocyte proliferation (Foitzik et
al., 1999). In this scenario, the elevated expression of p15INK4b in Notch1-deficient epidermal
keratinocytes may initially keep proliferation in check but eventually may become overridden
by the strong mitogenic effect of TGFβ-induced inflammatory and/or fibroblast responses (Li
et al., 2004), which include the paracrine impact on stromal IGFBPs.

The role of cellular context in interpreting Notch1 signals is not unique to keratinocytes: an
opposite impact of Notch1 on cell proliferation has also been demonstrated in lymphocytes,
where Notch1 suppresses proliferation and induces apoptosis in B cells (Morimura et al.,
2000) while promoting proliferation and blocking apoptosis or differentiation in T cells (Weng
et al., 2004; Weng et al., 2003). Like P9 skin keratinocytes, B and T cells are derived from a
common lymphoid progenitor (CLP). At P9, hair follicular and epidermal keratinocytes are
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both derived from a common pool of progenitors, yet they contain different Notch targets,
creating a different molecular context. Unlike lymphocytes, the differences in proliferative
behavior of keratinocytes may reflect autonomous differences (e.g. p21 and Hes1), as well as
differential stromal responses to common targets (e.g. TGFβ2).

Conclusions
We demonstrate that Notch1 contributes to an elaborate network of signaling pathways that
monitors and controls proliferation in skin. The response of wild type stromal cells to signals
produced by mutant epithelial neighbors critically contributes to cancer (Krtolica and Campisi,
2002; Krtolica and Campisi, 2003). The observations summarized above suggest that ligand
reception in the stroma may contribute to the tumor suppressor Notch1 phenotype, similar to
the ‘viscous cycle,’ prompting bone metastasis in several solid cancers (Mundy, 2002;
Roodman, 2004) and transformation of cells adjacent to Notch-deficient clones in
Drosophila (Moberg et al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005). In a
broader context, the role of Notch signaling in tumor suppression may reflect both an
autonomous function promoting differentiation of keratinocytes and a non-autonomous
function in a monitoring network, which responds by modulating keratinocyte proliferation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Reduced cell numbers in hair follicles while epidermal keratinocytes expand in response
to Notch1 loss
(A) LacZ immunohistochemistry on Msx2Cre;Notch1flox/flox;Rosa26R/+ skin. Note that LacZ
staining displays the area of Notch1 deletion. Scale Bar 50μM.
(B) Stereoscopic side view of the anagen-deleted (anN1) (left) and embryo-deleted (emN1)
(right) skin at P9. Scale Bar 300μM.
(C) Stereoscopic view magnified from (B) after dissection. Wild type is in blue box, anN1 in
yellow, and emN1 in red. Arrows indicate guard hairs. Scale Bar 200μM.
(D) Histological view of (B) and (C). Box color indicates the genotype as in (C). Nuclei staining
with DAPI. Scale Bar 20μM.
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(E) Average number of hair matrix cells (below a red line in D) per hair follicle. (* p < 0.00001).
Error Bars represent s.d.
(F–G) H&E staining of P9 (F) and P453 (G) skin. Note the epidermal hyperplasia in old emN1
skin (G). Scale Bar 40μM.
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Figure 2. Notch1 loss causes decreased mitotic rates and a slight increase in apoptosis, but catagen
was not accelerated
(A) H&E staining of anN1, emN1, and wild type at P9, 13, 17, and 22. Note that hair cycling
was not altered in Notch1-deficient hair follicles. Scale Bar 200μM.
(B) TUNEL staining of emN1, anN1, and wild type hair follicles at P9 and P16.
(C) Average number of TUNEL-positive cells per hair follicle in each genotype shown in (B).
(* p < 0.05 for both WT vs emN1 and anN1 vs emN1; ** p < 0.05 for both WT vs WT(cat)
and anN1 vs WT(cat); *** p < 0.005).
(D) Immunofluorescence staining of BrdU (green) and Ki67 (red). Scale Bar 20μM
(E) Progenitor labeling index of anN1, emN1, and wild type hair follicles and epidermis. (* p
<0.01 for anN1 vs emN1 and WT vs emN1). Error Bars represent s.d.
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Figure 3. Reduced mitotic rates in hair follicles correlates with elevated expression of cytostatic
and proapoptotic genes
(A) Microdissection of hair bulbs from anN1, emN1, and wild type follicles. Scale Bars (left)
100μM; (right) 200μM.
(B) qRT-PCR of G1 cyclins, CKIs, gasdermin1, and Scotin using total RNA isolated from
micro-dissected samples shown in (A). Error bars represent s.e.m.
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Figure 4. p53 family members do not contribute to Notch1-deficient follicular phenotype
(A) qRT-PCR of p63 and p73. (B) Immunohistochemistry of p73 in hair follicles of anN1,
emN1, and wild type littermates. Scale Bars 50μM. (C) qRT-PCR with Notch1, Trp53 (p53),
and p53 target genes (Cdkn1a, Scotin, and Igfbp3) using hair bulb total RNA from the genotypes
specified (emN1;p53−/− indicates Msx2Cre;Notch1flox/flox;p53−/−). Note the sustained
increase of Scotin and Igfbp3 in the absence of p53. Error bars represent s.e.m.
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Figure 5. Altered IGF/IGFBP equilibrium in the hair matrix of Notch1-deficient hair follicles
(A) qRT-PCR of IGF signaling components. Error bars represent s.e.m. (B)
Immunohistochemistry and in situ hybridization of IGF signaling components on hair follicles.
DAPI was used for nuclear staining in IGFBP2 and 3 antibody staining. Arrows indicate DP-
specific IGFBP3 immunoreactivity. Insets, mRNA in situ hybridization of the genes specified.
Note the mRNA and protein expression of Igfbp3 in dermal papilla, where Notch1 is not
expressed. Scale Bars 40μM. (C) Histological comparisons of the hair follicles from the
genotypes specified. Note that the matrix size is restored in emN1;Ivl-IGF1 follicles. Scale
Bars 200μM (skin H&E staining); 50μM (follicular H&E and DAPI staining) (D) Average
number of hair matrix cells (below a red line in C) per hair follicle. Error Bars represent s.d.
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Figure 6. Notch1-loss alters the expression of the diffusible ligands Kitl and TGFβ
(A) qRT-PCR of Kitl using hair follicle total RNA from genotypes specified (p < 0.0001 in
both WT vs emN1 and anN1 vs emN1). (B) Immunohistochemical staining of wild type and
Msx2Cre;Notch1flox/flox;Rosa26R/+ with Dct-1 (green) and LacZ (red). Nuclei were stained
with DAPI. Note that melanocytes (Dct-1-positive) do not show LacZ staining. Scale bar 50
μM. (C) The ratio of melanocytes (Dct-1 positive) to the matrix cells in each follicle was
obtained from different genotypes specified. Note the reduced number of melanocytes in
Notch1-deficient hair follicles (p < 0.0001 in both WT vs emN1 and anN1 vs emN1). (D) qRT-
PCR of TGFβ signaling components and its target (Col1a2). (E) qRT-PCR of the genes
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specified using Notch1- and Tgfbr2-deficient hair bulbs. Error bars represent s.e.m. (A, D, and
E) and s.d. (C)
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Figure 7. Monitoring the epidermal response of genes altered in hair follicles
(A) Western blot analysis with P9 epidermal cell lysates from embryo-deleted NICKO (N1EP)
and its wild type littermate (WTEP). (B) Quantification of the western data from (A). (C) qRT-
PCR of Notch1 and its targets, Hes1, HeyL, and Nrarp, using P9 epidermal RNA preparation.
Error bars represent s.e.m. * p = 0.05; ** p < 0.001
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Figure 8. Monitoring epidermal Notch targets in the hair follicles
(A) qRT-PCR for Notch1, Nrarp, Hes1, and Heyl. Note that Hes1 expression was sustained in
emN1 hair follicles. Error bars represent s.e.m.
(B) mRNA (Notch1, Nrarp, and Cdkn1a) and protein (Hes1) expression in skin. Hes1 (red)
expression is found in differentiating hair matrix and epidermal suprabasal cells. AE13 is a
marker for follicular cortex and cuticle. Blue is nuclear staining by DAPI. Scale bars 40μM.
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