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The Rho family GTPases Cdc42 and Rac1 are critical regulators of the actin cytoskeleton and are essential for skin and
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conditional knockout approach to assess the role of neural Wiskott-Aldrich syndrome protein (N-WASP), the ubiquitously
expressed Wiskott-Aldrich syndrome–like (WASL) protein, in mouse skin. We found that N-WASP deficiency in mouse
skin led to severe alopecia, epidermal hyperproliferation, and ulceration, without obvious effects on epidermal
differentiation and wound healing. Further analysis revealed that the observed alopecia was likely the result of a
progressive and ultimately nearly complete block in hair follicle (HF) cycling by 5 months of age. N-WASP deficiency also
led to abnormal proliferation of skin progenitor cells, resulting in their depletion over time. Furthermore, N-WASP
deficiency in vitro and in vivo correlated with decreased GSK-3β phosphorylation, decreased nuclear localization of β-
catenin in follicular keratinocytes, and decreased Wnt-dependent transcription. Our results indicate a critical role for N-
WASP in skin function and HF cycling and identify a link between N-WASP and Wnt signaling. We therefore propose that
N-WASP acts as a positive regulator of β-catenin–dependent transcription, modulating differentiation of HF progenitor
cells.
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The	Rho	family	GTPases	Cdc42	and	Rac1	are	critical	regulators	of	the	actin	cytoskeleton	and	are	essential	for	
skin	and	hair	function.	Wiskott-Aldrich	syndrome	family	proteins	act	downstream	of	these	GTPases,	control-
ling	actin	assembly	and	cytoskeletal	reorganization,	but	their	role	in	epithelial	cells	has	not	been	characterized	
in	vivo.	Here,	we	used	a	conditional	knockout	approach	to	assess	the	role	of	neural	Wiskott-Aldrich	syndrome	
protein	(N-WASP),	the	ubiquitously	expressed	Wiskott-Aldrich	syndrome–like	(WASL)	protein,	in	mouse	skin.	
We	found	that	N-WASP	deficiency	in	mouse	skin	led	to	severe	alopecia,	epidermal	hyperproliferation,	and	
ulceration,	without	obvious	effects	on	epidermal	differentiation	and	wound	healing.	Further	analysis	revealed	
that	the	observed	alopecia	was	likely	the	result	of	a	progressive	and	ultimately	nearly	complete	block	in	hair	fol-
licle	(HF)	cycling	by	5	months	of	age.	N-WASP	deficiency	also	led	to	abnormal	proliferation	of	skin	progenitor	
cells,	resulting	in	their	depletion	over	time.	Furthermore,	N-WASP	deficiency	in	vitro	and	in	vivo	correlated	with	
decreased	GSK-3β	phosphorylation,	decreased	nuclear	localization	of	β-catenin	in	follicular	keratinocytes,	and	
decreased	Wnt-dependent	transcription.	Our	results	indicate	a	critical	role	for	N-WASP	in	skin	function	and	
HF	cycling	and	identify	a	link	between	N-WASP	and	Wnt	signaling.	We	therefore	propose	that	N-WASP	acts	as	
a	positive	regulator	of	β-catenin–dependent	transcription,	modulating	differentiation	of	HF	progenitor	cells.

Introduction
Mammalian skin is composed of 2 structural layers, known as the 
epidermis and dermis, which are separated by a basement mem-
brane. The epidermis consists of several interconnecting layers of 
keratinocytes that extend from the basement membrane to the skin 
surface. During differentiation, basal keratinocytes lose contact with 
the basement membrane and migrate to suprabasal layers. These 
cellular movements require changes in cell-cell and cell-matrix adhe-
sion and massive actin cytoskeletal reorganization. Several addi-
tional critical physiological processes in skin, such as wound healing 
and hair follicle (HF) cycling (1–3), also require reorganization of 
the actin cytoskeleton. Aberrant cytoskeletal regulation is associated 
with a variety of human disorders of the skin (4, 5).

The Rho family GTPases Cdc42 and Rac1 are critical regulators 
of the actin cytoskeleton and are essential for skin and hair func-
tion (6–8). Cdc42 and Rac are known to control actin dynamics at 
the leading edge of migrating cells and at adhesive contacts locat-
ed at cell-cell junctions (i.e., adherens junctions [AJs]). In particu-
lar, Cdc42 can induce fingerlike protrusions known as filopodia, 
and Rac1 promotes the formation of broad leaflike protrusions 
known as lamellipodia (9–13). Formation of AJs is required for 
skin integrity and depends on extension of filopodia driven by de 
novo actin polymerization (14).

Recently, Cdc42 was implicated in regulating skin differentia-
tion through modulation of the Wnt signaling pathway (8). Wnts 
are secreted glycoproteins that, upon binding and activation of 
Frizzled receptors, lead to a cascade of signaling events that result 
in the stabilization and cytoplasmic accumulation of β-catenin. 
Cytoplasmic β-catenin translocates into the nucleus, where it acts 
as a co-factor for transcription factors of the Lef1/Tcf family (15, 
16). While the majority of cellular β-catenin (>90%) is bound to 
α-catenin and E-cadherin at AJs (a pool regulated independently 
of Wnt signaling), a small portion of cytoplasmic β-catenin, which 
is tightly regulated by Wnt ligands, is constitutively targeted for 
proteasomal degradation by a complex of proteins (APC, GSK-3β, 
and axin, termed “destruction complex”) in the absence of Wnt 
stimulation. Upon β-catenin degradation, Lef1/Tcf-mediated gene 
transcription is impeded (17). Impaired regulation of Wnt signal-
ing can result in an imbalance between proliferation and differen-
tiation and often leads to neoplastic transformation (15, 16, 18).

In skin, Wnt/β-catenin signaling plays a critical role in HF devel-
opment, hair stem cell maintenance, and HF lineage commitment 
(19). Transgenic mice expressing constitutively active β-catenin 
develop extra HFs de novo (20), while deletion of β-catenin (21) 
or Lef1 (22) or overexpression of the Wnt inhibitor Dkk1 (23) in 
mice leads to alopecia. De novo HF formation in normal adult 
mice after wounding was recently described and shown to also 
depend on Wnt signaling (24). Genes encoding hair keratins are 
Wnt-dependent transcription targets, as they possess Lef1/Tcf 
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binding sequences (25). In postnatal HFs, the strongest Wnt sig-
nal has been found in terminally differentiated cortical cells of the 
hair shaft (26). Wnt signaling in the bulge, a HF stem cell resi-
dent niche, is predominantly suppressed, except for a few cells at 
the beginning of the hair cycle (26, 27). This supports the current 
theory that Wnt signaling is important for HF stem cell activation 
and HF cycle initiation.

A connection between Cdc42 and the Wnt signaling pathway 
was first described in cultured astrocytes (28). Cdc42 modulates 
β-catenin turnover by regulating GSK-3β phosphorylation of 
a critical serine residue through the Par6/Par3/PKCz complex. 
Recently, it has been shown in skin that Cdc42 controls GSK-3β 
phosphorylation via modulating PKCz activity, and the absence 
of Cdc42 leads to a decrease in GSK-3β phosphorylation (8). This 
reduction results in increased GSK-3β kinase activity, leading to 
an increased phosphorylation of axin and β-catenin. Finally, this 
leads to stabilization of the destruction complex, degradation of 
β-catenin, and a decrease in β-catenin–dependent transcription of 
HF-specific genes (8).

Here we examine the role of neural Wiskott-Aldrich syndrome 
protein (N-WASP), the ubiquitously expressed Wiskott-Aldrich 
syndrome–like (WASL) protein and direct target of Cdc42, in skin 
function. Activated by Cdc42, N-WASP is a critical regulator of the 
actin cytoskeleton through its modulation of Arp2/3 complex–
mediated actin assembly. While WASL proteins regulate diverse 
processes such as cell movement, adhesion, and phagocytosis (29, 
30), no studies have examined the role of WASL family proteins 
in epithelial function in vivo. In this report, we demonstrate that 
conditional N-WASP deletion in skin results in marked epidermal 
hyperproliferation, ulceration, and alopecia, while terminal kerati-
nocyte differentiation and wound healing are unaffected. We dem-
onstrate that alopecia results from a progressive and finally severe 
HF cycle defect. Interestingly, although in young N-WASP epider-
mal KO (EKO) mice there is an increase in the number of follicles 
entering the anagen phase compared with WT mice that is associ-
ated with increased proliferation in the stem cell compartment, 
there is a nearly complete block in HF cycling in 5-month-old ani-
mals. Moreover, N-WASP deficiency was accompanied by a dra-
matic decrease in GSK-3β phosphorylation, leading to decreased 
nuclear localization of β-catenin and decreased Wnt-dependent 
transcription, which may ultimately contribute to the age-depen-
dent stem cell depletion in the HF. Our study shows a critical role 
for N-WASP in skin function and HF cycling and provides a link 
between N-WASP and Wnt signaling. We propose that N-WASP 
acts as a positive regulator of β-catenin–dependent transcription 
to regulate HF progenitor cell differentiation.

Results
Generation of mice with N-WASP deletion in skin. Germline deletion 
of N-Wasp results in early embryonic lethality (31, 32). In order to 
study the role of N-WASP in adult tissues, we generated mice in 
which exon 2 of N-Wasp was flanked by loxP sites (N-WaspL2L), per-
mitting its conditional deletion (33). Since N-WaspL2L/L2L mice were 
indistinguishable from WT animals, these animals are referred to 
throughout the text as WT. To eliminate N-WASP in the epidermis, 
we crossed N-WaspL2L/L2L mice with CrePR1 transgenic mice under 
the control of the keratin 5 promoter, which is active in epidermal 
keratinocytes and other squamous epithelia (Figure 1) (34). Tissue-
specific Cre activation has been reported to require treatment with 
the antiprogestin RU486 to induce translocation of the enzyme to 

the nucleus, where it catalyses DNA recombination (35). However, 
spontaneous CrePR1 recombinase activation has been reported in 
mice during the first postnatal weeks depending on the quantity 
of expressed protein (36). We found spontaneous tissue-specific 
Cre activation in the absence of inducer with excision of exon 2 of  
N-Wasp in the epidermis of N-WaspL2L/L2L; K5-CrePR1 mice (i.e., N-WASP  
EKO mice; Figure 1). Spontaneous exon 2 excision was also detect-
ed in thymus, esophagus, foregut, and tongue, tissues in which the 
K5 promoter is known to be active (Figure 1A). In tissues in which 
the K5 promoter is inactive, such as colon and skeletal muscle, the 
excision was not detected (Figure 1A). Western blot analysis of pro-
tein lysates derived from the epidermis in the absence of RU486 
showed incomplete N-Wasp excision at postnatal day 15 with 
complete excision between postnatal days 15 and 25 (Figure 1B,  
lanes 1–4). N-WASP was also completely ablated in primary cul-
tured keratinocytes, derived from untreated 3-day-old N-WASP  
EKO mice (Figure 1B, lanes 5 and 6). We did not use RU486 induc-
tion in our further experiments, since the efficiency and timing of 
spontaneous N-WASP ablation was highly reproducible.

N-WASP is critical for keratinocyte proliferation and hair growth. By 4–5 
weeks of age, N-WASP EKO animals had subtle thinning of hair 
with the development, in some animals, of facial ulcers (Figure 2A). 
Hair loss was progressive, with all animals displaying thinning of 
the hair coat by 12 weeks of age (Figure 2A). By 20 weeks of age, all  
N-WASP EKO mice were nearly bald with multiple ulcerations with-
out evidence of an ongoing inflammatory process (Figure 2A and data 
not shown). N-WASP EKO mice progressively failed to gain weight  
(12 weeks: WT, 30.4 ± 1.7 g, N-WASP EKO, 24.9 ± 4.7 g, P < 0.05, n = 4;  
15 weeks: WT, 38.2 ± 2.9 g, EKO, 24.8 ± 4.5 g, P < 0.05, n = 9; 17 weeks:  
WT, 35.5 ± 3.8 g, EKO, 21.0 ± 3.6 g, P < 0.01, n = 3), and most were 
unable to breed by the 16th week and required euthanasia.

Histological analysis of skin taken from ulcer-free areas of N-WASP  
EKO mice showed a significant increase in epidermal thickness 
(Figure 2D). As expected, these changes were associated with a dra-
matic increase in Ki-67 immunoreactive nuclei in the basal layer 
of EKO epidermis (Figure 2D). Consistent with these findings, in 
vivo BrdU incorporation assays revealed a marked increase in pro-
liferation in primary keratinocytes freshly isolated from EKO mice  
(P = 0.005; Figure 2B). Similarly, cultured primary keratinocytes 
also demonstrated significantly increased proliferation by BrdU 
incorporation assays (Figure 2C). These findings indicate that 
hyperproliferation is an intrinsic characteristic of the N-WASP–
deficient keratinocytes and not a consequence of ongoing hair loss 
and/or an inflammatory process.

N-WASP is not required for epidermal differentiation or wound healing. 
Defects in proliferation in skin can be associated with defects in 
keratinocyte differentiation (37). Given the proliferative abnor-
malities in N-WASP EKO mice and the dependence of keratinocyte 
differentiation upon reorganization of the actin cytoskeleton (13, 
37), a process known in other systems to be regulated by N-WASP 
(29), we investigated keratinocyte differentiation. Despite altered 
cell proliferation, there were no obvious abnormalities in the dis-
tribution of early (keratin 1) or late (loricrin, filaggrin) differentia-
tion markers in N-WASP EKO epidermis (Figure 2E).

Keratinocyte differentiation can be modeled, at least in part, in 
culture (38). Primary keratinocytes maintained in a low-calcium–
containing medium (0.05 mM) express characteristics of the non-
differentiated basal cell compartment, whereas culturing in a high-
er-calcium–containing medium (2.0 mM) induced differentiation 
associated with growth arrest, AJ formation, loss of cell substrate 
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contact, and expression of early and then late markers of differentia-
tion (39). Using Western blot analysis, we found that the expression 
of neither early (keratin 1) nor late (loricrin, involucrin, or filaggrin) 
differentiation markers was altered in the absence of N-WASP in 
calcium-treated cultured primary keratinocytes (data not shown). 
Taken together, these data indicate that epidermal keratinocytes can 
terminally differentiate in the absence of N-WASP.

Epithelial wound closure is known to depend on cell migra-
tion. Since cell migration critically depends on actin cytoskeleton 
integrity and dynamics, and WASP family members are known 
to control actin polymerization, we hypothesized that skin ulcer-
ations in N-WASP EKO animals may result from a wound-healing 
defect. We tested the role of N-WASP in epidermal wound heal-
ing by comparing wound re-epithelialization in WT and N-WASP 
EKO mice. Wounds 6 millimeters in diameter (full thickness) 
were incised on the back skin of WT and N-WASP EKO mice, and 
wound closure was assessed by immunohistochemical analysis of 
H&E-stained sections at various times after injury. Quantitative 
analyses of wound re-epithelialization (by measuring the length 
of neo-epithelium; dashed line in Supplemental Figure 1; supple-
mental material available online with this article; doi:10.1172/
JCI36478DS1) in WT and N-WASP EKO mice revealed similar 
rates of wound healing (Supplemental Figure 1). These results 
indicate that wound healing can proceed normally in the absence 
of N-WASP. N-WASP–deficient skin showed no signs of increased 
inflammation or abnormal vascularity, suggesting that aberrant 
immune activity or microvascular architecture was not respon-
sible for the epidermal ulceration.

N-WASP is essential for HF cycling. Since N-WASP EKO mice develop 
progressive alopecia, we sought to determine whether there were 
any alterations in HF maturation in unmanipulated N-WASP EKO 
skin. The first postnatal HF cycle in N-WASP EKO mice was not 
affected (data not shown). This was expected, since N-WASP abla-

tion in skin was not complete until postnatal day 25. Although 
there were subtle differences in the thickness of the hair coat at 
30 days of age, we found no significant differences in the number 
of anagen follicles in N-WASP EKO mice compared with WT mice 
at this age (Figure 3B). However, in 8-week-old mice, surprisingly 
most (75%) N-WASP EKO HFs were in early anagen phase, at a 
time when the majority of follicles (75%) in WT mice were in telo-
gen phase (Figure 3, A and B). By 10 weeks of age, nearly all HFs 
in EKO mice were in either telogen phase (48.6%) or late catagen 
phase (49.7%), with very few anagen-phase follicles persisting. This 
was in contrast to 10-week-old WT mice, which exhibited approxi-
mately 30% of HFs in anagen; the remainder of follicles were in 
telogen phase (67%), with less than 5% in catagen phase (Figure 
3B). The rapid decline of anagen-phase follicles that occurred 
between 8 and 10 weeks of age may suggest that the increased 
number of anagen-phase HFs observed in 8-week-old EKO mice 
represents precocious entry into anagen phase, rather than an 
increased duration of the first postnatal anagen phase.

Given the aberrant follicular stage in young mice and progres-
sive alopecia, we sought to determine whether HF cycle progres-
sion was normal in synchronized N-WASP EKO skin. HF regener-
ation — the hallmark of the anagen phase — can be synchronized 
by hair plucking (depilation) during telogen phase (40). With 
depilation, the growth stage (anagen) is induced and keratino-
cytes next to the dermal papilla start to proliferate. Three days 
after depilation, the proliferating keratinocytes partially surround 
an enlarged dermal papilla (anagen II). As the anagen phase pro-
gresses the growing follicle increases its length (with the hair bulb 
now residing in the subcutis), inner root sheaths and outer root 
sheaths (ORSs) form, and actively proliferating matrix keratino-
cytes completely surround a narrowed dermal papilla (anagen III). 
By anagen IV, matrix cells have differentiated, forming a precortex 
and a hair shaft (Figure 4A).

Figure 1
Epidermis-specific KO of N-WASP. (A) Top: PCR strategy 
to detect exon 2 deletion of N-Wasp. Primers used to deter-
mine presence (a, b) or absence (d, e) of exon 2. Bottom left: 
PCR amplification of tail DNA from 4-month-old N-WaspL2L/L2L  
(L2L/L2L) mice with and without the K5-Cre transgene and a 
WT mouse with the K5-Cre transgene. Amplification of WT and  
L2L/L2L DNA with primers a and b resulted in a 350-bp band 
(lane 2 WT) and a 550-bp band (lane 1 L2L), respectively. Ampli-
fication of WT DNA with primers d and e failed to yield a product 
(lane 2 L). Amplification with primers d and e resulted in a 1.5-kb 
band, thus identifying the excision of exon 2 in L2L/L2L; K5-Cre 
mice (lane 3 L). The presence or absence of Cre is noted by 
separate PCR amplification in the middle row. Bottom right: Gel 
electrophoresis of DNA from different tissues of a 4-month-old 
N-WaspL2L/L2L/K5-Cre mouse following PCR with primer sets 
to determine the presence (L2L, primers a and b) or absence  
(L, primers d and e) of exon 2. Exon 2 excision was observed 
in thymus, esophagus, foregut, and tongue. (B) Western blot 
analysis of N-WASP expression in epidermis (lanes 1–4) and 
cultured keratinocytes (lanes 5 and 6) isolated from L2L (referred 
to as WT) and N-WaspL2L/L2L/K5-Cre (L2L; K5-Cre – i.e., EKO) 
mice. Epidermis was isolated from 15- and 25-day-old mice, and 
primary keratinocytes were isolated from 3-day-old mice and 
maintained in culture for 5 days. N-WASP expression was unde-
tectable in EKO mice.
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Figure 2
Hair loss, ulceration, and epidermal hyperproliferation in N-WASP EKO mice. (A) WT and EKO littermate mice 9, 12, and 20 weeks old. Ulcers 
(arrows) on the chest and face of a 17-week-old EKO mouse are also shown. (B) Representative FACS analysis of primary keratinocytes. 
Keratinocytes were isolated from mice 2 hours after BrdU injection and analyzed by flow cytometry. Selected (gated) events represent the 
total percentage of BrdU+ keratinocytes in the representative experiment; average BrdU+ in EKO mice was 5.1% (n = 11) vs. WT 1.0% (n = 10)  
(P = 0.004). (C) Results of proliferation analysis of primary keratinocytes in culture. Cultured keratinocytes were labeled with BrdU for 30 min-
utes, fixed, stained with anti-BrdU antibody, and analyzed by flow cytometry. The results of 1 representative experiment (repeated 3 times) 
are shown; each bar represents mean value of 6 samples ± SD. (D) H&E-stained paraffin skin sections of WT and EKO mice demonstrate an 
expansion/hyperproliferation of HFs and interfollicular epidermis (upper panel, arrows). Frozen skin sections were stained with the antibody 
against the proliferation marker Ki-67 (green), and nuclei were stained with propidium iodide (PI, red). The increased epidermal proliferation was 
associated with an increase in Ki-67+ nuclei. Scale bar: 100 mm. (E) Normal distribution of early (keratin 1) and late (loricrin, filaggrin) markers of 
differentiation in hyperproliferative N-WASP–deficient epidermis. Frozen sections stained with antibodies against keratin 1, loricrin, and filaggrin 
(red). Nuclei were counterstained with Hoechst (blue). Scale bar: 40 mm.
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We first compared HF cycle progression in 18- to 20-week-old 
WT and N-WASP EKO mice (at this age, all mice had severe but 
not complete alopecia). HFs were synchronized by wax depila-
tion of patches where hair was present on sex-matched WT 
and N-WASP EKO mice, and skin sections were analyzed histo-
logically. Keratinocyte proliferation was assessed concurrently 
by BrdU incorporation. All WT HFs reach anagen IV within  
6 days after depilation (Figure 4, A–C, arrows point to proliferat-
ing matrix cells). In contrast, virtually all follicles examined in  
N-WASP EKO mice 6 days after hair depilation remained in telo-
gen (Figure 4, D and E), with only 1 N-WASP EKO mouse exam-
ined (n = 11) containing any anagen follicles. Whereas follicles 
in WT mice have progressed to anagen IV (Figure 4, B and C), 
no follicles in the single N-WASP EKO mouse progressed past 
anagen II (data not shown). HF keratinocytes in all of the other 
18- to 20-week-old N-WASP EKO animals examined 6 days after 
depilation failed to proliferate (Figure 4E, arrows), consistent 
with telogen phase.

We next sought to characterize the effects of N-WASP deletion 
on earlier HF cycles in younger mice (at ages in which the alopecia 
is mild). HFs in 8- to 13-week-old mice were induced by depila-
tion and analyzed as above. As expected, HFs entered anagen phase 
appropriately in all WT animals examined (Figure 4F and Supple-
mental Figure 2A), with matrix keratinocyte proliferation, consis-
tent with anagen II and IV (Supplemental Figure 2B and Figure 
4G, respectively). In 28% of N-WASP EKO animals examined at 
this age (n = 18), HFs failed to enter anagen phase and remained 
in telogen phase (Figure 4H and Supplemental Figure 2C), with 
no evidence of BrdU incorporation in HFs (Figure 4I and Supple-
mental Figure 2D, arrows). In the remaining 72% of N-WASP EKO 
animals at 8 to 13 weeks of age, HFs entered anagen phase and 
progressed to anagen II (Supplemental Figure 2, E and F) and ana-
gen IV (Figure 4, J and K). However, most anagen HFs in N-WASP 
EKO mice appeared abnormal with severe hyperplasia of the upper 
follicle and interfollicular epidermis (Figure 4, J and K, and Sup-
plemental Figure 2F, open arrowheads). These results indicate a 
progressive and eventually severe impairment of HF cycling after 
N-WASP excision in epidermis.

N-WASP is critical for the maintenance and proper differentiation of HF 
progenitor cells. HF cycling requires the continuous supply of skin 
progenitor cells that reside in a specialized microenvironment of 
the hair appendage called the bulge. These progenitor cells can 

be distinguished by the expression of 2 well-characterized skin 
stem cell markers, CD34 and α6 integrin (41). This population 
of skin stem cells can be further subdivided into a CD34+/α6hi 
and CD34+/α6lo population, which correspond to their basal and 
suprabasal bulge locations, respectively. CD34+/α6lo stem cells 
emerge as a distinct subpopulation after the first postnatal ana-
gen phase as a result of the involution of the club hair and estab-
lishment of the permanent HF bulge, and remain stable over time 
(41). Given the altered HF dynamics and progressive alopecia in 
N-WASP EKO skin, we examined these progenitor populations 
over time. At 8 weeks of age, N-WASP EKO mice had an increase in 
the total CD34+/α6+ stem cell population, but by 16 weeks of age 
the relative proportion of this population appeared diminished 
and by 28 weeks of age was dramatically decreased compared with 
WT (Figure 5A). While the proportion of the distinct CD34+/α6hi  
and CD34+/α6lo keratinocyte populations within the total 
CD34+/α6+ stem cell population was comparable or increased at 
8 weeks, we also observed a progressive decrease in these impor-
tant, highly self-renewing and multipotent subpopulations at 16 
and 28 weeks in EKO mice (Figure 5A). Notably, EKO mice exhib-
ited this decrease in CD34+/α6+ progenitor cells despite dramati-
cally increased proliferation within this population as assessed by 
BrdU incorporation (Figure 5B, EKO average 2.1% vs. WT 0.21% 
at 16 weeks old; P < 0.01). The increase in BrdU incorporation 
by CD34+/α6+ stem cells in EKO mice was observed at early time 
points (8 weeks of age), when this population was comparable to 
or increased compared with WT, suggesting that abnormal prolif-
eration precedes the decrease in stem cells and is not a response to 
the ongoing depletion of this population. Together, these results 
suggest a depletion of skin stem cells over time, which may be a 
consequence of abnormal proliferation leading to exhaustion of 
the stem cell compartment.

The ORS is a layer of cells existing in continuity with the bulge 
and represents the direct path for stem cells migrating from the 
bulge to the base of the HF during anagen (42). The ORS can be 
identified by flow cytometry as a transient CD34lo/–/α6lo popu-
lation appearing in early anagen phase (43, 44). We observed an 
expanded and persistent population of CD34lo/–/α6lo ORS kerati-
nocytes in EKO mice (Figure 5A). This pattern may result from the 
continual transit of proliferating bulge stem cells to the ORS.

N-WASP regulates GSK-3β phosphorylation and Wnt-dependent tran-
scription. HF development and cycling critically depends on stabi-

Figure 3
N-WASP EKO mice exhibit an increased number of anagen-phase HFs compared with WT mice at 8 weeks of age, which rapidly declines by 
10 weeks. (A) H&E staining of the WT and N-WASP EKO skin. WT follicles were predominantly in telogen phase. The majority of N-WASP EKO 
follicles showed typical characteristics of beginning anagen phase, such as proliferation-driven thickening and elongation of keratinocyte strand 
(arrows) near dermal papilla (arrowheads). Original magnification, ×20. (B) Analysis of HF changes over time in unmanipulated WT and N-WASP 
EKO mice at 4 weeks (n = 8), 8 weeks (n = 10), and 10 weeks (n = 6) of age. HFs in anagen, telogen, and catagen phases were scored and 
expressed as a percentage of the total number of follicles counted. Error bars indicate the SD of anagen-phase follicles.
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lization and nuclear localization of β-catenin, followed by LEF-1– 
mediated transcription (21, 23, 26). Cdc42 modulates β-catenin 
levels via binding to the target protein Par6, which, in a complex 
with Par3 and PKCz, leads to phosphorylation of GSK-3β on ser-
ine 9, resulting in β-catenin stabilization (28). Such Cdc42-depen-
dent regulation of β-catenin stability was recently found to control 
HF progenitor cell differentiation (8). Since N-WASP is a direct 
target of Cdc42 (29), we investigated the effect of N-WASP dele-
tion on signaling pathways that regulate β-catenin stability and 
β-catenin–dependent transcription.

To investigate a role for N-WASP in regulating β-catenin–depen-
dent transcription in N-WASP–deficient fibroblast cell lines (32), 
we used a TopFLASH reporter assay. N-WASP–deficient cells 
were transformed with a β-catenin–responsive luciferase reporter 
construct, and the reporter activity was measured following Wnt 
ligand stimulation. There was a marked decrease in TopFLASH 
reporter activity in Wnt-stimulated N-WASP–deficient cells when 
compared with control cells (Figures 6A). In addition, overexpres-
sion of N-WASP by stable retroviral transduction led to a modest 
increase in TopFLASH reporter activity in either WT or N-WASP 
KO fibroblasts (data not shown). Our data indicate that N-WASP 
is required for Wnt-dependent transcription.

We next used an immunohistochemical approach to examine 
β-catenin expression and localization in N-WASP EKO HFs and 
epidermis. We determined β-catenin localization in skin sections 
taken from 8- to 13-week-old WT and N-WASP EKO mice and 
quantified the percentage of HFs with nuclear β-catenin in pre-
cortical keratinocytes. In agreement with previously reported data 
(26), nuclear β-catenin was seen in the subcortex of more than 97% 
WT anagen HFs (Figure 6, B and C; Supplemental Figure 3A). In  
N-WASP EKO animals in which HF cycling was completely blocked 
and all HFs were in telogen (28% of analyzed N-WASP EKO mice 
at 8 to 13 weeks of age; n = 18), nuclear β-catenin was not detected 
(Supplemental Figure 3A). Since the subcortex is absent in telo-
gen-phase follicles, it remains unclear from these data whether the 
absence of nuclear β-catenin precedes the hair cycling block or is a 
consequence of the block and the absence of subcortical keratino-
cytes. We therefore scored N-WASP–deficient HFs in 8- to 13-week-
old mice that progressed through anagen phase for the presence 
of nuclear β-catenin in subcortical keratinocytes. On average, we 
found that less than 40% of N-WASP EKO anagen follicles con-
tained nuclear β-catenin (Figure 6, B and C). As predicted, nuclear 
β-catenin was not detected in the single 18-week-old N-WASP EKO 
animal described above containing anagen II follicles (Supplemen-

Figure 4
Progressive HF cycling defect in the absence of N-WASP. (A) Schematic showing progression of WT HF from telogen to anagen IV phase  
6 days after hair depilation. BG, bulge; C, germ cell cap; CH, club hair; DP, dermal papilla; HS, hair shaft; IRS, inner root sheath; M, matrix; 
PC, precortex; SG, sebaceous gland. (B–E) HF cycle block in 18-week-old N-WASP EKO mice. HFs were induced by wax depilation in WT (B 
and C) and N-WASP EKO (D and E) female mice and tissue collected on the sixth day after depilation to observe follicles in anagen IV. (F–K) 
Partial HF cycle block in 8- to 13-week-old N-WASP EKO mice. Again, skin samples were collected 6 days after depilation from WT (F and G) 
and N-WASP EKO (H–K) female mice to observe follicles in anagen IV. All animals were injected with BrdU prior tissue collection, as described 
in Methods. Paraffin sections were stained by H&E (B, D, F, H, and J) or indirectly immunostained with antibodies against BrdU, and all nuclei 
were counterstained with DAPI (C, E, G, I, and K). Arrows indicate N-WASP EKO follicles lacking proliferating cells. Filled arrowheads indicate 
proliferating matrix cells. Open arrowheads indicate hyperproliferation in upper N-WASP EKO follicles. Scale bars: 100 mm.
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tal Figure 3B). As expected, nuclear β-catenin was not detected in 
telogen-phase follicles from older N-WASP EKO mice (Supple-
mental Figure 3B). These data suggest that defects in β-catenin 
localization occur earlier than the HF cycle block.

β-catenin stability is regulated by a complex of several molecules that 
bind β-catenin and target it for degradation (16). GSK-3β, a member 
of the complex, phosphorylates axin, which stabilizes the complex and 
leads to β-catenin degradation. Upon stimulation with Wnt ligand, 
this event can be prevented by phosphorylation of GSK-3β on serine 
9, resulting in its inactivation. To determine the molecular pathway 
controlling β-catenin stability in N-WASP EKO animals, we assessed 
GSK-3β phosphorylation on serine 9 in WT and N-WASP–deficient 
skin by Western blotting. Remarkably, the level of phosphorylated 
GSK-3β was significantly decreased in N-WASP EKO epidermis from 
mice 8 weeks of age when compared with WT littermates (Figure 6D). 
In 18-week-old animals, the reduction of phosphorylated GSK-3β in 
N-WASP EKO mice was even more pronounced (Figure 6D). These 
results support the hypothesis that N-WASP is involved in modulat-
ing Wnt signaling and β-catenin–dependent transcription. In addi-
tion, these results suggest that a defect in Wnt signaling develops 
gradually over time in skin after N-WASP ablation.

In order to assess the effect of N-WASP ablation on Wnt/β-catenin 
signaling in vivo, we crossed WT and EKO mice with TopGAL report-
er mice, which harbor a β-galactosidase gene under the control of 
a β-catenin and LEF/TCF-responsive promoter (26). At 8 weeks of 
age, when EKO mice exhibited mild signs of hair coat thinning and 
a greater proportion of anagen phase HFs compared with WT mice, 
EKO/TopGAL mice displayed globally decreased X-gal staining, and, 
most notably, a near absence of TopGAL activity in the vicinity of the 
hair germ in late telogen/early anagen HFs (Figure 6E).

Discussion
N-WASP regulates keratinocyte proliferation, but is not required for wound 
healing or terminal differentiation. This study reveals that N-WASP 
deficiency leads to epidermal hyperproliferation, indicating that  
N-WASP negatively regulates keratinocyte growth. To date, molecu-
lar mechanisms connecting N-WASP to cell proliferation in kera-
tinocytes are unknown, and current evidence of any link between 
WASPs and cell growth is scarce. It was recently revealed that an 
absence or decrease in WASP family protein expression in T cells has 
been associated with a decrease in cell proliferation (33). In contrast, 
N-WASP has been implicated as a tumor suppressor in breast epithe-

Figure 5
N-WASP EKO mice exhibit a progressive decline in HF stem cells. (A) Representative FACS analysis on primary keratinocytes isolated at 8, 
16, and 28 weeks of age revealed an initial increase in CD34+/α6+ progenitor cells in N-WASP EKO mice. This population diminished over time 
and was dramatically decreased at 28 weeks. Additionally, there was an early appearance and persistence of a CD34lo/–/α6lo population (red 
circles) corresponding to an abnormal expansion of ORS keratinocytes in N-WASP EKO mice. Selected (gated) events in each plot represent 
the percentage of α6lo (left boxes) and α6hi (right boxes) cells in the total CD34+/α6+ population. (B) FACS analysis of BrdU incorporation by 
keratinocytes gated for the stem cell population revealed increased proliferation specifically within this population in N-WASP EKO mice. Gated 
events in the left panels represent the percentage of CD34+/α6+ keratinocytes. Gated events in the right panels indicate the percentage of BrdU+ 
keratinocytes within the selected CD34+/α6+ population.



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 120   Number 2   February 2010 453

lium (45). One can speculate that N-WASP, via its apparent effect on 
actin cytoskeleton dynamics, regulates keratinocyte adhesion to the 
extracellular matrix, a process known to control keratinocyte growth 
(37). In addition, keratinocytes are known to be a source and a target 
for several cytokines affecting cell proliferation (46). It is possible 

that, in the absence of N-WASP, the production of cytokines and/or 
their receptors may be altered. In support of this hypothesis, studies 
from our laboratory have demonstrated that colonic lamina propria 
T cells from WASP-deficient animals produce elevated levels of IL-4, 
a cytokine known to induce keratinocyte proliferation (47).

Figure 6
Defective Wnt signaling in N-WASP–deficient epidermis. (A) Decrease in Wnt-dependent transcription in N-WASP KO fibroblasts. WT and 
N-WASP KO fibroblasts or cells expressing a Wnt-responsive (TopFLASH) or a mutant (FopFLASH) reporter construct. Bar graph represents 
reporter activity upon Wnt stimulation (normalized). Error bars represent SD. Representative results of 1 of 3 experiments are shown. (B and 
C) Defect in nuclear localization of β-catenin in N-WASP–deficient HF keratinocytes. Anagen IV follicles in 8-week-old WT (C, upper panels) 
and N-WASP EKO (C, lower panels) mice. Green indicates β-catenin antibody staining; red indicates nuclei stained with DAPI; arrows indi-
cate β-catenin–positive nuclei in precortical keratinocytes in WT follicles; arrowheads indicate nuclei devoid of β-catenin in precortical cells of  
N-WASP–deficient follicles. Scale bar: 40 mm (inset bar, 12 mm). Scatter plot (B) represents the percentage of anagen IV follicles with nuclear 
β-catenin in the subcortex in WT and N-WASP EKO mice. Each dot represents 1 mouse. Vertical lines indicate the mean (middle dash) ± SD. 
*P < 0.001. (D) Decrease in serine 9–phospho–GSK-3β in N-WASP EKO skin. Each lane on the Western blot represents 1 mouse. Bar graph 
depicts the OD of the phospho–GSK-3β band (upper panel) normalized to the OD of the total GSK-3β band (lower panel). Error bars represent 
SD. (E) Decreased Wnt-dependent transcription in N-WASP EKO HFs. Skin from non-depilated 8-week-old WT/TopGAL and EKO/TopGAL mice 
was processed for X-gal staining. Blue color corresponds to active Wnt-dependent transcription. Original magnification, ×10 (inset, ×20).
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Surprisingly, we have found that epidermal differentiation and 
wound healing, processes that are associated with marked cyto-
skeletal changes, are not affected by the absence of N-WASP. The 
origin of epidermal ulcers in N-WASP EKO mice therefore remains 
unclear. It is known, however, that alopecia and ulcers may result 
from defects in desmosomes (48). Importantly, establishment of AJs, 
a process driven by filopodia extension, precedes and possibly assists 
formation of desmosomes (14). It is therefore possible that deletion 
of N-WASP, which has been shown to regulate filopodia extension 
in some experimental systems (32, 49), negatively affects formation 
of AJ and desmosomes and potentially leads to epidermal ulcers.

Progressive HF cycling defect in N-WASP–deficient epidermis. As early 
as 8 weeks of age, N-WASP deficiency in unmanipulated skin is 
associated with a marked increase in the number of follicles enter-
ing the first postnatal anagen phase after the complete excision 
of N-WASP. The large increase in anagen-phase follicles at this 
time point may result from either a delay in EKO mice progressing 
from the first postnatal anagen phase or an accelerated onset into 
the second postnatal anagen phase. By 10 weeks of age, EKO mice 
exhibit a rapid decline of anagen-phase follicles, which constitute 
less than 5% of HFs at 10 and 13 weeks of age. This is in contrast 
to WT mice, which exhibit a progressive increase in the number 
of anagen-phase HFs between 7 and 13 week of age. In addition, 
in synchronized hair, there is a HF cycling block that progresses 
over time from a partial block between 8 to 13 weeks to a com-
plete block by the 20th week of mouse life. This gradual phenotype 
development may result from the effect of N-WASP ablation on the 
proliferation and long-term maintenance of HF stem cells. Consis-
tent with this, we observed a dramatically expanded population 
of proliferating, BrdU-incorporating CD34+/α6+ skin progenitor 
cells in N-WASP EKO mice at 8 weeks of age. However, this popula-
tion is severely depleted by 28 weeks of age, which we hypothesize 
occurs as a result of continued high levels of proliferation. Interest-
ingly, skin from EKO mice also exhibited an expanded and abnor-
mally persisting population of CD34lo/–/α6lo cells corresponding 
to the ORS. The increased proliferation and progressive decrease 
in CD34+/α6+ cells, along with the expansion and persistence of 
the ORS population, suggest that N-WASP deficiency aberrantly 
regulates stem cell homeostasis and may result in the inability to 
maintain critical skin progenitors in a quiescent state necessary for 
the long-term maintenance of these progenitors (50).

N-WASP regulates Wnt signaling and β-catenin–dependent transcription. 
The most striking finding in this study is that N-WASP is essential 
for HF cycling and its absence leads to alopecia. Wnt signaling and 
downstream transcriptional events have been demonstrated to be 
critical for HF development and cycling (21, 23). A decrease in Wnt-
responsive reporter activity, dramatic decreases in levels of GSK-3β 
phosphorylated on serine 9, along with loss of nuclear β-catenin in 
follicular keratinocytes and decreased Lef1/Tcf-dependent TopGAL 
reporter activity in vivo in the absence of N-WASP strongly suggest 
a link between N-WASP and the Wnt signaling pathway. N-WASP 
or N-WASP–dependent effector function (actin polymerization 
through Arp2/3) has yet to be linked to any known members of 
the Wnt pathway, and the specific binding partner(s) altered by  
N-WASP deficiency in this context remains unknown. The N-WASP 
interactor Cdc42 has been directly linked to β-catenin stability and 
has been shown to play a critical role in hair progenitor cell differ-
entiation (8, 28). Similar to our findings in N-WASP–deficient skin, 
GSK-3β phosphorylation and nuclear translocation of β-catenin are 
impaired in epidermis lacking Cdc42 (8). However, due to abnor-

mal differentiation of follicular progenitor cells to epidermal lin-
eages, HFs in animals with β-catenin– and Cdc42-deficient skin are 
replaced with epidermal cysts (8, 21). Of note, these structures were 
not detected in N-WASP EKO animals. Such differences may result 
from the relative delay in the hair cycle block in N-WASP–deficient 
epidermis when compared with β-catenin– or Cdc42-deficient epi-
dermis (8, 21). Analysis of older N-WASP EKO mice has been prob-
lematic, since these animals seldom survive past the age of 20 weeks. 
Alternatively, N-WASP–deficient HF stem cells may be phenotypi-
cally distinct from Cdc42-deficient HF stem cells. Indeed, N-WASP–
deficient HF stem cells exhibit excessive proliferation and premature 
depletion, whereas Cdc42-deficient progenitors show abnormal dif-
ferentiation with aberrant cell fate decisions (8).

Cdc42 directly binds to and modulates the activity of N-WASP 
(29), raising the possibility that N-WASP deficiency can alter Cdc42-
dependent signals to the Wnt pathway and downstream transcrip-
tional events leading to differentiation of progenitor cells into HFs. 
Indeed, the Wnt/β-catenin signaling pathway is critical for the tem-
poral regulation of HF cycling and for controlling the proliferation 
and differentiation of HF stem cells. Along the hair shaft, the high-
est level of Wnt signaling is found in the terminally differentiating 
cortical cells, and constitutive expression of a stabilized form of  
β-catenin results in de novo HF formation and pilomatricomas (20). 
On the opposite end of the spectrum, ablation of β-catenin in the 
skin results in the loss of HFs (21). Low levels of nuclear β-catenin 
may be required to maintain bulge stem cells in a quiescent state, 
and Wnt signaling is largely absent from the bulge. HF bulge stems 
cells nonetheless express a number of Wnt receptors, Wnt signal-
ing transcription factors, as well as increased levels of Wnt inhibi-
tors (51), which suggests that their ability to receive and transmit 
Wnt signals is crucial for the proper response to signals specifying 
self-renewal and differentiation. We have observed, in the absence 
of N-WASP, defects in the ability to properly integrate Wnt signals, 
abnormal telogen-to-anagen transition, and a depletion of HF bulge 
stem cells over time. Together these data suggest a defect in the abil-
ity of cells in the hair germ, or that have recently migrated from the 
bulge, to properly form the hair shaft in response to Wnt signals. 
This may be due to an intrinsic defect in the ability of these cells to 
integrate incoming Wnt signals from the underlying dermal papilla 
and follicular environment in the absence of N-WASP.

Because N-WASP also plays an important role in cell migration, 
further work is required to determine whether defective migration 
of N-WASP–deficient hair germ and/or bulge stem cells prevents 
these cells from establishing the close contacts between the bulge, 
hair germ, and dermal papilla necessary for signaling the start of 
a new anagen phase. Perturbations in the ability of hair germ and 
ORS keratinocytes to receive and transmit Wnt signals may ren-
der them unable to feedback appropriate “stop” signals to pro-
liferating HF progenitors, leading to their progressive depletion 
and eventual exhaustion and the striking phenotype of complete 
alopecia. Finally, future studies will be needed to determine the 
specific mechanism by which N-WASP regulates Wnt signaling 
and the relative importance of the Wnt signaling abnormalities in 
contributing to the profound HF defects in N-WASP EKO mice.

Methods
Generation of mutant mice, hair depilation, and preparation of epidermal tissue 
lysates. Mice bearing a conditional N-Wasp KO allele (N-WaspL2L) (33) were 
crossed with keratin 5-CrePR1 (K5-Cre) transgenic mice (35) (a gift from 
D. Roop, University of Colorado, Aurora, Colorado, USA) to generate  
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N-WaspL2L/L2L; K5-Cre mice. Littermate N-WaspL2L/+; K5-Cre mice were used as 
controls in each experiment. To generate WT/TopGal and EKO/TopGAL 
mice, WT and EKO mice were bred with TopGAL reporter mice (Jackson 
Laboratories) to generate WT and N-WASP–deficient offspring harboring 
the LacZ gene. Mice were kept in a specific pathogen–free barrier facility 
at the Massachusetts General Hospital in accordance with the guidelines 
of the Subcommittee on Research Animal Care of Massachusetts General 
Hospital. Hair plucking was performed as previously described (52). Brief-
ly, the backs of mice with hair in telogen phase were painted with wax, and 
embedded hair was gently depilated. Skin samples were collected at vari-
ous time points, stretched, fixed with formalin, and embedded in paraffin. 
Specifically, skin samples were harvested 3 and 6 days after depilation to 
observe follicles in anagen II and IV, respectively. Epidermal keratinocytes 
were isolated from back or ear of adult mice as previously described (53). 
Briefly, skin was incubated afloat on a surface of 0.25% trypsin solution 
(CELLGRO) overnight at 4°C. The epidermis was separated from the der-
mis, chopped, and incubated in 0.25% trypsin for 10 minutes at 37°C with 
gentle agitation. Released keratinocytes were strained, pelleted down by 
centrifugation, and resuspended in Laemmli buffer.

Antibodies. Rabbit polyclonal antibody against N-WASP was generously 
provided by T. Takenawa (Tokyo University, Tokyo, Japan). Anti–kera-
tin 1, involucrin, filaggrin, and loricrin antibodies were purchased from 
Babco. Rabbit anti–Ki-67 antibodies were purchased from Novocastra 
Laboratories. Anti–GSK-3β, phospho–GSK-3β (serine 9) antibodies were 
purchased from Cell Signaling Technology. Anti–E-cadherin and anti-
Cdc42 antibodies were purchased from Transduction Laboratories. Alexa 
Fluor 647–conjugated anti-CD34 was purchased from BD Biosciences, 
and PE-conjugated anti-CD49f (α6 integrin) was purchased from eBio-
science. Anti-BrdU antibodies were purchased from Becton Dickinson. 
Monoclonal anti–α-tubulin and anti–β-catenin antibodies were pur-
chased from Sigma-Aldrich.

Histology and immunostaining. Paraffin sections of skin tissue were 
processed for H&E staining. Paraffin and cryostat sections were 
immunostained with the antibodies against BrdU, Ki-67, and differentia-
tion markers as previously described (54, 55). β-Catenin immunostaining 
protocol was provided by C. Brakebusch (Copenhagen University, Copen-
hagen, Denmark). Cultured primary keratinocytes were fixed with 3.7% 
paraformaldehyde for 10 minutes, permeabilized with 0.2% Triton X-100 
for 5 minutes, and stained with either phalloidin (Molecular Probes) or 
primary antibodies for 1 hour, followed by 1 hour of incubation with sec-
ondary antibodies (Jackson Immunoresearch Laboratories Inc.). Fluores-
cein Mouse-On-Mouse secondary antibody kit (Vector) was used to detect 
mouse monoclonal antibodies on mouse tissue sections.

X-gal staining. Frozen sections (5 μm) of non-depilated dorsal back 
skin from WT/TopGAL and EKO/TopGAL mice were fixed in LacZ 
fixation buffer containing 0.2% glutaraldehyde, then washed with LacZ 
wash buffer (2 mM MgCl, 0.01% deoxycholate, 0.2% NP-40). Slides were 
incubated with 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 
(X-gal; Fisher Scientific) for 12 hours in the dark at 37°C. Slides were 
then washed 3 times in PBS, followed by a water rinse and mounted 
with glycerol and examined by light microscopy. Coverslips were then 
removed with water, and slides were counterstained with either nuclear 
Fast Red or DAPI for 2 minutes. Key HF structures (bulge, hair germ, 
and dermal papilla) as determined by counterstaining (data not shown) 
are noted in Figure 6E (inset).

Microscopy. Histological and immunofluorescence analysis was per-
formed with an Olympus AX-70 upright fluorescence microscope.

Cell culture, plasmid transfections, and luciferase assay. Primary keratinocytes 
were isolated from the skin of 3-day-old mice as previously described 
(53). Cells were plated on collagen I–coated plastic, with culture medium 

changed daily. Mouse embryonic fibroblasts were cultured in DMEM 
supplemented with 10% bovine calf serum (GIBCO). For luciferase 
reporter assay, fibroblasts were seeded on 24-well plates (Corning) and 
transfected using Lipofectamine 2000 transfection reagent (Invitrogen) 
with TopFLASH or FopFLASH expression plasmids (provided by B. Vogel-
stein, Johns Hopkins University, Baltimore, Maryland, USA). Each well 
was cotransfected with Renilla luciferase expression vector (pRL-CMV; 
Promega) for normalization. Eighteen hours after transfection, cells were 
incubated with conditioned medium from Wnt-3a– and Wnt-5a–express-
ing cells (as a negative control; CRL-2647 and CRL-2814; ATCC) for  
24 hours. Cells were lysed and firefly and Renilla luciferase activities were 
measured using the Dual Luciferase Reporter kit (Promega). Firefly lucifer-
ase signal was normalized to Renilla luciferase activity. Each point was per-
formed in triplicate. Experiments involving N-WASP–deficient fibroblasts 
used a previously generated KO cell line (32). For N-WASP overexpression 
studies, WT fibroblasts were transduced with N-WASP–expressing retro-
virus, and stable overexpression of protein was confirmed after multiple 
passages by Western blot analyses.

FACS analysis. Fat and subcutaneous tissues were removed from the back 
skin of 10 adult WT and 11 EKO mice at 8, 16, or 28 weeks of age. After 
floating overnight on 0.25% trypsin at 4ºC, the epidermis was separated 
from the dermis with a forceps, finely minced, and passed through a 100-μm  
filter followed by a 70-μm filter to remove cornified sheets. The resulting 
single-cell suspension was then washed and resuspended in PBS with 1% 
FCS and incubated with 0.5 mg/ml Alexa Fluor 647–conjugated rat anti-
mouse CD34 (BD Biosciences) and 0.5 mg/ml phycoerythrin-conjugated 
(PE-conjugated) anti-human/mouse CD49f (α6 integrin; eBioscience) for 
30 minutes on ice. After washing twice in PBS with 1% FCS, cells were sub-
jected to FACS analysis. BrdU detection was performed with a BD Biosci-
ences — Pharmingen FITC BrdU Flow Kit.

Keratinocyte proliferation analysis. Adherent cultured keratinocytes 
were exposed to BrdU (Amersham Biosciences) for 30 minutes at a con-
centration recommended by the manufacturer. For analysis by flow 
cytometry, cells were detached by trypsinization, stained, and analyzed 
as described by Becton-Dickinson protocol. For proliferation analysis 
in vivo, mice were injected intraperitoneally with 50 μg/g body weight 
BrdU (10 mg/ml in PBS) 2 hours prior to sacrifice. To detect proliferat-
ing keratinocytes, paraffin skin sections were made and processed for 
immunohistochemistry as previously described (55).

Epidermal wound healing assay. Full-thickness 6-mm-diameter circular 
wounds were made on back skin of 8-week-old mice matched by sex under 
avertin anesthesia. Wounds were left undressed, and animals were indi-
vidually housed. After 1, 3, and 4 days, the animals were sacrificed, and 
wound tissue was harvested and examined histologically.

Statistics. Data are presented as mean ± SEM unless otherwise specified. 
Groups were compared by unpaired 2-tailed Student’s t test. A P value less 
than 0.05 was considered significant.
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