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Introduction
Apoptosis signal-regulating kinase (ASK) 1 is a MAP3K fam-

ily member that activates both the JNK and p38 MAPK signal-

ing cascades and is activated in response to various stimuli, 

including oxidative stress, endoplasmic reticulum stress, cal-

cium infl ux, and infl ammatory cytokines (Ichijo et al., 1997; 

Hayakawa et al., 2006; Sekine et al., 2006). Expression of 

ASK1 protein has been reported to be strongly induced sur-

rounding wounds in rat palatal epithelium (Funato et al., 1998). 

It has also been demonstrated that ASK1 induces keratino-

cyte differentiation and regulates the innate immunity of the 

skin (Sayama et al., 2001, 2005). These fi ndings have sug-

gested that ASK1 may play an important role in epithelial 

wound healing.

Mammalian skin is composed of three differentiated epi-

thelial compartments: the interfollicular epidermis, sebaceous 

glands, and hair follicles (Stenn and Paus, 2001). A bulge 

within each hair follicle contains stem cells, which in turn 

 proliferate and differentiate into new hair follicles (Taylor 

et al., 2000; Fuchs et al., 2004). Wounding of skin has been 

reported to induce hair growth (Argyris, 1956). It was recently 

shown that the pattern of expression of epithelial stem cells 

in hair follicles around wound areas is similar to that in spon-

taneous hair cycling (Ito and Kizawa, 2001). This suggested 

that  understanding of wound-induced hair regrowth may 

 elucidate the general mechanisms of hair growth. Further-

more, it is known that onset of the developmental program in 

epithelial stem cells is triggered by environmental signals 

(Fuchs et al., 2004). However, the hair regrowth factors and 

mechanisms by which wounding induces hair regrowth remain 

to be determined.

In this study, we found that ASK1-defi cient (ASK1−/−) 

mice exhibited marked delay of wounding-induced hair re-

growth. We also found that infi ltration and activation of macro-

phages were strongly impaired in the wound area of ASK1−/− 

mice, and that transplantation of activated macrophages induced 

hair regrowth in both wild-type (WT) and ASK1−/− mice. These 

fi ndings demonstrate the critical involvement of macrophages in 

hair growth and the need for regulation of infi ltration and activa-

tion of macrophages in skin wounds by ASK1 for macrophage-

dependent hair regrowth.
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A
poptosis signal-regulating kinase 1 (ASK1) is a 

member of the mitogen-activated protein 3- kinase 

family that activates both c-Jun NH2-terminal 

 kinase and p38 pathways in response to infl ammatory 

cytokines and physicochemical stress. We report that 

ASK1 defi ciency in mice results in dramatic retardation of 

wounding-induced hair regrowth in skin. Oligonucleotide 

microarray analysis revealed that expression of several 

chemotactic and activating factors for macrophages, as 

well as several macrophage-specifi c marker genes, was 

reduced in the skin wound area of ASK1-defi cient mice. 

Intracutaneous transplantation of cytokine-activated bone 

marrow-derived macrophages strongly induced hair 

growth in both wild-type and ASK1-defi cient mice. These 

fi ndings indicate that ASK1 is required for wounding-

 induced infi ltration and activation of macrophages, which 

play central roles in infl ammation-dependent hair re-

growth in skin.
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Results and discussion
ASK1-defi cient mice display delayed 
wounding-induced hair regrowth
To explore the roles of ASK1 in wound healing, full-thickness 

5-mm incisional wounds were produced on the shaved back 

skin of WT and ASK1−/− mice, and wound areas were monitored 

for up to 20 d. During the healing process, the macroscopic 

appearances of wound closure and histological reepithelializa-

tion were similar in WT and ASK1−/− mice (Fig. 1 a and not  

depicted). However, we found that wounding-induced hair re-

growth was dramatically delayed in ASK1−/− mice (Fig. 1 a). 

Although it has been reported that hair regrowth is induced by 

wounding, the reason for this has remained unclear (Argyris, 

1956; Stenn and Paus, 2001). Hair follicles undergo repeated 

cycles of proliferation and differentiation (anagen stage), apop-

tosis (catagen stage), and resting (telogen stage) of epithelial 

cells (Stenn and Paus, 2001). Quantitative evaluation of hair 

follicle stages on the basis of well-defi ned morphological cri-

teria revealed that the percentage of hair follicles in telogen 

stage was very high in ASK1−/− mice at 12 d after wounding 

(Fig. 1, b and c; Muller-Rover et al., 2001). These fi ndings sug-

gested that lack of ASK1 delays wounding-induced anagen 

initiation. On the other hand, we have been unable to fi nd his-

tological differences between WT and ASK1−/− in the normal 

development of hair follicles of 14.5-d-old embryos or the 

spontaneous anagen-stage hair follicles of 18-d-old neonatal 

mice (unpublished data). Moreover, plucking-induced hair re-

growth, which is another experimental model of induced hair 

growth, the mechanism of which is unknown (Morris and  Potten, 

1999; Ito and Kizawa, 2001), occurred normally in ASK1−/− 

mice (Fig. 1 d). These fi ndings suggested that ASK1 defi -

ciency does not affect the hair-regenerating activity of epithe-

lial cells, per se.

Figure 1. Impairment of wounding-induced 
hair regrowth in ASK1-defi cient mice. (a) Macro-
scopic changes associated with wound closure 
and wounding-induced hair regrowth in the 
dorsal skin of WT and ASK1−/− mice. Day 0 
photographs were taken immediately after 
wounding. Representative results from >20 
mice in each group are shown. (b and c) Eval-
uation of hair follicle stages at 12 d after 
wounding. (b) Skin paraffi n sections of WT 
and ASK1−/− mice were processed for hema-
toxylin and eosin staining. *, wound edge; ar-
row, hair follicles in anagen stage; arrowhead, 
hair follicles in telogen stage. Bars, 300 μm. 
(c) Percentages of hair follicles in defi ned 
stages at 12 d after wounding. Morphogenesis 
of a total of 112 hair follicles of 14 mice was 
evaluated by quantitative histomorphometry 
according to well-defi ned morphological crite-
ria. telo, telogen; early anagen, anagen I–II; 
mid (middle) anagen, anagen III–VI; late ana-
gen, anagen V–IV. (d) Macroscopic changes 
associated with plucking-induced hair re-
growth in the dorsal skin of WT and ASK1−/− 
mice. Day 0 photographs were taken immedi-
ately after plucking (indicated by arrows). Rep-
resentative results from >20 mice in each 
group are shown. (e) Activation of ASK1 and 
MAP kinases (p38, JNK, and ERK) in post-
wounding skin. States of activation of these 
 kinases in wounded skin on the indicated day 
were determined by immunoblotting of total 
skin lysates using antibodies to phospho-ASK1 
(p-ASK1), -p38 (p-p38), -JNK (p-JNK), or -ERK 
(p-ERK). Total amounts of p38 are also pre-
sented as loading controls.
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ASK1 is required for activation of p38, 
JNK, and extracellular signal-regulated 
kinase (ERK) in wound areas
We next examined the status of activation of ASK1 and MAPKs, 

including p38, JNK, and ERK, in wounded skin of WT and 

ASK1−/− mice (Fig. 1 e). Wounding clearly induced activation 

of ASK1, p38, JNK, and ERK in WT mice. Activation of p38 

and, to a lesser extent, JNK was reduced in the wound area of 

ASK1−/− mice, indicating that ASK1 is required for activation 

of p38 and JNK in wounded skin (Fig. 1 e). ERK activation, 

which is not induced by ASK1 (Ichijo et al., 1997), was also re-

duced in wound areas of ASK1−/− mice. Because ERK is widely 

activated by various growth factors and cytokines, it is possible 

that ERK activation is indirectly reduced in ASK1−/− mice 

 because of reduction of activity of p38 and JNK, which are 

 required for the production of various infl ammatory cytokines 

(see next section).

ASK1 is required for regulation of immune 
responses after wounding
To identify the genes responsible for ASK1-dependent hair re-

growth, skin samples from four groups (untreated and wounded 

skin 8 d after operation from WT or ASK1−/− mice) were col-

lected, and gene expression in each group was monitored using 

high-density Affymetrix GeneChips. We identifi ed 185 anno-

tated genes of the 45,102 represented on the array, which exhib-

ited at least a fourfold difference in expression between WT and 

ASK1−/− wounded skin. The levels of expression of these 185 

Figure 2. ASK1 is required for regulation of 
immune response in wound areas. (a) Gene 
expression is infl uenced in an ASK1-dependent 
manner by wounding. 185 genes exhibited 
differential expression in wounded skin of WT 
mice or ASK1−/− mice at 8 d after wounding. 
Each gene is represented by a single row of 
colored boxes. For every gene, the median 
value of expression for the four samples shown 
was calculated, and its relative expression in 
one sample is indicated by color. Green, tran-
script abundance below median; black, tran-
script abundance near median; red, transcript 
abundance above median. Cluster A contains 
138 genes that were induced in the wounded 
skin of WT mice to a greater extent than in 
ASK1−/− mice. Cluster B contains eight genes 
with less expression in the wounded skin of 
ASK1−/− mice than in that of WT mice. Cluster 
C contains seven genes, expression of which 
was induced to a greater extent in the wounded 
skin of ASK1−/− than in that of WT mice. Clus-
ter D contains 32 genes, expression of which 
was induced to a lesser extent in the wounded 
skin of WT mice than in that of ASK1−/− mice. 
(b–d) Reduction of expression of a  macrophage-
specifi c marker and chemotactic factors in 
wounded skin of ASK1−/− mice. Quantifi ca-
tion of levels of mRNA expression in untreated 
skin and wounded skin (8 d after wounding) of 
WT and ASK1−/− mice are as follows: F4/80 
(b); MCP-1 (c); and MIP-1α (d). Relative mRNA 
expressions of these genes were measured by 
real-time RT-PCR with specifi c primers. Results 
are the mean ± the SEM. n = 3 for each 
group. (e and f) Decrease in number of macro-
phages in wounded skin of ASK1−/− mice. 
(e) Immunohistochemical analysis with anti-
F4/80 antibody at 8 d after wounding. Repre-
sentative staining in WT and ASK1−/− samples 
is shown. Bars, 100 μm. (f) Number of F4/80+ 
cells/unit area was quantifi ed in wound areas 
at days 4 and 8 after wounding. (–), nontreated 
skin. Results are the mean ± the SEM. n = 8 
fi elds around wound edge of four independent 
mice for each time point and group. **, P < 
0.01, t test. (g and h) Reduction of expression 
of macrophage-activating factors in wounded 
skin of ASK1−/− mice. Quantifi cation of levels 
of mRNA expression in untreated or wounded 

skin of WT and ASK1−/− mice at day 8 after wounding are as follows: IL-1β (g) and TNFα (h). Relative mRNA expressions of these genes were measured 
by real-time RT-PCR with specifi c primers. Results are the mean ± the SEM. n = 3 for each group. (i) Decrease in the number of activated macrophages in 
wounded skin of ASK1−/− mice. Number of CD11b+MHC II+ cells per unit area was quantifi ed in wound areas at day 8 after wounding. Results are the 
mean ± the SEM. n = 5 fi elds around wound edge of three independent mice for each group. ***, P < 0.001, t test.
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genes in unwounded skin were similar in WT and ASK1−/− 

mice. A total of 138 of the 185 genes (76%) were up-regulated 

in an ASK1-dependent fashion by wounding (Fig. 2 a, cluster A). 

Altogether, 53 of the 138 genes (38%) were classifi ed in the 

category of “immune-response regulation,” including various 

cytokines and chemokines using the Gene Ontology Consor-

tium classifi cations (Table S1, available at http://www.jcb.org/

cgi/content/full/jcb.200611015/DC1). Together with the results 

shown in Fig. 1 e, these fi ndings suggested that ASK1 is re-

quired for regulation of postwounding immune responses, such 

as cytokine and chemokine production in wound areas.

ASK1 is required for the recruitment 
of macrophages into wound areas
GeneChip analysis also revealed that expression of several 

genes uniquely or selectively expressed in macrophages was 

 reduced in the wounded skin of ASK1−/− mice (Table S2, avail-

able at http://www.jcb.org/cgi/content/full/jcb.200611015/DC1). 

To confi rm altered expression of macrophage-related genes, 

relative mRNA expressions of a macrophage-specifi c marker 

(F4/80) and chemotactic factors (monocyte chemoattractant 
protein-1 [MCP-1] and macrophage infl ammatory protein-1α 

[MIP-1α]) were measured by real-time RT-PCR in the same 

RNA samples used for GeneChip analysis. Expression of these 

transcripts was confi rmed to be strongly reduced in the wounded 

skin of ASK1−/− mice (Fig. 2, b–d). Immunohistochemical anal-

ysis of day 4 and 8 wounds with F4/80 antibody further con-

fi rmed that recruitment of macrophages into the wound area 

of ASK1−/− mice was signifi cantly reduced compared with that 

in WT mice (Fig. 2, e and f). These fi ndings suggested that 

ASK1 is required for infi ltration of macrophages into wound 

areas, which may be caused by ASK1-mediated postwounding 

Figure 3. Transplantation of macrophages induces hair growth. (a) Transplantation of BMDMs, but not MEFs, derived from WT mice into the dorsal skin 
of WT mice induced hair growth. Photographs at day 16 after transplantation. (b) Transplantation of BMDMs, but not of PBS control, induced proliferation 
of bulge stem cells only in the injection site. Immunohistochemical analysis with Ki67 antibody at day 5 after transplantation. Representative stainings are 
shown. Bars, 100 μm. For the orientation of isolated skin areas and the quantifi cation analysis, see Fig. S1 (a and b). (c) BMDMs derived from ASK1−/− 
mice induced hair growth to an extent comparable to that induced by BMDMs from WT mice. Photograph was taken at day 12 after transplantation. 
(d) Hair growth is enhanced in proportion to the number of transplanted BMDMs. Photograph at day 12 after transplantation. (e) Activation-dependent hair 
growth by BMDMs in ASK1−/− mice. Transplantation of BMDMs induced hair growth in WT, but not in ASK1−/−, mice. Transplantation of IL-1β–treated 
BMDMs induced hair growth in ASK1−/− mice, as well as in WT mice. Photograph at day 16 after transplantation. (f) Transplantation of M-CSF–BMDMs 
also induced hair growth in WT, but not in ASK1−/− mice, whereas transplantation of IL-1β–treated M-CSF–BMDMs induced hair growth in ASK1−/− 
mice, as well as in WT mice. Photograph was taken at day 16 after transplantation. Fig. S1 is available at http://www.jcb.org/cgi/content/full/jcb
.200611015/DC1
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immune responses, such as the production of macrophage-

 specifi c chemotactic factors.

ASK1 is required for activation 
of macrophages in wound areas
Expression of interleukin (IL)-1β and TNFα in the wound area 

was also found by microarray and real-time RT-PCR analyses to 

be increased in an ASK1-dependent manner (Table S2 and Fig. 

2, g and h). IL-1β and TNFα are typical macrophage-activating 

factors, which may be expressed in wounded skin and in activated 

macrophages. Double-staining with antibodies to macrophage 

marker CD11b and the activation marker major histocompat-

ability complex (MHC) class II revealed that activated macro-

phages (double-positive cells) were signifi cantly reduced in 

number in the wound area of ASK1−/− mice compared with WT 

mice (Fig. 2 i). These fi ndings suggested that ASK1 is also re-

quired for activation of macrophages, which may be mediated 

by macrophage-activating factors, such as IL-1β and TNFα, in 

the wound area.

Intracutaneous transplantation 
of macrophages is suffi cient for 
induction of hair growth
The aforementioned fi ndings suggested that macrophages may 

be involved in wounding-induced hair regrowth, and that the 

delay of hair regrowth in ASK1−/− mice may be caused by re-

duction of infi ltration of activated macrophages in wounds. To 

examine whether macrophages promote hair growth, we per-

formed intracutaneous transplantation of bone marrow–derived 

macrophages (BMDMs) into the dorsal skin of WT mice. Hair 

growth was strongly induced by transplantation of BMDMs 

 derived from WT mice, but by neither mouse embryonic fi bro-

blasts (MEFs) nor dendritic cells (DCs; Fig. 3 a and Fig. S1 c, avail-

able at http://www.jcb.org/cgi/content/full/jcb.200611015/DC1). 

Staining for Ki67 (a cell proliferation marker) in the area 

of transplantation of BMDMs revealed that proliferation of epi-

dermal basal cells and hair follicle cells, including bulge stem 

cells, was accelerated by macrophages, but not by PBS control, 

only in the injected area (Fig. 3 b and Fig. S1, a and b). These 

fi ndings clearly indicated that macrophages possess the 

 ability to induce hair growth. Furthermore, hair regrowth 

was induced by BMDMs derived from ASK1−/− mice, as well 

as those  derived from WT mice (Fig. 3 c), indicating that ASK1 

is not required for the macrophage function by itself to in-

duce hair growth.

As shown in Fig. 2, ASK1 was required for the recruit-

ment and activation of macrophages into wound areas, which 

appears to be caused by reduced production of chemotactic 

and activating factors for macrophages in ASK1−/− skin 

wounds. To confi rm that infi ltration of macrophages is required 

for hair regrowth, we examined whether hair growth depends 

on the number of transplanted macrophages. Hair growth was 

enhanced in proportion to the number of transplanted BMDMs 

(Fig. 3 d), providing further evidence for the existence of a 

causal relationship between reduction of the number of macro-

phages infi ltrating ASK1−/− wounded skin and the delay of 

hair regrowth.

ASK1 is required for activation, as well as 
recruitment, of macrophages
Despite the aforementioned fi ndings, we found that transplanta-

tion of BMDMs barely induced hair growth in ASK1−/− mice 

(Fig. 3 e). As shown in Fig. 2 (g–i), ASK1 was also required for 

activation of macrophages, which may be induced by macro-

phage-activating factors in the wound area. These fi ndings sug-

gested that infi ltration of macrophages into the wound area is 

not suffi cient for induction of hair growth, and that activation of 

macrophages is also required for the induction of hair growth. 

BMDMs transplanted into ASK1−/− mice may not be suffi -

ciently activated, which is due in part to reduced production of 

macrophage-activating factors. Therefore, we performed trans-

plantation of IL-1β–stimulated, and thus activated, BMDMs 

into the dorsal skin of WT and ASK1−/− mice. IL-1β–treated 

BMDMs induced hair in WT mice more effectively than did 

nontreated BMDMs. Moreover, transplantation of IL-1β–

stimulated BMDMs, but not of IL-1β–stimulated MEFs, was 

suffi cient for induction of hair growth in ASK1−/− mice, as well 

as in WT mice (Fig. 3 e and Fig. S1 d).

We also performed intracutaneous transplantation of macro-

phages of a different type, which were differentiated by mono-

cyte colony-stimulating factor (M-CSF–BMDMs). Robust hair 

growth was induced by transplantation of M-CSF–BMDMs in WT 

mice (Fig. 3 f, top). M-CSF–BMDMs induced less hair growth 

in ASK1−/− mice than in WT mice, but IL-1β–stimulated 

M-CSF–BMDMs induced hair growth in ASK1−/− mice that 

was almost equivalent to that in WT mice (Fig. 3 f, bottom). 

These fi ndings indicated that activated macrophages possess the 

ability to induce hair growth, and that regulation of both recruit-

ment and activation of macrophages by ASK1 is required for 

macrophage-dependent hair regrowth.

In this study, we found that macrophages play a crucial 

role in wounding-induced hair regrowth, and that regulation of 

infi ltration and activation of macrophages in wound areas by 

ASK1 is required for macrophage-dependent hair regrowth 

Figure 4. A schematic model of the involvement of ASK1 in macrophage-
dependent hair regrowth. ASK1 is required for infi ltration (left) and subse-
quent activation (middle) of macrophages in the wounded area, but not for 
the ability of macrophages by themselves to induce hair regrowth (right). 
Production of macrophage-specifi c chemotactic chemokines and macro-
phage-activating factors may be induced around wounded areas in an 
ASK1-dependent fashion.

on A
pril 2, 2017

D
ow

nloaded from
 

Published March 26, 2007



JCB • VOLUME 176 • NUMBER 7 • 2007 908

(Fig. 4). No difference was found in the ability to induce hair 

regrowth between WT and ASK1−/− BMDMs (Fig. 3 c). Epithe-

lial cell functions, such as proliferation and differentiation, were 

also normal in ASK1−/− mice (Fig. 1 d and not depicted). These 

fi ndings suggested that ASK1 is selectively required for infi ltra-

tion and subsequent activation of macrophages in wound areas 

(Fig. 4, left and middle), but not for the induction by macro-

phages of hair growth (Fig. 4, right). It is likely that infi ltration 

of macrophages and activation of them are induced by macro-

phage-specifi c chemotactic factors and macrophage-activating 

factors, including MCP-1, MIP-1α, TNFα, and IL-1β, which 

are produced around the wound area in an ASK1-dependent 

fashion (Fig. 4).

Although it has been reported that hair growth is induced 

by wounding, the reasons for this have remained unclear 

(Argyris, 1956; Stenn and Paus, 2001). Synchronized hair follicle 

cycling in mice has been reported to be related to the number 

and activation of perifollicular macrophages (Paus et al., 1998). 

This study is the fi rst to provide direct evidence that infi ltration 

and activation of macrophages are critically involved in post-

wounding hair regrowth, in which ASK1 plays an essential role. 

We are currently identifying hair growth–promoting factors 

produced by activated BMDMs, which appear to be thermosen-

sitive proteinaceous factors (unpublished data). It has recently 

been found that macrophage-stimulating factor (MSP), which 

was originally identifi ed as a chemotactic factor for macro-

phages, could induce hair growth, and that RON, the receptor 

for MSP, is strongly expressed in hair follicles (McElwee et al., 

2004). We therefore examined whether ASK1-dependent up-

regulation of MSP and/or RON is responsible for macrophage-

induced hair growth. However, no signifi cant difference was 

found between WT and ASK1−/− in levels of expression of MSP 

and RON after wounding (Fig. S2, available at http://www

.jcb.org/cgi/content/full/jcb.200611015/DC1), suggesting that 

MSP and RON may not be responsible for ASK1-dependent 

hair growth.

Although further understanding of postwounding hair 

 regrowth is needed, identifi cation of macrophage-dependent 

hair growth–promoting factors or determination of a method of 

synthetic activation of ASK1 in skin may be of therapeutic ben-

efi t in accelerating impaired hair growth.

Materials and methods
Mice
ASK1−/− (Tobiume et al., 2001) and WT mice were derived from hetero-
zygote crosses of ASK1+/− mice and constantly housed in a specifi c pathogen-
free facility with a 12-h light/dark schedule and constant temperature. All 
experiments were performed using 8-wk-old female mice whose dorsal skin 
hair follicles were all in telogen stage. ASK1+/− mice used in this study 
have been backcrossed on the C57BL/6J strain for 12 generations. All 
 experiments were in accordance with protocols approved by the Animal 
Research Committee of the Graduate School of Pharmaceutical Sciences 
(University of Tokyo, Tokyo, Japan).

Wound-healing experiments
Before injury, mice were anaesthetized and the dorsal hair was shaved. 
Two equidistant 5-mm full-thickness incisional wounds were punched in the 
middle of the dorsum as previously described (Ashcroft et al., 1999). Each 
wound region was digitally photographed (DSC-D700; Sony) at the indi-
cated time points.

RNA isolation
Total RNA extraction was performed using the Isogen Reagent (Nippon 
Gene Co. Ltd.). These RNA extracts were used for oligonucleotide micro-
array analysis and RT-PCR analysis.

Oligonucleotide microarray analysis
The levels of expression of over 45,102 transcripts and variants were ana-
lyzed by oligonucleotide microarray (GeneChip Mouse Genome 430 2.0 
Arrays; Affymetrix). Sequence clusters were created from the UniGene 
 database (Build 107, June 2002). Analysis was performed essentially as 
previously described (Hippo et al., 2002). The cutoff value was set at >50 
for mean level of expression and >4 for the ratio (wounded skin of 
ASK1−/− mice/WT mice) and ≤2 for the ratio (untreated skin of ASK1−/− 
mice/WT mice). Classifi cation of functions of genes was performed by 
Gene Ontology bioinformatics analysis using information from annotation 
fi les (2004.4 version).

Real-time RT-PCR amplifi cation
Single-stranded cDNA was synthesized with oligo (dT) primers from total 
RNA using SuperScript III reverse transcriptase (Invitrogen). The abundance 
of transcripts in cDNA samples was measured by real-time PCR with spe-
cifi c primers. Real-time RT-PCR amplifi cations of cDNA were performed us-
ing the Quantitation kit on the ABI Prism 7000 Sequence Detection System 
(Applied Biosystems).

Immunoblot analysis
Skin extracts from each mouse were resolved by SDS-PAGE and analyzed 
by immunoblotting as previously described (Nishitoh et al., 1998).

Histology, immunohistochemistry, and image analysis
For morphological analysis, 5-μm sections of paraffi n-embedded wounded 
skin were stained with hematoxylin and eosin. 7-μm sections of fresh-
 frozen wounded skin were immunostained with antibodies to F4/80 (A3-1; 
Serotec), CD11b (M1/70; Bioscience), and MHC class II (ER-TR3; BMA) at 
4°C. 8-μm sections of fresh-frozen transplanted skin were immunostained 
with antibodies to Ki67 (TEC-3; DAKO Cytomation) at 4°C. Each staining 
was performed according to the manufacturer’s instructions. For image ac-
quisition, a microscope (DM4000B; Leica) equipped with PL FLUOTAR ob-
jective lenses (5×/0.15 NA, 20×/0.50 NA, and 40×/0.75 NA) and a 
digital camera (DC300FX; Leica) were used. Images were processed with 
IM50 image manager (Leica) and Photoshop CS software (Adobe).

Cell culture
A crude population of BMDMs was generated in vitro from mouse bone 
marrow, as previously described (Akagawa et al., 1996), but with some 
modifi cations. Bone marrow cells were cultured in RPMI 1640 medium 
containing 10% heat-inactivated FBS, 100 units/ml of penicillin G, 10 ng/ml 
of recombinant mouse granulocyte–monocyte colony-stimulating factor 
(Strathmann Biotech GmbH), and 5 ng/ml of recombinant mouse IL-4 (Gen-
zyme/Techne) or 10 ng/ml of recombinant human M-CSF (PeproTech EC). 
The medium was replaced on days 2 and 4, and the nonadherent granulo-
cytes were rinsed away. On day 7 of culture, the fi rmly adherent cells were 
obtained as a macrophage population characterized by certain features of 
morphology and phenotype, such as expression of high levels of F4/80 
but low or undetectable levels of MHC class II and CD86 molecules (as de-
termined by fl ow cytometry), and loosely adherent cells were obtained as 
DCs. We generated two types of BMDMs, which were cultured with granu-
locyte–monocyte colony-stimulating factor and IL-4 (BMDMs) or with M-CSF 
(M-CSF–BMDMs), and used as BMDMs in subsequent experiments. For 
 activation of cells, the BMDMs, M-CSF–BMDMs, and MEFs obtained as 
described in this section were stimulated with media containing 10 ng/ml 
of recombinant human IL-1β (Roche) for 24 h. Cells were then washed 
fi ve times with PBS and subjected to transplantation as described in the 
next section.

Transplantation
For hair regeneration experiments, BMDMs, M-CSF–BMDMs, DCs, and 
MEFs removed from WT and ASK1−/− mice were resuspended in 50 μl 
PBS, and cells or vehicle alone were injected intracutaneously in the dorsal 
skin, as previously described (Ashcroft et al., 1999), but with some modifi -
cations. The number of transplanted BMDMs was similar to the number 
of macrophages that had infi ltrated into the wound area (106 cells), as 
estimated by counting macrophages in sections of wounded skin stained 
immunohistochemically with an antibody to the macrophage-specifi c 
marker F4/80.
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Online supplemental material
Fig. S1 (a and b) shows that the number of Ki67-positive cells increased 
only in the injection site of BMDMs, but not of those PBS control. Fig. S1 c 
shows that transplantation of DCs did not induce hair growth in WT mice. 
Fig. S1 d shows that transplantation of IL-1β–treated MEFs did not induce 
hair growth in ASK1−/− mice. Fig. S2 shows levels of expression of MSP 
and RON in wounded skin. Table S1 shows Gene Ontology Consortium 
classifi cations. Table S2 shows the results of GeneChip analysis.
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Table S1. ASK1-dependent genes expressed in wound areas 

 

 

 

 

 

function cluster gene name
+/+ non-treated

skin +/+ wounds
–/– non-treated

skin –/– wounds accession No.

immune response A arachidonate 5-lipoxygenase activating protein 422.7 1233.4 379.7 285.6 BC026209

54/126 (44%) A allograft inflammatory factor 1 49.7 262.8 34.9 47.2 NM_019467

A bone marrow stromal cell antigen 1 6.9 98.1 9.3 4.2 D31788

A CD14 antigen 93.6 372.8 60.7 58.3 NM_009841

B CD209b antigen 52 61.9 49.6 7.3 AF374471

B CD209d antigen 162.4 175.1 159.9 52.2 AF440280

A CD68 antigen 100.7 721.1 67.9 98.8 BC021637

D CDC2-related kinase 7 41.6 4.8 24.7 52.6 BB208315

A chemokine (C-C motif) ligand 2, MCP-1 27.2 277.4 14.5 31.6 AF065933

A chemokine (C-C motif) ligand 3, MIP-1 alpha 9.1 170.8 11 4.5 NM_011337

A chemokine (C-C motif) ligand 6 341.3 1077.7 187.4 106.4 AV084904

A chemokine (C-C motif) ligand 7, MCP-2 42.3 171.9 25 25.4 AF128193

A chemokine (C-C motif) ligand 8, MCP-3 883.9 5853 645.5 1030 NM_021443

A chemokine (C-C motif) ligand 9 745.1 2447.4 514.9 284.4 NM_011338

A chemokine (C-C motif) receptor 1 44.3 290 22.9 52.3 AV231648

A chemokine (C-C motif) receptor 5 35.3 231 37.3 50.4 D83648

A chemokine (C-X-C motif) ligand 1 26.7 127.4 11.1 16.8 NM_008176

A chemokine (C-X-C motif) ligand 2 12.5 661.7 9.3 74.4 NM_009140

A chemokine (C-X-C motif) ligand 4 655.2 3380.6 584.6 333.4 NM_019932

A chemokine (C-X-C motif) ligand 5 4.5 413.2 8.2 51.9 NM_009141

A chemokine (C-X-C motif) ligand 7 10 140.5 18.8 16.5 NM_023785

A chemokine (C-X-C motif) ligand 12 950 2374.1 658.6 506.6 BC006640

A complement component 1, q subcomponent, beta polypeptide 323.1 1345 178.5 232.5 NM_009777

A complement component 1, q subcomponent, gamma polypeptide 274.9 916.3 164.1 221.7 NM_007574

A complement component 1, r subcomponent 193.1 613.9 124.5 108.8 NM_023143

A complement component 1, s subcomponent 442.5 1213.5 360.9 265.1 BC022123

A complement component 3 1247 2082.4 917.6 304.4 K02782

A complement component 3a receptor 1 57.4 246.1 30.5 39.2 BC003728

A complement component 5, receptor 1 25.9 91.7 15.7 21.2 BB552085

A C-type lectin domain family 4, member a2 83.4 418.2 61.5 77.7 NM_011999

A C-type lectin domain family 4, member b 158.1 596.7 166.7 98.1 BC006623

A C-type lectin domain family 4, member d 19.1 762.8 12.7 69.2 NM_010819

A C-type lectin domain family 4, member n 50.4 697.8 53.9 96.5 NM_020001

A EGF-like module containing, mucin-like, hormone receptor-like sequence 1, F4/80 243.8 968.7 193 196.4 U66888

A Fc receptor, IgE, high affinity I, gamma polypeptide 236.4 1259.7 215.3 144 NM_010185

A Fc receptor, IgG, high affinity I 57.7 172.8 24.8 41.6 AF143181

A Fc receptor, IgG, low affinity IIb 134.6 928 180 109.5 BM224327

A Fc receptor, IgG, low affinity III 226.9 1345.6 140.9 132 NM_010188

A histocompatibility 2, complement component factor B 67.8 438.8 46.7 43.3 NM_008198

A interleukin 1 beta 52.5 517.5 21 86.6 BC011437

A lipopolysaccharide binding protein 326.4 892.1 180.1 150.6 NM_008489

A leukocyte specific transcript 1 100.8 549.9 74.1 114.4 U72644

A lysozyme 1652.1 5811.4 1174.1 1050 AW208566

A macrophage scavenger receptor 2 175.9 456.6 115.6 67.9 BC016551

A platelet-derived growth factor receptor-like 74.8 458.3 61.5 97.5 AK004179

A properdin factor, complement 148.2 390.1 59.3 53 BB800282

A paired-Ig-like receptor A1 29.4 91.8 23.4 19.1 NM_011093

A paired-Ig-like receptor B 64.3 257 22.2 36.4 U96693

A phospholipase A2, group VII 50.6 467.7 47.2 77.7 AK005158

A prostaglandin I2 (prostacyclin) synthase 42.7 453.8 48 75.9 NM_008968

A scavenger receptor class A, member 3 389.3 1061.7 306.5 175.8 BC026446

A serine (or cysteine) proteinase inhibitor, clade G, member 1 1314.5 3185.1 1107.9 452.9 NM_009776

A serum amyloid A 3 13.7 4201 3.7 65.8 NM_011315

A tumor necrosis factor (ligand) superfamily, member 13 39.7 187.6 73.2 29.9 NM_023517

ECM, ECM remodeling A cathepsin B 218.1 728.2 199 160.6 M14222

13/126 (10%) A elastase 1, pancreatic 72.3 215.7 64.3 44.2 BC011218

A fibrillin 2 2.3 55.8 0.7 11.2 NM_010181

A legumain 331.7 1563 160.1 374.9 NM_011175

A matrix metalloproteinase 2 738.8 2881.9 486.6 493.3 NM_008610

A matrix metalloproteinase 12 34.6 724.6 32.3 108.8 BC019135

A matrix metalloproteinase 23 62 385 95.2 88.5 NM_011985

A procollagen C-proteinase enhancer protein 548 2169.5 392 419.4 NM_008788

A procollagen-proline, 2-oxoglutarate 4-dioxygenase, alpha II polypeptide 79.5 740.2 91.1 74.3 NM_011031

A proline arginine-rich end leucine-rich repeat 307.6 807.1 302.8 103.8 BC019775

A proprotein convertase subtilisin/kexin type 5 25.7 279.3 10.2 22.9 BC013068

A spondin 2, extracellular matrix protein 72.5 205 36.2 42.1 NM_133903

A tissue inhibitor of metalloproteinase 1 22.7 975.3 37.2 203 BC008107
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For the definition of clusters (A, B, C, D), see Fig. 2 a. 

 

function cluster gene name
+/+ non-treated

skin +/+ wounds
–/– non-treated

skin –/– wounds accession No.

cell adhesion A carboxypeptidase X 1 (M14 family) 42.2 663.3 26.9 96.6 NM_019696

11/126 (9%) A collagen triple helix repeat containing 1 24.8 3194 15.8 544.8 AK003674

B collectin sub-family member 11 44.9 60.2 39.3 13.2 BB239199

A elastin microfibril interfacer 2 340.2 1199.6 259.3 178.9 BB811788

A integrin beta 2 147.7 1060.1 111.9 108.2 NM_008404

A intercellular adhesion molecule 2 22.6 55.3 17.6 15.2 NM_010494

A microfibrillar-associated protein 4 153.9 1285 94.8 153 BC022666

D myomesin 2 409 84.2 231.3 271.7 BB474208

D myosin binding protein H 81.8 29.9 51.6 170.6 NM_016749

A selectin, platelet (p-selectin) ligand 83.6 355.2 116.6 69.5 NM_009151

A transmembrane protein 8 (five membrane-spanning domains) 20.5 76.8 12 12.1 NM_021793

A CD53 antigen 231.6 921.8 196.9 142 NM_007651

A cysteine and glycine-rich protein 2 210.2 1518 171.6 305.1 NM_007792

11/126 (9%) A folate receptor 2 (fetal) 174.7 564.9 153.6 85.6 BC022108

A glia maturation factor, gamma 134.9 453.3 115.1 94.4 NM_022024

B insulin-like growth factor binding protein 6 944.4 1023.1 626.5 226.9 NM_008344

A protein kinase, cAMP dependent regulatory, type I beta 23.1 61.1 34.4 11.3 BB274009

A protein tyrosine phosphatase, non-receptor type 18 147.6 598.6 122.6 127.7 NM_011206

A secreted frizzled-related sequence protein 4 335.7 615 302.7 160.3 BB221995

A serine protease HTRA3 637.4 1528.3 643.2 356.1 NM_030127

D Wnt inhibitory factor 1 17.7 1.8 10.9 61.1 BC004048

A WNT1 inducible signaling pathway protein 2 136.6 264.4 90.3 53.9 NM_016873

metabolism D adenosine monophosphate deaminase 1 (isoform M) 866 136.8 853.9 676 AW146181

10/126 (8%) A arginase 1, liver 309.9 958.3 133.6 125.8 NM_007482

A branched chain aminotransferase 1, cytosolic 14.6 273 13.5 40 X17502

A carbohydrate (N-acetylglucosamino) sulfotransferase 7 14.5 58 25.7 5.9 AB046929

D carbonic anhydrase 3 489.2 70.4 538 235.8 BB213876

A expressed sequence AI132321 79.3 313.4 73.3 57.1 BB210623

A lysosomal acid lipase 1 94.4 617.5 107 56.1 AI596237

D muscle glycogen phosphorylase 1521.6 229.2 1390.5 1345.4 NM_011224

A phospholipase A1 member A 130.8 339.1 140.4 92.5 NM_134102

A sulfatase 1 54 260 34 39.5 BB751459

signal transduction A glutathione peroxidase 7 96.4 582.8 97.3 133.9 NM_024198

8/126 (6%) D heat shock protein family, member 7 (cardiovascular) 174.8 57.3 104.7 287.7 BM124741

A membrane-spanning 4-domains, subfamily A, member 6B 130.4 622.2 142.6 131.7 NM_027209

A phosphoinositide-3-kinase, regulatory subunit 5, p101 29.8 97.6 26.9 19.8 AV230647

A pleckstrin 16.4 62 18.3 9.9 AF303745

D Protein kinase, AMP-activated, alpha 2 catalytic subunit 297.5 48.1 269 245 BQ175911

A pyrimidinergic receptor P2Y, G-protein coupled, 6 73.2 310.6 63.5 78.2 BC027331

D RIKEN cDNA 4930420O11 gene 47 12.6 31.4 58.1 BB152945

transporter D Atpase, class VI, type 11C 46.3 5.8 33.5 56.3 BM238286

8/126 (6%) D calcium channel, voltage-dependent, L type, alpha 1S subunit 206.9 36.2 124.9 150.9 NM_014193

B ficolin A 195.9 145.4 103.8 20.6 NM_007995

A lipocalin 2 8.5 123.9 10 16.7 X14607

D ryanodine receptor 1, skeletal muscle 1013.1 165.6 1022.1 757.2 X83932

A solute carrier family 11, member 1 79.9 375.6 49.5 55.5 NM_013612

A solute carrier family 13, member 3 23.4 132.4 21.7 20.2 BB497312

B transferrin 993.6 840.3 722.3 179 AF440692

D Actinin alpha 2 97.7 9.6 39.3 107.8 BM238187

C keratin complex 2, basic, gene 6a 454.5 660.1 239.4 3251.1 NM_008476

6/126 (5%) C keratin complex 1, acidic, gene 24 8 19.2 8.7 94.3 NM_016880

C keratin complex 2, basic, gene 18 12.9 6.3 19.2 79.1 NM_016879

A myosin IF 53.6 264.5 56.1 55.9 AK021181

D titin 170.6 18.9 191.6 99.9 AK010153

transcription C BTB and CNC homology 2 70.3 38.3 53.2 230.5 AW553304

3/126 (2%) D period homolog 3 (Drosophila) 87.1 24.6 164.9 118.4 NM_011067

D Transcription factor 7-like 2, T-cell specific, HMG-box 73.4 16 52 85.8 BB065975

cell cycle A colony stimulating factor 1 receptor 485.5 1638.2 450.3 343 AI323359

2/126 (2%) A cyclin-dependent kinase inhibitor 1C (P57) 50.8 303.9 50.2 67 NM_009876

cell growth, diferentiation

cytoskelton organization
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Table S2. Representative macrophage-specific chemotactic/activating factors and marker genes in Table 1 

Gene accession No.
+/+ non-

treated skin
+/+ wounded

skin
–/– non-

treated skin
–/– wounded

skin

F4/80 U66888 243.8 968.7 193 196.4

integrin beta 2 (CD11b/CD18) NM_008404 147.7 1060.1 111.9 108.2

CD68 antigen BC021637 100.7 721.1 67.9 98.8

macrophage scavenger receptor 2 BC016551 175.9 456.6 115.6 67.9

lysozyme AW208566 1652.1 5811.4 1174.1 1050

Fc receptor, IgG, low affinity IIb BM224327 134.6 928 180 109.5

interleukin 1 beta BC011437 52.5 517.5 21 86.6

MCP-1 AF065933 27.2 277.4 14.5 31.6

MIP-1 alpha NM_011337 9.1 170.8 11 4.5
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