Tct3 and Letl regulate lineage
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In skin, multipotent stem cells generate the keratinocytes of the epidermis, sebaceous gland, and hair follicles.
In this paper, we show that Tcf3 and Lefl control these differentiation lineages. In contrast to Lefl, which
requires Wnt signaling and stabilized B-catenin to express the hair-specific keratin genes and control hair
differentiation, Tcf3 can act independently of its B-catenin interacting domain to suppress features of
epidermal terminal differentiation, in which Tcf3 is normally shut off, and promote features of the follicle
outer root sheath (ORS) and multipotent stem cells (bulge), the compartments which naturally express Tcf3.
These aspects of Tcf3’s action are dependent on its DNA binding and Groucho repressor-binding domains. In
the absence of its B-catenin interacting domain, Lefl’s behavior (ANLef1) seems to be markedly distinct from
that of ANTcf3. ANLefl does not suppress epidermal differentiation and promote ORS/bulge differentiation,
but rather suppresses hair differentiation and gives rise to sebocyte differentiation. Taken together, these
findings provide powerful evidence that the status of Tcf3/Lef complexes has a key role in controlling cell fate

lineages in multipotent skin stem cells.
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The canonical Wnt/Wingless signaling pathway directs
cell fate in a variety of cell types and has an integral role
in organogenesis. At the core of the pathway is the sta-
bility of B-catenin, a protein that serves a dual role in
intercellular junction formation and in transcriptional
regulation. Wnt signaling inhibits the amino-terminal
phosphorylation and subsequent degradation of
B-catenin, allowing cytoplasmic pools of B-catenin to en-
ter the nucleus and bind to members of the Lefl/Tecf
family of HMG domain-containing DNA-binding pro-
teins. B-catenin’s activation domain and Lefl/Tcf’s
DNA-binding domain combine to form a bipartite tran-
scriptional activator of target genes (for review, see Wil-
lert and Nusse 1998; Korswagen and Clevers 1999;
Waltzer and Bienz 1999).

Although Lefl/Tcf proteins often function as transac-
tivators, these proteins can also interact with, and be-
have as, transcriptional repressors. CtBP represses a
Wnt/Wingless response and selectively interacts with
the carboxy-terminal domain of Tcf proteins, missing in
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Lefl (Brannon et al. 1999). In contrast, the Groucho fam-
ily of repressor proteins associate with the amino-termi-
nal domain of all known Tcf/Lef family members (Cav-
allo et al. 1998; Roose et al. 1998; Brantjes et al. 2001).
Genetically, a Drosophila dTcf~Groucho interaction an-
tagonizes Wnt/Wingless signaling (Cavallo et al. 1998),
and expression of Groucho proteins in Xenopus embryos
can block axis formation and activation of B-catenin tar-
get genes, such as siamois and xnr3 (Roose et al. 1998). In
zebrafish, embryonic Tcf3 appears to function as a tran-
scriptional repressor, as an amino-terminally truncated
Tcf3 (missing its B-catenin binding domain) comple-
ments the headless phenotype caused by loss-of-function
of wild-type Tcf3 (Kim et al. 2000). Therefore, in the
absence of a Wnt/Wingless signal, the association of re-
pressor proteins with Tcfs can in some instances repress
the function of genes regulated by Tcf/Lef-binding sites.

Most studies in mammals have emphasized the trans-
activating powers of Tcf/Lef proteins. Mutations that
lead to constitutive stabilization of B-catenin are associ-
ated with a stunning variety of tumors, including those
of the hair follicle (Chan et al. 1999; Roose and Clevers
1999). Even in situations such as this, however, repressor
actions of Tcf complexes have been described. Therefore,
for example, in a human colon cancer line, even though
the levels of stabilized B-catenin are high and lead to
Tcf4—B-catenin transactivation of proliferation-associ-
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ated genes, the cells also produce a truncated form of
Tecfl that is unable to bind B-catenin, and in turn causes
the attenuation of Tcf4-mediated target gene transcrip-
tion (Roose et al. 1999). This repressor feedback mecha-
nism explains why Tcf1~/~ mice develop intestinal and
colon neoplasms that have superactivated Tcf4—B-
catenin complexes (Roose et al. 1999). Naturally occur-
ring, alternatively spliced forms of LefI transcripts have
also been described (Hovanes et al. 2000, 2001). This
raises the possibility that such forms might act as repres-
sors in normal developmental processes, affording an ad-
ditional mechanism by which Tcf/Lef proteins might
mediate repression of genes regulated by Tcf/Lef-binding
sites.

The skin expresses several members of the Tcf/Lef
family as well as a number of Wnts (van Genderen et al.
1994; Zhou et al. 1995; Millar et al. 1999; St. Jacques et
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al. 1998; DasGupta and Fuchs 1999). The skin epithe-
lium is derived from multipotent stem cells, which in
the adult, reside in a region of the outer root sheath
(ORS) of the follicle known as the bulge (Taylor et al.
2000; Oshima et al. 2001). These stem cells display dif-
ferentiation properties similar to those of the ORS. The
stem cells, however, change these properties as they dif-
ferentiate and give rise to the epidermis, sebaceous
gland, and the rest of the hair follicle (Fig. 1A).

Stem cells of the skin express Tcf3 (Fig. 1C; DasGupta
and Fuchs 1999). In the majority of these cells, B-catenin
appears restricted to cell borders (Fig. 1C, inset). The
cells that exit the bulge and migrate upward to populate
the epidermis and sebaceous gland lose Tcf3 expression.
At the start of the hair cycle, as the mesenchymal dermal
papilla cells come into contact with the bulge, a down-
growth from the bulge (called the secondary hair germ)
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Figure 1. Expression of Tcf3, Lefl, nuclear B-catenin, and TOPGAL activity in the hair follicle. (A) Structure of the hair follicle. (B)

The bulb region of an anagen hair follicle. Double immunofluorescent staining of Lefl (red in B, B’) and B-catenin (green in B’) showed
that B-catenin is present at cell borders in all cells of the hair follicle, but nuclear B-catenin localization is apparent only in the
precortex cells, which contain nuclear Lefl. (B'’) X-gal staining of TOPGAL transgenic mice showed that activation of this reporter
construct was associated with the colocalization of nuclear B-catenin and Lefl. (C) Immunofluorescent staining of Tcf3 with a mouse
monoclonal antibody (green; large panel) showing prominent staining in the bulge with staining extending to the ORS. (C, inset)
Double immunofluorescent localization of Tcf3 with a guinea pig polyclonal antibody (red) and B-catenin (green) showed Tcf3 present
in bulge and ORS cell nuclei and B-catenin present primarily at cell borders. (D-F) The bulge region of the hair follicle during the hair
cycle. (D) X-gal staining of a TOPGAL single transgenic hair follicle showed the activation of the reporter in a small number of bulge
cells (arrowheads). (E) In TOPGAL/K14-ANBcat double transgenic hair follicles, most bulge cells of the hair follicle displayed TOPGAL
activity. (F) Immunofluorescent staining of Lefl in skin sections from K14-ANBcat mice. Note that Lefl protein was up-regulated in
the bulge region and secondary hair germ of K14-ANpcat skin. (precx) Precortex; (DP) dermal papilla.
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represents the first signs of the regrowth of the “cycling
segment” of the hair follicle (Fig. 1A). Cells that stream
from the bulge partition into those that maintain Tcf3
expression, which then go on to form the ORS of the
follicle, and those that switch from Tcf3 to Lefl, which
then go on to form the transiently amplifying matrix
cells that produce the inner root sheath (IRS) and the hair
(see Fig. 1A; DasGupta and Fuchs 1999). Concomitant
with the differentiation of matrix cells to hair cells,
B-catenin and Lefl concentrate in the nucleus (Fig. 1B).
In transgenic mice, these events coincide with the in-
duction of the Lefl/Tcf reporter gene (TOPGAL: Lefl/
Tcf optimal promoter-B-galactosidase), suggesting that
the hair-specific lineage may be controlled by Wnt sig-
naling and the transactivation of Lefl-regulated genes
(Fig. 1B’’; DasGupta and Fuchs 1999).

The functional significance of Lefl and B-catenin to
hair follicle morphogenesis is supported by the fact that
Lef17/~ mice display a paucity of hair follicles (van Gen-
deren et al. 1994). Moreover, when the keratin 14 (K14)
promoter, active in the epidermis, ORS and bulge, was
used to express Lefl in transgenic mice, hair germ-like
invaginations were detected in the epidermis (Zhou et al.
1995). When a constitutively stable form of B-catenin
(AN87Bcat) was expressed under the control of the same
K14 promoter, hair follicle morphogenesis and hair dif-
ferentiation occurred in cells derived from the epidermis,
ORS, and bulge (Gat et al. 1998). Lefl expression coin-
cided with hair differentiation in these mice (Gat et al.
1998). Taken together, these findings suggest that Lefl
and B-catenin are transactivators necessary for manifes-
tation of the hair cell fate.

Given the importance of Lefl and B-catenin in hair
differentiation, we investigated what the role of Tcf3
might be in this regard. In examining the Tcf3 positive
bulge compartment and ORS at different stages of the
hair cycle, TOPGAL activity appeared silent. At the start
of the hair cycle, however, one or two bulge cells of most
follicles displayed signs of TOPGAL activity (examples
shown in Fig. 1D). In mice expressing high levels of sta-
bilized B-catenin (K14-ANS87Bcat; Gat et al. 1998) in the
bulge, many more stem cells activated TOPGAL specifi-
cally at the start of the cycle (Fig. 1E). Intriguingly, this
induction occurred concomitantly with the appearance
of Lefl in these stem cells and in the matrix cells of the
hair germ that formed (Fig. 1F). These findings suggest
that the signal that initiates each hair cycle may have an
impact directly on changes in Tcf3/Lef1 gene expression
and also on the activity of genes that are regulated by
Tcf/Lef proteins.

The largely distinctive patterns of TOPGAL and Tcf3
activity also suggested that Lef/Tcf target genes may of-
ten be repressed or inactive when Tcf3 is expressed. To
explore further the underlying significance of Tcf3 ex-
pression in the stem cells and the potential importance
of changes in Tcf/Lef-mediated gene expression to other
programs of differentiation in keratinocytes, we exam-
ined the behavior of Tcf3 and Lefl on Lefl/Tcf-regulated
genes in keratinocytes in vitro and on stem cell differ-
entiation in transgenic mice. We also explored the be-
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havior of Tcf3 and Lefl when their B-catenin-binding
domains are missing, thereby crippling their ability to
transactivate genes in response to Wnt signaling. Our
data suggest that Tcf3 and ANTcf3 function as repres-
sors, Lefl functions as an activator, and ANLefl acts to
interfere with Lef/Tcf activator function. These behav-
iors manifest themselves in remarkable alterations in
the differentiation pathways taken by the stem cells
when various Lefl/Tcf3 transgenes are expressed.

Results

In cultured primary keratinocytes, Lefl and Tcf3
exhibit different activities that cannot be explained
by their ability to associate with and localize
B-catenin to the nucleus

To express Tcf3 and Lefl in skin epithelial cells, we en-
gineered the vectors shown in Figure 2A. The K14 pro-
moter/enhancer is active in primary cultured keratino-
cytes, in multipotent embryonic skin epithelium, in the
stem cell compartment (bulge) of adult skin and its ORS
and epidermal progeny (Vasioukhin et al. 1999). Because
in vivo and in vitro, the skin epithelia are derived from
keratinocytes in which the K14 promoter/enhancer is
active, it was optimal for assessing the consequences to
stem cell differentiation when Tcf3 and/or Lefl expres-
sion are altered. For comparative purposes, we engi-
neered mammalian Lefl/Tcf3 cDNAs to either encode or
not a myc epitope tag at the amino terminus of the pro-
tein. Immunoblot analyses with an anti-myc antibody
revealed roughly comparable levels of expression of all
transgene products (data not shown). Both in vitro (these
data) and in vivo (see below), the addition of the epitope
tag did not appear to affect the activity of the proteins or
their stability.

To verify that any inhibitory effects of Tcf3 would be
attributable to its ability to bind DNA, we used a mutant
form of Tcf3 (designated Tcf3*) harboring L383P and
P4071 mutations in the HMG DNA-binding domain (Fig.
2A). Flanking an «a-helix required for high-affinity DNA
binding, these key residues are thought to stabilize the
contacts made with the minor groove of the DNA (Love
et al. 1995). We confirmed this by using an electropho-
retic mobility-shift assay (EMSA) performed with lysates
from bacteria expressing either wild-typeTcf3 HMG or
Tcf3* HMG (amino acids 331-427) (Fig. 2B). The Tcf3*
mutation did not affect protein stability or interaction
with B-catenin, as judged by SDS-PAGE of the expressed
proteins (Fig. 2B, bottom), and like Tcf3, Tcf3* elicited
nuclear localization of an epitope-tagged version of one
of the Groucho proteins (Grg5) when coexpressed in ke-
ratinocytes (data not shown; see mouse data below).

Keratinocytes were cotransfected with the TOPFlash
(Tcf Optimal Promoter + luciferase) reporter plasmid and
K14-Lefl, K14-Tcf3*, and K14-Tcf3. Under normal con-
ditions, that is, in the absence of exogenous B-catenin,
Tcf3 repressed whereas Lefl stimulated the basal level of
TOPFlash activity in primary human keratinocytes (Fig.
2C). When cotransfected with K14-AN87@cat to deliver
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Figure 2. In keratinocytes, Tcf3 and Lefl have different effects on target gene activation and on nuclear localization of B-catenin. (A)
Schematic diagrams of constructs illustrating key protein domains of Tcf3, Tcf3*, and Lefl. The a-helical DNA-interacting segment
is denoted in blue and the mutated amino acids in Tcf3* are indicated in red. The two CtBP-binding motifs in the carboxyl terminus
of Tcf3 and Tef3* (PLSLT and PLSLV) are inidicated. (Int.) Intron; (myc) myc-epitope tag; (B) B-catenin-binding domain; (Grg) Grg-
binding domain; (CtBP) CtBP-binding region. (B, top) EMSA using recombinant 6xHisTcf3 HMG and 6xHisTcf3* HMG proteins.
Recombinant Tcf3 HMG retarded the mobility of the 32P-labeled TCR« oligo in a concentration dependent manner, whereas Tcf3*
HMBG did not bind the DNA. (B, bottom) Western blot using anti-pentaHis monoclonal antibody to detect the Tcf3 HMG and Tcf3*
HMG at the concentrations used for the EMSA. (C) Primary human keratinocytes were transfected with TOPFlash reporter, the
indicated Lefl/Tecf3, and either empty vector (open bars) or K14-ANBcat (solid bars, inset). Values represent the average of duplicate
transfections +/- standard deviation, and this graph is a representative from three separate experiments. Tcf3 repressed TOPFlash
activation, whereas Lefl activated it. Tcf3* had no major effect on TOPflash activity. (D-G) Keratinocytes grown on coverslips were
transfected with either K14-Tcf3 (D,E) or K14-Lefl (F,G), given high Ca** to induce junction formation, and processed for immuno-
fluorescence to detect endogenous B-catenin (green) and transfected Lefl or Tcf3 (anti-myc; red). Note endogenous B-catenin was
restricted to the junctions in nontransfected and Lefl transfected cells; note also that in Tecf transfected cells, B-catenin also displayed
nuclear localization.
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high levels of stable B-catenin, however, both Lefl and
Tcf3 stimulated TOPFlash activity (Fig. 2C, inset). The
repressor and activator activity of mouse Tcf3 was de-
pendent on its ability to bind DNA, as judged by the
inactivity of Tcf3* in these assays (shown) and as judged
by the failure of the proteins to transactivate or repress
FOPFlash, containing mutations in the DNA-binding
sites (data not shown; see Molenaar et al. 1996; Das-
Gupta and Fuchs 1999). These data with mouse Tcf3 are
consistent with those of Molenaar et al. (1996), who
showed that high levels of B-catenin could activate
Xenopus Tcf3 in cultured B cells.

To determine whether the results reflected an in-
creased efficiency of Lefl over Tef3 to bind to and/or
localize B-catenin in the nucleus, we processed transfec-
tions for immunofluorescence microscopy. Unexpect-
edly, (B0% of Tcf3-expressing keratinocytes displayed
nuclear anti-B-catenin staining (Fig. 2D,E) under condi-
tions where <20% of Lefl expressing cells showed dis-
cernable nuclear staining (Fig. 2F,G). In cells cotrans-
fected with K14-ANS87Bcat (Gat et al. 1998), nuclear
B-catenin was seen in most cells expressing either Lefl
or Tcf3 (data not shown). Therefore, although Lefl was
the more potent transactivator, Tcf3 was more efficient
at concentrating B-catenin in the nucleus. To convert
Tcf3 from a repressor to a transactivator in keratino-

Figure 3. Expression of K14-Tcf3, K14- A Wi
Tcf3*, and K14-Lefl in transgenic mice.

(A) Western blot analysis of total skin pro-  WB:

tein from transgenic mice. Equal levels of myc

protein extracts were resolved by 7% SDS-
PAGE gel, and transgene products were de-
tected by anti-myc monoclonal antibody.
(B-E) Double immunofluorescent staining
of newborn mouse back skin sections.
Mouse anti-myc (green) was used to detect
transgene expression and rabbit anti-K5
(red) used to highlight the basal layer of
the epidermis and the ORS/bulge. Note
that transgenic protein was stable even in
suprabasal layers (arrowheads). The bro-
ken lines demarcate dermal-epidermal
boundaries.  (F-H) Localization  of
B-catenin in newborn back skin sections.
(F) B-catenin (green) was restricted to the
cell borders where it colocalized with E-
cadherin (red) in wild-type epidermis. (G)
Double immunofluorescence using anti-@-
catenin (green) and anti-Tcf3 (red) antibod-
ies shows colocalization of Tcf3 and
B-catenin in epidermal nuclei (arrow-
heads) of K14-Tcf3 transgenic mice. (G,
inset) Nuclear localization of B-catenin
(green; arrowheads) was distinct from cell
borders identified by E-cadherin staining
(red). (H) Double immunofluorescent
staining using anti-B-catenin (green) and
anti-Lefl (red) antibodies shows that trans-
genic expression of Lefl did not appear to
cause nuclear localization of B-catenin in
K14-Lefl mice.
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cytes, very high concentrations of B-catenin seemed to
be required, perhaps to titrate out or compete with some
negative regulator in Tcf3 activation. Immunofluores-
cence staining with a panel antibody showed nuclear lo-
calization of the Groucho repressor proteins (data not
shown; see in vivo data below).

Tcf3 and Tcf3* both translocate endogenous B-catenin
in nuclei of transgenic mouse epidermis, ORS,
and bulge, but only Tcf3 affects skin function

Normally, Tcf3 is restricted to the stem cells and the
lower ORS, but is down-regulated during upward migra-
tion of cells from the bulge to the upper ORS and basal
layer of the epidermis (DasGupta and Fuchs 1999). To
examine the consequences of maintaining Tcf3 in this
compartment, we generated mice expressing the genes
shown in Figure 2A. To select mice for study that ex-
pressed comparable transgene expression levels, we used
the myc-epitope tagged genes after verifying that the
K14-Lefl myc-tagged transgene gave a comparable phe-
notype to that reported for the untagged K14-Lefl trans-
gene (for details, see Zhou et al. 1995).

A total of seven K14-Tcf3, two K14-Tcf3*, and two
K14-Lefl transgenic mice were born and determined to
express the epitope-tagged transgene products. Figure 3A




shows anti-myc immunoblot detections of representa-
tive examples for equivalent loadings of skin protein ex-
tracts. Of our Tcf3-expressing animals, some expressed
higher and some lower levels than the example shown.
Over a range of [10x, the phenotypes were comparable.
The sizes of the bands detected with the anti-myc anti-
body were as expected, with Tcf3 being considerably
larger (80 kD) than Lefl (b5 kD) (Zhou et al. 1995;
Pukrop et al. 2000). In both cultured epithelial cells and
transgenic skin, Tcf3* consistently migrated slightly
faster than Tcf3. Such variation in migration is relatively
common even with slight variations in protein se-
quences, although differences in posttranslational modi-
fications have not been ruled out.

Anti-myc antibodies did not detect the endogenous c-
myc protein present in skin (Fig. 3B). Anti-myc did de-
tect transgene expression, however, which in epidermis
was targeted to the basal layer but persisted in some
suprabasal layers, suggesting that the proteins were rela-
tively stable (Fig. 3C-E). In all cases, the transgene prod-
uct concentrated in the nucleus, consistent with the
nuclear localization sequences located in these HMG
proteins (Prieve et al. 1996). This was also true for Tcf3*,
suggesting that nuclear localization was not dependent
on the ability of the protein to bind DNA.

Consistent with our in vitro observations, endogenous
B-catenin was detected in the nuclei of Tcf3- but not
Lefl-expressing epidermis (Fig 3F-H). This behavior oc-
curred irrespective of the ability of Tcf3 to bind DNA
(data not shown). Nuclear export of B-catenin is regu-
lated, at least in part, by the binding of APC (Henderson
2000; Rosin-Arbesfeld et al. 2000). Because the associa-
tion of B-catenin with APC and Lefl/Tcf proteins is mu-
tually exclusive, it seems likely that this increase in
nuclear B-catenin reflects an increase in Tcf3-3-catenin
complexes. We did not pursue this, however, because we
later show that this localization is not relevant to the
Tcf3-mediated changes in differentiation program that
we observe.

In ORS (Tcf3+) and bulge (Tcf3+), K14-Tcf3 expression
has no apparent affect, but in epidermis (Tcf3-), it
suppresses barrier function and terminal differentiation

Transgenic mice expressing Tcf3 failed to thrive and
they either died or were sacrificed within 48 h after birth.
These features were not observed in the nontransgenic
littermates, nor were they characteristics of K14-Lefl or
K14-Tcf3* transgenic mice, all of which remained
healthy and fertile throughout life.

To explore the nature of the neonatal lethality, we
investigated the integrity of the skin and oral epithelia,
where the K14 promoter is active. Epidermis functions
as a barrier to maintain body hydration and exclude
harmful external agents. The barrier can be measured by
the ability of skin epidermis to exclude penetration of
dyes, such as 5-bromo-4-chloro-3-indoyl-g-D-galactopy-
ranoside (Xgal) (Hardman et al. 1998; Segre et al. 1999). In
wild-type littermates, the barrier initiated at embryonic
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day 16 (E16), and was complete by E18.5 (Fig. 4A,B; see
also Hardman et al. 1998). All the K14-Tcf3 transgenic
embryos examined failed to acquire barrier function by
E18.5 (Fig. 4C,D). This barrier defect did not appear to be
caused by a delay in development, because the Tcf3 em-
bryos were of normal size, had opened eyelids, and ex-
hibited a distinctive Zorro-like mask of blue dye not
characteristic of the normal developmental pattern of
barrier acquisition. Additionally, K14-Tcf3 embryos
were as large or larger than wild-type littermates.

The skin barrier is acquired by the process of epider-
mal terminal differentiation. On exhaustion of their pro-
liferative potential, basal cells exit the cell cycle, detach
from the underlying basement membrane and terminally
differentiate as they move toward the skin surface (Fuchs
1997). In transit, they undergo a series of transcriptional
changes, which culminate in the production of dead
cells. The cells consist of a proteinaceous sac, called the
cornified envelope, which encases densely packed kera-
tin filaments cemented by the protein filaggrin. These
cellular ghosts are physically sealed through lipids that
are secreted in the latter stages of the differentiation pro-
cess.

The inner layers, that is, the basal (BL) and spinous (SP)
layers, of wild-type and K14-Tcf3 epidermis appeared
morphologically similar (Fig. 4E,F). In contrast, late-
stage terminal differentiation was affected by Tcf3 ex-
pression. Wild-type granular layers (Gr) display promi-
nent keratohyalin granules composed of the large precur-
sor protein, profilaggrin. Late in differentiation,
profilaggrin is extensively processed to liberate filaggrin,
which then associates with and bundles keratin fila-
ments (for review, see Fuchs 1997). In K14-Tcf3 epider-
mis, keratohyalin granules were either attenuated or
completely absent (Fig. 4F, asterisks). Neither K14-
Tcf3* nor Kl4-Lefl skin displayed this defect (Fig.
4G, H), suggesting that the effect was dependent on both
the Lefl/Tcf member involved and its ability to bind
DNA. Similar defects were seen in the dorsal tongue
epithelium of K14-Tcf3 mice, perhaps explaining why
the K14-Tcf3 mice failed to feed.

Because the mice died shortly after birth, we were un-
able to assess the consequences of Tcf3 transgene expres-
sion to the hair cycle. However, no obvious abnormali-
ties were seen in either the morphology or the biochem-
istry of the early postnatal hair follicles (data not shown).
Therefore, rather than generate hair follicle-like struc-
tures as seen in Kl4-Lefl and K14-AN87Bcat mice
(Zhou et al. 1995; Gat et al. 1998), K14-Tcf3 appeared to
elicit defects in late-stage epidermal differentiation. To
some extent, the morphological characteristics of the
epithelium seen in K14-Tcf3-expressing mice resembled
those of the stem cell compartment (bulge) and the lower
portion of the ORS of the hair follicle, that is, the cells
that normally express Tcf3. Interestingly, although K14—
Tcf3 resulted in nuclear localization of B-catenin in both
ORS and bulge, no obvious abnormalities were detected
in these cells. Therefore, transgenic Tcf3 expression did
not appear to cause deleterious effects to the keratino-
cytes that naturally expressed Tcf3, but it did affect the
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Figure 4. Transgenic expression of Tcf3 perturbs epidermal barrier formation and late-stage epidermal differentiation. (A-D) Barrier
function assays. An endogenous B-galactosidase activity in embryonic skin allows for detection of permeability to small molecules
(i.e., Xgal). (A,B) Wild-type embryos acquire barrier function between E16.5-18.5 (Hardman et al. 1998). The dorsal-ventral progression
is characteristic of nontransgenic littermates. (C,D) Barrier formation in K14-Tcf3 was incomplete, even at E18.5. Note the Zorro-like
mask of blue staining and the opened eyelids. (E-H) Hematoxylin and eosin stained sections of newborn back skins of mice with
genotypes indicated in the upper right corners. Basal (Bl) and spinous (Sp) layers of the epidermis appear histologically normal in each
sample. The basophilic keratohyalin granules (brackets in E,G,H) are distinctly absent from the K14-Tcf3 epidermis (asterisks in F).

epidermal keratinocytes, which normally cease to ex-
press Tcf3 when they become committed to their epider-
mal fate.

Biochemical changes in K14-Tcf3 epidermis
are consistent with suppression of terminal
differentiation and promotion of features
characteristic of the bulge/ORS

As expected from the morphology of K14-Tcf3 skin, cell
proliferation markers (Ki67) and early markers of differ-
entiation (K5, K14, K1, and involucrin) were normal
(data not shown). Late stage markers, however, revealed
biochemical signs indicative of partial repression of epi-
dermal differentiation restricted to the K14-Tcf3 trans-
genic skin. Therefore, the paucity of keratohyalin gran-
ules was reflected by a marked reduction in anti-filaggrin
staining (Fig. 5A-D), and the major constituent of the
cornified envelope, loricrin, also appeared to be atypical
(Fig. 5E-H). Cornified envelopes were still made, how-
ever, and transglutaminase was expressed in K14-Tcf3
epidermis (data not shown). Taken together, these re-
sults suggest that expression of Tcf3, but not Lefl, sup-
presses some, but not all, aspects of late-stage terminal
differentiation in epidermis.

K5, K14, transglutaminase, and involucrin have been
identified as components of the ORS/bulge, as well as
epidermis. Therefore, we examined K17, a keratin whose
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expression is down-regulated in epidermis and elevated
in the ORS and bulge just before birth (Fig. 5I) (McGowan
and Coulombe 1998). In postnatal K14-Tcf3 epidermis,
K17 expression persisted (Fig. 5I-L). Similarly, K6 and its
partner K16, which are normally restricted to the inner
(suprabasal) layers of the ORS, were also induced (Fig.
5M-P). Analogous to its expression pattern in the ORS
and bulge, K6 was seen only in the suprabasal epidermal
layers. The induction of K6 and K17 expression in K14-
Tcf3 transgenic skin was not pronounced in K14-Tcf3*
or K14-Lef1 transgenic skin, suggesting its specificity for
Tcf3 expression. Taken together, the morphological and
biochemical data suggest that transgenic expression of
Tcf3 suppresses features characteristic of skin epithelial
cell types lacking Tcf3 (epidermis) and promotes those
typical of cell types expressing Tcf3 (ORS and bulge).

In keratinocytes, the repressive effects of Tcf3 are
dependent upon its Grg-interaction domain

XTcf3 interacts with at least two different repressor pro-
teins, CtBP and members of the Groucho family (Bran-
non et al. 1999; Brantjes et al. 2001}, making their mouse
homologs likely candidates to mediate mammalian Tcf3
repression of TOPFlash activity in keratinocytes. To in-
vestigate this possibility, we generated and tested Tcf3
mutants harboring deletions in the putative CtBP
(Tcf3AC), Grg (Tcf3AGrg), and B-catenin (ANTcf3) inter-
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Figure 5. The appearance of differentiation features characteristic of ORS/bulge in transgenic epidermis expressing Tcf3, but not Lefl
nor Tcf3*. Each panel (A-P) shows double immunofluorescent staining of newborn back skin sections from the mice with the genotype
indicated in upper right corner. Mouse anti-myc (green) staining was used to detect transgene expression, and rabbit polyclonal
antibodies (red) were used to detect filaggrin, loricrin, K17, or K6 as indicated. (A-D) Compared with the normal punctate pattern of
anti-filaggrin staining (red in A,C,D), filaggrin staining was less intense and more diffuse in K14-Tcf3 epidermis (B). (E-H) Compared
with the normal pattern of anti-loricrin staining (red in E,G,H) which is localized to cell borders and distinct from keratohyalin
granules, the loricrin staining of K14-Tcf3 epidermis was more intense and nearly uniform in suprabasal layers (F). (I-L) Expression
of K17 (red) was restricted to the ORS of nontransgenic (I), K14-Tcf3* (K), and K14-Lefl (L) newborn back skin. In contrast, K17 was
expanded to all layers of the epidermis in K14-Tcf3 mice (]). (M-P) K6 (red) was restricted to the inner layer of the ORS in non-
transgenic (M), K14-Tcf3* (O), and K14-Lefl (P) newborn back skin, but it was induced in suprabasal layers of the epidermis in
K14-Tcf3 (N) mice.

acting domains (Fig. 6). As judged by immunoblot analy- only modestly affected Tcf3-mediated repression of basal
ses, these and other mutant forms of Tcf3 and Lefl TOPFlash activity, Tcf3AGrg relieved repression. These
shown in Figure 6A were comparably expressed in cul- findings suggested that of the two, Grg interactions may
tured epithelial cells (data not shown). WhereasTcf3AC be more relevant in mediating Tcf3 repression in kera-
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tinocytes. Recent studies by Brantjes et al. (2001) have
shown that like Drosophila Groucho, mammalian
Groucho proteins associate with histone deacetylases
and with vertebrate Tcfs, thereby suggesting a mecha-
nism for the repressor activity observed here.

To further characterize the region of Tcf3 required for
repression and assess the basis for the difference in ac-
tivity between Lefl and Tcf3, we engineered and tested a
series of Lef1-Tcf3 fusion proteins for their effect on the
TOPFlash reporter (Fig. 6). When the majority of Tcf3’s
amino-terminal segment (321 or 341 amino acids) was
fused to the carboxy-terminal segment of Lefl including
the HMG domain (Fig. 6B, Fusions 1 or 2, respectively),
these hybrid proteins effectively repressed basal TOP-
Flash activity in a fashion similar to that of Tcf3AC.
With only part of the amino-terminal segment spanning
the Grg domain (183 amino acids), the Tcf3-Lefl hybrid
lost most of its ability to repress (Fig. 6B, Fusion 3). With
only 111 amino acids of Tcf3’s unique amino-terminal
segment, The Tcf3-Lefl hybrid protein behaved as a
transactivator (Fig. 6B, Fusion 4). Taken together, these
findings illuminated a marked difference in the segment
between the B-catenin and DNA-binding domains of
these proteins.

Additional insights were obtained when the Tcf3 mu-
tants and Tcf3-Lefl hybrids were coexpressed with the
ANS87Bcatenin. Although Tcf3AC and Tcf3 had repressed
basal TOPFlash activity to a similar degree, Tcf3AC did
not stimulate TOPFlash like Tcf3 did in the presence of
elevated levels of stabilized B-catenin (Fig. 6B, inset).
Therefore, in keratinocytes, the carboxy-terminal seg-
ment of Tcf3 seemed to be necessary to enable full-
length Tcf3 to activate target genes in the presence of
high levels of B-catenin. In the absence of the putative
Grg-interacting domain, this requirement was allevi-
ated, as Tcf3AGrg and the Tcf3-Lefl fusion proteins
lacking this segment of Tcf3 were able to transactivate
TOPFlash. Based on these data, it seems that in the pres-
ence of high levels of stabilized B-catenin, the carboxy-
and amino-terminal segments of Tcf3 interact either in-
directly or directly to adopt a conformation that does not
interfere with the B-catenin and/or HMG domain trans-
activating functions.

Finally, we examined the consequences to Tcf3 func-
tion on removal of its B-catenin-interacting domain
(Fig. 6B"’). In the presence of exogenous B-catenin,
ANTcf3 repressed TOPFlash activity below levels of
AN87Bcatenin alone.

The transdifferentiation seen in the epidermis
of K14-Tcf3 mice is dependent on the Groucho
interacting domain but not on the CtBP

or the B-catenin interacting domains

Our in vitro studies led to the hypothesis that in kera-
tinocytes, Tcf3 acts as a repressor and that this effect is
mediated primarily through the putative Grg-interacting
domain in the amino-terminal segment of the protein.
The induction of K17 and K6 and the nuclear localiza-
tion of B-catenin on Tcf3 expression in skin, however,

Transdifferentiation by Tcf3 and Lefl

left open the possibility that in vivo, Tcf3 might func-
tion as a transactivator. To evaluate this possibility, we
engineered transgenic mice expressing K14-Tcf3AC,
K14-Tcf3AGrg, and K14-ANTcf3 (Fig. 7A).

As predicted from our in vitro studies, the overall phe-
notype of K14-Tcf3AC transgenic mice was similar to
that of K14-Tcf3 mice. Two mice survived until postna-
tal day 3 and one died at postnatal day 4. Tcf3AC-ex-
pressing epidermis displayed a lack of keratohyalin gran-
ules in both newborn (data not shown) and four-day-old
mouse samples (Fig. 7B). In contrast, all five independent
K14-Tcf3AGrg founder animals survived to adulthood,
produced F; offspring, and displayed no apparent defects
in viability or fertility, although high expressing lines
did show an approximately one day premature opening
of eyelids. Tcf3AGrg-expressing mice also displayed nor-
mal skin morphology (Fig. 7C). Despite these differences
between Tcf3AC and Tcf3AGrg, transgene expression
levels were comparable (Fig. 7H,I; Coomassie and anti-
myc immunoblot of skin proteins).

The lack of keratohyalin granules in Tcf3AC-express-
ing skin was supported by the reduction in anti-filaggrin
and anti-loricrin staining observed in skin sections and
by the reduction in these proteins detected by immuno-
blot analyses with these antibodies (Fig. 7D-G,J,K). In
addition, as suggested by the bulge/ORS morphology of
K14-Tcf3AC epidermis, it displayed K17 and K6 staining
in patterns analogous to that noted for K14-Tcf3 trans-
genic epidermis (data not shown). In contrast, Tcf3AGrg-
expressing skin displayed normal staining and protein
expression patterns. The loss of K14-Tcf3 phenotype as-
sociated with mutation of the Grg-interacting domain
suggested that Grg proteins may exist in the skin and
contribute to the Tcf3-mediated abnormalities in epider-
mal differentiation. Consistent with this notion was the
fact that a panel antibody (pan-TLE) against mammalian
Grg proteins labeled the nuclei of wild-type epidermis
(Fig. 7L).

As we had observed previously for the Tcf3 and Tcf3*,
Tcf3AC and Tcf3AGrg expression resulted in the nuclear
localization of endogenous B-catenin (data not shown).
Because both Tcf3* and Tcf3AGrg transgenic mice ex-
hibited generally good health, the nuclear colocalization
of Tcf3 and B-catenin, per se, did not appear to be suffi-
cient to cause the phenotypic changes associated with
the K14-Tcf3 and K14-Tcf3AC transgenic mice. To as-
sess whether the B-catenin interaction domain of Tcf3
was necessary for manifesting the K14-Tcf3 phenotype
in vivo, we examined K14-ANTcf3 transgenic mice.
K14-ANTcf3 mice displayed open eyelids at birth, were
frail, and died or were sacrificed within a day. As shown
in Figure 7M, the morphology of the skin of these mice
was comparable to that seen in the K14-Tcf3 and K14-
Tcf3AC animals. Furthermore, K17 and K6 expression
were still seen in the K14-ANTcf3 skin (data not shown).
Taken together, it seems most likely that the activation
of genes associated with ORS/bulge differentiation in
Tcf3 transgenic epidermis arises indirectly from repres-
sion of Tcf3-regulated genes. A further understanding of
this process awaits identification of Tcf3 target genes.
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Figure 7. Repressor activity of Tcf3 is required for its potent effects in transgenic mice. (A) Schematic diagrams as described in the
legend to Fig. 2. (B,C) Hematoxylin and eosin stained sections of back skin. Note the lack of keratohyalin granules in K14-Tcf3AC
(asterisks in B) and the normal granular layer in K14-Tcf3AGrg (bracket in C). (D-G) Double immunofluorescent detection of transgene
protein (green) and either filaggrin (red; D,E) or loricrin (red; F,G). Note that defects in anti-filaggrin and anti-loricrin staining were even
more severe in K14-Tcf3AC skin than in K14-Tcf3 skin. Note normal staining in K14-Tcf3AGrg skin. (H-K) SDS-PAGE and Western
blot analysis of equal amounts of total skin protein extracts from 4-day-old nontransgenic, K14-Tcf3AC and K14-Tcf3AGrg mice. (H)
Coomassie-stained gel showing comparable loading of samples. (I) Anti-myc Western blot to illustrate levels of transgene expression.
(]) Anti-filaggrin Western blot. Note that mature filaggrin and proteolytically processed pro-filaggrin were decreased in K14-Tcf3AC
mice but were normal in K14-Tcf3AGrg mice. (K) Anti-loricrin Western blot confirming that loricrin levels were diminished in
K14-Tcf3AC mice but normal in K14-Tcf3AGrg mice. (L) Immunohistochemical detection of Grg proteins in nontransgenic epidermis
using a panTLE antibody that recognizes all known Grg/TLE proteins. Note that staining was restricted to nuclei and was more intense
in suprabasal layers compared with the basal layer. Anti-Grg antibody staining was also seen in the nuclei of cultured keratinocytes.
(M) Hematoxylin and eosin stained skin section from K14-ANTcf3 mouse. Note the lack of keratohyalin granules.

In the absence of the B-catenin-interacting domain,
transgenic Lefl blocks hair cell differentiation
and induces sebaceous cell differentiation in its place

Given that Tcf3 and ANTcf3 behaved similarly in vitro
and in vivo, we wondered whether Lefl might behave
similarly to Tcf3 when its ability to associate with
B-catenin was compromised. We first examined the dif-
ference in behavior of ANTcf3 and ANLefl on activation
of target genes in vitro. Because Lefl normally functions
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in hair follicle morphogenesis, and because the hair kera-
tin genes were shown previously to possess sequences
that bind to Lefl (Zhou et al. 1995), we used the pro-
moter/enhancer for one of these genes (mHK1a) driving
luciferase as a reporter. This gene is normally expressed
in the precortical cells that exhibit TOPGAL activity
and nuclear B-catenin localization (see Fig. 1).

As shown in Figure 8, necither Lefl nor B-catenin
(AN87Bcat) alone stimulated luciferase activity apprecia-
bly when transfected in cultured keratinocytes. Activity
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Figure 8. Activation of the mouse hair
keratin 1a promoter by Lefl and B-catenin.
Primary mouse keratinocytes were trans-
fected and processed as described in the
legend to Fig. 2, except HK1Flash, contain-
ing the mouse hair keratin la promoter/
enhancer, was used instead of TOPFlash.
B-catenin had little effect on the hair kera-
tin promoter unless cotransfected with
Lefl. Both ANLefl and ANTecf3 failed to
activate the promoter when cotransfected

Vector tefl Tcf3 ANLef1

levels rose nearly 80x, however, when Lefl and 3-catenin
were coexpressed. Tcf3’s effect on this promoter was
considerably less potent, and in this way, was similar to
what we observed with the artificial TOP promoter/en-
hancer (see Fig. 2). The mouse HK1a promoter/enhancer
was not activated by ANLefl or by ANTcf3, indicating
that most, if not all, of the transactivating potential of
Lefl and Tcf3 are dependent on the B-catenin binding
domain at the amino terminus of the protein.

We next engineered K14-ANLefl transgenic mice and
compared their phenotype with K14-ANTcf3 animals. In
striking contrast to the neonatal K14-ANTcf3 mice (see
Fig. 7M), young K14-ANLefl mice exhibited no obvious
epidermal defects or signs of ORS differentiation. These
animals survived well into adulthood (>9 mo), and ex-
hibited the characteristic thin epidermis of aging mice.
With age, however, the hair coat became increasingly
sparse. To be able to understand the basis for the defect
in K14-ANLefl animals, we traced the histological signs
of abnormalities back to a relatively early age, at approxi-
mately the start of the first postnatal hair cycle (3 wk).

On initiation of the normal hair cycle, a stream of new
cells emerges from the bulge stem cell compartment of
each follicle (Fig. 9A). This stream, referred to as the
secondary hair germ, soon progresses to form a mature
new hair follicle (Fig. 9B). Biochemically, nuclear
B-catenin localization coincides with hair keratin pro-
duction in the new follicle (Fig. 9C-E; B-catenin and hair
keratins in green, ORS keratin in red). This staining pat-
tern is analogous to that which occurs during the anagen
phase of the initial hair follicle (Fig. 1).

Whereas K14-ANLef1 follicles initiated their new hair
cycle and produced a new hair germ, they soon displayed
dramatic alterations in the process. Rather than a normal
follicle emerging beneath the bulge, large cysts appeared
(Fig. 9F). These cysts stained with oil red O, a typical
marker of differentiated cells within the sebaceous gland
(upper right inset). Despite their resemblance, the natu-

ANTCR with ANBcat.

ral sebaceous glands of the follicle always appear above
the bulge in normal follicles (Fig. 9A; see also 9G). As
shown in Figure 9, F and G, the oil red O-staining cells
that were specific to the ANLefl-expressing skin were
located at the tips of the new hair follicles. In older ani-
mals, these cysts became very large, until the point
where they visibly affected the skin surface and appeared
as bumps.

To further pinpoint the step in the hair cycle that was
defective in the younger ANLefl animals, we examined
hair follicles as they progressed through the cycle. As
judged by immunofluorescence, the crescent of nuclear
B-catenin-staining precortical cells still formed (Fig. 9H).
The cells that exhibit nuclear B-catenin are those that
also concentrate nuclear Lefl (see Fig. 1), and although
the K14 promoter is not active in these cells, they re-
tained ANLefl as judged by anti-myc staining (lower left
inset in Fig. 9F). Most notably, despite the presence of
nuclear B-catenin and Lefl in these cells, they did not
express the hair-specific keratin genes, as judged by the
lack of immunofluorescence seen with a panel hair kera-
tin antibody (Fig. 9, cf. I with E).

Taken together, these data showed that ANLefl
blocked the activation of hair-specific gene expression
and remarkably induced what appeared to be sebum pro-
duction. Because ANLefl did not exhibit transactivation
potential in our in vitro assays, we suspect that its effect
on sebum-producing genes is indirect, resulting from the
failure to activate certain key Lefl/B-catenin-regulated
proteins that normally prevent sebum gene expression.
The principle is remarkably similar to that argued for
ANTcf3. Whereas ANTcf3 promoted ORS/bulge differ-
entiation, however, ANLefl resulted in differentiation
more characteristic of sebum-producing cells. In reveal-
ing marked new differences in behavior of ANTcf3 and
ANLef1, these data further underscore the importance of
these factors in directing different stem cell lineages in
skin.
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Figure 9. KI14-ANLefl expression promotes sebocyte cell-fate during the hair cycle. (A-E) Secondary hair germ growth in wild-type
littermate. (A) Hematoxylin and Oil Red-O stained section of tail shows a primary hair follicle with sebaceous glands (SG; red stain)
and secondary hair germ extending below the club hair. (B) Hematoxylin and eosin stained section shows the formation of the
developing new follicle, replete with matrix surrounding the dermal papillae (DP), and a discernable outer root sheath (ORS). (C)
Immunofluorescent staining using a B-catenin antibody showing nuclear accumulation of B-catenin (arrowheads) in cells that formed
a crescent around the dermal papilla (DP); note that the demarcation between matrix and precortex is not yet complete, but the ORS
is already distinct. (D) Similar stage to panel B, revealing more prominent nuclear B-catenin in precortex (precx) and more diffuse
staining in matrix (mx). (E) Double immunofluorescent detection of K5 (red) and hair keratin (AE13; green) indicates precortex (precx)
formation in the region containing nuclear B-catenin; Hair keratins are extremely stable and can also be seen in the hair shaft,
containing dead hair cells (see club hair). (F-I) Abnormal cell fate determination in K14-ANLefl skin. (F) Hematoxylin and eosin
stained section from the toe of a K14-ANLefl mouse shows the formation of vacuous structures encased by the epithelial cells of the
secondary hair germs. (F, top inset) Hematoxylin and Oil Red-O staining of back skin sections show that the vacuous structures
appeared to be filled with sebum, as judged by the fact that they accumulate Oil Red-O stain. (F, bottom inset) Immunofluorescent
staining for transgene product (anti-myc) shows that it is present in the crescent of secondary hair germ (HG) cells that abut the dermal
papilla (arrowheads). (G) Hematoxylin and Oil Red-O staining of tail follicles shows the presence of oil-producing cells (arrow) at the
base of the newly developed follicle, which is replete with an outer root sheath (ORS), but lacks hair structures. Note also the
oil-producing cells of the sebaceous glands (SG), similar to those seen in A. (H) Immunofluorescent staining for B-catenin shows that
nuclear B-catenin is still found in the crescent of cells surrounding the dermal papilla (DP). At this stage, the secondary hair germ is
similar to that seen in the wild type (cf. with C). (I) Anti-K5 and AE13 double staining of developing secondary follicle. Note that the
cells surrounding the dermal papilla formed, but they did not give rise to hair keratin-expressing cells, as judged by the absence of AE13
staining. In the place of the hair shaft are differentiated cells (*) that appear to be the ones that stain with Oil Red-O.

Discussion stem cells of the bulge and in the lower ORS (DasGupta
Lefl and Tcf3 are found in distinct epithelial cell com- and Fuchs 1999). In this study, we discovered that the
partments of the skin that display contrasting biochemi- two proteins have distinct effects on cell fate when
cal properties. Lefl is abundant in the hair-producing transgenically expressed in the skin epithelial stem cells,
progenitors of the follicle, whereas Tcf3 resides in the and in their ORS and epidermal progeny. Lefl behaved as
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a transcriptional activator and promoted hair follicle dif-
ferentiation in response to Wnt signals that stabilize
B-catenin (van Genderen et al. 1994; Zhou et al. 1995;
Gat et al. 1998; Millar et al. 1999). Inhibition of the Wnt
response blocked hair differentiation and promoted se-
baceous cell differentiation, underscoring the impor-
tance of Wnt signaling and B-catenin stabilization to the
pilosebaceous unit of the skin.

In contrast, Tcf3 inhibited certain features of epider-
mal differentiation while promoting other differentia-
tion features characteristic of the bulge and ORS. In ORS
and bulge that normally express Tcf3, transgenic Tcf3
had no obvious morphological effects, despite yielding
nuclear localization of B-catenin in these cells. We found
that in striking contrast to Lefl, Tcf3’s behavior did not
rely on Wnt signaling and B-catenin stabilization:
ANTcf3 and Tcf3 rendered similar phenotypes in our
animals. These data suggest that the status of Tcf3 ac-
tivity in the epidermis, ORS, and bulge influences these
pathways of skin epithelial differentiation and in these
cells, Tcf3-regulated genes may not require Wnt signal-
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B-catenin
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Stem
Cell

Hair Cycle
Signals
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ing. Figure 10 outlines a model based on the results re-
ported in this paper.

In keratinocytes in vitro, Tcf3 seemed to act as a tran-
scriptional repressor in the presence of the appropriate
cofactors. The transdifferentiation effects of Tcf3 in the
epidermis in vivo appeared to be dependent on the ability
of Tcf3 to bind DNA and to interact with the Groucho
family of repressor proteins. They were not dependent on
the carboxy-terminal domain of Tcf3, thought to associ-
ate with CtBP repressor proteins, and as indicated above,
they did not rely on the amino terminus of Tcf3, known
to bind B-catenin. Based on these findings, the data sup-
port the argument that in vivo as in vitro, Tcf3 acts as a
repressor in keratinocytes. A role for Tcf3 as a transcrip-
tional repressor in mammals is consistent with its func-
tion in other model organisms and the involvement of
Groucho proteins in this action is consistent with the
fact that mammalian Groucho proteins can interact with
histone deacetylases (Brantjes et al. 2001). Given the par-
allels between the differentiation seen in the epidermis
of K14-Tcf3 transgenic mice and that which occurs in

/'

- il

WNT

Block on WNT

-

~(ANLef1)

Figure 10. Model suggesting roles of Lefl and Tcf3 in controlling cell fate in the skin stem cell lineage. Each large circle represents
a different cell type arising from the stem cell. The color of sectors in the center of the inner circles represents nuclear localization
of Lefl, Tcf3, or B-catenin as indicated by the legend. The outer ring represents the cytoplasm and the status of TOPGAL activity in
each cell type (blue: ON). See text for detailed description of events depicted. Note that in the model, Tcf3 is associated with
maintaining stem cell and ORS cell fate, and Lefl and B-catenin promote hair cell fate. Blocking a Wnt signal response (Lef1-B-catenin
activation) through ANLefl expression allows induction of sebocyte cell fate during the hair cycle. Note also that it remains unclear
whether Tcf3—B-catenin and/or Lefl-B-catenin complexes are responsible for the hair cycle-dependent induction of TOPGAL activity

in the bulge cells.
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the bulge and ORS of naturally Tcf3-positive cells, it
seems likely that both in the wild-type hair follicle and
in the K14-Tcf3 transgenic epidermis, Tcf3 functions
similarly.

Although our in vitro mutagenesis studies did not sup-
port a role for CtBP in Tcf3-mediated repression, they did
uncover a role for a potential interaction between pro-
teins that associate with Grg and CtBP domains that
may be similar to that seen for the Hairy protein, re-
quired for embryonic segmentation in Drosophila (Poor-
tinga et al. 1998; Zhang and Levine 1999). Hairy protein
physically interacts with both dCtBP and Groucho pro-
teins, and whereas Groucho mutations enhance defects
in hairy mutants, reduced dCtBP activity suppresses de-
fects in hairy mutants (Phippen et al. 2000). In mamma-
lian keratinocytes, the Grg-interaction domain of Tcf3
was required for repression, and the CtBP-interaction do-
main was required for B-catenin mediated activation of
TOPFlash. Interestingly, we also observed the converse,
namely that the CtBP-interaction domain was not re-
quired for repression, and the Grg-interaction domain
was not required for B-catenin-mediated activation.
These data suggest a model in which CtBP moderates a
competition between B-catenin and Grg proteins to de-
termine whether Tcf3 will activate or repress target
genes. Consistent with this model is the recent finding
that CtBP can act either as a coactivator or as a corepres-
sor when tethered to DNA, depending on the cell type in
which it is expressed (Phippen et al. 2000). Therefore,
differences in CtBP levels/activity could explain why in
culture the behavior of Tcf3 was markedly influenced by
B-catenin levels.

The apparent differences in the way in which Tcf3 and
Lefl interact with various repressor proteins in vitro
may explain the in vivo differences observed in the be-
havior of ANTcf3 and ANLefl. In this regard, it was no-
table that whereas ANTcf3 suppressed features of epider-
mal differentiation and promoted aspects of ORS/bulge
differentiation, ANLefl showed no obvious effects on
epidermis. This result leads us to conclude that either
the nontransactivating effects of Lefl are distinct from
those of Tcf3 or they are considerably milder. At present,
we have no unequivocal resolution to this issue, but the
results could be explained if ANTcf3 acts to repress
genes in keratinocytes in vivo, whereas ANLefl is only
able to block transactivation. The differential behavior
between the Groucho-interacting domains of Lefl and
Tcf3 in vitro provides a starting point for future studies
needed to assess the extent to which this might be the
case.

Our findings also indicated that both in vitro and in
vivo, Lefl uses B-catenin interactions to transactivate
the expression of genes encoding hair-specific keratins
and presumably some other factors involved in promot-
ing the hair cell fate. In the presence of amino-terminally
truncated Lefl, hair keratin gene expression and hair cell
differentiation was quantitatively blocked. Unexpect-
edly, however, ANLefl expression not only blocked hair
cell production but resulted in transdifferentiation of
these cells into sebum-producing cells. This finding pre-
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dicts the existence of other key differentiation factors
that must be controlled by Lefl complexes in matrix
cells when the steps that are downstream of B-catenin
stabilization in the Wnt signal transduction pathway are
blocked. At least one of these genes seems to encode a
protein that converts the hair-producing cell to a sebum-
producing cell. Whereas ANLef1-related interference of
Tcf3-mediated repression may contribute to the transdif-
ferentiation observed, it also may be relevant that in tis-
sue culture, preadipocytes and myoblasts can both dif-
ferentiate into adipocytes when Wnt signaling is inhib-
ited (Ross et al. 2000). Adipogenesis shares a number of
similar features to sebocyte differentiation, making the
parallels quite striking. An additional observation that
also may have bearing on our finding is that the Lef1
gene encodes multiple mRNAs, some of which are likely
to produce Lefl proteins similar to the ANLefl that we
describe in this paper (Hovanes et al. 2000, 2001). That
these forms are expressed in the natural sebaceous gland
cells of the skin seems likely and awaits future investi-
gation.

In summary, our overall findings argue that Lefl,
ANLefl, and Tcf3 all have their greatest impact on con-
trolling genes that orchestrate the differentiation status
of keratinocytes. Although some of these genes, for ex-
ample, the hair-specific keratin genes, seem to be acti-
vated directly through Lefl complexes that are depen-
dent on B-catenin and Wnt signaling, other genes, such
as those controlling ORS/bulge and sebocyte differentia-
tion, seem to require nontransactivating functions of
Lefl/Tcf3. The dramatically different effects of trans-
genic Tcf3 and Lefl (and their various mutant forms) on
the cell fate of the stem cells suggests a functional im-
portance for the down-regulation of Tcf3 (epidermis), the
maintenance of Tcf3 (lower ORS), and the switch from
Tecf3 to Lefl (in matrix cells) as normal stem cells exit
the bulge and migrate to their appropriate destinations in
the skin. In the future, as target genes for these protein
complexes are identified, the complex regulatory path-
ways that lead to lineage progression should begin to
unfold.

Materials and methods

Plasmid construction

Molecular biology techniques were performed according to con-
ventional protocols (Ausubel et al. 2000). All constructs made
with PCR were sequenced to verify their authenticity.

The K14-BG expression cassette (Gat et al. 1998) was used for
construction of K14-Tcf3* and its derivatives. The myc-tagged
mTcf3* ¢cDNA was purified as a blunted EcoRV-BgIII fragment
from pCDNA3-myc-mTcf3* (a kind gift of Dr. Hans Clevers,
University Hospital, The Netherlands) and ligated into BamHI
(blunted)-cut K14-BG cassette. To make K14-Tcf3, a fragment
encoding the mTcf3 HMG domain was amplified from newborn
mouse epidermal cDNA, which was used to correct the mutated
region of mTcf3*. To make K14-Tcf3AC, PCR primers were
used to place a stop codon after nucleotide 1491 of mTcf3
cDNA, thereby encoding a truncated version of the protein. To
make Tcf3AGrg, an artificial BssHII site was inserted before



nucleotide 957 of mTcf3 ¢cDNA, and a subsequent digestion
with BssHIT and Pmll and ligation into BssHII-PmlI-digested
K14-Tcf3 resulted in a cDNA encoding an in-frame deletion of
amino acids 143-318 of mTcf3. To make K14ANTcf3, a PCR
product placing a Sacll site at the 5’ end of a truncated Tcf3
c¢cDNA was cloned into Sacll-Dralll digested K14-Tcf3 such
that the amino-terminal 71 amino acids of Tcf3 were deleted.

The construction of the K14-Lefl expression plasmid with a
myc-epitope tag at the 5’ end of the human Lefl ¢cDNA used the
K14-BG-hLefl plasmid described previously (Zhou et al. 1995).
PCR primers were used to make a hLefl fragment with a myc-
epitope tag at its 5’ end. The tagged hLefl region was digested
with Xhol and EcoRI and used to replace untagged hLefl se-
quence from Xhol-EcoRI (partial)-digested K14-BG-hLefl. The
K14-ANLef1 construct was made by PCR amplifying the hLefl
sequence encoding amino acid 63 onward, using primers placing
a BamHI site and myc-tag at the 5’ end of the truncated hLefl
cDNA.

To construct the mTcf3/hLefl fusion protein expression plas-
mids, the K14-Lefl and K14-Tcf3 plasmids were used as tem-
plates. For fusion 1, the 3’ end of mTcf3 was replaced with the
3’ end of hLefl by replacing a PmlI (base pair 1021 of mTcf3)-
HindIII (cuts 3’ of polyA in K14-BG cassette) deletion of K14—
Tcf3 with a PmlI (base pair 841 of hLef1)-HindIII fragment from
K14-Lefl. For fusion 2 and fusion 3, a PCR gene stitching
method was used in which recombinant hLefl-mTcf3 PCR
products were digested with BssHII and Pmll, and ligated into
BssHII-PmlI-digested K14-Tcf3. For fusion 4, the 5 end of
hLefl was deleted from K14-Lef1 by digesting with Mfel (cuts 5’
of myc-epitope tag) and Xhol (base pair 324 of hLefl; blunted),
and it was replaced with the 5 end mTcf3 with a Mfel-Asp718
(base pair 353 of mTcf3; blunted) from K14-Tcf3.

To construct bacterial expression plasmids for the HMG do-
mains of Tcf3 and Tcef3* proteins, PCR primers were used to
amplify base pairs 991-1281 from either K14-Tcf3 or K14-Tcf3*
templates. PCR products were digested with BamHI and Xhol
and ligated into BamHI-Xhol-cut pTRIEX (Novagen) such that
the 6xHis tag of the pTRIEX vector was in-frame with the HMG
domain encoding PCR product. The HK1Flash plasmid was con-
structed by removing the 3.5-kb fragment of the mouse hair
keratin la fragment from plasmid pmHK113.3.3R (Upjohn)
with EcoRI and inserting the blunted fragment into the Smal
site of pGL3 basic (Promega).

Generation and analysis of transgenic mice

Transgenic mice were engineered as described (Vassar et al.
1989). Genomic DNA was isolated from tail or toe samples of
mice and analyzed by PCR with primers specific for the human
K14 promoter. For histology of mouse skin, samples of dorsal
backskin were fixed overnight in freshly prepared 4% paraform-
aldehyde at 4°C, dehydrated, embedded in paraffin, and sec-
tioned for hematoxylin and eosin staining. Oil Red-O staining
was performed on frozen cryosections as described (Carson
1990).

Dye penetration assays

Dye penetration assays were performed as described (Hardman
et al. 1998; Segre et al. 1999). Embryos from timed pregnancies
were isolated at E16.5-17.5 for experiments with nontransgenic
mice. Transgenic embryos at E18.5 were compared with non-
transgenic littermates. Tails were removed for genotyping and
for determining levels of transgene expression, and embryos
were placed in a solution of containing X-Gal at pH 4.5. Em-
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bryos were allowed to incubate 5 h to overnight at 37°C, washed
in PBS, and post-fixed overnight in 4% PFA at 4°C.

EMSA

Protein was extracted from BL21 codon plus bacteria (Strata-
gene) transformed with Tcf3HMG or Tcef3* HMG constructs in
1x DNA-binding buffer (25 mM HEPES at pH 7.9, 75 mM KCl,
1 mM EDTA, 0.1% Nonidet P-40, 10% glycerol, 0.5 mM dithio-
threitol, 1x protease inhibitors; Boehringer), and levels of ex-
pression were determined by Western blot analysis using an
anti-pentaHIS antibody (QIAGEN). In standard 20 pL reactions
in 1x DNA-binding buffer, protein extracts were incubated with
1pg poly(dI-dC) and 1 uL 32P-labeled TCRalpha oligo (Waterman
et al. 1991) for 30 min at 4°C. The protein-DNA complexes
were resolved by gel electrophoresis on 5% polyacrylamide gels,
and band shifts were visualized on dried gels by autoradiogra-

phy.

Immunofluorescence and antibodies

For indirect immunofluorescent detection of proteins in mouse
backskin, the mouse on mouse kit (MOM kit; Vector Labora-
tories) was used according the manufacturers’ protocol with mi-
nor variations. All immunofluorescent staining was performed
on either 8-10-um frozen sections of back skin embedded in
OCT or 5 pm paraffin-embedded sections. Frozen sections were
fixed in 4% PFA, and antigens were visualized with FITC- or
TxR-conjugated secondary antibodies (Jackson Labs). All fluo-
rescent images were taken with a Zeiss LSM 410 system.

Primary antibodies used were mouse anti-myc tag (Invitro-
gen); rabbit anti-K5; rabbit anti-filaggrin (BAbCO); rabbit anti-
loricrin (BAbCO); mouse anti-B-catenin (Sigma); rat anti-E-cad-
herin (Zymed); rabbit anti-Lefl; guinea pig anti-Tcf3; rabbit
anti-K6 (BAbCO); rabbit anti-K17 (McGowan and Coulombe
1998); rabbit anti-TLE2 (Santa Cruz); and rat anti-PanTLE (Sti-
fani et al. 1992).

Cell culture and transient transfections

Primary human keratinocytes were grown in serum-free kera-
tinocyte growth media (Clonetics), and transfections were per-
formed only with cultures of five passages or less. Transfections
were performed with the Fugene (Roche) reagent according to
the manufacturers’ protocol, and 40 h after transfection cells
were harvested for luciferase assays (Promega Dual-Luciferase
Kit). Firefly luciferase values (TOPFlash) were standardized to
Renilla luciferase values (pRL-CMYV, or pRL-TK; Promega) to
account for differences in transfection efficiency between
samples. In addition, FOPflash or FOPGAL (DasGupta and
Fuchs 1999) was also cotransfected with expression plasmids to
ensure that TOPFlash values were dependent on the Lefl/Tcf-
binding sites in the promoter.
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