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Multipotent skin stem cells give rise to epidermis and its appendages, including the hair follicle. The
Lef-1/Tcf family of Wnt-regulated transcription factors plays a major role in specification of the hair shaft, but
little is known about how the equally important hair channel, the inner root sheath (IRS), develops in concert
to shape and guide the hair. In a microarray screen to search for transcriptional regulators of hair follicle
morphogenesis, we identified GATA-3, a key regulator of T-cell lineage determination. Surprisingly, this
transcription factor is essential for stem cell lineage determination in skin, where it is expressed at the onset
of epidermal stratification and IRS specification in follicles. GATA-3-null/lacZ knock-in embryos can survive
up to embryonic day 18.5 (E18.5), when they fail to form the IRS. Skin grafting unveiled additional defects in
GATA-3-null hairs and follicles. IRS progenitors failed to differentiate, whereas cortical progenitors
differentiated, but produced an aberrant hair structure. Curiously, some GATA-3-null progenitor cells
expressed mixed IRS and hair shaft markers. Taken together, these findings place GATA-3 with Lef-1/Wnts at
the crossroads of the IRS versus hair shaft cell fate decision in hair follicle morphogenesis. This newfound
function for GATA-3 in skin development strengthens the parallels between the differentiation programs
governing hair follicle and lymphocyte differentiation.
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Hair follicles are derived from a single layer of multipo-
tent embryonic ectoderm that produces the epidermis
and its appendages. At the center of the mature follicle is
the hair shaft, composed of a core, or medulla, sur-
rounded by a concentric ring of cortical cells, and
cloaked by a single layer of hair shaft cuticle (the hair
surface). Beneath the skin surface, the hair shaft is sur-
rounded by a channel, or inner root sheath (IRS), com-
posed of three morphologically and biochemically dis-
crete cell layers: the IRS cuticle, the Huxley’s layer, and
the Henle’s layer. The IRS cuticle cells mesh like gears
with the hair shaft cuticle cells, but near the skin sur-
face, the IRS degenerates to liberate the hair (Dry 1926;
Hardy 1992).
Both the hair shaft and the IRS arise through upward

terminal differentiation of a population of transiently di-
viding progenitor cells, which are derived from the ma-
trix, located at the base of the follicle. Matrix cells main-
tain their undifferentiated, proliferative state through in-

teraction with a cluster of specialized mesenchymal
cells, the dermal papilla (DP), at the core of the hair bulb
(Oliver and Jahoda 1988; Cotsarelis et al. 1990). The en-
tire follicle structure is enveloped by an outer root
sheath (ORS), contiguous with and biochemically simi-
lar to the basal layer of the epidermis. Within the ORS in
a region called the bulge, a reservoir of epidermal stem
cells resides that is able to repopulate both epidermal
and hair follicle lineages (Cotsarelis et al. 1990; Taylor et
al. 2000; Oshima et al. 2001).
The accessibility, dispensability, and self-renewal fea-

tures, coupled with its highly organized and fascinating
architecture, have made the hair follicle a paradigm for
exploring the molecular mechanisms that underlie stem
cell lineage determination and complex differentiation
programs that involve mesenchymal–epithelial interac-
tions. A myriad of signal transduction pathways, includ-
ing TGF-�s, Bone morphogenetic proteins (Bmps), Sonic
hedgehog (Shh), and Wnts, provide external cues that or-
chestrate cell fate decisions during hair follicle morpho-
genesis (for review, see Fuchs et al. 2001; Panteleyev et
al. 2001; Millar 2002; Nieman and Watt 2002).
The hair shaft lineage seems especially sensitive to

Wnt signaling, as substantiated by restricted expression
of a Wnt reporter gene in the precortex of mature fol-
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licles (DasGupta and Fuchs 1999) and by the presence of
matrix-hair shaft lineage tumors (pilomatricomas) in mice
and humans displaying excessive stabilized �-catenin in
skin epithelium (Gat et al. 1998; Chan et al. 1999; for
review, see Millar 2002). Although much is known about
hair shaft lineage determination, little is known about
the parallel specification of the IRS, and yet this lineage
is critical for the shaping and guidance of the hair to the
skin surface. Given the overall importance of this chan-
nel to the hair, it seems highly unlikely that matrix cells
would differentiate into IRS progenitors simply as a de-
fault pathway for those cells that do not become speci-
fied by Lef-1 and �-catenin. Remarkably, however, of the
myriad of transcription factors known to be expressed in
the skin, only one, the CCAAT displacement protein
(CDP), has been functionally linked to the IRS (Ellis et al.
2001). Even CDP’s expression is not restricted to the IRS,
as it is also found in the companion cell layer sand-
wiched between the ORS and IRS, and it is also in the
outermost layer of the lower ORS. This broader zone of
CDP expression may account for its severe effects when
absent. CDP-deficient follicles not only exhibit a some-
what diminished IRS, but also an expanded ORS, misex-
pressed Sonic hedgehog and IRS genes, and cyst forma-
tion (Ellis et al. 2001).
In a search for novel transcription factors that might

be implicated in cell lineage determination in the hair
follicle, we compared the gene expression profiles of mu-
rine dorsal skin at three critical times during embryo-
genesis [embryonic days 13, 15, and 18.5 (E13, E15,
E18.5); to be described in detail elsewhere]. The tran-
scriptional regulator GATA-3 surfaced as a factor in-
duced at E15 at the early stages of hair follicle placode
formation and had sustained expression as the IRS began
to develop at E18.
GATA-3 is a member of the GATA family of zinc fin-

ger transcription factors, which play key roles in control-
ling cell fate decisions, in particular, in different hema-
topoietic lineages (for review, see Kuo and Leiden 1999;
Cantor and Orkin 2002). Early in lymphoid develop-
ment, GATA-3 is essential for the T lymphoid cell lin-
eage, whereas later, it is critical for differentiation of
naive CD4+ T cells into Th2 as opposed to Th1 effector
cells (Ting et al. 1996; Zhang et al. 1997; Zheng and
Flavell 1997; Hendriks et al. 1999). The appearance of
GATA-3 in our screen was particularly intriguing, be-
cause Lef-1, which is involved in hair shaft lineage de-
termination, was named lymphoid enhancer factor 1
(Lef-1) on the basis of its initially described role in T-cell
development, in which it regulates T-cell receptor genes
(Carlsson et al. 1993; Giese and Groschedl 1993; van
Genderen et al. 1994). This said, although ablation of
GATA-3 results in severe defects in thymic and T-cell
development, embryonic lethality arises from nor-
adrenaline deficiency and cardiac defects, with addi-
tional abnormalities in cephalic neural crest and renal
development (Pandolfi et al. 1995; Lim et al. 2000). Skin
has never been examined in GATA-3-null embryos,
which die by E11.5 without pharmacological rescue,
prior to hair follicle morphogenesis.

In this report, we use a combination of genetics, cell
biology, and biochemistry to assess whether GATA-3
might orchestrate lineage determination in the skin as it
does in the immune system. We show that GATA-3 is
expressed in a highly restricted fashion, in the epidermis
and in the IRS of the hair follicle. By analyzing both phar-
macologically rescued GATA-3-null embryos, which
survive up to E18.5, and also grafted postnatal GATA-3-
null skin (Lim et al. 2000), we identify remarkable aber-
rations in hair follicle morphogenesis that include not
only structural defects in the IRS and the hair shaft, but
also molecular defects in cell lineage determination. We
show here that loss of GATA-3, which is normally ex-
pressed in only two layers of the hair follicle IRS, results
in follicles that produce an excess of IRS progenitor cells
that fail to express IRS genes and fail to differentiate. In
addition, follicles display an expanded compartment of
Lef-1-positive, hair shaft progenitor cells. Although
Shh is faithfully expressed, other abnormalities in gene
expression arise, including some mixing of IRS and
hair shaft markers. Finally, we show that in IRS and its
progenitors, GATA-3 is coexpressed with Friend of
GATA (FOG1), whose nuclear localization is lost in the
GATA-3-deficient state.

Results

GATA-3 expression during skin development

When GATA-3 surfaced as an induced transcription fac-
tor in our Affymetrix microarray analyses of E13–E18.5
back skin mRNAs, we realized that skin has been previ-
ously included in a general list of GATA-3-positive or-
gans (Oosterwegel et al. 1992; Lakshmanan et al. 1999).
Because skin has >20 different cell types, we first evalu-
ated GATA-3’s temporal and spatial expression pattern
in the skin. As judged by whole mount in situ hybrid-
izations, GATA-3 cRNA hybridization was detected in
the early developing vibrissae follicles by E14.5 (Fig. 1A).
In body skin, hybridization was first detected at E15.5
(data not shown), and by E17, was evident both in the
developing epidermis and hair follicles (Fig. 1B). These
expression patterns extended our microarray analyses
and revealed an induction of GATA-3 mRNAs in what
appeared to be terminally differentiating cells of epider-
mis and the cone of presumptive IRS precursor cells (Pre-
IRS) within developing follicles. The IRS develops some-
what earlier than the hair shaft, and precortical cells are
not yet present at this stage.
To further analyze the temporal and spatial transcrip-

tional changes in GATA-3 expression, we used the pre-
viously engineeredGATA-3nlslaczmouse line, in which
a gene encoding a nuclear-targeted version of �-galacto-
sidase had been knocked in to the GATA-3 locus (Hen-
driks et al. 1999; van Doorninck et al. 1999). In mice
heterozygous for this allele, �-galactosidase expression
was absent in the E13 single-layered keratin K5-express-
ing embryonic epidermis but became evident in the
newly formed suprabasal layer of E15 epidermis (Fig. 1C–
D�). Curiously, although �-galactosidase and GATA-
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3nlslacZ expression were either absent or weak within
the E15 embryonic basal layer (Fig. 1D,D�), it was re-
stored in this layer of newborn epidermis and remained
on thereafter (Fig. 1E,E�). Overall, expression patterns of
GATA-3 mRNAs and GATA-3 promoter-driven nlslacz
activity were similar if not identical.
By postnatal day 16 (P16), when back skin follicles are

mature and nearing completion of the first growth (ana-
gen) phase of the hair cycle (Hardy 1992), GATA-3 was
clearly expressed in follicles as well as epidermis (Fig.
2A,A�). Shortly after the synchronous initiation of the
first postnatal hair cycle, X-gal staining was seen in a
cone, distinctive of the organization of PreIRS, composed
of IRS progenitor cells (Fig. 2B,B�).
To determine the precise location of GATA-3 expres-

sion within the hair follicle, we compared GATA-3 pro-
moter and protein expression to the expression of well-
established biochemical markers for follicles. As judged
by both GATA-3-promoter-driven �-galactosidase ex-
pression and GATA-3 protein expression, GATA-3 ex-
pression was restricted to two cell layers of the follicle
(green in Fig. 2C–E). These layers were located directly
external to the hair shaft cuticle and cortex/precortex,
marked by an AE13 monoclonal antibody specific for
hair-specific keratins (Fig. 2C, red; Lynch et al. 1986). At
the base of the follicle, the two �-galactosidase-positive

layers were directly internal to a single layer of IRS cells
labeling with the monoclonal antibody AE15 (Fig. 2D,
red) specific for trichohyalin, a marker of IRS and post-
natal, differentiating medulla (Me) cells (O’Guin et al.
1992). Further up, the two �-galactosidase-positive cell
layers colabeled with AE15 antibodies, which now de-
tected all three IRS layers.
Furthermore, a single layer of unlabeled nuclei (Hen-

le’s layer) was present between the K6-positive compan-
ion cell layer and the two GATA-3-positive Huxley’s and
cuticle layers of IRS (Fig. 2E). Although some K6 genes
are also expressed in IRS (Winter et al. 1998; Langbein et
al. 2003), the K6 antibody used here did not recognize
these isoforms. In addition, two cell layers, namely, the
hair shaft cuticle (Ch) and the cortex (Co), separated
AE15- and K6-positive medulla from GATA-3-positive
IRS cuticle (Fig. 2D,E). The diagram in Figure 2 summa-
rizes the localization of markers relative toGATA-3 pro-
moter and GATA-3 protein expression.

Defects in GATA-3-null embryonic skin

With a firm grasp of the skin expression patterns of
GATA-3, we began an analysis of GATA-3-null epider-
mis in E18.5 embryos, the latest stage to which these
animals survive. At this stage, back skin epidermis is

Figure 1. GATA-3 is expressed in embryonic skin epi-
thelium. (A,B) Whole mount in situ hybridization with a
GATA-3 digoxygenin cRNA probe (brown). (A) Whole em-
bryo hybridization, depicting GATA-3mRNA in develop-
ing vibrissae (Vib) at E14.5. (B) Frozen section of skin from
E17 whole mount in situ hybridization. Note strong hy-
bridization in suprabasal epidermis and progenitor cells
for the IRS (preIRS). (C–E) Frozen sections of GATA-
3nlslacZ/+ embryos, at ages indicated in lower left of each
frame. Sections were subjected to either X-gal staining
(C,D,E) or immunofluorescence (C�,D�,E�) with DAPI to
detect nuclei, and with antibodies (Abs) against �-galac-
tosidase (Bgal) to detect GATA-3 promoter activity and
against K5 to detect the basal epidermal layer and follicle
ORS. Abs are color-coded in the lower right of each frame.
(Epi) Epidermis; (Der) dermis; (HF) hair follicle; (DP) der-
mal papilla; (ORS) outer root sheath; (M) matrix.
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mature, and most waves of follicle morphogenesis have
initiated. However, because the most mature follicles in
the E18.5 embryo are vibrissae, we began by examining
whisker pads.
Whiskers of control littermates were visible on E18.5

embryos, and hematoxylin and eosin (H&E) staining of
wild-type vibrissae sections revealed morphological
signs reflective of mature follicles (Fig. 3A). In E18.5
wild-type vibrissae, the precortex was labeled with AE13
antibodies, indicative of hair keratin expression (Fig.
3Ai,Bi). Analogous to postnatal follicles, several cell lay-
ers separated AE13-positive hair shaft cells from the K6-
positive companion cell layer (separation marked by
bracket in Fig. 3Ai,Bi). Serial sectioning revealed that, as
expected, cells between the hair shaft and companion
cell layer are IRS cell layers, which stained positively for
the trichohyalin antibody AE15 (Fig. 3Aii,Bii).
In E18.5 GATA-3-null vibrissae, AE13 (hair keratin)-

positive cells appeared to directly abut the K6-positive
cells of the companion cell layer (Fig. 3Ci,Ciii,Di,Diii).
By staining alternating serial sections with AE13 and
AE15 antibodies, it was clear that AE15-positive cells,
characteristic of IRS, were either absent or severely re-
duced in GATA-3-null E18.5 vibrissae (Fig. 3Cii,Dii). In
addition, the AE13-positive hair shaft and associated pre-
cursor layers appear to be expanded in GATA-3-null fol-
licles relative to wild-type follicles (cf. AE13 staining in
Fig. 3Ai and in 3Ci,Ciii,Di,Diii). These abnormalities
were seen in all vibrissae, irrespective of their location
within the GATA-3-null whisker pad (two examples are
shown).
Morphological aberrations in GATA-3-null vibrissae

follicles included atypically bent shapes, strange nodular
thickenings (asterisk in Fig. 3C), and irregularities in the
thickness of the ORS and bulb (Fig. 3C,D). These pertur-
bations were manifested at the skin surface by a delayed

Figure 2. GATA-3 expression correlates with IRS differentiation. Dorsal skins were fromGATA-3nlslacz/+ mice at the postnatal days
indicated in the upper right of each frame. Skins were frozen, sectioned, and stained with DAPI and X-gal (A,B), or subjected to indirect
triple immunofluorescence (C–E) with DAPI and Abs against �-galactosidase (Bgal) to detectGATA-3 promoter activity; AE13 to detect
cortical acidic hair keratins; AE15 to detect IRS and medulla trichohyalin; K6 to detect the companion layer (Cp) keratins and the
medulla K6 keratins; or GATA-3. Antibodies are color-coded as indicated on each frame. The stages of the hair cycle are as follows:
P16, late anagen, first cycle; P21, early anagen, second cycle; P6, early to mid-anagen, first cycle. (A,B) 20× magnification, 10-µm
sections. (C–E) Composites of two microscopic fields at 63× magnification, 6-µm sections. (ORS) outer root sheath; (Cp) companion
cell layer; (IRS) inner root sheath; (He) Henle’s layer; (Hu) Huxley’s layer; (Ci) cuticle of IRS; (Ch) cuticle of hair shaft; (Co) cortex of
hair shaft; (Me) medulla; (DP) dermal papilla. The diagram at right summarizes the immunofluorescence patterns observed within the
bulb of the hair follicle. The K6 antibody we use here does not recognize the IRS-specific K6 keratins.
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eruption of GATA-3-null relative to wild-type vibrissae
shafts (Fig. 3E, see insets).
Elsewhere within E18.5 skin, few differences were

noted. As a measure of epidermal function, E18.5 knock-
out (KO) embryos were able to exclude blue dye, indicat-
ing that the epidermal barrier was intact (Fig. 3E). Analy-
ses of E17.5 embryos revealed a slight delay in barrier
function acquisition at this earlier age, as judged by the
complete penetration of blue dye through GATA-3-null
skin relative to only partial penetration through wild-

type E17.5 skin (Fig. 3E). Overall, however, the mor-
phology and biochemistry of GATA-3-null epidermis
throughout E18.5 embryos was largely similar to wild-
type epidermis (Fig. 4). Thus, basal (BL), spinous (SL),
granular (GL), and cornified (CL) layers were all present
and of comparable size and thickness. Wild-type and KO
epidermis displayed normal staining for the basal layer
keratin 5, the suprabasal layer keratin 1, and the late-
stage differentiation markers involucrin, loricrin, and
filaggrin.

Figure 3. Whisker follicles develop by E18.5, but they are aberrant in GATA-3-null embryos. Whisker pads of E18.5 wild-type (WT)
and GATA-3nlslacz(z/z) (GATA-3-null) embryos were frozen and sectioned (10 µm). Serial sections (denoted by i, ii, iii) of two
wild-type follicles (A,B) and two KO follicles (C,D) are shown. Sections were either subjected to H&E staining (A–D) or triple indirect
immunofluorescence microscopy using the antibodies indicated in the lower right of each frame. Color coding reflects the secondary
Abs used for detection. Brackets in Ai and Bi denote a gap between the hair cortex (red, AE13) and companion cell layer (green, K6).
This gap represents the IRS (red, AE15; Aii and Bii), which is sandwiched between the companion layer and the cortex of wild-type
follicles. In KO follicles, AE15 staining is largely absent, and K6 and AE13 staining are adjacent to one another. Additional abnor-
malities in embryonic KO follicles include nodular thickenings in the vibrissae shafts (marked with an asterisk; C), irregular bulges
in the ORS (e.g., double-headed arrow; D), and a shortened, bent follicle of enlarged diameter at the bulb. Images are shown at 20×
magnification. Panels are composites of two or three microscopic fields. (E) Barrier function analyses. The ability of whole embryos
to exclude blue dye was used to examine the epidermal barrier, normally acquired beginning at E17.5 and complete by E18.5. Note the
complete penetration of blue dye in a representative GATA-3-null E17.5 embryo, in contrast to the comparably sized E17.5 wild-type
embryo, which has the characteristic dorsal pattern of dye exclusion. By E18.5, both wild-type and null embryos have acquired barrier
function based on this assay. Note, however, that whiskers have not protruded from the muzzle of the KO embryo, in contrast to the
wild-type littermate.
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Morphological and biochemical signs of IRS and hair
shaft differentiation are largely absent in back skin prior
to birth (e.g., see Fig. 4A,B). The lack of overt abnormali-
ties in the back skin of even the oldest living GATA-3
KO embryos explains why skin defects had not been
noted previously in these animals (Lim et al. 2000).

Skin grafting reveals gross defects in postnatal
development of GATA-3-null hairs

A priori, the selective abnormalities in E18.5 GATA-3-
null vibrissae could be attributed either to a special role
for GATA-3 in vibrissae or to their early development. In
addition, given the well-established role of GATA-3 in
hematopoiesis and CNS/PNS development, it was pos-
sible that the hair follicle defects were attributable to
indirect rather than autonomous effects. To distinguish
between these possibilities, we grafted full thickness
E17.5 skin from GATA-3-null and wild-type littermate

embryos onto backs of recipient nu/nu mice. Mice with
the nu/nu mutation are immunocompromised as they
lack T cells and cannot reject the graft. They also lack
nearly all external hair shaft formation, but are wild type
for GATA-3 (Flanagan 1966; Nehls et al. 1994; Segre et
al. 1995).
When bandages were removed from recipient mice at 7

d after engraftment, hair shafts were already evident on
wild-type grafts but not on GATA-3-null grafts (Fig.
5A,B; examples shown are day 9 post engraftment).
Grafts were monitored daily, and in all 6 of 6 grafts, KO
skin consistently failed to develop the thick hair coat
displayed by wild-type grafts (Fig. 5C–F). Instead, KO
grafts developed short “stubble” that failed to progress
into a normal hair coat (Fig. 5D,F).
In wild-type grafts, all three major hair types, includ-

ing awl, guard, and zig-zag hairs, were readily identified
upon microscopic examination of plucked hairs (Fig.
5G). In contrast, hairs from GATA-3-null grafts were

Figure 4. Classical morphological and biochemical
features of epidermal differentiation are normal in
GATA-3-null animals. Panels are from an E18.5 wild-
type littermate (left set) and a GATA-3-null embryo
(right set). (A,B) Dorsal back skins were fixed in Epon
and embedded, and semithin sections (1 µm) were
stained with toluidine blue. Note the presence of basal
(BL), spinous (SL), granular (GL), and cornified (CL) lay-
ers, which are largely similar between wild-type and
KO skin. Note also similarities in wild-type and KO
pelage hair follicles (HF), which at this stage have not
begun to differentiate into shaft, IRS, and ORS. (C–J)
Frozen sections of E18.5 dorsal back skins were sub-
jected to triple indirect immunofluorescence using
DAPI to label the nuclei and the following antibodies:
K5 to label the epidermal basal layer; K1 and involucrin
(Inv; in mouse skin, Inv is more suprabasal than in hu-
man) to label the spinous layers; filaggrin (Fil) and loric-
rin (Lor) to mark the granular layers (Fil detects pre- and
processed filaggrin). Similar normal biochemical pat-
terns of staining were observed for mature epidermis,
obtained from grafted KO and wild-type skins.
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shorter and wider and did not fall into any standard clas-
sification (Fig. 5H). As judged by scanning electron mi-
croscopy, the fine structure of these hairs was highly
irregular. Wild-type follicles displayed a “shingle-like”
pattern, characteristic of flat cuticle cells that constitute
the outer layer of normal hair shafts (Fig. 5I). Although
flat cuticle cells were present in KO shafts, their organi-
zation was highly abnormal (Fig. 5J). Additionally, KO
hair shafts were short, and their diameter was large
and irregular compared with their wild-type counter-
parts. The nodules, bulges, and bends in GATA-3-null
hairs paralleled the follicle defects seen below the skin
surface in embryonic GATA-3-null vibrissae follicles
(see Fig. 3).

Expansion of hair shaft and hair shaft precursor cells
in GATA-3-null follicles
The skin grafts enabled us to examine changes in expres-
sion patterns of hair follicle proteins in mature pelage
follicles, replete with hair shafts. Immunofluorescence
analyses revealed severe abnormalities in the expression
patterns of hair follicle proteins within GATA-3-null
skin grafts (Fig. 6). As judged by AE13 staining (red) to
detect the cortical keratins of hair shafts, GATA-3-null
follicles exhibited a markedly expanded precortex and
cortex as compared with wild-type grafts (Fig. 6A–D).
These differences were further documented by a large
increase in Lef-1-positive precortical cell nuclei in KO
versus wild-type follicles (Fig. 6E,F). In addition, there

Figure 5. GATA-3-null skin grafts develop strikingly abnormal hairs. Full thickness skins from six wild-type and six GATA-3-null
(KO) E17.5 CD-1 albino embryos were grafted onto nu/numice. At 9 d after engraftment, hairs (white) appeared in all wild-type grafts
(A) but were absent in all GATA-3-null grafts (B). By 27–29 d, a thick pelage hair coat had developed on all wild-type grafts (C and E
show representative examples of grafts from skins of two different wild-type animals), but the KO grafts produced only short, stubby
hairs (D and F show representative examples of grafts from skins of two different KO animals). The three major hair types (awl, guard,
and zig-zag) were evident among hairs plucked from wild-type grafts (examples shown in G) at 12 wk postengraftment. In contrast,
hairs from equivalent GATA-3-null grafts (representative examples shown in H) did not fit these classifications and were shorter and
thicker than wild-type shafts. (I,J) Scanning electron microscopy (SEM) analysis. SEM (600×) of the surface of wild-type and KO grafted
skin at 12 wk postengraftment. The outer surface of each hair shaft is the cuticle layer, which is highly ordered in the wild-type but
not KO mice. Note additional irregularities in the shafts, reflecting in detail the differences noted at lower magnification.
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was an expansion of differentiated medulla cells express-
ing trichohyalin (denoted by ∨ in Fig. 6F; cf. WT in Fig.
6E), which was flanked by the AE13-positive cortex (cf. ∨
in Fig. 6C and 6F). Ultrastructural analyses later con-
firmed the identity of these cells as medulla rather than
a misplaced core of IRS cells.

Paucity of differentiated IRS cells but expansion
of IRS precursor cells in GATA-3-null skin

The increases in cortical and medulla cells were paral-
leled by a paucity of differentiated IRS cells labeled with
AE15 antibodies against trichohyalin. Thus, in contrast
to the two robust stripes of wild-type IRS stained with
AE15 antibodies (denoted by brackets in Fig. 6E), only
wisps of AE15-positive KO IRS cells were detected
(bracket in Fig. 6F). Additionally, these remnants of what
appeared biochemically to be IRS were always found
well above the bulb of the follicle and above the initia-

tion of medulla differentiation (see arrow in Fig. 6F). In
marked contrast, IRS differentiation in wild-type grafts
always initiated in a horizontal plane near the base of the
bulb, comparable to that of the Lef-1-positive cortical
precursors and well below the differentiating medulla
(arrows in Fig. 6E).
Despite the paucity of trichohyalin-positive IRS cells

of GATA-3-null grafted skin, the K6-positive companion
layer appeared to be largely normal in size and location
(Fig. 6G–J). However, whereas the companion layer in
wild-type follicles flanked the AE13-negative/AE15-
positive IRS cells (marked with brackets in Fig. 6G,I), it
flanked the AE13-positive/AE15-negative cortical cells
in KO follicles (Fig. 6H,J). Overall, these results provide
additional evidence that differentiating IRS cells are
largely absent in GATA-3-null follicles.
We were intrigued by the presence of a large group of

Lef-1-negative epithelial cells surrounding the Lef-1-
positive cortical precursor cells near the base of the hair

Figure 6. Mature GATA-3-null hair follicles exhibit biochemical signs of an expanded cortex and medulla and a severely reduced
inner root sheath. (A–J) Matched P35 skin grafts from E17.5 GATA-3-null (KO) and wild-type littermates were frozen and sectioned
(10 µm) and subjected to triple indirect immunofluorescence microscopy. Most follicles were in the anagen phase of the hair cycle. The
upper right denotes genotype of skin. The antibodies used are noted on each frame and are color-coded according to the secondary Ab
used for detection. DAPI was used to mark the nuclei, AE13 for cortical keratins, AE15 for IRS and medulla trichoyalin, anti-K6 for
the companion layer and medulla (this antibody does not detect the IRS-K6 keratins), and Lef-1 to mark the precortical cells. ∨ denotes
the wide stripe of AE13-negative, AE15-positive cells, corresponding to the medulla at the hair shaft center. Note the expanded
Lef-1-positive precortex and AE13-positive cortex in mutant follicles. Brackets denote the AE15-positive IRS, largely absent in the KO
follicles. Arrows indicate the lowest extent of AE15-positive IRS staining.
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bulb (Fig. 6F). Could these Lef-1-negative cells be IRS
precursors? To examine this possibility, we took advan-
tage of the functional LacZ coding sequence inserted
downstream from the GATA-3 promoter of the KO ani-
mals. Previously, we had shown that GATA-3nlslacZ+/−

follicles displayed a pattern of �-galactosidase activity
that faithfully paralleled the two rows of anti-GATA-3
immunoreactivity demarcating the Huxley’s and cuticle
layers of the IRS (see Fig. 2). We now tracked the expres-
sion pattern of GATA-3 promoter activity under condi-
tions in which GATA-3 protein was missing. Surpris-
ingly, GATA-3-null follicles displayed a gross expansion

of GATA-3-promoter-active (�-gal-positive) cells (Fig. 7).
Thus, rather than two neat rows as in wild-type follicles
(Fig. 7A), extensive GATA-3 promoter activity was de-
tected within cells of the follicle bulbs of GATA-3 pro-
tein-deficient follicles (Fig. 7B,C). Most of these cells
were negative for AE13 (Fig. 7C) and AE15 staining (see
Fig. 6). Thus, neither their position nor their expression
pattern was consistent with a precortical identity.
To search for markers that might characterize these

GATA-3-promoter-active bulb cells, we examined the
expression of FOG1 (Friend of GATA-1), which often
functions with GATA factors, including GATA-3, to

Figure 7. Expansion and aberrancies in expression patterns of cortical and IRS precursor populations in GATA-3-null follicles. Skins
from matched P35 wild-type and GATA-3-null grafts were frozen, sectioned (10 µm), and subjected to either triple indirect immu-
nofluorescence (A–K) or in situ hybridization (L,M). The genotype of each section is denoted at the upper right. Abs used are
color-coded and indicated across the bottom of each frame. Asterisks in B and I denote autofluorescence, an artifact of the knots of
highly keratinized material in some KO shafts. Boxed areas are shown at higher magnification in the insets. DAPI (blue) denotes nuclei.
Abs were against GATA-3, present in the IRS lineage, and absent in the GATA-3-null sections; �-galactosidase (Bgal), specific for
GATA-3 promoter activity, which was indistinguishable from the anti-GATA IRS labeling in wild-type follicles, and still present in
the expanded IRS precursor population of KO follicles; AE13, specific for the keratins of differentiating cortical cells; FOG1, a
corepressor for GATA-3 protein, present in IRS precursor cells, where it marked the nuclei of wild-type but the cytoplasm of KO cells
(D and E, respectively; see inset to E as well); Lef-1, specific for cortical precursor cells, expanded in the KO; Ki67, specific for
proliferating cell nuclei; and K5, specific for the ORS of the follicle. The cRNA probe is against Shh, Sonic hedgehog, which marks a
small subset of matrix cells in wild-type follicles, unchanged in KO follicles. Note that in KO follicles, some AE13-positive cortical
and Lef-1-positive precortical cells were also positive for GATA-3 promoter activity (representative cells indicated by arrows in C and
G). Note also that Ki67 labeling confirms the anagen state of both wild-type and KO follicles, and some Ki67-positive cells were also
positive for GATA-3 promoter activity (J,K).
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suppress GATA’s action as an activator (Tsang et al.
1997; Zhou et al. 2001). Interestingly, in wild-type fol-
licles, an anti-FOG1 antibody labeled the same two IRS
layers that labeled with GATA-3 antibodies (Fig. 7D).
Antibodies against GATA-3 and FOG1 both localized to
the nuclei of these wild-type IRS precursor cells. In
GATA-3-null follicles, anti-FOG1 costained with anti-�-
galactosidase antibodies in the expanded zone of GATA-
3-promoter-active cells (Fig. 7E). In the absence of
GATA-3, however, anti-FOG labeling shifted from
nucleus to cytoplasm (Fig. 7E, inset), opening the possi-
bility that GATA-3 and FOG-1 may function together at
some point in IRS specification. The increased popula-
tion of Lef-1-positive precortical cells in GATA-3-null
follicles was interesting and suggested an interdepen-
dency of the development of IRS and cortical progeni-
tors. Given the marked aberrations in hair shaft, how-
ever, we wondered whether the expanded compartments
of IRS and cortical precursors were truly normal. Closer
inspection of GATA-3-promoter-active cells revealed a
number of cells whose nuclei were positive for both �-ga-
lactosidase and cortical keratins (examples marked by
arrows in magnified photos in Fig. 7C). Conversely, some
of the Lef-1-positive cortical precursor cells were also
positive for �-galactosidase (Fig. 7G, arrows in enlarged
photos indicate an example of a cell expressing both
Lef-1 and �-gal). Such mixing of biochemical markers
was not seen in wild-type follicles, where Lef-1-positive
precortical cells were distinct in their expression pattern
from the compartment of GATA-3/FOG1/GATA-3-pro-
moter-active IRS precursor cells (Figs. 2C, 7F).
Given the expansion of precursor compartments for

GATA-3-null IRS and cortex, we examined the status of
matrix cells, which are thought to give rise to these pre-
cursor populations. In both wild-type and KO follicles,
antibodies against the proliferating nuclear antigen,
Ki67, revealed intense labeling of the matrix cells, which
in anagen, are rapidly proliferating (Fig. 7H,I, green).
Overall, the number of Ki67-positive cells was similar in
wild-type and KO follicles.
Finally, we examined the status of Sonic hedgehog

(Shh), a regulator of follicle morphogenesis that is nor-
mally expressed in a small zone of matrix cells (Gam-
bardella et al. 2000). In mutant mice deficient in the
CCATT box displacement factor, CDP, Shh mRNAs are
absent from this zone and instead activated in the region
corresponding to the IRS (Ellis et al. 2001). Because both
CDP and GATA-3 mutations lead to IRS abnormalities,
we assessed whether such misregulation might occur in
the absence of GATA-3 as well. As shown in Figure 7L
and M, the expression of Shh mRNAs appeared to be
unaffected in the GATA-3 mutant follicles. The signifi-
cance of this and other differences is discussed in more
detail below.

Morphological confirmation of the biochemical defects
in GATA-3-null hair follicles

Ultrastructural analysis of wild-type and GATA-3-null
graft skin by transmission electron microscopy helped to

further define abnormalities. Figure 8A illustrates repre-
sentative examples of sections of anagen-phase follicles
from age- and litter-matched wild-type and KO grafted
skins. As expected from our analyses of wild-type and
GATA-3-null embryonic skins (Fig. 4), differences in epi-
dermises of grafted wild-type and GATA-3-null skin
were relatively slight, and expression patterns of corni-
fied envelope proteins and keratins 1 and 5 were similar
(data not shown). Morphologically, GATA-3-null epider-
mis displayed all four stages of terminal differentiation,
but the tissue was hyperthickened (see Fig. 8A), consis-
tent with the mild barrier function defect that we had
observed earlier (see Fig. 3). More robust signs of barrier
defects have been observed in epidermis lacking the
Kruppel-like transcription factor, KLF4 (Segre et al.
1999).
Abnormalities were striking between wild-type and

KO grafted skins (Fig. 8A). Follicles in wild-type grafted
skin developed normally, extending deep into the der-
mis. In contrast, GATA-3-null follicles and their devel-
oping shafts were shorter and fatter, despite expanded
compartments of IRS and cortical precursor cells in en-
larged bulbs. This appeared to be reflective of defects in
both the downward movement of developing follicles as
well as upward movement of hair shafts.
At the ultrastructural level, wild-type grafted follicles

displayed a normal IRS, with cuticle (Ci), Huxley’s (Hu),
and Henle’s (He) layers readily identified by electron-
dense trichohyalin granules (Th; Fig. 8B). The Henle’s
layer is the first IRS layer to accumulate trichohyalin
granules, and it eventually keratinizes as it progresses up
the follicle (Robins and Breathnach 1970). The opposing
arrows in the lower panel of Figure 8B denote the junc-
ture between the prekeratinized and keratinized cells of
this layer. At the core is the single row of highly orga-
nized medulla cells (Me), which also display clusters of
trichohyalin granules just below the nucleus (arrow-
heads in the upper panel of Fig. 8B).
In GATA-3-null follicles, only a single layer of dif-

ferentiated IRS-like cells was detected (Fig. 8C; double
arrows denote the transition to a keratinized Henle’s
layer-like appearance. Consistent with the anti-tricho-
hyalin labeling (AE15-positive staining, see Fig. 6F),
these cells were well above the bulb and contained only
a few electron-dense trichohyalin granules (arrow-
heads in Fig. 8C). Thus, despite a significant pool of IRS
precursor cells, morphological as well as biochemical
signs of Huxley’s layer and IRS cuticle cells were lack-
ing.
Internal to the Henle’s layer, only occasional tricho-

hyalin-negative, immature cells were seen in theGATA-
3-null follicles (Fig. 8C). Instead, most of the central por-
tion of GATA-3-null follicles was packed with keratin-
ized material characteristic of the hair shaft (Fig. 8C).
Below the remnants of the Henle’s layer were precorti-
cal-like cells (PreCo), displaying bundles of keratin fila-
ments (Kfs).
In the shaft area of most GATA-3-null follicles, ORS/

companion layer cells with wisps of keratin filaments
abutted against keratin filament-rich precortical-like

GATA-3: lineage determination in skin

GENES & DEVELOPMENT 2117



cells, which, in turn, were adjacent to cortex and me-
dulla (Fig. 8C�). Additionally, medulla cells were mark-
edly disorganized and often embedded in a mass of kera-
tinized cortical cells (Fig. 8C�). Some medulla cells dis-
played trichohyalin granules (arrowheads in 8C�).
However, the organization of granules as well as the or-
ganization of cells was aberrant (cf. medulla cells in Fig.
8C� and in 8B, upper panel). Overall, this analysis con-
firmed the medulla identity of the thickened core of
AE15-positive cells in GATA-3-null follicles (see Fig. 6F)
and revealed a level of disorganization of the hair shaft
that was even more prominent than that envisioned
from the immunohistochemical studies.

Discussion

With each new hair cycle, the IRS and hair shaft must
develop simultaneously to provide a channel for the new
hair to emerge. Yet despite significant advances in our
understanding of the molecular controls governing hair
shaft differentiation, little is known about the regulation
and function of the IRS. Our present studies have now
uncovered a member of the well-studied GATA family of
transcription factors as a major and essential regulator of
IRS differentiation.
The structural consequences of IRS loss are severe.

Without the Huxley’s and cuticle layers, the Henle’s

Figure 8. Ultrastructural abnormalities in
GATA-3-null follicles. Matched wild-type
and GATA-3-null (KO) skin grafts were fro-
zen in OCT (A,B) or fixed, embedded in
Epon, and sectioned for ultrathin analyses
(C,D). (A) Light microscopic analysis of
H&E-stained 10-µm sections of 5-wk grafts.
Wild-type (WT) composite of two 20× micro-
scopic fields; KO is visible in one field be-
cause of its shorter and fatter structure at all
stages of the hair cycle. (B–C�) Ultrastruc-
tural analyses of 12-wk grafts. All follicles
are oriented with the skin surface at the top.
Magnification bars are denoted on each
frame. (B) Sagittal section of wild-type fol-
licle, depicting the thin Henle’s cell layer
(He) with uniform density caused by kerati-
nization. On the outside, this layer is
flanked by the companion cell layer (Cp) and
ORS and finally the dermal sheath (DS). On
the inside, the Henle’s layer is flanked by the
trichohyalin (Th)-rich Huxley’s (Hu) layer of
the IRS, and the thin IRS cuticle (Ci). The
hair shaft (HS) is internal to the IRS, and is
composed of three major layers: an inner
core of medulla (Me) cells with trichoyalin
granules below each nucleus (arrowheads),
the cortex (Co), and the cuticle of the hair
shaft (Ch). The upper and lower panels are
from the same hair follicle, but the lower
panel depicts the base of the keratinized
Henle’s layer of the IRS (double arrowheads);
cells below this juncture still possess
trichoyalin granules, but are less mature and
less organized, as is characteristic of IRS pre-
cursor cells. (C–C�) Sections from GATA-3-
null follicles. All are views from the region
just above the follicle bulb. (C) The origins of
the keratinized cells of a Henle’s-like layer
in a KO follicle (double arrows, IRS*). Note
the presence of only a few trichoyalin gran-
ules (arrowheads) in the IRS precursor cells
just below these keratinizing cells, in contrast to the wild-type IRS precursors, which are abundant in trichohyalin (Th; lower panel
in B). Note also the presence of precortical cells (PreCo), rich in keratin filaments (Kf), located atypically below the Henle’s cells; this
irregularity was predicted from our biochemical studies (see Fig. 6F). Note further the mass of highly keratinized cortex and medulla
central to the tiny IRS. The sections in C� andC� show that in some areas, the IRS was missing altogether, and the ORS and companion
layer were abutted against the precortex, cortex, andmedulla. Again, note signs of gross disorganization, with as many as three medulla
cells (Me in C�) stacked horizontally against each other, instead of in the organized linear vertical array seen in wild-type medulla (B,
upper panel). Note trichohyalin (arrowheads) in the medulla but not elsewhere (C�).
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layer does not develop properly, and without the IRS,
gross abnormalities arise in composition and organiza-
tion of cells within the hair shaft. Thus, not only are the
cortex and medulla dramatically thickened, but in addi-
tion, cells no longer spatially align. The shaft develops as
a hyperthickened mass of irregular medulla, cortical, and
cuticle cells, rather than the architectural wonder of a
normal shaft. Perhaps as no other knockout has so
graphically illustrated, these two thin layers of IRS cells
are critical for the proper differentiation and/or organi-
zation of the hair shaft.
In recent years, a myriad of genes encoding transcrip-

tion factors have been genetically implicated in follicle
development (Cachon-Gonzalez et al. 1994; Nehls et al.
1994; van Genderen et al. 1994; Segre et al. 1995; Zhou et
al. 1995; Dai et al. 1998; Li et al. 2000; Pennisi et al.
2000; Ellis et al. 2001; Ma et al. 2003; Mill et al. 2003).
When mutated, only a few of these genes result in de-
fects involving the IRS. Of these, hairless (encoding a
zinc finger protein required for postnatal hair cycling)
and nude (encoding foxn1, a forkhead protein) are ex-
pressed in both hair shaft and IRS precursors, and display
defects in both (Cachon-Gonzalez et al. 1994; Nehls et
al. 1994; Segre et al. 1995; Lee et al. 1999; Panteleyev et
al. 2000). In contrast, although GATA-3’s absence re-
sulted in major abnormalities in hair structure, involv-
ing both IRS and shaft, it was only expressed in two of
the IRS layers. This enabled us to conclude that the se-
vere hair shaft defects that occurred in the GATA-3-de-
ficient mouse originated specifically from transcrip-
tional aberrations within the IRS.
To date, the highly restricted pattern of GATA-3 ex-

pression is unique, but it is most similar to that of the
transcriptional repressor CDP, which represses genes
regulated by CCAAT sequence motifs (Ellis et al. 2001).
The Cutl1 gene encoding CDP seemed to be expressed
earlier and more broadly in the IRS pathway, where it
was found in the outermost layer of the lower ORS, in
IRS progenitor cells of the matrix, and in all three IRS
layers. A few mice harboring mutations in Cutl1 sur-
vived their lung defects long enough to exhibit a sparse
and abnormal hair coat. The morphology of Cutl1-null
hair follicles was unusual, as just above a relatively nor-
mally structured bulb, the IRS formed, but then both IRS
and shaft eventually degenerated to form a large follicu-
lar cyst, soon appearing more similar to that of nude or
even hairless mutant mice (Ellis et al. 2001).
Although both Cutl1- and GATA-3-null follicles ex-

hibited a failure to develop a proper IRS, GATA-3’s ab-
sence was felt most strongly in two major ways that
involve cell fate specification within the hair follicle.
First, it resulted in an accumulation of IRS precursor
cells that appeared to be dysfunctional, unable to differ-
entiate into trichohyalin- and keratin-producing IRS
cells. Second, it led to an expansion of seemingly func-
tional Lef-1-expressing precortical cells, which differen-
tiated into hair keratin-producing cortical cells. Some of
these Lef-1-positive cells exhibited mixing of IRS and
cortical gene expression patterns (Fig. 6C,E). Because we
did not detect such cells in wild-type, GATA-3-contain-

ing follicles (Figs. 2C, 6F), these findings support the ar-
gument that the loss of GATA-3 results not only in ex-
pansion of selective cell populations within the follicle,
but also in some misexpression of genes in these com-
partments. In contrast, Cut1-null follicles exhibited sub-
stantial misexpression of both trichohyalin and the com-
panion layer K6 in the cortex, features that were not
observed in GATA-3-null follicles, as well as strong ex-
pression of the Cutl1 promoter throughout the cortex.
Furthermore, in Cut1-null vibrissae, Shh was aberrantly
expressed in the IRS (Ellis et al. 2001), whereas in
GATA-3 mutant mice, Shh expression appeared unaf-
fected (Fig. 7L,M). It may still be possible that CDP and
GATA-3 function in the same pathway to regulate IRS
specification, but the target genes they affect must be at
least partially nonoverlapping.
It is interesting that in T-cell development, both

GATA-3 and Lef-1/Tcf1 are necessary early to direct
lymphoid precursors to become T cells, and later in the
lineage, GATA-3 acts independently of Lef-1 in Th cell
commitment (van Genderen et al. 1994; Verbeek et al.
1995; Hattori et al. 1996; Ting et al. 1996; Okamura et al.
1998; Schilham et al. 1998; Hendriks et al. 1999). In na-
ive Th cells, FOG1 and GATA-3 act to inhibit interleu-
kin gene expression, and upon Th commitment, FOG1 is
down-regulated (Kurata et al. 2002). GATA-3, which au-
toactivates its own expression, is required for Th2 cell
differentiation (Ouyang et al. 2000; Zhou et al. 2001),
whereas suppression of GATA-3 promotes Th1 cell de-
termination (for review, see Patient and McGhee 2002).
Despite some differences, the transcriptional parallels

between T-cell development and hair follicle differentia-
tion are quite striking. In the postnatal hair follicle, Lef-
1/�-catenin and GATA-3 seem to act in parallel but dis-
tinct pathways governing cortical and IRS differentia-
tion, respectively. The expansion of the cortical lineage
in the GATA-3-deficient state could be analogous to an
increase in Th1 rather than Th2 cell differentiation, and
the up-regulation of GATA-3 promoter activity in
GATA-3-deficient IRS precursor cells might be a sign
that FOG1 and GATA-3 normally repress this promoter
in wild-type IRS precursors. When taken together with
the paucity of differentiated IRS cells, the expanded
population of GATA-3-promoter-active/FOG1-positive
cells in GATA-3-deficient follicles might represent a
population of stalled IRS precursors. The enhanced
GATA-3 immunoreactivity as IRS precursor cells differ-
entiate into IRS cells in wild-type skin is consistent with
a transactivating role for GATA-3 later in IRS differen-
tiation, perhaps analogous to Th2 cell differentiation.
The fact that the structural genes for IRS differentiation
are not expressed in the GATA-3-deficient state, despite
the presence of progenitor cells, further supports a posi-
tive role for GATA-3 in their expression.
In summary, our studies illuminate a new dimension

in our understanding of how hair follicle morphogenesis
is transcriptionally controlled. In many respects,
GATA-3 appears to be a master regulator of IRS cell lin-
eage determination as Lef-1/�-catenin is for cortical lin-
eage specification. The matrix offers a rich milieu of en-
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vironmental cues that ultimately lead to the differential
specification of these lineages. In the future, our efforts
will be placed on understanding how these signals im-
pact on GATA-3 expression as well as identifying the
downstream target genes for this novel and important
regulator of IRS differentiation.

Materials and methods

Mice

The generation and characterization of the GATA-3nlslacZ
mice has been described (Hendriks et al. 1999; van Doorninck et
al. 1999). Briefly, the lacZ gene fused to a nuclear localization
signal (nls) was placed in-frame at the ATG translational start
site in the GATA-3 locus, inactivating the GATA-3 gene and
expressing �-galactosidase from the endogenous GATA-3 pro-
moter. To obtain GATA-3-null embryos that survive to E18.5,
we used a modification of a drug rescue regime (Lim et al. 2000;
K.C. Lim, pers. comm.). Beginning at E7.5, pregnant GATA-
3nlslacZ/+ dams that were mated to GATA-3nlslacZ/+ males
were given fresh water daily containing 100 µg/mL L-phenyl-
ephrine (Sigma P6126), 100 µg/mL isoproterenol (Sigma I5627)
and 2 mg/mL ascorbic acid (Sigma A0278). The presence of the
GATA-3nlslacZ allele was determined by a combination of PCR
screening, X-gal staining, phenotypic identification of GATA-3-
null embryos, and/or loss of GATA-3 immunoreactivity (Lim et
al. 2000). The PCR primers used were 5�-TCCTGCGAGCCTG
GCTGTCGGA-3�, which recognizes GATA-3 intron 1; 5�-CCT
GTAGCCAGCTTTCATAAC-3�, which recognizes lacZ; and
5�-GTTGCCTTGACCATCGATGTT-3�, which recognizes
GATA-3 exon 2. The reaction conditions were 94°C for 5 min,
followed by 45 cycles of 94°C for 30 sec, 53°C for 30 sec, and
72°C for 1.2 min. The band sizes are: ∼ 750 bp (wild-type allele)
and ∼ 1.1 kb (GATA-3nlslacz allele).

Histology and electron microscopy

Tissues for immunofluorescence and H&E staining were em-
bedded in OCT and then frozen immediately on dry ice. Tissues
for scanning electron microscopy (EM) were fixed in 2.5% glu-
taraldehyde in PBS at room temperature for >1 h, processed
using standard techniques (Fujiwara et al. 2002), and visualized
using a JEOL JSM-35 scanning electron microscope. For trans-
mission EM, samples were fixed in 2% glutaraldehyde, 4%
formaldehyde, and 2 mM CaCl2 in 0.05 M sodium cacodylate
buffer at room temperature for >1 h and processed for Epon
embedding as described (Segre et al. 1999). Samples were visu-
alized with a Tecnai G2 transmission electron microscope.

In situ analysis

Digoxygenin probe synthesis was performed according to the
manufacturer’s instructions (Roche). Whole mount in situ hy-
bridization was described by Conlon and Rossant (1992), with
modifications (Byrne et al. 1994). In situ hybridizations on 10-
µm (Shh) and 15-µm (GATA-3) frozen sections were performed
as described (Schaeren-Wiemers and Gerfin-Moser 1993).

X-gal staining and immunofluorescence

OCT sections were fixed for 30 sec in 0.1% glutaraldehyde,
washed three times in PBS, and incubated in X-gal staining so-
lution at 37°C for 1–2 h. OCT sections were then fixed for 10
min in 4% PFA in PBS and washed four times for 5 min in PBS.

When staining with mouse monoclonal antibodies, we used the
reagents and protocol from the MOM Basic kit (Vector Labs). In
other cases, the following block/diluent was used: 2.5% NDS,
2.5% NGS, 1% BSA, 2% gelatin, and 1% Triton X-100 in PBS.
The primary antibodies at the indicated concentrations were
AE13 (mouse, 1:50–1:100; Lynch et al. 1986), AE15 (mouse, 1:
10; O’Guin et al. 1992), K5 (gp, 1:250; Fuchs lab), GATA-3
(mouse, 1:100; Santa Cruz, HCG3-31), �-galactosidase (rabbit,
1:400; mouse, 1:100; Harlan; Sigma), K1 (rabbit, 1:250; Fuchs
lab), loricrin (rabbit, 1:300; Fuchs lab), Lef-1 (rabbit, 1:250; Fuchs
lab), filaggrin (rabbit, 1:1000; Covance, PRB-417P), K6 (rabbit,
1:500; Fuchs lab), involucrin (mouse, 1:200; Babco), Ki67 (rabbit,
1:1000; NovoCastra Laboratories Ltd.), and FOG1 (goat, 1:50;
Santa Cruz, sc-9361). Relevant FITC- or TxR-conjugated donkey
or goat antibodies (1:100; Jackson Laboratories) were used for
detection of primary antibodies.

Barrier function assay

Embryos were submerged at 37°C for >8 h in a solution of 1.3
mM MgCl2, 100 mM NaPO4, 3 mM K3Fe(CN)6, 3 mM
K4Fe(CN)6, 0.01% sodium deoxycholate, 0.2% NP-40, and 1
mg/mL X-gal, which was adjusted to a pH of 4.5 with HCl
(Hardman et al. 1998). At this pH in the absence of the epider-
mal barrier, the solution penetrates epidermis, and an endog-
enous �-galactosidase-like activity catalyzes production of a
blue precipitate.

Skin grafting

Pregnant GATA-3nlslacZ/+ dams were killed at E17.5, and em-
bryos were removed. Full thickness skins were removed from
torsos of wild-type and GATA-3-null embryos, spread on a ster-
ile plastic dish, and stored briefly at 4°C. During this time, each
skin graft recipient site was prepared by removal of a patch of
full thickness skin on an anesthetized female nu/nu CD-1
mouse. Embryonic donor skin was then placed on the graft bed
and secured by sterile gauze and cloth bandages. A total of 12
grafts were placed (six wild-type and sixGATA-3-null), and each
showed a consistent phenotype dependent on the presence or
absence of GATA-3 in the donor skin.
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