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Summary: The Wnt pathway plays a crucial role in self-
renewal and differentiation of cells in the adult gut. In the
present study, we revealed the functional consequences
of inhibition of canonical Wnt signaling in the intestinal
epithelium. The study was based on generation of a
novel transgenic mouse strain enabling inducible expres-
sion of an N-terminally truncated variant of nuclear Wnt
effector T cell factor 4 (TCF4). The TCF4 variant acting as
a dominant negative (dn) version of wild-type (wt) TCF4
protein decreased transcription of p-catenin-TCF4-
responsive genes. Interestingly, suppression of Wnt/p-
catenin signaling affected asymmetric division of intesti-
nal stem cells (ISCs) rather than proliferation. ISCs
expressing the transgene underwent several rounds of
division but lost their clonogenic potential and migrated
out of the crypt. Expression profiling of crypt cells
revealed that besides ISC-specific markers, the dnTCF4
production downregulated expression levels of epithelial
genes produced in other crypt cells including markers of
Paneth cells. Additionally, in Apc conditional knockout
mice, dnTCF activation efficiently suppressed growth of
Apc-deficient tumors. In summary, the generated mouse
strain represents a convenient tool to study cell-
autonomous inhibition of p-catenin-Tcf-mediated tran-
scription. genesis 54:101-114, 2016. © 2016 The Authors gen-
esis Published by Wiley Periodicals, Inc.
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INTRODUCTION

The Wnt pathway represents one of the fundamental
signaling mechanisms controlling cell-fate decision dur-
ing embryonic development and in adult tissues.
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Furthermore, aberrant activation of the pathway is asso-
ciated with various disorders, including cancer or degen-
erative diseases [reviewed in (Clevers and Nusse,
2012)]. In the intestinal epithelium, the pathway regu-
lates proliferation of ISCs [reviewed in (Krausova and
Korinek, 2014)]. ISCs reside at the bottom of the crypts
of Lieberkithn, submucosal invaginations of the single-
layer epithelium. ISCs divide approximately every 24 h,
generating a pool of transit amplifying (TA) cells, rapidly
proliferating cells that migrate upwards the crypt axis.
At the crypt orifice these cells differentiate to several
cell types that mainly include absorptive enterocytes,
mucus-producing goblet cells or hormone-releasing
enteroendocrine cells. In the small intestine, the differ-
entiated cells cover finger-like protrusions into the intes-
tinal lumen called villi; the surface of the large intestine
is flat. Within 3 to 7 days the differentiated cells fulfil
their physiological role and are excluded from the epi-
thelial layer. Bactericidal Paneth cells of the small intes-
tine do not leave the crypt but stay at the crypt bottom
and renew every 6 to 8 weeks (Garabedian et al., 1997).

The key molecular event of the best-studied so-called
canonical Wnt signaling is regulation of the B-catenin
protein stability [reviewed in (Valenta et al., 2012)]. In
the absence of signaling, the (3-catenin destruction com-
plex that includes axis inhibition protein (Axin), adeno-
matous polyposis coli (APC), casein kinase 1 alpha
(CK1a), and glycogen synthase kinase 3 (GSK3) mediates
[B-catenin phosphorylation. The protein phosphorylated
at the N-terminal serine/threonine residues is subse-
quently degraded by the proteasome. Interaction of
extracellular Wnt ligand with the Frizzled (Fz) receptor
and lipoprotein-related protein (LRP) co-receptor inacti-
vates the destruction complex and leads to [B-catenin
accumulation in the cytoplasm and nucleus. Nuclear {3
catenin interacts with DNA-binding proteins of the TCF/
lymphoid enhancer factor (LEF) family. Since B-catenin
contains a strong transactivation domain, -catenin-TCF/
LEF complexes activate transcription of Wntresponsive
genes such as Axin2, CD44, or Cyclin D1.

The involvement of Wnt/3-catenin signaling in intesti-
nal development and tissue maintenance was docu-
mented in numerous reports, including genetic ablation
of B-catenin or Tcf4 genes or production of diffusible
extracellular Wnt signaling inhibitors. Different pheno-
types have been documented, although loss of the pro-
liferative capacity accompanied by the crypt demise
appear to be the main type of damage observed in the
majority of the studies. For example, elimination of the
floxed B-catenin alleles using B-napthoflavone-inducible
Cre in Ah-Cre transgenic mice resulted in increased epi-
thelial cell apoptosis, reduced crypt and goblet cell
number, and caused detachment of sheets of the differ-
entiated cells from the villi (Ireland et al., 2004). In con-
trast, Fevr and colleagues observed loss of TA cells and
crypt structures in hemizygous B-catenin /"**/Villin-

CreERT2 mice six days upon Cre activation. However,
these authors conclude that the observed changes are
caused solely by inhibition of Wnt/B-catenin signaling.
They also excluded the possibility that the phenotype is
connected to reduced adhesion (Fevr et al., 2007).
Transgenic expression of a secreted Wnt antagonist,
Dickkopf-1 (Dkk1), in the gut epithelium affected pro-
liferation and crypt-villus organization in the small
intestine (Pinto et al., 2003). However, systemic
expression of Dkkl mediated by adenoviral delivery
induced rapid degeneration of both the small intestine
and colon (Kuhnert et al., 2004). Inactivation of Tc¢f4, a
Tcf/Lef family member highly expressed in gut epithe-
lia, resulted in neonatal lethality due to impaired prolif-
eration of the small intestinal epithelium (Korinek
et al., 1998). Proliferative defects were also observed
upon conditional 7¢f4 inactivation in all intestinal cell
types (van Es et al., 2012a). In contrast, Angus-Hill and
colleagues documented cell hyperproliferation followed
by necrotic death in the Tcf4-deficient colon (Angus-
Hill et al., 2011). These seemingly contradictory results
possibly reflect the dual, i.e. transcriptional repressive
and activatory, role of Tcf4 and they are related to dif-
ferent targeting strategies of the T¢f4 locus.

To address the specific role of B-catenin-TCF/LEF-medi-
ated transcription we generated a mouse strain express-
ing N-terminally truncated TCF4 protein from the
Rosa26 locus. The TCF4 variant [(designated as domi-
nant negative TCF4 (dnTCF4)] binds the regulatory
regions in Wnt-responsive genes. Nevertheless, due to
the disruption of the (3-catenin interaction domain (Kori-
nek et al., 1997; van de Wetering et al., 2002), it cannot
associate with [3-catenin and acts as a nuclear blocker of
canonical Wnt signaling. Additionally, a sequence encod-
ing a tandem dimer (td) of red fluorescent protein
Tomato flanked (.e. “floxed”) by two loxP sites was
inserted into the targeted locus. The floxed tdTomato
was placed upstream of enhanced green fluorescent pro-
tein (EGFP)-dnTCF4 cDNA and served as a transcription
“roadblock” preventing expression of the downstream
gene. Thus, although the Rosa26 locus was ubiquitously
expressed, the EGFP-AnTCF4 production was activated
only in cells expressing Cre recombinase (Soriano,
1999). Such experimental design allowed cell-
autonomous suppression of (3-catenin-TCF/LEF signaling
that precluded any interference with other TCF/LEF-inde-
pendent B-catenin functions (see Discussion for details).
Importantly, knockin into the Rosa26 locus, which is dis-
pensable during embryonic development or in adult indi-
viduals, did not modify (or damage) any other gene
involved in Wnt signaling.

Here we show that selective expression of the
EGFP-dnTCF4 transgene affected the “stemness” of
ISCs and led to their elimination from the small intesti-
nal epithelium. In the healthy gut, stem cell dysfunc-
tion had no obvious impact on tissue homeostasis.
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However, in the genetic model of intestinal cancer
based on conditional ablation of the Apc gene, the
EGFP-dnTCF4 production effectively attenuated neo-
plastic growth.

METHODS

6th0mato

Generation of Rosa2 Mice

Generation, housing of mice, and in vivo experiments
were in compliance with the European Communities
Council Directive of 24 November 1986 (86/609/EEC)
and national and institutional guidelines. Animal care
and experimental procedures were approved by the
Animal Care Committee of the Institute of Molecular
Genetics (Ref. 63/2013). The targeting construct was
generated in the pEASY-FLIRT vector (Pospichalova
et al., 2011). The internal Sacl restriction endonuclease
site was used to clone human 7CF4 cDNA (Genbank
accession number Y11306, the cDNA encodes amino
acids 31-597) into the pEGFP-C1 vector (Clontech);
tdTomato cDNA of tdTomato was kindly provided by
Roger Tsian (UC San Diego, CA). The Simian virus 40
(SV40) early mRNA polyadenylation signal sequences
(pAs) were derived from the pEGFP-C1 vector (Clon-
tech). ES R1 cells were grown on a feeder layer of MEF
feeder cells (Stem Cell Technologies) treated with mito-
mycin C (for 2 h at final concentration 10 pg/mlL;
Sigma). ES cells were cultured in Glutamax Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supple-
mented with 15% fetal bovine serum (FBS; ES cells
tested; Hyclone), 2 mM r-glutamine, 1 mM sodium pyru-
vate, 1X non-essential amino acids, 0.1 mM -
mercaptoethanol, 100 UI penicillin/streptomycin (all
chemicals were purchased from Gibco). The complete
medium was supplemented with conditioned media
obtained from COS-7 cells (kindly provided by Vladimir
Divoky; Palacky University, Olomouc, Czech Republic)
stably expressing mouse leukemia inhibitory factor
(LIF). The targeting vector (25 ng) linearized by Clal
restriction endonuclease was electroporated (settings:
380V, 25 uE time constant ~3.4 s) into 1 X 107 ES cells
using the Gene Pulser II system (Bio-Rad Laboratories).
Cells harboring the integrated construct were selected
using G418 (200 pg/mL Gibco); randomly targeted
clones were counter-selected by gancyclovir (0.2 pM;
Sigma). After 10 days, colonies displaying red fluores-
cence were picked and expanded. Genomic DNA iso-
lated from 24 clones was digested with EcoRI
restriction enzyme and screened for homologous
recombination at both arms of the targeted construct
using Southern blotting. Correctly targeted ES cell
clones were karyotyped and cells of one clone with the
correct chromosomal count were injected into blasto-
cysts of superovulated C57BL/GJ females. The blasto-
cyst injections were performed using the services of
the Transgenic Unit (Institute of Molecular Genetics,

Prague, Czech Republic). Of 14 chimeric males, one
male was mated to C57BL/6J females to produce F1
generation Rosa26 "™ heterozygous mice.

Mouse Strains, Genotyping, and Animal
Manipulations

Animal genotyping was performed by PCR using
genomic DNA isolated from tail biopsies as described
previously (Pospichalova et al., 2011). The following
primers were used to genotype the Rosa26 wild-type
(wt) and Rosa26' 70 atoNeoR gjeles (all targeted Rosa26
alleles are depicted in Fig. 1a): common forward primer
P1l: 5-TGTTTGTTCCAATATGGTAGCC-3’, wt reverse
primer P2: 5-GTCTCTGCCTCCAGAGTGCT-3’, knock-in
reverse primer P3: 5-CGCGCATCTTCACCTTGTAG-3 .
PCR on the wt and Rosa26'"°™@1oNe°R jlele generated
the 401-bp and 852-bp DNA fragment, respectively. The
Rosa26'°™° g]lele generated by Flp-mediated recom-
bination of the pGK-NeoR cassette was tested using pri-
mers P4: 5-GCGGATCCATGAAGTTCCTA-3’ and P5: 5’-
CCCCTCAGAGAAATGGAGTAGTTA-3’ (size of the PCR
product: 171 bp). The recombined Rosa26”""“** allele
was detected with forward primer P6: 5-TGTAACT
GTGGACAGAGGAG-3’ and reverse primer P7: 5-CG
GACACGCTGAACTTGTGG-3’ (430 bp). Mouse strains
ACTB-Flp [strain nomenclature name: B6.Cg-Tg(ACTFL-
Pe)9205Dym/J], Lgr5-EGFP-CreERT2 [B6.129P2-
Lgrs I Ere/ERTDCe 11 - R0sa26-CreERT2  [B6.129-Gt(RO-
SA)26Sor ™ /ERIDY i1 - Rosa26R  [B6;12984-G(RO-
SA)26Sor™3°"/1],  and  Vavl-cre [B6.Cg-Tg(Vavl-
cre)A2Kio/J] were purchased from The Jackson Labora-
tory (Bar Harbor, Maine) and genotyped as described in
the genotyping protocols of the provider using tail
biopsies. Apc-CKO (B6.Cg-Apc™***) were obtained
from Mouse Repository (NCI, Frederick) and were gen-
otyped as described previously (Kuraguchi et al., 2006).
Villin-CreERT2 transgenic mice were kindly provided
by Sylvie Robine (Institut Curie, Paris, France); these
mice were genotyped using forward 5-AAAATTTG
CCTGCATTACCG-3’ and reverse 5-ATTCTCCCACCG
TCAGTACG-3’ primers (553 bp). Tamoxifen (Sigma,
stock solution 100 mg/mL in ethanol) was administered
by gavage (single dose: 5 mg of tamoxifen dissolved in
sunflower oil). For tumor analysis, the mice were eutha-
nized 16 days after a single tamoxifen dose and the intes-
tines were dissected, washed in phosphate-buffered saline
(PBS) and fixed in 4% formaldehyde (v/v) in PBS for 1 day.
Fixed intestines were embedded in paraffin, sectioned,
and stained using hematoxylin and eosin (Sigma).

RNA Isolation and quantitative polymerase chain
reaction(qRT-PCR)

Total RNAs were isolated from cells and tissues using
RNABIlue (TopBio) and reversely transcribed and ana-
lyzed by qRT-PCR as described previously (Lukas et al.,
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FIG. 1. Generation of mice with inducible expression of N-terminally truncated TCF4 protein. (a) The targeting strategy used for homolo-
gous recombination in ES cells. The targeting vector included the 5’ “short” and 3’ “long” Rosa26 homology arms and rabbit -globin splice
acceptor site (SA) followed by transcription blocker [composed of tdTomato cDNA and the polyadenylation signal (pA)] flanked by two loxP
sites (violet triangles). The sequence encoding dnTCF4 fused to the C-terminus of EGFP was placed downstream of the blocker. The con-
struct also contained the phosphoglycerate kinase promoter-driven neomycin resistance gene (pGK-NeoR) flanked by FRT sites (black
semicircles) and the herpes simplex virus thymidine kinase (HSV-TK) gene. HSV-TK was used for selection against clones with randomly
integrated vector. Recombination of the targeting vector with the Rosa26 locus generated the Rosa26'970mato-NeoR gjjgle, The Rosa26t@7omat
and Rosa269"7° alleles were produced using Flp- or Cre-mediated recombination, respectively. Relevant restriction enzyme sites, primers
for genotyping (P1-P7), and positions of probes used for Southern blotting are indicated. E, EcoRI; N, Nhel; B, Pmil; Sc, Sacll; Sp, Sspl. For
clarity, the sizes of the genes and DNA elements do not completely correspond to the scale indicated in the upper right corner of the scheme.
(b) Southern blot analysis of ES cell genomic DNA detecting the homologous recombination at the 5’ or 3’ end of the Rosa26 locus. EcoRI-
digested DNA was used for both blots. M, molecular weight markers. (c) Bright field (left) and fluorescent microscopy images (right) of wt and
Rosa26 /t9™emate empryos isolated at E13.5. The presence of the tdTomato allele is manifested by whole-body red fluorescence.

2009). All primers (the first primer is in forward and
the second primer in reverse orientation) were specific
for mouse genes except for the primer set detecting the
EGFP-dnTCF4 transgene that was designed from human
TCF4. The primers are listed in Supporting Information
Table S1. The EGFP-dnTCF4 transcript in cDNA was
detected using forward 5-CGCCTAAAGAAGAGGCT

GTG-3’ and reverse 5’-CGGACACGCTGAACTTGTGG-3’
primers (356 bp).

Mouse EmbryonicFibroblasts (MEFs) and
Recombinant Wnt3a Ligand

MEFs were isolated from E12 to El14 embryos.
Embryos were washed in ice-cold PBS; head and entrails
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(heart, liver) were excised and used for genotyping.
The remaining tissues were incubated in Trypsin/EDTA
(15 min at 37°C; Sigma), dissociated, and plated in
Iscove’s Modified Dulbecco’s Medium [(IMDM); Sigma)]
supplemented with 10% FBS, 100 UI penicillin/strepto-
mycin, 2 mM 1-glutamine, 1X non-essential amino acids.
For Cre-mediated recombination, cells were cultured
for three days in 4-OHT (final concentration 2 pM;
Sigma); to prepare 1 mM stock solution, 4-OHT was dis-
solved in ethanol. Mouse Wnt3a ligand was isolated
from the culture medium of Wnt3a-producing L cells
according to the detailed protocol of Willert and col-
leagues (Willert et al., 2003).

Immunocytochemistry, Immunohistochemistry,
and Immunoblotting

The techniques were performed as described previ-
ously (Doubravska et al., 2011; Waaler et al., 2012). For
immunohistochemistry, dissected intestines were
washed in ice-cold PBS, fixed overnight in 4% (v/v)
formaldehyde (Penta) and embedded in paraffin. Anti-
bodies used for immunocytochemistry, immunohisto-
chemistry, or immunoblotting: anti-CtBP (mouse
monoclonal, sc-17759, Santa Cruz), anti-EGFP (rabbit
polyclonal, ab6556 and chicken polyclonal, ab13970,
Abcam), anti-Ki67 (mouse monoclonal, Mob 237, Diag-
nostic BioSystems). For fluorescent microscopy, Alexa
488 dye conjugated to a goat anti-chicken and Alexa
594 dye conjugated to a goat anti-rabbit antibody
(Molecular Probes) and the DAPI nuclear stain (Molecu-
lar Probes) were used. For LacZ staining, mouse tissues
were dissected and fixed for 2 h in fixative (1% formal-
dehyde, 0.2% glutaraldehyde, and 0.02% NP40 in PBS)
at 4°C. The fixative was removed and tissues were
washed three times for 5 min in PBS at RT. The LacZ
substrate [5 mM K3FE(CN)g, 5 mM K4FE(CN)s X 3H,0,
2 mM MgCl,, 0.02% NP40, 0.1% sodium deoxycholate,
and 1 mg/mL X-gal (Amresco) in PBS] was added and
tissues were incubated overnight at RT protected from
the light. Next day, the substrate was removed and the
tissue was washed three times for 5 min in PBS. The tis-
sues were then fixed overnight in 4% formaldehyde,
embedded in paraffin and sectioned. Specimens were
counterstained using nuclear fast red (DiaPath). To
quantify tissue hyperplasia induced by the loss of Apc,
four Apc“®¥O/1gr5-EGFPIRES-CreERT2"  (control)
and four Rosa26 ™ /t4Tomato A CKO/CRO 1 o5 EGFP-IRES-
CreERT2" (dnTCF4) 12-week-old mice were examined
16 days upon tamoxifen administration. The animals
were obtained from two litters; from each litter two
control and two dnTCF4 males were evaluated. Ten sec-
tions taken along the longitudinal axis of the small intes-
tine were analyzed from each animal using fluorescent
microscopy images and Image] software; (i.e., 40
images from each group). Sections were stained with

anti-Ki67 antibody and counterstained using DAPI.
DAPI blue fluorescence was employed to quantify the
total tissue area per one image. 4’,6-diamidino-2-phenyl-
indole dihydrochloride (DAPI) and anti-Ki67 fluores-
cence (green) was utilized to quantify the proportion of
proliferating cells in the tissue sections (estimated from
the ratio between the green and blue fluorescent signal)
(Tumova et al., 2014).

Statistical Analysis of Data

Results of the qRT-PCR and proliferating cell analyses
were evaluated by Student’s /-test.

RESULTS

Generation of a Mouse Strain with Inducible
Expression of dnTCF4

To achieve inhibition of Wnt/B-catenin signaling at
the transcriptional level, a targeting construct based
on the mouse ubiquitously expressed Rosa26 locus
was generated (Fig. 1a). The construct contained 5’
and 3’ homology arms derived from the Rosa26
intron, splice acceptor (SA), and two cDNAs encoding
either red fluorescent protein tdTomato floxed by two
loxP sites or EGFP N-terminally fused to human
dnTCF4 lacking the first 31 amino acid residues. Both
cDNAs were followed by SV40 pA. Finally, a neomycin
expression cassette (pGK-NeoR) flanked by two FRT
sites was included in the construct to select targeted
cell clones. Truncated dnTCF4 binds Wnt response
elements in B-catenin-TCF/LEF target genes; however,
due to the disruption of the B-catenin-interaction
domain it does not associate with (3-catenin and func-
tions as transcriptional repressor (Korinek et al.,
1997). Since EGFP-dnTCF4 was placed downstream of
the loxP-tdTomato-pA-loxP sequence, the EGFP-
dnTCF4 protein is not produced unless the floxed
sequence is removed from genomic DNA by Cre-
mediated excision. The targeting construct was linear-
ized using the unique Clal restriction endonuclease
recognition site and electroporated into mouse ES
cells (Nagy et al., 1993). Genomic DNA isolated from
ES cell clones that survived selection and constitu-
tively produced tdTomato were subjected to Southern
blotting to confirm correct homologous recombination
at both 5’ and 3’ arms of the construct (Fig. 1b). Cells of
one clone with appropriate integration and standard
karyotype were injected into C57BL/G6J blastocysts. Two
females and 14 male chimeras were obtained. Rosa26 "/
tdTomatoNeoR heterozygous mice were generated upon
breeding of one highly chimeric male with wild-type
(wt) C57BL/0]J females. Subsequently, the pGK-NeoR
selection cassette was removed from the targeted locus
by crossing Rosa26 /tdTomatoNeoR heterozygotes with
ACTBHlippase (Flp) transgenic mice expressing Flp from
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the promoter of the human S-ACTIN gene (Rodriguez
et al., 2000). Animals of both strains, i.e. Rosa26™ /T
matoNeoR 4 nd Rosa26 ™/ 9T0m° mice were born in stand-
ard Mendelian ratio and exhibited full-body red
fluorescence (Fig. 1¢ and data not shown).

EGFP-dnTCF4 Decreased Expression of Wnt
Signaling Target Genes in MEFs

Next, Rosa26 /'™  heterozygous mice were
crossed to Ro0sa26-CreERT2 animals expressing Cre
recombinase estrogen receptor T2 fusion protein
(CreERT?2) from the Rosa26 locus (the corresponding
allele was designated Rosa26“"°**'2) (Ventura et al.,
2007). The ERT2 partner immobilizes Cre enzyme in
the cytoplasm until an antagonist of the estrogen recep-
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tor, tamoxifen [or its metabolite 4-hydroxitamoxifen (4-
OHT)], is administered. Thus, the usage of CreERT2
allows excision of floxed DNA sequences in a timely
manner (Indra et al., 1999). MEFs isolated from Rosa26-
CreERIZ/1aTomato e mhryos at E13.5 were cultured with 4-
OHT or vehicle (ethanol) and genotyped by PCR to con-
firm the locus recombination and generation of the
Rosa26"""" jllele (Fig. 2a). Additionally, production
of the EGFP-dnTCF4 fusion protein was detected by
immunoblotting (Fig. 2b). Furthermore, gRT-PCR analy-
sis was performed with RNA isolated from MEFs stimu-
lated by recombinant Wnt3a. As shown in Figure 2b,
mRNA levels of previously described Wnt signaling tar-
get genes Axin2, naked cuticle homolog 1 (NkdlI), and
Troy were significantly decreased in recombined cells
when compared to MEFs treated with vehicle only.
Upon 4-OHT-induced recombination we noted a gradual
decrease in red fluorescence; unfortunately, the fluores-
cent signal of EGFP-dnTCF4 fusion protein was too
“dim” for direct visualization by fluorescent micros-
copy. However, the nuclear EGFP-dnTCF4 protein was
clearly detected by immunocytochemical staining using
anti-EGPF antibody in MEFs growing in the presence of
4-OHT (Fig. 2c). Moreover, EGFP-dnTCF4 expression
could be traced using fluorescence-activated cell sorting
(FACS) in the blood and bone marrow of Rosa26Tomat/
thomzlto/Vavl_Cre+ and Rosa26+/thomato/VaV1_Cre+
mice producing Cre enzyme in all cell types of the
hematopoietic system (de Boer et al., 2003) (Support-
ing Information Fig. S1).

FIG. 2. The Rosa26%""°" allele suppresses Wnt signaling in
MEFs. (a) PCR genotyping of MEFs isolated from Rosa26°°5R7%/
taTomato empryos treated with solvent [ethanol (EtOH)] or 4-OHT for
4 days to induce Cre-mediated recombination of the transcription
blocker. PCR of the Rosa26'7°™ and Rosa26%""° allele pro-
duced 171 bp or 430 bp DNA fragments, respectively. M, molecu-
lar weight markers. Notice that since CreERT2 is expressed from
the Rosa26 locus, EGFP-dnTCF4 is produced from a single
Rosa26 allele. (b) Immunoblotting (left) and gRT-PCR analysis
(right) of MEFs isolated from Rosa26C"eERT2/tdTemate gmpryg treated
with EtOH or 4-OHT for 4 days. EGFP-dnTCF4 fusion protein (dis-
playing lower mobility than endogenous Tcf4) was detected using
anti-TCF4 (red arrows) and anti-EGFP antibodies. Notice that Tcf4
migrates in denaturing conditions as a double band. Immunoblot-
ting with an anti-a-tubulin antibody was used as a loading control.
Diagram shows results of the gRT-PCR analysis of Wnt-responsive
genes Axin2, Nkd1, and Troy in MEFs stimulated overnight with
recombinant Wnt3a. The “housekeeping” gene f-actin (Actb) was
also included in the test. The quantities of input cDNAs were nor-
malized to Ubiquitin B (Ubb). The expression level of a given gene
in unstimulated cells was arbitrarily set to 1. Error bars represent
standard deviations (SDs); **P < 0.01 (Student’s t-test). (c) Fluores-
cent microscopy images of MEFs derived from Rosa26CmeERT2/tdTe-
mato embryo treated with EtOH (left panel) or 4-OHT for 4 and 14
days. Nuclear EGFP-dnTCF4 fusion protein was detected by
immunocytochemical staining using an anti-GFP antibody (green
fluorescence); tdTomato protein was visualized by its native red flu-
orescence. Specimens were counterstained using the DAPI
nuclear stain (blue). Original magnification: X400.
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FIG. 3. Transitory production of EGFP-dnTCF protein in the intestine of Rosa26'dTomate/tdTemato \sijlin_CreERT2™ mice. Notice that in these
mice EGFP-dnTCF4 can be produced from both Rosa26 alleles. (@) Immunoblotting analysis using cell lysates prepared from the indicated
parts of the intestinal epithelium of Rosa2g'dTomate/tdfomate (5a FRT2Y) and Rosa26!dTomate/tdTomato yijlin CreERT2 " (CreERT2 ') mice one
day after a single dose of tamoxifen. Notice that whereas an anti-TCF4 antibody detected both endogenous Tcf4 and transgenic EGFP-
dnTCF4 protein (red arrow), the EGFP-specific signal was visible in CreERT2" animals only. Immunoblotting with an antibody recognizing
C-terminal binding protein (CtBP) was used as a loading control. (b) Immunohistochemical detection of EGFP-dnTCF4 protein in the jeju-
num of CreERT2™ and CreERT2" mice using an EGFP-specific antibody and 3,3’-diaminobenzidine (DAB) staining (brownish precipitate);
specimens were counterstained with hematoxylin (blue nuclei). CreERT2" mice were sacrificed at days 1, 7, and 21 upon tamoxifen admin-
istration. Notice the positive nuclei of villus epithelial cells at days 1 and 7 (red arrows) and diminished nuclear EGFP-dnTCF4 positivity in
the intestinal epithelium of CreERT2” mouse or in CreERT2" animal sacrificed at the last time point (black arrows). Green arrows in the inset
placed in the bottom left image point to labeled Paneth cells. Scale bar: 0.15 mm.

EGFP-dnTCF4 Affects Function of ISCs over, immunohistochemical staining with anti-EGFP
antibody confirmed production of the nuclear EGFP-
dnTCF4 fusion protein in epithelial cells. However, no

visible changes in the tissue architecture were observed

To investigate the effect of EGFP-dnTCF4 expression
in the intestine, we analyzed intestinal epithelium of
the  Rosa26'Tom o/t Toma0 yiflin. CreERT2"  mice

expressing tamoxifen-regulated Cre in all intestinal cell
lineages (el Marjou et al., 2004). The presence of EGFP-
dnTCF4 in the epithelium of duodenum, jejunum,
ileum and colon was detected by immunoblotting using
cellular lysates prepared from isolated tissue one day
after tamoxifen administration. Both anti-EGFP and
TCF4-specific antibodies detected the fusion protein in
all investigated parts of the intestine (Fig. 3a). More-

at this time point and at days 7 and 21 upon tamoxifen
administration. The absence of any phenotype was
probably related to the fact that Cre-mediated recombi-
nation of the transcription blocker leading to activation
of the EGFP-dnTCF4 transgene was mainly achieved in
short-living differentiated cells localized on the small
intestinal villi or colonic surface. The conclusion was
supported by the fact that virtually no EGFP-dnTCF4-
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positive cell was present in the small intestinal or colo-
nic epithelium at day 21 upon tamoxifen administra-
tion. Strikingly, EGFP-dnTCF4-producing  cells
(including Paneth cells) were still noted at day 7 (Fig.
3b and data not shown). Such labeling was possibly
caused by prolonged Cre-mediated recombination in
Villin-CreERT2 ™" transgenic mice. Next, we intercrossed
Rosa26'dfomato/tdomato ice  with  Lgr5-EGFP-IRES-
CreERT2 animals. Lgr5-EGFP-IRES-CreERT2 mice pro-
duce bicistronic mRNA encoding CreERT2 and EGFP
from the leucine-rich repeat-containing G-protein-
coupled receptor 5 (Lgr5) locus. Consequently, exci-
sion of floxed sequences can be achieved specifically in
ISCs. Moreover, cytoplasmic EGFP (translated from the
same mRNA as the CreERT2 enzyme) can be utilized as
a surrogate ISC marker (Barker et al., 2007). Since the
most efficient recombination between loxP sites mainly
occurs in the small intestine (Fafilek et al., 2013; Powell
et al., 2012), we focused on this part of the gastrointes-
tinal  tract.  Rosa2@'dTomato/tdlomato g o5 EGFP-IRES-
CreERT2" mice were injected with three consecutive
doses of tamoxifen and analyzed 1 and 21 days later.
Control animals (of the same genotype) were injected
with solvent only. Interestingly, at the first time point
the EGFP-specific signal was absent; however, EGFP-
producing cells re-appeared at the second time point.
In contrast, lysozyme-positive Paneth cells were
detected in the crypts at both time points (Fig. 4a).
Moreover, anti-Ki67 staining did not reveal any remark-
ably differences in the amounts or localization of prolif-
erating cells (Fig. 4b). Our attempt to visualize EGFP-
dnTCF protein in the crypt compartment using fluores-
cent or immunohistochemical detection was unsuccess-
ful, probably due to the low sensitivity of staining in
proliferating cells; nevertheless, EGFP-dnTCF mRNA
could be readily detected in total RNA isolated from
freshly isolated crypts at day 4 upon (first) tamoxifen
injection (Supporting Information Fig. S2). To analyze
transcriptional changes in the crypts related to inhibi-
tion of Wnt/B-catenin signaling, qRT-PCR analysis was
performed using total RNA isolated from small intestinal
crypts. RNA samples were obtained from Rosa26'™
mato/tdTomato /y o5 EGFP-CreERT2 ' and control Rosa26™
Tomato/tdTomato - mice injected with a single dose of
tamoxifen and sacrificed one and 21 days later. In agree-
ment with the fluorescent microscopy images, we
observed temporal downregulation in mRNA levels of
genes specifically expressed in cells located at the bot-
tom of the crypt. The genes included Paneth cell
markers ephrin receptor B3 (EphB3) and lysozyme 1
(LyzI) (van Es et al., 2005) or genes with broader
expression in various crypt cells such as division cycle
associated 7 (Cdca?7), epbrin receptor B2 (EphB2),

naked cuticle bomolog 1 (Nkdl), and SRY (sex deter-
mining region Y)-box 9 (Sox9) (Batlle et al., 2002;
Schuijers et al., 2015; Stancikova et al., 2015). Remark-
ably, the most robust downregulation was recorded for
three genes that encode Wnt signaling-activated
markers of ISCs achaete-scute complex bomolog 2
(Ascl2), Lgr5, and Troy (Fafilek et al., 2013; van der
Flier et al., 2009). Interestingly, olfactomedin 4
(Olfm4), which represents another ISC marker but
whose expression is not regulated by Wnt signaling
(van der Flier et al., 2009), was decreased only moder-
ately. Finally, expression of keratin 20 (Krt20), which
marks terminally differentiated cells, was at the first
time point substantially increased, but at the later time
point returned to its original level (Fig. 4¢). To follow
the fate of EGFP-dnTCF4-expressing ISCs, lineage trac-
ing was performed using reporter mouse strain
Rosa26R generated by “knock-in” of the bacterial /-
galactosidase (LacZ) gene into the Rosa26 locus (the
corresponding allele was designated as Rosa26") (Sor-
iano, 1999). Rosa26™/41omato /1 945 EGFP-IRES-CreERT2 *
and control Rosa26™ * /Lgr5-EGFP-IRES-CreERT2 " mice
were injected with a single dose of tamoxifen and ana-
lyzed at several later time points. One day after tamoxi-
fen administration, LacZ-expressing cells were located
at the bottom of the small intestinal crypts in both
Rosa26R/tdTomate 1 o5 EGFP-IRES-CreERT2 " and
Rosa26" " /Lgr5-EGFP-IRES-CreERT2" animals. In con-
trol mice, at day 4 (upon tamoxifen administration)
LacZ-positive cells emanated from the crypts, reaching
the top of the villi at day 7. The streams of “blue” cells
persisted in the tissue for at least 3 weeks, confirming
the stem cell origin of the labeled clones. In contrast, in
Rosa2GR/191omato /1 915 EGFP-IRES-CreERT2 " animals, the
situation was markedly different. At day 4 the labeled
cells still persisted in the crypts; however, at day 7 the
majority of LacZ-positive cells were not localized to the
crypts, but the cells moved (separately or as short
“ribbons”) toward the top of the villi. Finally, 3 weeks
upon tamoxifen administration, the small intestinal epi-
thelium was practically devoid of blue cells except for
some occasional clones that probably escaped recombi-
nation of the Rosa26''*™%° allele (Fig. 4d; detailed
images of the crypts are given in Supporting Informa-
tion Fig. S3).

EGFP-dnTCF4 Inhibits Tumor Growth in
Conditional Apc Knockout Mice

Targeted inactivation of Apc in the mouse intestine
using conditional (CKO) allele of the gene results in tis-
sue hyperplasia accompanied by expansion of the stem
cell compartment and tumor formation (Sansom et al.,
2004). Deletion of Apc has to occur in ISCs; otherwise,
the transformed cells fail to progress to malignancy
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FIG. 4. EGFP-dnTCF4-expressing ISCs do not contribute to tissue homeostasis. (@) Confocal microscopy images of immunohistochemi-
cal staining performed in the proximal part of the small intestine of Rosa26'@™omatetdTemato)| o5 FGFP-|RES-CreERT2* mice. Mice were
injected by vehicle (mineral oil) only or by three consecutive doses of tamoxifen and analyzed next day or 21 days upon the first tamoxifen
injection (indicated as “day 1” or “day 21,” respectively). Paraffin-embedded sections were stained using an anti-EGFP or anti-lysozyme
antibody to visualize ISCs (and/or EGFP-dnTCF4-producing cells; green fluorescence) and Paneth cells (red fluorescence). The specimens
were co-stained with DAPI nuclear stain (blue fluorescence), and merged images are shown. Notice the absence of (any) EGFP-positive
cells at the base of the crypts (yellow arrows) of “day 1” mice. (b) Distribution of proliferating Ki67-positive cells in the small intestine of
Rosa26'dTomato/tdTomato)) o5 FGFP-CreERT2* mice. The animals were treated as in panel (a). Pink arrows in the inset indicate anti-Ki67-
stained cells located at the base of the crypts. The specimens were counterstained with hematoxylin. (c) EGFP-dnTCF4 alters gene expres-
sion signature in cells localized in the small intestinal crypts. Expression profiling of the small intestinal crypts isolated from Rosa26'Tomato’/
tdTomato/] o5 EGFP-IRES-CreERT2* (CreERT2") and control Rosa2etdTemato/tdTomate (e FRT27) mice. Animals in both groups were injected
with a single dose of tamoxifen and analyzed 1 and 21 days later (in the diagram indicated as the “day 1” and “day 21” dataset, respec-
tively). The relative expression levels (at given time points) of the indicated gene in CreERT2™ vs. CreERT crypts are shown. Corresponding
crossing point (Cp) values are given in Supporting Information Table S2. Genes directly activated by Wnt/B-catenin signaling are in red. The
quantities of input cDNAs were normalized to Actb mRNA. The relative expression of another housekeeping gene, Ubb, is also shown. The
analysis was performed in technical triplicates; error bars represent SDs from three analyzed mice (for each genotype). (d) Lineage tracing
experiment performed in the middle part of the small intestine of Rosa26™ */Lgr5-EGFP-IRES-CreERT2" (designated as Rosa26™*) and
Rosa26™/19Temato/| g5 EGFP-IRES-CreERT2" (Rosa26™/197°™a%) mice. Specimens were obtained 1, 4, 7, and 21 days after a single tamoxi-
fen injection. Three animals of each genotype were analyzed for the given time point; representative images are shown. Scale bar: 0.15 mm
(a, b), 0.3 mm (d).
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(Barker et al., 2009). To test the ability of EGFP-dnTCF4
to suppress tumor growth, the Apc gene was inacti-
vated in Rosa26"/TOma0)/ A CRO/CKO 1 o5 EGFP-IRES-
CreERT2" and Apc“®*“%°/Lgr5-EGFP-IRES-CreERT2*
mice. The animals were injected by a single dose of
tamoxifen to induce Cre nuclear activity and their small
intestine was analyzed 16 days later. Histological analy-
sis  of Apc“*“®9/Lgr5-EGFPIRES-CreERT2" mice
revealed a continuous “zone” of transformed small
intestinal epithelium as described previously (Barker
et al., 2009). The intestinal tumors in Rosa26 " /tdTomato,
ApcCKO’'“®°/Lgr5-EGFPIRES-CreERT2" animals were
substantially smaller. Additionally, the lesions contained
lower amounts of EGFP-positive cells (Supporting Infor-
mation Fig. S4). Similarly to the small intestine of the
Rosa26™/Tomato /1 or5 EGFPIRES-CreERT2"  mice, we
never detected a prominent nuclear signal specific for
EGFP-dnTCF4 protein. This indicated that the detected
EGFP signal originated from the Lgr5-EGFP-IRES-
CreERT?2 allele. Subsequently, we quantified the differ-
ence in tissue growth and proportion of proliferating
cells in Rosa26*/tdTomato/ApCKO/CKO /1 o5 EGFP-IRES-
CreERT2" and Apc“®¥“%°/Lgr5-EGFP-IRES-CreERT2*
animals. Since distinct borders between individual neo-
plastic lesions could not be distinguished, the extent of
tissue hyperplasia was determined by assessment of
DAPI signal in fluorescent microscopy images. Addition-
ally, by quantifying the ratio between DAPI (blue) and
Ki67-specific (green) fluorescent signal, cell prolifera-
tion was estimated using the same image series (Fig.
5b). As shown in Figure 5c¢, dnTCF4 production signifi-
cantly reduced the average tissue area recorded in one
microscopy image (0.23 mm” vs. 0.53 mm?). Corre-
spondingly, the proportion of Ki67-positive cells was
substantially lower in Rosa26"/tdTomato,p 5 CKO/CKO,
Lgr5-EGFP-IRES-CreERT2"  mice than in control
Apc RV KO /1 015 EGFPIRES-CreERT2 " animals (7.88%
vs. 24.97%). Taken together, our results indicate that
suppression of the (-catenin-TCF/LEF signaling inhib-
ited the clonogenic capacity of ISCs, which were unable
to contribute to tissue homeostasis or—upon transfor-
mation—to initiate tumor growth.

DISCUSSION

During the last several years, a wealth of results uncov-
ered novel B-catenin interactors and additional compo-
nents and molecular mechanisms of the Wnt pathway
activation. For example, besides the TCF/LEF proteins,
[B-catenin binds and modulates activity of several other
transcription factors including androgen receptor (AR),
liver receptor homolog 1 (LRH1), hypoxia induced fac-
tor la (HIFla), and Sox17 (SRY (sex determining
region Y)-box 17; reviewed in Valenta et al. (2012).
Recently, Yes-associated protein 1 (YAP1) and related
transcriptional coactivator TAZ [alternative name for

WW  domain-containing transcription regulator 1
(WWTR1)] were discovered as critical components of
the P-catenin destruction complex (Azzolin et al.,
2014). Wnt signaling stabilizes TAZ and promotes TAZ-
dependent transcriptional activation of genes regulated
by the TEA domain/Transcription Enhancer Factor
(TEAD) family of transcription factors, the main binding
partners of both TAZ and YAP1 (Azzolin et al., 2012).
Moreover, [(3-catenin and Yes-associated protein (YAP)
act as coactivators of the T-BOX 5 (TBX5) nuclear factor
(Rosenbluh et al., 2012). Although recent results of
Park et al. questioned a direct participation of the (-
catenin destruction complex in regulation of the YAP/
TAZ activity (Park et al., 2015), it is evident that Wnt
signaling activates not only the (-catenin-TCF/LEF-
dependent program, but also responses mediated by
additional DNA-binding proteins and transcriptional
mediators. The matter is even more complicated due to
the fact that besides its engagement in transcriptional
regulation, [(-catenin plays a structural role in E-
cadherin-based adherens junctions. It is therefore diffi-
cult to relate the exact contribution of distinct, i.e. sig-
naling or structural, 3-catenin functions to the various
effects observed.

In the present study we utilized Cre/loxP-mediated
expression of dnTCF4, a truncated variant of the TCF4
nuclear factor, to study the effects of the canonical (i.e.
B-catenin-TCF/LEF-dependent) Wnt signaling pathway
inhibition in the intestine. Importantly, our approach
based on Cre/loxP-mediated induction of EGFP-dnTCF4
precluded any interference with additional [3-catenin
functions. In addition, targeting the Rosa26 locus
retained other genes encoding the Wnt pathway com-
ponents or regulators intact. Thus, the experimental
design was principally different from the methods used
in previous reports. Consequently, differences in the
observed phenotypes might be related to the particular
methodological setup. Several lines of transgenic mice
were used to trigger EGFP-dnTCF4 expression in differ-
ent cellular types and tissue. In agreement with previ-
ously published results, suppression of Wnt/pB-catenin
signaling in the hematopoietic system did not affect lin-
eage differentiation (Zhao et al., 2007); however, we
observed clear interference between the EGFP-dnTCF4
production and the process of leukemic transformation
(Alberich-Jorda and Korinek, unpublished results). Simi-
larly, triggering EGFP-dnTCF4 expression throughout
the epithelia of the small and large intestine using Villin-
CreERT2 transgenic mice did not have any impact on
the tissue. Nevertheless, since the EGFP-dnTCF4 pro-
duction was mainly detected in short-lived differenti-
ated cells localized outside of the crypts (Fig. 3b), i.e. in
epithelial compartments that are not dependent on
Wnt signaling, the absence of any defect was not sur-
prising. Activation of the EGFP-dnTCF4 transgene spe-
cifically in ISCs markedly changed the gene
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FIG. 5. Decreased tumor formation in Apc-deficient intestine of mice harboring the Rosa26°""° allele. (a) Left, representative micros-
copy images showing hematoxylin and eosin-stained specimens of the rolled small intestine (the duodenum is centered) obtained from
ApcCKOCROy| gr5 EGFP-IRES-CreERT2" (control) and Rosa26 */id1omato/pncCKO/CKO)| or5 EGFP-IRES-CreERT2" (dnTCF4) mice 16 days
after a single dose of tamoxifen. Right, hematoxylin-stained immunohistochemical sections prepared from the proximal part of the small
intestine. Notice the differences in the size of the neoplastic adenomatous lesions formed in control (black arrows) and dnTCF (green
arrows) mice. Scale bar: 3 mm (left image); 0.75 mm (right image). (b) Representative fluorescent microscopy images of the small intestinal
sections stained with an anti-Ki67 antibody to visualize proliferating cells; the specimens were counterstained with DAPI nuclear stain (cor-
responding DAB-based staining is shown in Supporting Information Fig. S5). Scale bar: 0.3 mm. (c) Quantification of tissue hyperplasia
induced by the loss of Apc. Ten sections taken along the longitudinal axis of the small intestine were analyzed from each animal; two control
and two dnTCF4 mice were examined. Left, DAPI fluorescence was employed to quantify the total tissue area per one image. The boxed
areas correspond to the second and third quartiles; the spread of the values is also shown. Median and average value is indicated by the
transverse line and cross, respectively. Right, both DAPI and anti-Ki67 fluorescence was utilized to quantify the proportion of proliferating
cells in the tissue sections. **P < 0.01; error bars indicate SDs.

transcription profiles in the small intestinal crypts. As
expected, ISC-specific Wnt signaling target genes were
amongst the most robustly downregulated genes. Of
note, Lgr5-EGFP-IRES-CreERT2 animals contain only
one functional allele of the Lgr5 gene; however, similar
results were obtained using Troy-CreERT2 transgenic
mice producing CreERT2 enzyme specifically in ISCs
(Fafilek et al., 2013) (data not shown). In contrast, the
Olfm4 gene, which represents an additional but Wnt
signaling-independent ISCs marker, was downregulated
only moderately. The possible fate of ISCs could be
deduced from the lineage tracing experiment in

Rosa26R mice. The setup precluded production of
EGFP-dnTCF4 from both Rosa26 alleles; however, pro-
duction of the Wnt inhibitor was sufficient to alter the
ISC behavior. Strikingly, suppression of Wnt/f3-catenin
did not impact proliferation but rather asymmetric divi-
sion and/or positional information of ISCs. Modified
ISCs underwent several rounds of division and migrated
out of the crypt. Besides ISC markers, the EGFP-dnTCF4
production modulated expression of other epithelial
genes including Paneth cell-specific genes EphB3 and
LyzI. The result implies that phenotypic changes (or
demise) of ISCs impacts on transcriptional profiles of
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other crypts cells. The fact that (partial) loss of ISCs did
not affect the tissue architecture is in accord with previ-
ous studies describing the effects of diphtheria toxin-
mediated elimination of ISCs (Buczacki et al., 2013;
Tian et al., 2011). These studies showed that epithelial
cells retain remarkable plasticity and upon ISC loss,
crypt cells positioned above the stem and Paneth cell
compartment can revert their phenotype and function-
ally substitute for the lost ISCs. These ISC-substituting
cells might be precursors of Paneth cells or other secre-
tory lineages (Buczacki et al., 2013; Roth et al., 2012;
van Es et al., 2012b) or TA cells (Asfaha et al., 2015).

The majority of human adenocarcinomas of the
colon and rectum (colorectal carcinoma) display
hyperactive Wnt signaling that is mainly related to the
loss of the APC tumor suppressor. A minor fraction of
colorectal carcinomas contains mutations inactivating
additional components of the P-catenin destruction
complex AXINI or AXINZ2, or harbors genetic changes
leading to production of an oncogenic (stable) variant
of B-catenin (CancerGenomeAtlasNetwork, 2012). In
either case, inappropriate transcription of the P-cate-
nin-TCF/LEF target genes represents a hallmark of can-
cer cells transformed by aberrant Wnt signaling. This
concept was recently questioned by a study showing
that APC deficiency promotes signaling mediated by
YAP. Intact APC protein decreases YAP activity through
the Hippo pathway, i.e. independently of the 3-catenin
destruction complex. Consequently, in APC-deficient
colorectal cancer cells, YAP activates a significant por-
tion of genes related to tumor initiation and/or pro-
gression. Additionally, targeted inactivation of the Yap
gene in the mouse intestine prevented formation of
neoplasia related to Apc loss, supporting importance
of the APC-Hippo-YAP axis in intestinal tumorigenesis
(Cai et al., 2015). Using Apc conditional knockout
mice we observed suppression of tumor growth upon
EGFP-dnTCF activation. Thus, it is evident that besides
YAP signaling, the [(-catenin-TCF/LEF-mediated tran-
scriptional program is indispensable for epithelial cell
transformation.
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