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Sweat glands play a fundamental role in thermal regulation in man, but the molecular mechanism of their
development remains unknown. To initiate analyses, we compared the model of Eda mutant Tabby mice,
in which sweat glands were not formed, with wild-type (WT) mice. We inferred developmental stages and criti-
cal genes based on observations at seven time points spanning embryonic, postnatal and adult life. In WT
footpads, sweat gland germs were detected at E17.5. The coiling of secretory portions started at postnatal
day 1 (P1), and sweat gland formation was essentially completed by P5. Consistent with a controlled morpho-
logical progression, expression profiling revealed stage-specific gene expression changes. Similar to the
development of hair follicles—the other major skin appendage controlled by EDA—sweat gland induction
and initial progression were accompanied by Eda-dependent up-regulation of the Shh pathway. During the
further development of sweat gland secretory portions, Foxa1 and Foxi1, not at all expressed in hair follicles,
were progressively up-regulated in WT but not in Tabby footpads. Upon completion of WT development, Shh
declined to Tabby levels, but Fox family genes remained at elevated levels in mature sweat glands. The
results provide a framework for the further analysis of phased down-stream regulation of gene action,
possibly by a signaling cascade, in response to Eda.

INTRODUCTION

Sweating is indispensable for the maintenance of human body
temperature. In contrast to other mammals, whose sweat
glands are few in number and restricted in distribution—in
mice, exclusively in footpads—2–5 million sweat glands are
distributed across the human body (1). As a dynamic secretory
system, the cohort of sweat glands in one person produces up
to 1–4 l of sweat per hour, a source of cooling in normal and
feverish states (2).

Unsurprisingly, sweat gland absence or dysfunction can
result in life-threatening hyperthermia. Such clinical concerns
are uppermost for patients affected by anhidrotic/hypohidrotic
ectodermal dysplasia (EDA), the most common form of EDs
(OMIM 34500). In addition to complete lack of sweat glands,
individuals with mutations in the EDA signaling pathway also
have sparse hair and rudimentary teeth (reviewed in 3).

The mouse counterpart lacking an active EDA gene, Tabby,
has revealed that EDA action extends further to additional

skin appendages, including sebaceous, preputial, salivary,
mammary and meibomian glands (4–7). Tabby mice thus
provide an excellent model for studying exocrine gland devel-
opment. It has been established that the EDA pathway, mediated
by ligand ectodysplasin, receptor EDAR and receptor adaptor
EDARADD, specifically activates NF-kB transcription
factors for skin appendage development. Further detailed
action of EDA has been explored mainly in hair follicles
(6,8–10). To access the molecular dynamics of sweat gland
development that involving direct and indirect targets of
EDA, we analyzed the histological progression and accompany-
ing gene expression changes in wild-type (WT) and Tabby
mice. We report that as in hair follicles, EDA-dependent Shh
signaling is critical for early stage sweat gland development.
At later stages, Fox family transcription factors, Foxa1 and
Foxi1, which are not detected in other skin appendages, are
required for further development of sweat gland secretory seg-
ments. We have also identified other early sweat gland markers
down-stream of EDA including keratin 79.
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RESULTS

Time course of sweat gland development in mice

Sweat glands comprise two major moieties, a ductal portion
and a coiled secretory segment. During development, sweat
gland germs emerge from the basal layer of epidermis and
elongate downward into the dermis, where they form glandu-
lar globules. In man, sweat gland germs appear in the third
month of gestation, start to coil at fourth month and complete
development by eighth month in the palmoplantar skin
(11,12). Sweat gland induction in the rest of skin area is
delayed about 1 month in humans. To assess the appearance
and timing of comparable developmental features in murine
models, we studied the morphological progression of sweat
glands in WT and Ta mice at embryonic days 15.5 (E15.5),
E16.5 and E17.5, postnatal day 1 (P1), P3 and P5 and at 8
weeks (8W) (Fig. 1). No sweat glands or germs were seen
in Ta at any stage, and the complete lack of sweating was con-
firmed by negative iodine–starch sweat test at 8W (Fig. 1). In
WT, we found no histological indications of sweat gland
induction at E15.5 or E16.5. The first sign of germ formation
was observed at E17.5 in WT footpads, a cluster of basal cells
protruding toward the mesenchyme (Fig. 1, arrowhead in
E17.5). At P1, sweat gland germs grew downward and

started to coil, forming secretory segments. This process was
essentially completed by P5, when central lumen formation
in the secretory segments was still apparent (Fig. 1). Thus,
in contrast to the prenatal completion of sweat glands in
man, sweat gland formation is completed after birth in mice.

Expression profiling revealed key genes involved in sweat
gland development at different developmental stages

To define candidate genes critically involved at each develop-
mental stage, we carried out gene expression profiling with
RNAs from footpads at the seven developmental time points
analyzed above (Fig. 1 and Supplementary Material, Fig. S1,
which illustrates the sampling protocol). Notably, we found
that in addition to sweat glands, there was some hair follicle
formation in the center of hind footpads starting at P3.
However, there was no hair follicle formation in fore footpads
at any stage (Supplementary Material, Fig. S2 shows gross
phenotypes and sample of histological sections). We therefore
used only fore footpads for expression profiling of postnatal
and adult mice.

To examine the overall transcriptome during WT sweat
gland development, we analyzed the time course of trends
of expression changes by principal component analysis.

Figure 1. Time course of sweat gland development in mice. The general histology of WT and Tabby footpads at various developmental stages is shown. Sweat
gland germs emerged at E17.5 (arrowheads) in WT mice. The sweat ducts started to coil at P1. The coiling, but not the central lumen formation, was essentially
completed at P5. Sweat glands were not induced in Tabby footpads. Inserts in E17.5 and P1 show magnified sweat gland germs, and the start of sweat duct
coiling. Scale bars, 50 mm.
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Consistent with a phased morphological progression, the
analysis revealed three distinctive expression patterns:
embryonic (E15.5–E17.5), postnatal (P1–P5) and adult
stages (8W) (Supplementary Material, Fig. S3A). Approxi-
mately 70% of genes fall along the first principal component.
They include Foxa1, Krt79, Ptch1 and Gli1, all progressively
up- or down-regulated during development, as further evi-
denced below. Another 20% of genes, including Foxi1 and
Shh, lie along PC2, showing sharp increase or decrease in
adult animals (Supplementary Material, Fig. S3B).

In further analysis, when the expression of each gene was
compared in WT and Ta to look specifically for Eda-
dependent changes, a discrete but initially small set of genes
stood out at each developmental stage of sweat gland germ
formation. Overall, 11 genes were significantly different at
E15.5, 17 at E16.5 and 20 at E17.5 (Supplementary Material,
Table S1). The genes showing the most pronounced and
consistent dependence on Eda expression included Shh and
Krt79, but not other morphogens such as Wnts or Bmps
(Tables 1 and 2). However, a greater number of genes were
altered during the stages of secretory segment formation, 35
genes at P1, 152 at P3 and 219 at P5 (Supplementary Material,

Table S1). In addition to Shh, Fox family transcription
factors and a set of keratin genes including epithelial and
hair follicle-related keratins were greatly altered at this
stage (Tables 1 and 2). In adult animals, divergence increased,
with 419 genes differentially expressed between WT and Ta
(Supplementary Material, Table S1). Interestingly, by that
time, Shh was down-regulated even in WT animals to the
low level seen in Ta mice at the same stage. In contrast, the
Fox family genes and epithelial keratins were continuously
highly expressed in sweat glands, as detailed below.

Shh is involved as an Eda target in sweat gland
development from induction to maturation,
but not maintenance

To validate and more precisely quantify expression levels by
an independent approach, we performed real-time PCR for
selected genes. As expected, in WT footpads compared with
Ta, Eda expression was itself significantly higher at all
stages and its receptor Edar was moderately up-regulated
from E17.5 until P5 (Fig. 2A).

Table 1. Shh and Fox family genes significantly down-regulated in Tabby footpads

Category Time course of development
E15.5 E16.5 E17.5 P1 P3 P5 Adult (8W)

EDA pathway Eda Eda Eda Eda Eda Eda Eda
Edar Edar Edar

Shh pathway Shh Shh Shh Shh Shh Shh
Ptch1 Ptch1
Ptch2

Gli1
Hhip

Forkhead-box family Foxa1 Foxa1 Foxa1 Foxa1
Foxc1 Foxc1 Foxc1
Foxi1 Foxi1 Foxi1

Genes down-regulated .1.5-fold in Tabby were listed at each time point.

Table 2. Keratin genes significantly down-regulated in Tabby footpads

Category Time course of development
E15.5 E16.5 E17.5 P1 P3 P5 Adult (8W)

Epithelial keratins Krt8 Krt8 Krt8
Krt18 Krt18 Krt18

Krt19 Krt19
Krt23

Krt79 Krt79 Krt79 Krt79 Krt79 Krt79 Krt79
Hair follicle-related keratins Krt25 Krt25

Krt26 Krt26
Krt27

Krt28 Krt28
Krt32 Krt32
Krt35 Krt35
Krt71 Krt71
Krt75 Krt75

Keratin-associated proteins Krtap5-1
Krtap5-4
Krtap9-1

Genes down-regulated .1.5-fold in Tabby were listed at each time point.
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Among the small numbers of genes significantly altered
between WT and Ta during sweat gland germ formation,
Shh was especially prominent, and was the only known mor-
phogen detected (Supplementary Material, Table S1). Shh
expression in WT footpads increased steadily from E15.5,
peaked at P3 and then decreased back to the same level as
in Ta at 8W, suggesting its involvement in development but
not maintenance of sweat glands (Fig. 2B, Shh, scales on ordi-
nate and Supplementary Material, Fig. S4). In contrast, Shh
was sharply down-regulated in Ta footpads from E15.5,
before sweat gland germ formation (Fig. 2B). Further dramatic
down-regulation was seen at E17.5, when sweat gland germs
were first detectable, and continued until completion of
secretory portions at P5 (Fig. 2B). However, similar to obser-
vations in back skin (13), no difference was found for Shh
expression in adult WT and Ta footpads (Fig. 2B). In further
analyses, Ptch1, the Shh receptor (also a down-stream
target), and Gli1, the down-stream transcription factor

(23,24), were moderately down-regulated in Ta from E17.5
until P3 (Table 1 and Fig. 2B). In situ hybridization assays
confirmed high expression of Shh in sweat gland germs in
WT but not in Ta at E17.5 (Supplementary Material,
Fig. S5). Thus, the expression patterns of Shh are very
similar for sweat glands and hair follicles during development
(9), and these results are all consistent with Shh as a key Eda-
dependent effector for early stage sweat gland development.

Because Wnt has been shown to be an inducer of hair fol-
licle development (14), we examined expression levels of
Wnt pathway genes during sweat gland development. No sig-
nificant expression changes were seen between WT and Ta in
microarray profiles (Supplementary Material, Table S1). We
carried out real-time PCR with probe/primers for Wnt10b
and its antagonist Dkk4, which were significantly down-
regulated in Ta skin during guard hair germ formation stage
(9,15), and also checked Lef1, the transcription factor down-
stream of Wnt. In agreement with the microarray results, no

Figure 2. Expression levels of EDA and Shh pathway genes in WT and Tabby footpads. (A) Eda expression was significantly down-regulated in Tabby at all
time points analyzed (upper panels). Edar was moderately down-regulated in Tabby during sweat gland germ induction and coiling stages (lower panels). (B) Shh
was gradually up-regulated from E15.5, peaked at P3 and returned to a lower level at 8W in WT mice (upper panels, see scales on ordinate). Shh was dramati-
cally down-regulated in Tabby in all developmental stages (upper panels). Ptch1 and Gli1 were significantly down-regulated in Tabby during the induction and
coiling stages (middle and lower panels). Quantitative data are from real-time PCR assays.
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expression changes were found for Wnt10b and Lef1 between
WT and Ta during sweat gland germ formation stage at E16.5
and E17.5, and a slight down-regulation of Dkk4 was seen in
Tabby, but only at E17.5 (data not shown).

Involvement of Fox family transcription factors in later
secretory gland development and adult sweat gland
homeostasis

The up-regulation of Fox family transcription factor
expression during secretory portion development and adult
stage sweat gland homeostasis were unanticipated and

obvious. Foxa1 was sharply up-regulated from P1 to adult
stage in WT mice (Fig. 3A, scales on ordinate, and Sup-
plementary Material, Fig. S4). This coincided with the time
at which sweat gland ducts started to form coiled secretory
globules (Fig. 1). Surprisingly, in contrast to the ‘early
phase’ gene Shh, Foxa1 maintained high expression until
adulthood, suggesting the involvement of Foxa1 both in
secretory segment formation and in homeostasis, and possibly
sweating, of adult mice. Consistent with this possibility,
Foxa1 expression was sharply down-regulated in Tabby
from P1 until 8W (Fig. 3A). In situ and immunofluorescent
staining in adult stage WT sweat glands revealed specific

Figure 3. Expression patterns of Fox family genes in sweat glands. (A) Foxa1 expression was up-regulated dramatically at P1 and progressively thereafter in WT
footpads (see scales on ordinate), but not in Tabby. (B) In situ and immunofluorescent staining of Foxa1 in adult stage sweat glands. Foxa1 transcripts and
proteins were expressed in the secretory portions of sweat glands, but not in the ductal segments (arrow heads). Scale bars, 50 mm. (C) Expression levels of
Foxc1 and Foxi1 were significantly down-regulated in Tabby footpads from P3. (D) Expression levels of Foxa1, Foxc1 and Foxi1 in footpad skin (FP) and
back skin (BS) at P3. Foxa1 and Foxi1 were specifically and highly expressed in footpads, but Foxc1 expression was higher in back skin. N.D., not detected.
Quantitative data are from real-time PCR assays.
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expression of Foxa1 in luminar cells of secretory portions
rather than in ductal segments (Fig. 3B). Consistent with
mRNA expression levels, Foxa1 protein was still low at P1,
but was clearly discernible in secretory portions at P5 (Sup-
plementary Material, Fig. S6).

Significant down-regulation of two other Fox family genes,
Foxc1 and Foxi1, in Tabby footpads was also seen from P3
through 8W (Fig. 3C).

To test whether Foxa1, Foxc1 and Foxi1 expressions were
specific to sweat glands, we compared their expression
levels at P3 between sweat glands containing footpads and
hair follicle containing back skin by real-time PCR. Foxc1
expression was much higher in back skin (Fig. 3D), so that
it may have a more general role in skin appendage dynamics.
However, in interesting contrast to footpads, neither Foxa1 nor
Foxi1 expression was detected in back skin. This suggests that
both are specific to sweat glands (Fig. 3D).

Notably, Foxa1 has been shown to cooperate with Foxa2
and Foxa3 in liver and lung development (16,17). We there-
fore further examined the expression of Foxa2 and Foxa3 in
WT and Tabby footpads at P1, P3, P5 and 8W by real-time
PCR. However, unlike Foxa1, neither Foxa2 nor Foxa3
expression was affected in Tabby, suggesting their limited
role in sweat gland development (Supplementary Material,
Fig. S7A). We did note that Foxa2 and Foxa3 were neverthe-
less highly expressed in footpad skin compared with back skin,
where their function remains to be further elucidated (Sup-
plementary Material, Fig. S7B).

Keratin genes in sweat gland development

Significant down-regulation of many epithelial and hair
follicle-related keratins in Tabby footpads was clear-cut.
Among keratin genes, Krt79 was progressively up-regulated
in WT from E15.5 until 8W (Fig. 4A, scales on ordinate)
and Krt23 was up-regulated at only 8W (Table 2 and data
not shown). Expression of Krt79 was explored further. As
expected for a gene directly or indirectly dependent on Eda,
Krt79 was significantly down-regulated in Tabby footpads
from before sweat gland germ formation until adulthood
(Fig. 4A), whose expression was found mainly in ductal por-
tions of sweat glands at 8W (Fig. 4B).

Yet another member of the keratin, Krt77 (K1b), was pre-
viously reported as a sweat gland-specific marker, expressed
in the luminal cells of sweat ducts (18). Krt77 expression in
WT footpads was much lower than Krt79, and its expression,
assessed by microarray and real-time PCR assays (Supplemen-
tary Material, Fig. S8), was not significantly affected in Tabby
mice. Thus Krt77 may be a component of the footpad epider-
mis rather than an intrinsic component of sweat glands.

Expression profiling also revealed many keratins previously
identified in epithelium, including Krt8, Krt18 and Krt19,
were down-regulated in Tabby footpads from P3 until 8W
(Table 2). Unanticipated was the finding of .10 hair
follicle-related keratins, and keratin-associated proteins that
were significantly down-regulated in Tabby only at P3 and
P5 (Table 2). For example, by immunohistochemistry, we
detected expression of Krt75, already known to be associated
with hair follicles (19). It was seen in myoepithelial cells of
secretory portions in adult sweat glands (Fig. 4C). In a

control experiment, we detected Krt75 expression in compa-
nion layers—the innermost layer of the outer root sheath—
of hair follicles in agreement with previous reports, but
basal cells of epidermis were also positive (Fig. 4C). A role
in sweat gland development for keratins that are also
expressed in hair follicles suggests a common role for some
keratin genes in the evolution of multiple skin appendages.

DISCUSSION

Gene expression profiling and confirmatory assays are consist-
ent with Shh activation in a primary pathway initiated by Eda
for sweat gland development at early stages, as it is in hair fol-
licles and teeth (9). Thereafter, however, the fate choices
involved in sweat gland down-growth and secretory coil for-
mation diverge from the hair follicle model. Most striking is
the sweat gland-specific activation of forkhead transcription
factors, Foxa1 and Foxi1, accompanied by the formation of
a number of keratins that include the idiosyncratic Krt79.

Shh in early stage sweat gland development

Shh was identified as a target of EDA for hair follicle develop-
ment when the EDA signaling pathway was first established
(20,21) and has been confirmed repeatedly (9,22). Shh was
found to be dispensable for the induction of hair follicle
germs, but required for down-growth of hair follicles
(23,24). Its function in sweat gland formation is unknown,
but it is progressively up-regulated from before sweat gland
germ formation until the completions of secretory portions.
Shh expression was dramatically down-regulated in footpads
of Tabby mice throughout development. We infer that as in
hair follicles, it has a morphogenetic role, consistent with sig-
nificant down-regulation in Tabby mice of Ptch1, Ptch2 and
Gli1, the effectors of Shh.

Shh was the only morphogen seen among the few affected
genes in Tabby in early stage sweat gland development. In
contrast, at the time of guard hair germ formation, other mor-
phogens such as Wnt10b and BMP4 were also down-regulated
in Tabby mice (9,15,21). This suggests a greater degree or
uniqueness of the Shh dependence of sweat gland develop-
ment compared with hair follicles.

Notably, Shh nevertheless sharply declined in level upon
the completion of sweat gland development whether or not
Eda was expressed. The mechanism of Eda-independent regu-
lation of Shh in mature sweat glands remains unknown, but its
etiology may lie in an advantage gained by suppressing its
potential oncogenic action (25).

Fox family genes in secretory portion development

Fox family transcription factors are involved in the develop-
ment and maintenance of homeostasis in many organs (26).
Four Fox family members were reported in skin appendages
thus far. Mutations in Foxq1 were reported to be responsible
for satin mutant mice, in which hair shaft formation was aber-
rant (27). FOXE1 expressed in the lower part of hair follicles
is responsible for Bamforth–Lazarus syndrome that exhibits
spiky and thinner hair in patients and mouse model (28).
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A Foxi3 mutation was reported in hairless dogs and was
speculated to be a target of EDA signaling (29). More recently,
FOXA2 was inferred to be a candidate gene responsible for
male pattern baldness in some cases (30). Thus, increasing
numbers of Fox family genes are being suggested as important
in hair follicle dynamics.

This is the first finding of Fox gene activity in sweat glands.
We identified five Fox family genes including Foxa1, Foxa2,
Foxa3, Foxc1 and Foxi1, none of which was reported to be
expressed elsewhere in skin. Foxa1 and Foxi1 were not
expressed in hair follicles, but were abruptly and progressively
elevated during sweat gland secretory portion development
and in adult sweat glands. They were, in fact, the most signifi-
cantly affected genes in Tabby compared with WT at those
stages. Foxa1 and Foxi1 expressions thus likely effect a

strong divergence of hair follicle and sweat gland develop-
ment, especially at late stages.

Given the late timing of their appearance, Foxa1 and Foxi1
may contribute to the development of secretory portions and/
or maintenance of sweat production rather than induction of
sweat glands. Foxa1, in particular, has already been reported
to participate in lung and prostate ductal formation (17,31),
and one can speculate that it may comparably promote the
development of the secretory part of sweat glands.

Involvement of keratins in sweat gland development

It is increasingly apparent that rather than being a uniform,
widely expressed gene cohort, keratins are assigned to
precise locations and are often expressed at specific times.

Figure 4. Expression of keratin genes in sweat glands. (A) Krt79 expression was significantly down-regulated in Tabby footpads before, during and after sweat
gland development. (B) In situ hybridization assay showed Krt79 expression in ductal segments of sweat glands (arrowheads) in adult stage wild-type mice. Scale
bars, 50 mm. (C) Krt75 was expressed in the myoepithelial cells of secretory portions in sweat glands, and the companion layers of hair follicles in P5 wild-type
mice detected by immunofluorescent staining. Scale bars, 50 mm.
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As targets of EDA signaling in sweat gland development, we
infer two findings concerning the involvement of keratins.
First, Krt79, an epithelial keratin that appears unique to
sweat glands, showed constant down-regulation in Ta footpads
even before sweat gland germs appear; and other epithelial
genes such as Krt8, Krt18 and Krt19 were down-regulated in
Ta after P3, when the secretory portion was developing (18).
Possibly Krt79, a down-stream target of Eda is a ‘fundamen-
tal’ structural marker for sweat glands. Until now, Krt79 as
well as Krt23 have been labeled as having ‘unknown localiz-
ation’ in compilations (32). Our data suggest that they can be
regarded as sweat gland-specific keratins.

Secondly, and unexpectedly, several hair follicle-specific
keratins were detected in mouse footpads, where no hair fol-
licles have been observed. In particular, Krt75, which was
known as a component of the companion layer in hair follicles,
was detected in myoepithelial layers of the secretory portion
of sweat glands. Interestingly, significant down-regulation of
hair follicle keratins and keratin-associated proteins was
restricted to P3 and P5 in Tabby mice, suggesting its spatio-
temporal role in the development of sweat gland secretary por-
tions. However, it cannot be excluded that these may also
reflect illegitimate transcription products, with no real physio-
logical role at P3–P5. Further analysis of the localization of
these keratins within footpads/sweat glands and in mutant
animal models should clarify whether they are intrinsic or
adventitiously expressed proteins.

Overall, gene profiling has provided candidates for both
regulation and structural differentiation of developing sweat
glands. The Eda–Shh cascade appears to be involved in the
initiation of sweat gland germs followed by the downward
growth of the ducts. Later, they are joined by Foxa1 and
Foxi1 during the development and function of secretory
glands, whereas Krt79 is constantly up-regulate in sweat
glands, as illustrated in Figure 5. Although further analysis
is needed to evaluate their functions, these genes become can-
didates for intrinsic roles specific to sweat gland development.

The relation of Foxa1 and Shh may be complex. For
example, Foxa1-deficient mice showed higher levels of Shh
in prostate epithelium, leading to hyper-proliferation and
suggesting that Foxa1 negatively regulates Shh (31). On the
other hand, Wan et al. (17) reported that Shh mRNA was
decreased after the deletion of Foxa1 and Foxa2, and that
lungs of Shh and Foxa1 deficient-mice show a similar disrup-
tion of branching morphogenesis, suggesting that Shh is rather
positively regulated by Foxa1. In our study, expression of
Foxa1 and Foxi1 was preceded by Shh, more consistent
with a Shh–Foxa1/Foxi1 cascade. It remains to be seen
whether Shh regulates Foxa1 directly or whether the two
genes work independently in the initiation and development
of sweat glands.

MATERIALS AND METHODS

Timed mating and genotyping

Two sets of timed mating were set up. Ta male mice were
crossed to Ta females [C57BL/6J/AW2J2Ta6J (Ta)] (Jackson
Laboratory, Bar Harbor, ME, USA); and WT C57BL/6J male
mice were crossed to Ta females to have Ta hemi, homo,

hetero and WT progeny. The morning after mating was
designated as E0.5, and postnatal day 1 (P1) was equivalent
to E20.5. Embryos and pups were harvested at E15.5, E16.5,
E17.5, P1, P3, P5 and 8W. Footpads and livers were excised
under dissection microscopy, immediately frozen on dry ice
and stored at 808C until use. Genomic DNA was isolated
from each embryo liver using a DNeasy Tissue Kit (Qiagen,
Valencia, CA, USA). Sex and Eda mutation status were
assessed by PCR and subsequent restriction enzyme digestion
based genotyping as previously described (9).

RNA isolation, gene expression profiling
and real-time PCR

RNAs from fore- and hind-footpads (only fore-footpads for
P1–8W) from each time point were used for microarray and
real-time PCR analyses. The average numbers of footpads
that yielded enough RNA (�30 mg) for a microarray/real-time
PCR analysis for each genotype in each time point were 250
for embryos and 54 for postnatal pups. After genotyping,
tissue samples were pooled into two separate groups for
each genotype for biological replicates. RNAs were isolated
according to previously described method (7), and cyanine-3-
labeled cRNAs were generated and hybridized to the NIA
Mouse 44K Microarray v3.0 manufactured by Agilent

Figure 5. Schematic illustration of sweat gland development and accompany-
ing expression changes of key genes. Upper panel, histological progression of
sweat gland development in wild-type mice. Lower panel, Shh was progress-
ively up-regulated during the induction and coiling stages, but was down-
regulated in the adult stage. Foxa1 expression was dramatically up-regulated
during the coiling and maintenance stages, but not in the induction stage.
Krt79 was steadily up-regulated during development, and expression of Eda
and Edar was up-regulated during induction and initial coiling stages.
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Technologies (#015087) (33). Duplicate data were analyzed
by ANOVA (34). Genes with FDR,0.1, fold difference
.1.5 and mean log intensity .2.0 were considered to be
significant.

One-step quantitative real-time RT–PCR with ready-to-use
Taqman probe/primer sets (ABI Prism 7900 HT Sequence
Detection System, Applied Biosystems, Foster, CA, USA)
was performed to confirm microarray results. Analyzed
genes by real-time PCR include Eda, Edar, Shh, Ptch1,
Gli1, Foxa1, Foxa2, Foxa3, Foxc1, Foxi1, Krt77, Krt79.
Total RNAs from back skin of E16.5 WT embryos were
used to generate a standard curve. Each of the two groups of
RNAs for WT and Ta was assayed in triplicate by real-time
PCR. Reactions were normalized to GAPDH expression
levels.

Histology, immunohistochemistry and in situ hybridization

For histological analyses, footpads from WT and Ta mice at
each time point were fixed in 10% formaldehyde and
embedded in paraffin; and 4 mm sections were then cut for
hematoxylin/eosin staining (Sigma-Aldrich, St Louis, MO,
USA). For immunofluorescent staining, anti-rabbit Foxa1
(1:10 dilution, Abcam, Cambridge, MA, USA) or anti-guinea
pig Krt75 (1:100, PROGEN, Heidelberg, Germany) antibodies
were incubated with 4 mm frozen footpad sections and then
incubated with Alexa-fluor secondary antibodies (Invitrogen,
Carlsbad, CA, USA) before applying 40-6-Diamidino-2-
phenylindole (DAPI) (Invitrogen). Samples were then ana-
lyzed by DeltaVision optical sectioning microscopy. For in
situ hybridization, 12 mm frozen sections were fixed in 4%
paraformaldehyde, incubated with proteinase K, and hybri-
dized overnight at 608C with a specific Digoxigenin
(DIG)-labeled cRNA probe. After washing twice with 2�
SSC (0.3 M NaCl and 0.03 M sodium citrate, pH 7.0) and
twice with 0.1� SSC at 658C, sections were incubated with
anti-DIG antibody (1:500, Roche, Mannheim, Germany) over-
night at 48C and signals detected with NBT/BCIP solution
(1:500, Roche). A full-length Shh cDNA clone was obtained
from NIA mouse cDNA libraries (35); the Eda-A1 cDNA
was described previously (36); and Foxa1 and Krt79 cDNA
clones were purchased from Open Biosystems (Huntsville,
AL). DIG-labeled sense and anti-sense probes were prepared
using a DIG RNA labeling kit (Roche). The length of probes
was: 410 bp for Shh (nt 2101–2510 of BC063087.1), 381 bp
for Foxa1 (nt 2398–2779 of BC096524) and 540 bp for
Krt79 (nt 1511–2050 of BC031593).
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