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Throughout life, intestinal Lgr5* stem cells give rise to proliferating transient amplifying cells in crypts, which subsequently
differentiate into one of the five main cell types and migrate along the crypt-villus axis. These dynamic processes are coordinated
by a relatively small number of evolutionarily conserved signaling pathways, which includes the Wnt signaling pathway. The
DNA-binding proteins of the T-cell factor family, Tcf1/Tcf7, Lef, Tcf3/Tcf711, and Tcf4/Tcf712, constitute the downstream effec-
tors of the Wnt signaling pathway. While Tcf4 is the major member active during embryogenesis, the role of these Wnt effectors
in the homeostasis of the adult mouse intestinal epithelium is unresolved. Using Tcfl ~'~, Tcf3"°%, and novel Tcf4"** mice, we
demonstrate an essential role for Tcf4 during homeostasis of the adult mouse intestine.

he epithelium of the small intestine and colon represents the

fastest self-renewing tissue in mammals. The murine small
intestine contains about 1 million invaginations, the crypts of
Lieberkiihn, which represent the proliferative compartments and
are scattered around the base of extrusions, the villi that are cov-
ered with differentiated epithelial cells. The colon has crypts but
no villi (reviewed in reference 26). Newly produced intestinal ep-
ithelial cells derive from Lgr5-expressing multipotent stem cells
(2). Each crypt base contains about 14 long-lived stem cells which
divide symmetrically every day (12, 40, 42). Recently, it has been
proposed that Bmil marks a reserve pool of stem cells residing at
position +4 (36, 43). However, by three-color single-molecule
fluorescent in situ hybridization, Bmil is found to be expressed in
all proliferative crypt cells, including the Lgr5" intestinal stem
cells (19). Indeed, Bmil-based lineage tracing can initiate in any
cell in the crypt, including in Lgr5 stem cells (43). Randomly, half
of the Lgr5™ daughter cells become transit-amplifying (TA) cells
which migrate upwards along the crypt-villus axis while dividing 4
to 5 times. The TA cells exit the mitotic cell cycle and differentiate
into one of the five main cell types: mucus-secreting goblet cells,
hormone-secreting enteroendocrine cells, antimicrobial peptide
and Wnt-secreting Paneth cells, hydrolase-secreting enterocytes,
and opioid-secreting Tuft cells. Enterocytes, goblet, enteroendo-
crine, and tuft cells continue migrating up the villus, whereas Pan-
eth cells migrate downwards to reside at the crypt base, where they
serve as niche cells to the Lgr5 stem cells (7, 8, 13). Upon reaching
the tips of the small intestinal villi, the cells undergo apoptosis and
are exfoliated into the lumen.

The structural and functional integrity of the intestine is largely
dependent upon a continuous and well-organized flow of the dif-
ferent cell lineages. The morphogenetic process and the acquisi-
tion of particular cell fates are coordinated by a relatively small
number of highly evolutionarily conserved signaling pathways,
including the canonical Wnt signaling pathway (reviewed in ref-
erences 9 and 50). This pathway has been shown to play a central
role in cell proliferation, differentiation, and stem cell mainte-
nance. Wnt signaling controls developmental fates through the
regulation of Tcf/Lef target genes via the dedicated coactivator of
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Wnt, B-catenin. In the absence of a Wnt signal, the cytosolic levels
of B-catenin are kept low by the destruction complex, which in-
cludes axin, adenomatous polyposis coli (APC), and glycogen
synthase kinase 33 (GSK3). This interaction induces phosphor-
ylation of B-catenin, resulting in its ubiquitination and degrada-
tion by the proteasome. In the absence of B-catenin, T-cell factor
(TCF) is thought to function as a repressor of Wnt target gene
expression. Upon Wnt signaling, the activity of the destruction
complex is inhibited and B-catenin is no longer degraded and
translocates to the nucleus, where it interacts with a member of the
TCF family (Tcfl, Lef, Tcf3, and Tcf4) to turn on the Wnt genetic
program.

Genetic studies have shown that canonical Wnt signaling plays
an essential role in regulating intestinal epithelial cell prolifera-
tion. Genetic alterations in APC, B-catenin, or axin lead to the
formation of intestinal adenomas as a result of deregulated nu-
clear accumulation of B-catenin and constitutive activation of
Wnt target genes associated with proliferation of epithelial cells
(22, 25, 29, 32, 37). Moreover, frameshift mutations or specific
gene fusions of Tcf712 are implicated in colorectal cancer (3, 17,
41). In neonatal mice lacking Tcf4, proliferative crypts do not
develop (23). In adult mice, the conditional deletion of 3-catenin
or the overexpression of the diffusible Wnt inhibitor Dickkopf 1
results in the complete block of cell proliferation (18, 24, 34).
Moreover, transgenic expression of R-spondin-1, a Wnt agonist
that acts through the Lgr4/5-Wnt receptor complex (10), results
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in a massive hyperproliferation of intestinal crypts (21). Simulta-
neous deletion of Lgr4 and Lgr5, the receptors for R-spondins,
leads to the demise of the crypts (10).

The Wnt-driven crypt gene program has been uncovered, and
the roles of individual Wnt target genes (including Ascl2, Lgr4/5,
EphB2/B3, frizzled-5, c-Myc, and Sox9) have been studied exten-
sively in transgenic mouse models (4, 5, 10, 28, 45, 47). Together,
these data provide clear evidence that in addition to proliferation,
the control of intestinal stem cell fate, stem cell maintenance, mat-
uration, and sorting of crypt epithelial cells depends on the correct
dosing of Wnt signals along the crypt axis.

The expression pattern of the different Tcf proteins during
adult gut development and homeostasis has been described pre-
viously (16). In the small intestine, Tcf4 is expressed along the
entire crypt-villus axis, while in the colon, Tcf4 expression is low at
the crypt base and high in the noncycling cells in the upper colonic
crypt (1, 16). In the adult small intestine, TcfI (itself a Wnt target
gene) is expressed at the bottom of the proliferating crypts and is
strongly upregulated in intestinal adenomas (16). Lefis expressed
in intestinal polyps, while in normal epithelium, Lef transcripts are
absent (16). In adult tissue, T¢f3 is mainly expressed in the prolif-
erative compartment of colon in a gradient inverse to that of Tcf4.
Of note, genetic data in other systems imply that T¢f3 primarily
functions as a transcriptional repressor in vertebrate embryos and
stem cells (20, 27). The aim of this study was to determine the role
of the different members of the Tcf family in adult intestinal tissue
homeostasis.

MATERIALS AND METHODS

Generation of floxed Tcf4 mice. Conditional Tcf4“*" mice were gener-
ated through homologous recombination in embryonic stem (ES) cells, as
depicted in Fig. S2 in the supplemental material. Both flanking arms were
generated by high-fidelity PCRs from male 129/Ola-derived bacterial ar-
tificial chromosome DNA and subsequently cloned into PL451. The tar-
geting construct (100 pg) was linearized and transfected into male 129/
Ola-derived IB10 ES cells by electroporation (800 V, 3 F). Recombinant
embryonic stem cell clones expressing the neomycin gene were selected in
medium supplemented with G418 (250 wg/ml). Approximately 200
recombinant embryonic stem cell clones were screened by Southern blot-
ting. About 10% of the isolated clones showed homologous recombina-
tion. Two positive clones were selected and injected into C57BL/6 mouse-
derived blastocysts using standard procedures. Both clones gave germ line
transmission. The neomycin selection cassette was flanked by Frt recom-
bination sites and excised in vivo by crossing the mice with the general FLP
deleter strain (Jackson Laboratories). The histological analysis of the in-
testines of both lines gave completely identical results.

RNA extraction and RT-PCR. RNA extraction on isolated intestinal
epithelial cells and reverse transcription (RT) were performed as de-
scribed previously (33). The primers used for detection of the splice vari-
ants are described elsewhere (49).

Generation of compound mice. The transgenic line Villin™"* was
crossed with T, T¢f3"", and/or Tefl mice to obtain strain
Vﬂ]anreertZ T C1:4L4'))d"/L0xP T CBL()XP/L{)XP T Cflhom, Vﬂ]anreertZ_T Cfs_LoxP/LnxP,
VﬂlinCreenZ T Cf4LoxP/ 'LoxP T CBLOXP/ LoxP) VﬂlinCreertZ_T CBLOXP/ LoxP_T Cﬂ holn)
and Villin®"?_Tcf4"*PLoxP mjce as well as various genotypic controls. The Cre
enzyme was induced by a single intraperitoneal injection on day 0 of 200 .l ta-
moxifen (5 mg/200 pl; Sigma-Aldrich) dissolved in sunflower oil. The 6- to 12-
week-old mice were sacrificed, and the intestines were isolated on different days
after cre induction. All procedures were performed in compliance with local ani-
mal welfare laws, guidelines, and policies.

Immunohistochemistry and in situ hybridization. Freshly isolated
intestines were flushed with formalin (4% formaldehyde in phosphate-
buffered saline [PBS]) and fixed by incubation in a 10-fold excess of for-
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malin overnight (O/N) at room temperature. The formalin was removed,
and the intestines were washed twice in PBS at room temperature. The
intestines were then transferred to a tissue cassette and dehydrated by
serial immersion in 20-fold volumes of 70%, 96%, and 100% ethanol
(EtOH) for 2 h each at 4°C. Excess ethanol was removed by incubation in
xylene for 1.5 h at room temperature, and the cassettes were then im-
mersed in liquid paraffin (56°C) overnight. Paraffin blocks were prepared
using standard methods. Tissue sections of 4 pm were dewaxed by im-
mersion in xylene (2 times, 5 min) and hydrated by serial immersion in
100% EtOH (2 times, 1 min), 96% EtOH (2 times, 1 min), 70% EtOH (2
times, 1 min), and distilled water (2 times, 1 min). Endogenous peroxi-
dase activity was blocked by immersing the slides in peroxidase blocking
buffer (0.040 M citric acid, 0.121 M disodium hydrogen phosphate, 0.030
M sodium azide, 1.5% hydrogen peroxide) for 15 min at room tempera-
ture. Antigen retrieval was performed (see details below for each anti-
body), and blocking buffer (1% bovine serum albumin [BSA] in PBS) was
added to the slides for 30 min at room temperature. Primary antibodies
were then added, and the slides were incubated as detailed below. The
slides were then rinsed in PBS, and secondary antibody was added (poly-
mer horseradish peroxidase-labeled anti-mouse or -rabbit antibody; En-
vision) for 30 min at room temperature. Slides were again washed in PBS,
and bound peroxidase was detected by adding diaminobenzidine (DAB)
substrate for 10 min at room temperature. Slides were then washed 2 times
in PBS, and nuclei were counterstained with Mayer’s hematoxylin for 2
min, followed by two rinses in distilled water. Sections were dehydrated by
serial immersion for 1 min each in 50% EtOH and 60% EtOH, followed by
2 min each in 70% EtOH, 96% EtOH, 100% EtOH, and xylene. Slides were
mounted in Pertex mounting medium, and a coverslip was placed over
the tissue section. Antigen retrieval was performed by boiling samples
for 20 min in 10 mM sodium citrate buffer (pH 6.0). Antibodies used
were mouse anti-Ki67 (1:100 dilution; Novocastra), rabbit antisynap-
tophysin (1:200 dilution; Dako), rabbit antilysozyme (1:1,750 dilu-
tion; Dako), rabbit anti-CD44 (1:200 dilution; firma), rabbit anti-Sox9
(1:600 dilution; Chemicon), rabbit anti-Dcamkl1 (1:200 dilution; Ab-
cam), and mouse anti-Tcf4 (1;250 dilution; Millipore). Incubation of
antibodies was performed overnight in BSA in PBS at 4°C for antibod-
ies directed against bromodeoxyuridine, CD44, and Tcf4 and for 1 h at
room temperature for antibodies directed against Ki67, synaptophy-
sin, B-catenin, Sox9, and lysozyme. In all cases, reagent from the En-
vision™ kit (Dako) was used as a secondary reagent. Stainings were
developed with DAB. Slides were counterstained with hematoxylin
and mounted.

For in situ hybridization, 8-pm-thick sections were rehydrated as de-
scribed above. Afterward, the sections were treated with 0.2 M sodium
chloride and proteinase K. Slides were postfixed, and sections were then
demethylated with acetic anhydride and prehybridized. Hybridization
was done in a humid chamber with 500 ng/ml freshly prepared digoxige-
nin (DIG)-labeled RNA probe of Olfm4 (image clone 1078130) or crypt-
din-1 (image clone 1096215). Sections were incubated for at least 48 h at
68°C. The slides were washed, and incubation of the secondary anti-DIG
antibody (Roche) was done at 4°C overnight. The next day, sections were
washed and developed using Nitro Blue Tetrazolium chloride-5-bromo-
4-chloro-3-indolylphosphate.

Multicolor single-molecule fluorescent in situ hybridization. The
duodenum was quickly dissected, flushed with cold 4% formaldehyde/
paraformaldehyde in PBS, and incubated at 4°C for 2 to 3 h with gentle
agitation. Subsequently, the tissue was put into prechilled cryoprotecting
solution (4% formaldehyde-paraformaldehyde-30% sucrose-PBS) and
incubated overnight at 4°C with gentle agitation. After the O/N incuba-
tion, the tissue was put into the molds filled with cold OCT and stored at
—80°C. Probe libraries were designed and constructed as described pre-
viously (19). Hybridizations were done overnight with two differentially
labeled probes using Bmil-Cy5 and Lgr5-tetramethylrhodamine (TMR)
fluorophores. An additional fluorescein isothiocyanate-conjugated anti-
body for E-cadherin (BD Biosciences) was added to the hybridization mix
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and used for protein immunofluorescence to detect cell borders. DAPI
(4',6-diamidino-2-phenylindole) dye for nuclear staining was added dur-
ing the washes. Images were taken with a Nikon TE2000 inverted fluores-
cence microscope equipped with a X100 oil-immersion objective and a
Princeton Instruments camera using MetaMorph software (Molecular
Devices, Downington, PA). All images are filtered with a Laplacian or
Gaussian filter and are maximal projections of 15 stacks spaced 0.3 pm
apart in the z direction.

Electron microscopic analysis. As described previously (2), a piece of
1.5 cm of the intestine was fixed in Karnovsky’s fixative (2% paraformal-
dehyde, 2.5% glutaraldehyde, 0.1 M sodium cacodylate, 2.5 mM CaCl,, 5
mM MgCl,, pH 7.4) O/N at room temperature (18 to 22°C). The samples
were embedded in Epon resin and were examined with a Phillips CM10
microscope.

X-Gal (5-bromo-4-chloro-3-indolyl--p-galactopyranoside) stain-
ing. To determine the pattern of Cre-mediated recombination of the
Rosa26"<* reporter locus in the Villin®¢"*2 mice, the intestines were iso-
lated upon cre induction and immediately incubated for 2 h in a 20-fold
volume of ice-cold fixative (1% formaldehyde, 0.2% gluteraldehyde,
0.02% NP-40 in phosphate-buffered saline without Ca** and Mg*™"
[PBS0]) at 4°C on a rolling platform. Staining for the presence of 3-galac-
tosidase (LacZ) activity was performed as described previously (2). The
stained tissues were transferred to tissue cassettes, and paraffin blocks
were prepared with standard methods. Tissue sections (4 um) were pre-
pared and counterstained with neutral red.

Organoid culture. Organoids of small intestine were established from
freshly isolated crypts. Incubation in PBS (pH 7.4) containing 2 mM
EDTA was used for the isolation of the intestinal crypts. The culture con-
ditions of mouse small intestine organoids have been described elsewhere
(38). The organoids were grown with standard ENR medium (50 ng/ml
mouse epidermal growth factor [EGF], 100 ng/ml noggin, and 500 ng/ml
mouse R-spondin-1). Incubation with tamoxifen induced the deletion of
Tcf4 in the organoids derived from the Villin“"*"?_Tcf4"**P"LoxP mjce,

RESULTS

Tcf1 and Tcf3 are dispensable for adult intestinal homeostasis.
Tcfl and Tcf3 are both expressed in the adult intestine. T¢f3 ho-
mozygous knockout (KO) mice die at about embryonic day 9.5
(E9.5), well before the formation of the intestine (27). To be able
to study the consequence of a complete and specific ablation of
Tcf3 in the small and large intestine, we generated
Villin©¢¢™2_Tcf3P* compound mouse (11, 27). Villin©e"*
mice express a tamoxifen-inducible version of the Cre enzyme
under the control of the villin promoter, which drives stable and
homogeneous expression of the Cre recombinase in almost all
epithelial cells in the small intestine and, to a lesser extent, of the
large intestine (11). The colons and small intestines of adult
Villin©reer2_Tcf3oxPLoxP e and their littermate controls were
histologically analyzed on different days after cre induction (days
1, 3, 7, and 32). Intestinal sections were stained with cell-type-
specific reagents to detect the main intestinal cell types and pro-
liferating cells. The Villin“*">_Tcf3"*"L** mice exhibited, at all
time points, normal numbers of stem, differentiated, and prolif-
erating cells compared to their control littermates. The results of
the histological analysis of the small intestine and colon on day 7
are shown in Fig. S1 in the supplemental material.

We previously reported that Tcf] mutation does not affect the
normal adult intestine (35). To determine the effects of the com-
bined deletion of T¢fI and T¢f3 in the colon and small intestine, we
generated and analyzed Villin©reert2  TfatoxP/LoxP pepiHom (g,
pound mice (11, 23, 48). The intestine and the colon of these
compound mice and their littermate controls were histologically
analyzed at different days after cre induction (days 1, 3, 7, and 32).
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Intestinal sections were stained with cell-type-specific reagents to
detect the differentiated cell types and proliferating cells. The
Villin©reert? Tf3toxP/LoxP efiHom ice exhibited, at all time
points, normal numbers of stem, differentiated, and proliferating
cells compared to their control littermates. The results of the his-
tological analysis of the small intestine and colon on day 7 are
shown in Fig. S1 in the supplemental material.

Thus, Tcfl and/or Tcf3 appeared not to be critical for adult
intestinal homeostasis.

Generation of a floxed Tcf4 mouse. The murine Tcf4 gene
contains 17 exons, of which exons 10 and 11 encode the highly
conserved DNA-binding domain of Tcf4. Tcf4 homozygous KO
animals die at about birth (23). To be able to study the conse-
quence of Tcf4 ablation in the adult intestine, we generated a cre-
inducible floxed Tc¢f4 mouse (see Fig. S2A in the supplemental
material). In our KO construct, LoxP sites were placed around
exon 11. This results in the functional inactivation of the Tcf4
protein and thereby the inactivation of Tcf4-mediated Wnt sig-
naling, while the mutant mRNA and protein may still be ex-
pressed. The mouse Tcf4 gene is subject to extensive alternative
splicing (44, 49). To examine the presence of all known intestinal
splice variants upon cre deletion, we reverse transcribed RNA
from the intestines derived from two Villin©re™? TcfgloxP/LoxP
mice and two control mice on day 5 after tamoxifen injection.
Tcf4-specific sequences were PCR amplified with various combi-
nations of exon-specific primer pairs (see Fig. S2B in the supple-
mental material) (49). This analysis showed the presence of all
spice variants in the intestine upon the deletion of exon 11 (see
Fig. 2B and C in the supplemental material). In addition, the
presence of a major 231-bp band using specific primers surround-
ing the high mobility group (HMG) box demonstrated the effi-
cient deletion of exon 10 in the intestine. Moreover, immunohis-
tological staining showed the presence of wild-type (WT) Tcf4
protein (see Fig. S2D in the supplemental material) and mutant
Tcf4 protein in the control and induced Villin€reert2_ TcfgloxP/LoxP
mice, respectively (see Fig. S2E in the supplemental material).

To demonstrate that the deletion of the floxed Tcf4 gene in
mouse embryos yielded an identical phenotype in comparison
with the classical ch4hyg/ h¥8_KO mouse (23), we crossed the newly
generated floxed Tcf4 mouse with the PGK®™ mouse. The PGK
promoter drives cre expression in all cells, including the germ cells.
The analysis of the intestine of PGK™_Tcf4"**"L>*_K O embryos
on day 17.5 days postcoitum (dpc) indeed revealed a phenotype
identical to that of the classical Tcf4"#™8-KO mice, i.e., among
others, the total absence of proliferative cells in the small intestinal
crypt (Fig. 1C and D versus A and B) (23).

Tcf4 is crucial for proliferation in the adult intestine. To be
able to study the consequence of specific ablation of Tc¢f4 in the
adult murine intestine, we generated Villin©reert2_ TcfgloxP/LoxP
compound mouse. The colons of these mice and their littermate
controls were analyzed on different days after cre induction (day 1
and 7). Deletion of Tcf4 resulted in the regional absence of Ki67 ™"
proliferating cells (Fig. 2B versus A). The detection of crypts with
cycling Ki67™" cells within fields of Ki67~ cells probably repre-
sented crypts escaping deletion of the Tcf4 gene (see arrows in Fig.
2B). Such escaper crypts are typically observed upon deletion of
essential genes (30, 45). The combined data showed that Tcf4, in
sharp contrast to Tcfl and/or Tcf3, played an essential role in the
homeostasis of the adult colon.

We next examined the the

small intestine of
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FIG 1 Absence of proliferating crypts in the small intestine derived from
17.5-dpc TcfatoxP-xP pGK mouse embryos. Histological analysis of
the small intestine derived from 17.5-dpc mouse embryos showed the pres-
ence of proliferating/Ki67 " cells in the control tissue derived from
PGKE™_Tcfa™W"™WT (A) and PGK™_Tcf4">**WT (B) mice, while the pro-
liferating/Ki67 " cells in the Tcf4"8"8 (C) and the PGK®™_TcfgloxP/LoxP
(D) mice were completely abolished.

Villin€reer2_TcfaloxPLoxP mice on different days after cre induc-
tion for the presence of proliferating cells. On day 1 after cre in-
duction, normal numbers of Ki67™ proliferating cells were pres-
entin the crypt of the Villin®*"?_Tcf4">**L*F mice compared to
littermate control mice (Fig. 3B versus A). However, on day 3
postinduction, the majority of the proliferating crypts were af-
fected, while the remaining escaper crypts were in general still
small, with limited numbers of proliferating cells (Fig. 3C). On
day 7, proliferating crypts had almost entirely disappeared (Fig.
3D), with the exception of the hyperplastic escaper crypts. Such
hyperplastic escaper crypts were absent in the proximal regions
but increased in numbers more caudally, coinciding with re-
duced cre expression in these regions of the Villin“"**""? mice.
The deletion of crypts coincided with the progressive loss of
Wnt target gene expression such as CD44 and Sox9 (see Fig. S3
in the supplemental material). This dramatic phenotype was
not compatible with life. At about day 9 after cre induction,
the Villin®e™2_TcfaoXPLoxP mice had to be sacrificed due to
the almost complete absence of intestinal crypt and villi in the
small intestine.

These observations were confirmed in our recently developed
intestinal organoid in vitro culture system (38). Under standard
culture conditions, cre deletion of Tcf4 in vitro resulted in a com-
plete block of Ki67 " proliferating cells and subsequently the death
of the organoid on day 6 (see Fig. S4 in the supplemental material).
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'cF4L9xP/LoxP : ; . " - A

FIG 2 Lack of proliferating cells in the adult colon upon ablation of Tcf4.
Histological analysis of the colon showed the presence of proliferating/Ki67 ™"
cells in the control tissue derived from Tcf4*>L® mice (A) or
Villin©reer2_Tcf4oXP/LoxP mice (data not shown), while the proliferating/
Ki67* cells in the colon derived from the Villin®**2_Tcf4L**LxF mjce (B)
were abolished 7 days after cre induction.

Creert2

We next examined the small intestine of the Villin
Tcf4"PLoxP mice for cell death via caspase 3 staining over a 7-day
time course. On days 1 (see Fig. S5B in the supplemental material)
and 2 (see Fig. S5D in the supplemental material) after cre induction,
some caspase 3-positive (caspase 3 ) cells were present in the crypts
of the Villin®""*2_Tcf4"**2*¥ mice compared to littermate control
mice (see Fig. S5A in the supplemental material). At 36 h postinduc-
tion, the majority of the crypts displayed apoptotic cells (see Fig. S5C
in the supplemental material). From day 5 onwards, no caspase 3™
cells could be detected (data not shown).

Stem cell niche in intestine of adult mice with Tcf4 deletion.
We subsequently analyzed the presence of intestinal stem cells by
in situ hybridization. Olfm4 is a robust marker for intestinal Lgr5
stem cells (45, 46). On day 1 after cre induction, normal numbers
of Olfm4™ intestinal stem cells were present in the small intestine
of the Villin®*?_Tcf4**PL>* (Fig 3F versus E) compound
mouse. However, on day 3 postinduction, the majority of the
Olfm4 ™ intestinal stem cells were eliminated (Fig. 3G). The small,
remaining Ki67™" proliferating escaper crypts did contain limited
numbers of Olfm4 " stem cells. On day 7, essentially all Olfm4™
stem cells had disappeared (Fig. 3H). Olfm4™ stem cells were,
however, present in the escaper crypts (Fig. 3H, inset).

We next analyzed, using multiple-color single-molecule fluo-
rescence in situ hybridization, the consequence of intestinal Tcf4
inactivation on Lgr5 and Bmil expression. These proteins mark
the intestinal stem cell and the presumed reserve pool of intestinal
stem cells, respectively (2, 43). This analysis showed that the Wnt
target, Lgr5, is present in the control and on day 1 upon cre acti-
vation (Fig. 4A and D and enlarged in Fig. 4B and E) but absent on
day 3 (Fig. 4G; enlarged in Fig. 4H) and at later time points (results
not shown) in the Villin®e"2_TcfatoFLox? nguse. These results
were in sharp contrast with the expression pattern of Bmil, itself
not a Wnt target gene. Bmil was expressed, as shown previously
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FIG 3 Lack of proliferating and stem cells in the adult small intestine upon ablation of Tcf4. Histological analysis at 1 day (B), 3 days (C), and 7 days (D) after
tamoxifen-induced cre induction revealed, in comparison to a control Tcf4*>** > mouse (A), the disappearance of proliferating/Ki67* cells over time in
Villin©reer2_Tcf4¥-xP mice. Occasionally, large hyperplastic, proliferative Ki67* escaper crypts (D, inset) could be detected. Histological analysis at 1 day (F),
3 days (G), and 7 days (H) after tamoxifen-induced cre induction revealed, in comparison to a control Tcf4">**"L** mouse (E), the disappearance of intestinal

stem cell/Olfm4™ cells over time in Villin©"2_Tcfa**PLo* mice. Occasionally, large hyperplastic, proliferative Olfm4™ escaper crypts (H, inset) could be

detected.

(19), throughout the intestinal crypt and was ultimately lost only
when crypts had disappeared (Fig. 4A, D, and G, enlarged in Fig.
4B, E, and H, and results not shown). Therefore, the Wnt effector
Tcf4 is required for the maintenance of the Lgr5 ™" stem cells in the
adult small intestine.

Recent in vitro and in vivo studies have shown that the direct
neighbors of the Lgr5*/Olfm4™ intestinal stem cells, the Paneth
cells, serve as an essential stem cell niche, providing Wnt, notch,

1922 mchb.asm.org

and EGF signals (39). The Wnt signaling pathway is essential for
terminal maturation of Paneth cells (47). Tcf4 is highly expressed
in Paneth cells (47). The Wnt target gene, EphB3, encodes a sort-
ing receptor that imposes downward migration of Paneth cells. In
EphB3- and frizzled-5-knockout mice, Paneth cells no longer mi-
grate to crypt bottoms but scatter along the crypt-villus axis (5, 47).
This prompted us to investigate the presence and location of Paneth
cells in the small intestine of the Villin® "2 Tcfa"*PLoxP mjce on
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B JE-Cadherin

E BE-Cadherin

H JE-Cadherin

FIG 4 Lgr5 and Bmil expression in Tcf4-depleted crypt using two-color single-molecule fluorescent in situ hybridization. Tissue sections were simultaneously
hybridized with two differentially labeled probe libraries (green, Lgr5-TMR; red, Bmil-Cy5). Analysis at 1 day (D) and 3 days (G) after cre induction in the
Villin©reer2_Tcf4Lo¥oxP mice revealed, in comparison to a control mouse (A), the disappearance of Lgr5™ cells over time, while Bmil, scattered in the crypt,
remained present. Magnification of representative areas is shown (B, E, and H). The E-cadherin stainings are used to show the cell borders (C, F, and I), while

DAPI staining (A, D, and G) showed nuclear staining.

different days after creinduction. On day 1 after creinduction, normal
numbers of lysozyme-positive Paneth cells were present in the small
intestine of the induced Villin“"*™_Tcf4">** mjce compared to
their littermate controls (Fig. 5B versus A). However, on day 3 the
majority of the lysozyme-positive Paneth cells were eliminated from
the crypt of Lieberkiihn and aberrantly located on the villi (Fig. 5C).
The small remaining Ki67 " escaper crypts did contain limited num-
bers of correctly localized lysozyme-positive Paneth cells. On day 7
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after cre induction, essentially all lysozyme-positive Paneth cells were
eliminated (Fig. 5D). These dramatic observations were confirmed
by in situ hybridization with the Paneth cell-specific cryptdin-1 as the
probe (Fig. 5E to H). Moreover, these data also suggested that on day
3 after cre induction, some goblet cells expressed the Paneth cell
marker cryptdin-1. These features are consistent with previous de-
scriptions of the rare so-called intermediate cells, which are consid-
ered to be in transition between undifferentiated cells and Paneth and
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7 days (D) after cre induction revealed, in comparison to a control mouse (A), the elimination of Paneth cells from the crypt of Lieberkiihn and the aberrant
location of these Paneth cells on the villi (see arrows in panel C and a magnified view in the inset). I situ hybridization analysis using cryptdin-1 as probe at 1 day
(F), 3 days (G), and 7 days (H) after cre induction revealed, in comparison to a control mouse (E), the disappearance of cryptdin-1" Paneth cells at the bottom
of the crypt of Lieberkiithn over time. At day 3, cryptdin-1" cells Paneth and non-Paneth (intermediate) cells are scattered through the crypt and villi.

goblet cells (6). Indeed, histological double staining revealed the pres-
ence of large numbers of PAS*/cryptdin-1" goblet-like cells in the
intestine derived from Villin®"*"?_Tcfa** mice on day 3 after
cre induction; goblet-like cells were absent in the intestine derived
from the control mice (Fig. 6B versus A). Moreover, cryptdin-1 dou-
ble-labeling studies showed that cryptdin-17 cells could never be de-
tected in combination with the other secretory cell types such as en-
teroendocrine cells (Fig. 6D versus C) or tuft cells (Fig. 6F versus E).

Therefore, the loss of cell proliferation and stem cells in the
intestinal crypts of tamoxifen-induced Villin©reert2_ TefgloxP/LoxP
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coincides with the depletion and aberrant migration of Paneth
(precursor) cells.

The outcome of the histological analysis of the Tcf4 mutant
intestine was further confirmed by electron microscopy (EM)
analysis. EM analysis on day 1 postinduction showed the release of
granules by Paneth cells and the first sign of decline of the intesti-
nal stem cells (Fig. 7C and D). On day 3, missorted Paneth cells,
Paneth cells with very small or electron-lucent granules, and the
decline of stem cells were clearly visible (Fig. 7E and F). On day 6
after cre induction, irregular nonorganized crypts, the absence of
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FIG 6 Generation of large numbers of intermediate cells upon Tcf4 ablation. H15t010g1ca1 double staining showed generation of PAS™ /cryptdin-1" intermediate

cells in the intestine in the Villin®eet?_TcfgloxP/LoxP

mice on day 3 after cre induction (panel B versus A, arrows). cryptdin-1" cells could never be detected in

combination with enteroendocrine cells (D versus C, arrows) or tuft cells (panel F versus E, arrows).

Paneth and stem cells, and the presence of undifferentiated TA-
like cells could be detected (Fig. 7G and H).

Of note, simultaneous deletion of Tcfl, Tcf3, and Tcf4 in the
small or large intestine using the compound Villin“e*_
TcfgloxPLoxP pf3loxP/LoxP f1hom pice revealed no additional his-
tological changes in the phenotype in comparison to that with the
ablation of Tc¢f4 alone (results not shown).

DISCUSSION

The Wnt genetic program is activated upon a nuclear interaction
of B-catenin with a member of the TCF family (Tcfl, Lef, Tcf3,
and Tcf4). Determination of the individual roles of the different
members of the TCF family in vertebrate Wnt signaling is compli-
cated by the redundancy of these transcription factors. Indeed,
they are expressed in distinct but overlapping patterns in the de-
veloping mouse embryo and in adult tissue such as skin and intes-
tine (15, 31).

In embryonic skin, Tcf3, Tcf4, and Lefl are expressed in basal
progenitors. As morphogenesis proceeds, the expression of Lefl
(base of the growing hair follicle) and Tcf3/4 (hair follicle stem
cells) diverges (31). In adult mice, skin-specific conditional abla-
tion of Tc¢f3 or Tcf4 shows no deleterious impact on epithelial
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homeostasis. However, the T¢f3/4-null mice showed early defects
in epidermal stability and hair follicle morphogenesis. In addition,
hair reconstitution and wound repair assays showed that the in
vivo regenerative capacity of Tcf3/4-null adult epithelial stem cells
was severely compromised, while in vitro Tcf3/4-null epithelial
stem cells lost the ability to self-renew in culture. Collectively, this
study shows that the skin epithelial stem cells are severely crippled
in the combined absence of both T¢f3 and Tcf4.

In the embryonic intestine, the analysis of Tcf4/Tcfl double-
null mice showed that at early embryonic stages, the Wnt signaling
pathway regulates the expansion and patterning of the gastroin-
testinal tract (15). While Tc¢fI-null mice do not show an intestinal
phenotype in neonatal and adult mice, the phenotype of the
Tcf4™#-null mice first becomes evident at about E16.5 as a lack of
the establishment of crypt stem cell compartments (23).

The role of most of these Wnt effectors in the homeostasis of the
adult mouse intestinal epithelium was previously unresolved. Via the
specific inactivation of the different downstream effectors of the Wnt
signaling pathway (Tcfl, Tcf3, and Tcf4) in the intestine, we now
demonstrate that Tcf4 is the key player in these cellular processes,
while the other members are surprisingly dispensable.

Angus-Hill et al. (1) have recently shown hyperproliferation in

mcb.asm.org 1925


http://mcb.asm.org

van Es et al.

&
N
%

Vi

FIG 7 EM analysis of Tcf4-ablated small intestines. EM analysis of Tcf4-depleted intestine derived from the Villin®"*"_Tcf4">*/LoxF mjce at 1 day (C and D),
3 days (E and F), and 7 days (G and H) after cre induction revealed the gradual disappearance of intestinal stem cells, Paneth cells, and, ultimately, the complete
proliferating crypt. Arrows indicate escaping Paneth cells on day 3 after cre induction (E). Bar, 10 pm.

the adult colon upon Tcf4 ablation but did not analyze the small
intestine. The authors concluded that Tcf4 acts as a tumor sup-
pressor since haploinsufficiency resulted in increased tumor for-
mation in the colon of APCmin mice but, somewhat surprisingly,
not in the small intestine. The apparent disparity with the current
observations might be due to differences between the floxed al-
leles. Our floxed Tc¢f4 mice, upon cre deletion, produced a non-
DNA-binding version of Tcf4, while the allele of Angus-Hill et al.
deletes the ATG-containing exon 1 (1). In addition, we have used
the well-characterized inducible intestine-specific cre line (Vil-
1in“""?), which is also active in intestinal stem cells, while Angus-
Hill et al. have applied a constitutive Tcf4“™ mouse (1).

In conclusion, we demonstrated here an essential role for Tcf4
during homeostasis of the adult mouse intestinal tract. The newly
generated floxed Tcf4 allele may be instrumental to study the role
of Tcf4 in (intestinal) tumorigenesis and diabetes (14).
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