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The Wnt/p-catenin pathway plays multiple and diverse roles in de-
velopment by regulating gene expression via T-cell factor/Lymphoid
enhancer-binding factor (Tcf/Lef) DNA binding factors. Misregula-
tion of this pathway is thought to initiate colon adenoma formation.
It is controversial whether Tcf4 (Tcf7L2) functions as an oncogene or
tumor suppressor gene in colon carcinogenesis. We show here that
Tcf4 haploinsufficiency results in colon tumor formation in a mouse
tumor model that normally only develops small intestinal tumors.
Further, we show that loss of Tcf4 early in development and in adult
colon results in increased cell proliferation. These findings strongly
suggest that Tcf4 normally modulates proliferation of the colonic
epithelium and that disruption of Tcf4 activity increases prolifera-
tion, leading to colon tumorigenesis. Taken together, our in vivo
studies favor a tumor suppressor function for Tcf4.

colon cancer | mouse model | differentiation | transit amplifying cells |
stem cells

he Wnt/p-catenin signaling pathway plays a critical role during

embryonic development and is often exploited in cancer to
promote cell growth. The majority of familial [familial adeno-
matous polyposis (FAP)] and sporadic colorectal cancers (CRCs)
feature genetic mutations in Adenomatous polyposis coli (4PC),
which encodes a key component of the Wingless-type (Wnt) sig-
naling pathway (reviewed in ref. 1). In the absence of Wnt ligands,
f-catenin is phosphorylated and targeted for degradation by Apc.
Colon tumors form upon homozygous loss of APC, which allows
for the accumulation of p-catenin in the nucleus where it binds
and transactivates Tcf/Lef proteins (2, 3). A number of mouse
models have been developed that contain mutations in Apc,
commonly associated with human colon cancer. Consistent with
human FAP, mice carrying a specific mutation in the Apc gene
(Apc™™) develop intestinal tumors, but unlike human syndromes,
mice rarely develop tumors in the colon (4, 5).

The Tcf/Lef transcription factors are cell type-specific down-
stream effectors of the Wnt/B-catenin signaling pathway. Each
contains a DNA-binding high mobility group (HMG) box, as well
as an N-terminal p-catenin binding domain, and their transcrip-
tional activity is dependent upon bound corepressors or coac-
tivators. The different Tcf/Lef family members have variant
protein structure outside of the f-catenin binding domain with
variable exon composition. This likely contributes to the func-
tional diversity and nonredundant functions of Tcf/Lef proteins
(reviewed in refs. 6, 7).

Much of our understanding about Tcf/Lef function has come
from the studies of model organisms. Data from Tcf4 mutant mice
show a loss of proliferative cells, suggesting that Tcf4 is important
for stem cell renewal in the small intestine and the general as-
sumption that the formation of the Tcf4/p-catenin complex is
cancer-promoting (8). However, the biological function of Tcf4
has recently undergone renewed interrogation, because it has been
found to be mutated in clear cell renal cell carcinoma (CCRCC),
gastric carcinoma, and breast cancer (9-11). Additionally, Tcf loss
of function mutations have been found in primary CRCs and these
mutations enhance cell growth in cell lines, suggesting that Tcf4
may function as a tumor suppressor (12-14).

Finding that Tcf4 loss of function mutations result in increased
cell growth raises the possibility that the level of Tcf4 protein is
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important for the switch from active proliferation to terminal
differentiation. In the colon, Tcf4 protein levels are lowest in the
proliferative cells at the base of the crypt and higher in differen-
tiating cells that are migrating toward the lumen (this study and
ref. 15). Similar expression domains are characteristic of other
factors implicated in promoting differentiation of the intestinal
epithelium, including Caudal type homeobox 1 (Cdx1) and Apc
(16, 17). By contrast, nuclear p-catenin protein levels are in the
inverse pattern, with higher levels in the proliferative compart-
ment at the base of the crypt and decreased levels in differenti-
ating cells, an expression pattern that correlates with cell
proliferation (this study and ref. 15).

Taken together, the experimental evidence suggests two alter-
native models. Tcf4 could be required for progenitor cell pro-
liferation, and Tcf4 loss would result in a loss of the proliferative
cell compartment. Alternatively, Tcf4 could be required for
modulating proliferation, and Tcf4 loss would force continued
proliferation. To test these models, we have chosen to reexamine
Tcf4 function in the mouse. We have developed and characterized
a unique Tcf4 allele that resembles the loss of function mutations
found in human CRC. With this system, we have defined a role for
Tcf4 function in controlling intestinal cell proliferation throughout
the gut, both during embryogenesis and in adult colon epithelium.
Further, we show that as in human CRC, Tcf4 haploinsufficiency in
combination with Apc mutation strongly enhances colon tumor
formation. Taken together, our data support a tumor suppressor
function for Tcf4 in colon neoplasia.

Results

Model of Tcf4 Function. Fig. 1 illustrates a model for the role of
Tcf4 in the maintenance of intestinal epithelium homeostasis
and colon adenoma tumorigenesis. This model is based on the
expression pattern of Tcf4 in the intestinal crypt/villus axis, the
role of Tcf4 in the formation of the intestinal epithelium during
embryogenesis, and studies of the function of Tcf4 in colon ad-
enoma tumors. The principle feature of the model is that low
Tcf4 protein levels favor normal intestinal epithelial and ade-
noma cell proliferation and thus qualify Tcf4 as a tumor sup-
pressor, whereas high levels of Tcf4 protein promote epithelial
cell differentiation. The reason for presenting the model first is
that it forms the framework for integrating the results we present
on the role of Tcf4 in normal and pathological intestinal etiology.

Tcf4° Effectively Marks the Tcf4 Lineage in Early Stages of
Development. To trace Tcf4 cell lineage in the mouse and to
generate an effective null allele of this locus, the first exon of
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Fig. 1. Model of the role of Tcf4 during intestinal development and in tu-
mor formation (in the text).

Tcf4 was replaced with an EGFP-Cre recombinase fusion
(Tcf4<™; Fig. S14). Importantly, this exon is also targeted with
nonsense and frameshift mutation in human colorectal tumors
(12, 13). To allow conditional disruption of Tcf4, we also gen-
erated an exon 1 floxed allele (7cf4“**; Fig. S1B). The latter
allele was used to generate a separate null allele of Tcf4 (Tcf4*)
by breeding to the Hprt“" mouse, Mouse embryos, homozygous
for all three mutant alleles (Tcf4<"/“", Tef4<™***, and Tcf4**)
show the same mutant phenotype, which is distinct from the
published loss of function allele (Tcf4"8"™%; in the text).

Fig. S1C shows Tcf4 lineage in a E14.5 embryo obtained by
breeding Tcf4<" mice with Rosa™ "™ reporter mice, expressing
membrane-targeted Tomato fluorescent protein (mTom) before
Cre-dependent recombination and membrane-targeted green
fluorescent protein (mGFP) following Cre recombination (18).
The figure illustrates the broad cell lineage contribution of Tcf4
during embryonic development, including in the intestinal epi-
thelial lining. In newborn Tcf4<" Rosa™1™G mice, we observe
that intestinal and colonic epithelial cells show Tcf4 lineage (Fig.
S1D). In 6-month-old Tcf4<" Rosa™"™ mice, Tcf4 lineage is
found in many organs (Fig. S2) (19).

Loss of Tcf4 Results in Necrosis Throughout the Small Intestine and
Colon, At birth, homozygous Tcf4<*/“™, Tcf4<*A, Tcf4 4, and
Tcf4<"*"* mice are not viable, lack milk in their stomachs,
and are on average 21 + 8% smaller by weight than their Tcf4™
or Tcf4"7 littermates (Fig. 24). Further, there is no Tcf4 protein
present in these mutants, as shown by the lack of immunohis-
tochemical Tcf4 antibody staining of small intestine and colon
isolated from E16.5 Tcf4"*" embryos (Fig. S3).

The intestine and colon of Tcf#"“! mice are fragile and me-
conium that is normally compact and located distally within the
gut is diffuse throughout the colon (Fig. 2B). Histological anal-
ysis demonstrated disrupted small intestinal and colonic archi-
tecture, decreased epithelial cells, and the absence of crypt
structures compared with Tcf4"™ or wild-type mice (Figs. 2 C-J,
and Fig. S4 A-H). We characterized epithelial cell morphology
in the Tcf4™“! by following Tcf4 lineage marked by mGFP. In the
small intestine, Tcf4 deletion results in epithelial cell morphol-
ogy changes consistent with necrosis as shown by the loss of the
basal and lateral domain of the epithelial cells and the thickening
of the apical domain (Fig. S4 A and B; white arrows) (20). Ne-
crosis is apparent throughout the crypt/villus axis. In the colon,
large masses of necrotic cells are apparent as well as abnormal
crypt morphology and the lack of Tcf4 lineage-positive cells in
the crypt (Fig. 2 C and D). This gross necrosis affects all cell types
throughout the intestine, enteroendocrine and goblet cells are
absent throughout the small intestine (Fig. S4 C-F), and enter-
oendocrine cells are elongated with large abnormally shaped
nuclei (Fig. 2 E and F) and goblet cells are incorrectly localized
(Fig. 2 G and H) in the colon.

One prediction of our model is that loss of Tcf4 would result in
increased proliferation. However, proliferative cells are com-
pletely absent in the small intestine of Tcf#"! newborn mice
(Fig. S4 G and H), whereas in the colon, the number of pro-
liferative cells is reduced compared with heterozygous newborn
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Fig. 2. Newborn Tcf4"“ mice are not viable and show necrotic death of
proliferative progenitors and differentiated epithelial cell types in the colon.
(A) Newborn Tcf4"V“! mice die within 24 h of birth and lack a milk spot (white
arrows). (B) Intestines isolated from Tcf4M" mice have a distended duode-
num (red arrows) and diffuse meconium (black arrows) compared with the
intestines of Tcf4"* newborn mice. The effects of loss of Tcf4 during in-
testinal development were analyzed in both Tcf4"¢t and Tcf4"“" mice. (C and
D) Tcf4 lineage marks the membranes of epithelial cells in cryosections of
newborn colon. Red arrow denotes large masses of fluorescent dead cells in
the lumen and yellow arrows mark the loss of Tcf4 lineage and crypt
structure in mutant crypts (crypts outlined in blue). Loss of Tcf4 impairs
enteroendocrine and goblet cell differentiation throughout the gut. Stain-
ing of newborn colons with anti-chromogranin A (E and F; enteroendocrine;
white arrows) and UEA-1 (G and H; goblet cells; yellow arrows). (/ and J) K;-67
staining marks proliferative cells in the colon of newborn mice. Yellow
arrows mark crypts and red arrows mark background peroxidase staining of
necrotic cells (scale bar, 10 pm).

mice (Fig. 2 I and J). Overall, Tcf4 loss affects all cell types
throughout the small intestine and colon. It is likely that loss of
Tcf4 initiates a cascade of events ultimately resulting in gross
intestinal necrosis.

Loss of Tcf4 Results in Increased Proliferation in the Intestine of E13.5
Embryos. In our model, we predict that loss of Tcf4 should result
in increased proliferation. The intestinal defects in Tcf#¥*!
newborns are apparent by E16.5, where epithelium shows signs
of gross necrosis and the loss of proliferative cells (Fig. S5 D-K).
To further characterize the role of Tcf4 in the intestinal epi-
thelium, we examined E13.5 embryos just at the beginning of the
conversion of undifferentiated endoderm into simple columnar
epithelium that occurs between E13.5 and E18.5. We found that
in the intestines of E13.5 Tcf4/™ and Tcf4N*"! embryos, Tcf4 lin-
eage-positive epithelial progenitors are present along with un-
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differentiated endodermal cells. We analyzed the ratio of Tcf4
lineage-positive cells (mGFP-positive) to total cells within the
epithelial layer (mGFP plus mTom-positive; Fig. 34). Surpris-
ingly, we found that lineage-negative cells had almost completely
been converted to Tcf4 lineage-positive cells in the intestines of
Tef4™ ull embryos (mean, 90%; P = 2.7 x 1073 ), whereas far fewer
cells had been converted in Tcf4"* embryos (mean, 58%). To test
if this increase in Tcf4 expressing cells reflected increased pro-
liferation in these cells, we stained with Phospho histone H3
(Phh3) antibody and for bromouridine (BrdU) incorporation to
analyze cells that are actively in mitosis or that have passed
through the S phase of the cell cycle, respectively (Fig. 3 B and C).
Consistent with increased proliferation of the Tcf4 lineage in
Tef4N" E13.5 embryos, we found 25-33% increases in pro-
liferative cells (P = 0.002; Phh3, 33%; BrdU, 25%). This increase
in proliferation was not maintained and by E14.5 we saw similar
levels of Tcf4 lineage in Tef4V*" embryos and proliferation slowed
to wild-type levels; however, there were still significantly more
cells actively in mitosis (Fig. S5 A-C). These data suggests that in
the absence of Tcf4 protein, there is excessive epithelial cell
proliferation leading to exhaustion of the system by E16.5.

Conditional Loss of Tcf4 Results in Enlarged Crypts but Is Not
Sufficient for Colon Tumor Initiation. We next wanted to test
whether complete loss of Tcf4 results in increased proliferation in
the adult colon, a difficult question to address because Tcf4 loss in
Tcf4 expressing cells is lethal. To address this question, we used
a Tcf4<eNeo Tine to conditionally delete Tcf4 in a subpopulation
of Tcf4 expressing cells (Tcf4"*N™), because the presence of Neo
results in reduced numbers of Cre expressing cells throughout the
animal, conveniently providing a hypomorphic allele (21). The
Tef4™Nu! animals are on average 21% smaller than their litter-
mates (n = 5; P* = 0.0001). In the colon of Tcf#“Neo/+ (TefaNeoH)
adult mice, Cre expression is reduced to <1% of the total number
of Tcf4-positive cells in the Tcf47 in the absence of neo. The Tcf4
NeoCre lineage is dispersed throughout the length of the colon.
Dysplastic aberrant crypt foci (ACF) are generally accepted as
the earliest CRC lesions. In Tcf#¥°™ mice, we analyzed colon
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Fig. 3. Loss of Tcf4 causes increased proliferation in the intestinal epithe-
lium of Tcf4N“" E13.5 embryos. (A) Membrane bound GFP marks Tcf4 lineage
and reveals increased proportion of Tcf4 lineage in the epithelium of Tcf4Nu!
E13.5 embryos. Yellow arrows mark red cells that have never expressed Cre
and blue dotted line marks the endoderm/epithelium (B). Phh3 staining
(blue) reveals increased numbers of mitotic cells in Tcf4V*" E13.5 embryos.
(C) BrdU staining (red) reveals increased numbers of cells in S phase of the
cell cycle in Tcf4"" E13.5 embryos. Unequal variance two-tailed t test.
Horizontal line, mean (scale bar, 50 pm).
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tissues for the presence of dysplastic crypts or microadenomas by
using Tcf4 NeoCre-dependent recombination of Rosa™™¢ as
a reporter of Tcf4“** recombination. Recombined cells were not
dysplastic and did not form detectable tumors (Fig. 44). ACF are
subcategorized as hyperplastic or dysplastic based on defining
histological features (reviewed in ref. 22). One characteristic of
ACF with hyperplasia is enlarged crypts. To directly determine
whether Tcf4 loss results in increased proliferation and enlarged
crypts, we isolated intact crypts from Tcf#V°N*! animals and
compared Tcf4 NeoCre lineage-positive crypts (Fig. 4B; Tcf4
Null crypts, white lines) to adjacent lineage-negative crypts (Fig.
4B; Tcf4 Het Crypts; yellow lines). Consistent with ACF with
hyperplasia, we found that Tcf4 Null crypts are enlarged com-
pared with adjacent Tcf4 Het crypts (Fig. 4B).

Our results in E13.5 embryos and adults suggest that loss of
Tcf4 results in continued proliferation in the gut. The presence
of Tcf4 NeoCre lineage-positive crypts in Tcf4V M animals
demonstrates that cells that do not express Tcf4 are still capable
of proliferation; otherwise, the Tcf4 NeoCre line}a\llge would not
persist. We further tested proliferation in Tcf4V**N™ animals by
labeling proliferating cells with the thymidine analog EdU
(Invitrogen). We find that EdU is detected in Tcf4 Null crypts
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Fig. 4. Loss of Tcf4 results in hyperplasia without neoplasia. (A) Loss of Tcf4
in the colon Tcf4creNeolox (TefgNeoNully mice is not sufficient for tumor for-
mation. mGFP marks crypts that are Tcf4"""; mTom marks crypts that are
TcfaMet, (A) Mice were collected between 4 mo and 1 y and did not develop
colon tumors. (B) Tcf4ANeoNull lineage-positive intact crypts are enlarged and
maintain proliferative capacity as demonstrated by EdU labeling of crypts
(yellow arrows). Dotted white lines encircle Tcf4N"!" crypts and dotted yellow
lines encircle Tcf4"t crypts. P?-values calculated using paired two-sample
t test for means (scale bar, 50 pm).
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isolated from Tcf4V*°N*! mice collected 18 h after EAU injection
(Fig. 4B, yellow arrows). This demonstrates that cells lacking
Tcf4 are still actively proliferating. Enlarged crypts coupled with
the lack of tumors in Tcf#V°N“! mice demonstrate that Tcf4 loss
is sufficient for hyperplasia, but not for neoplasia at an appre-
ciable rate, suggesting that additional genetic lesions are neces-
sary for tumor formation.

Tcf4 Haploinsufficiency Promotes Colon Tumor Formation in Apc
Mutant Mice. Given the increased proliferation of intestinal epi-
thelial cells in Tcf4 mutants, we examined intestinal tumor for-
mation in Tef4" Apc™™ mice. Surprisingly, whereas Apc™™ mice
rarely develop colorectal tumors, Tcf4""Apc™™ mice develop an
average of 8.3 colon tumors (+5.0) (Fig. 5 4 and B) per mouse.
There is no statistical difference in the number of small intestinal
tumors in Tcf4 Apc™™ mice compared with Tef4"” Apc™™ mice
(Fig. S6). Histology revealed that the tumors in Tcf4Apc™™
mice are tubular adenomas, consistent with what is seen in the
colons of FAP patients (Fig. 5C). These data support a role for
Tcf4 as a tumor suppressor.

Tcf4 lineage is found in normal colonic mucosa in the regions
where proliferative progenitors and differentiated cells reside
(Fig. 5D). However, Tcf4 protein is expressed at very low levels
in proliferative cells at the base of the crypt and at much higher
levels in differentiated cells (Figs. 1 and 5E (15). In mouse colon
tumors, Tcf4 lineage is apparent in cells throughout the epithe-
lial component and is absent from the stromal component (Fig.
5D). Immunohistochemistry of Tcf4 in mouse and human colon
tumors indicates similar levels of Tcf4 expression in colon epi-
thelium and tumors (Fig. 5 E and F), suggesting the presence of
(at least) one Tcf4 allele in tumors.

Using an antibody to the carboxyl-terminus of Apc, we found
that the second allele of Apc is lost in colon tumors, consistent
with loss of APC heterozygosity found in FAP and sporadic colon
cancer (Fig. 5SE). B-Catenin is often found to be nuclear (active) in
late human adenomas with significant dysplasia and adenocarci-
nomas (23). Colon tumors isolated from Tcf4""“’Apc™™ mice ex-
hibit significant dysplasia and are possibly late adenomas. We
examined the nuclear accumulation of p-catenin protein in colon
tumors and found it throughout the epithelial cell in nontumor
tissue and increased in the nucleus in colon tumors isolated from
Tef4% Apc™™ mice (Fig. SE).

Tef4% Apc™™ mice are an in vivo model for Tcf4 mutations
that recently have been identified in genome-wide sequencing of
human CRC samples (12, 13). Mutations in TCF7L2 have been
found in human CRCs, including heterozygous nonsense or
frameshift truncating mutations in exon 1 (Fig. 5G). The 17-24
amino acid amino-terminal fragments lack residues important
for interaction with B-catenin and this region is disordered in the
hTcf4/p-catenin cocrystal structure (Fig. 5G) (13, 24).

The presence of one intact Tcf4 allele in human CRC raises the
question of whether some remaining Tcf4 protein is necessary for
tumorigenesis. To test whether complete loss of Tcf4 inhibits co-
lon tumorigenesis, we again used our Tcf#YM*! allele combined
with the Apc™™ allele to determine whether colon tumors that
form when Tcf4 is heterozygous persist when Tcf4 is conditionally
deleted. We found regions in these mice that were Tcf4 Null that
appeared normal and did not become adenomas, likely due to the
remaining wild-type Apc allele (Fig. 5H). Further, we found
polyclonal adenomas with distinct regions that were Tcf4 NeoCre
lineage-positive (Tcf4 Null) and regions that were lineage-negative
(Tcf4 Het), demonstrating that in the absence of Apc, functional
Tcf4 was not essential for colon tumor growth (Fig. SH).

Tcf4 and Tcf1/Lef1 Play Opposing Roles During Colon Tumorigenesis in
Tcf4"** Apc™™ Mice. Previous studies have demonstrated that Tcf4
can act both as a transcriptional activator and a repressor
(reviewed in ref. 25). It is possible that decreased Tcf4 expression
results in the loss of repression and subsequent up-regulation of
oncogenes essential for colon tumorigenesis. We used tran-
scriptional profiling analysis to further characterize colon tumors
found in Tcf4"% Apc™™ mice and found differential expression of
many Wnt signaling genes (Fig. 6). Because Tcf4 and Apc are
components of the Wnt signaling pathway, we focused on vali-
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Fig. 5. Tcf4 is a tumor suppressor in normal colonic epithelium. (A and B)
Heterozygous loss of Tcf4 causes increased colon tumor formation in Tcf4"*
ApcV™ mice compared with Tcf4"7ApcM™ control mice. (C) Hematoxylin and
eosin staining of colonic adenoma isolated from Tcf4"¢t Apc mice. (D) Tcf4
lineage analysis in cryosections of colon and adenoma tissue. (E) In colon
tumors, Tcf4 antibody staining of tissue shows Tcf4 protein, Apc antibody
staining demonstrates loss of heterozygosity of Apc and nuclear p-catenin
antibody staining shows p-Catenin activation in colon tumors. (F) Tcf4 anti-
body staining of paraffin embedded grossly uninvolved human colon and
human colon cancer tissue. (G) Heterozygous Tcf4 nonsense Exon 1 trunca-
tions have been found in genome-wide sequencing analysis of primary hu-
man CRC (12). These mutations are very similar to those created in targeted
mTcf4"® and mTcf4"°" alleles. (H) Tcf4 is not essential for tumorigenesis.
Whole mount (wm) and sections of normal colonic epithelium and colon
adenomas demonstrate Tcf4 lineage in the absence of Tcf4 in Tcf4Veolu!!
Apc™™ mice. Dotted white lines encircle Tcf4N!" tumor cells and dotted yellow
lines encircle Tcf4"et tumor cells of a colon adenoma (scale bar, 50 pm).

dating by quantitative PCR (QPCR) the differential expression
of Wnt signaling components and downstream targets of Wnt
signaling in colon tumors compared with normal colon.

Tcf4 is down-regulated in colon tumors isolated from Tcf4/*
Apc™™ mice and we found increased expression of Tcfl and Lefl
(Fig. 6), whereas there was no significant change in Tcf3 expres-
sion. We also found many Tcf/Lef targets with differential ex-
pression in colon tumors isolated from Tcf4"™“Apc™™ mice, and
of these T-box transcription factor Brachyury (T), Axis inhibition
protein 2 (Axin2), Cdxl, and Endothelin 1 (Ednl) have been
shown to be directly occupied by Tcf4 using in vivo chromatin
immunoprecipitation (26, 27). Therefore, in colon tumors, the
increased expression of Lefl and Tcfl suggests that loss of Tcf4
activity combined with increased Tcfl and Lefl activities are
important for the transcriptional changes of Tcf/Lef targets in
colon tumors (Fig. 6 and Datasets S1 and S2).
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Gene | QPCR | P-Value | Micre
Tcf712 -7.3 0.002
Kif4 -6.8 0.002 .
Edn1  -41 0.024 -37 0.036

Downregulated Genes

oarray| Adjusted P-value Gene Description
3.4 0.016 transcription factor 7-like 2, HMG-box
2.4

0.020 Kruppel-like factor 4 (gut)

endothelin 1

Foxn1 -3.6 0.022 n/s n/s forkhead box N1
Fzd5 -30 0018 -29 0.016 frizzled homolog 5 (Drosophila)
Wnt3a -2.8 0.020 n/s n/s wingless-related MMTV integration site 3A
Ppard -26 0.024 n/s n/s peroxisome proliferator activator receptor delta
Lrp6  -26 0.033 -2.7 0.035 low density lipoprotein receptor-related protein 6
Atoh1  -2.5 0.038 n/s n/s atonal homolog 1 (Drosophila)
Cdx1 -25 0.029 -29 0.018 caudal type homeobox 1
Ep300 -24 0.023 n/s n/s E1A binding protein p300
Bmp2 -2.2 0.047 nls n/s bone morphotic protein 2
Apc -2.1 0.041 n/s n/s adenomatosis polyposis coli
Cdh1  -2.0 0.040 n/s n/s cadherin 1

Upregulated Genes
Left 132 0.002 11.0 0.031 lymphoid enhancer binding factor 1
Ptgs2 10.7 0.007 11.2 0.014 prostaglandin-endoperoxide synthase 2
Wif1 104 0.028 36.3 0.037 Wnt inhibitory factor 1
Wnt7a 8.9 0.032 n/s n/s wingless-related MMTV integration site 7A
Stra6 8.4 0.033 n/s n/s stimulated by retinoic acid 6
T 7.9 0.005 8.9 0.026 brachyury
Fzd10 7.6 0.032 n/s n/s frizzled homolog 10 (Drosophila)
Dkk2 6.7 0.050 17.4 0.048 dickkopf homolog 2 (Xenopus laevis)
Wnt5a 4.3 0.011 n/s n/s wingless-related MMTV integration site 5A
Tcf7 42 0.019 40 0.031 transcription factor 7, T-cell specific
Axin2 3.6 0.036 35 0.041 axin2
Dkk3 34 0.012 174 0.017 dickkopf homolog 3 (Xenopus laevis)
Tafb1 3.0 0.028 n/s n/s transforming growth factor, beta 1
Lar5 2.8 0.047 n/s n/s leucine rich repeat G protein coupled receptor 5
Cyr61 2.7 0.020 29 0.016 cysteine rich protein 61
Wnt1 2.7 0.044 n/s n/s wingless-related MMTV integration site 1
Gjal 27 0014 29 0.016 gap junction protein, alpha 1
Tle1 25 0.032 33 0.018 transducin-like enhancer of split 1

Fig. 6. Lef1 and Tcf1 (Tcf7) are up-regulated in colon tumors. (A) Expression
microarray and QPCR analysis of RNA isolated from the colons of
Tcf4""Apc™™ and Tcf4"et Apc™™ littermates reveals misregulation of Wnt
signaling components and downstream targets.

Discussion

Using mouse knockout technology, we uncovered a previously
undescribed role for Tcf4 in controlling epithelial cell pro-
liferation in normal colon. Further, we showed that Tcf4 hap-
loinsufficiency in combination with hyperactivation of the Wnt
signaling pathway due to loss of Apc results in colon tumors.
We suggest that Tcf4 normally functions as a tumor suppressor,
mainly through modulating proliferation.

The intestinal phenotype we observed following the loss of
Tcf4 is consistent with the loss of the proliferative compartment
in Tcf4™™% mice (8). However, our Tcf#V“! phenotype was
more severe, because there was necrosis thrm}l{ghout the gut
epithelium. The apparent disparity between Tcf4HY8 and Tef4Null
mouse phenotypes is likely a conseguence of the region of the
gene that was targeted. For the Tcf4/s allele, a selection marker
(Hygromycin) was inserted into the HMG DNA binding domain
(8). It has been suggested that a truncated Tcf4 isoform that
lacks the DNA binding domain is expressed in targeted Tcf4™e
mice (28). In support of this possibility, a semifunctional Tcf4
isoform that lacks the HMG domain and regions C-terminal to
the domain has been found in the developing pituitary (29). To
circumvent the expression of such an alternate isoform, our
strategy was to target exon 1 of the Tcf4 locus, to remove the
splice site, and add a strong poly(A) signal. If transcription
occurs from an alternate promoter, the resulting Tcf4 isoform
would lack the p-catenin binding domain and would be expected
to be a constitutive repressor (ANTcf4) (25). The absence of any
evidence of constitutive repressor activity and the lack of Tcf4
protein in the small intestine and colon of our Tcf#V* mice
suggests that the Tcf4<" and Tcf4* alleles reflect a complete loss
of Tcf4 function. Additionally, the Tcf4"" and Tcf#VeoN! alleles
provided added parameters that allowed us to follow the Tcf4
mutant lineage during development and in adult colon. This
enabled us to refine the role of Tcf4 during development, in-
testinal maintenance, and tumorigenesis.

Normally, between E13.5 and E18.5, the mouse gut endoderm
is highly proliferative, populating the epithelial mucosa while the
intestinal tract grows both in circumference and length. In wild-
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type E13.5 embryos, the Tcf4 lineage-negative endoderm begins
to develop into Tcf4 lineage-positive epithelial cells. However, in
Tef4N"! E13.5 embryos, this induction that normally takes place
over multiple days is rapidly completed, as shown by the re-
placement of Tcf4 lineage-negative endodermal cells by Tcf4
lineage-positive epithelial cells. These cells rapidly proliferate, as
shown by BrdU and phosphorylated histone H3 staining com-
pared with controls. Therefore, cells turn on Tcf4 Cre, become
Tcf4 null, and continue to proliferate. At birth, there is a cata-
strophic loss of proliferative cells and differentiated cell types
throughout the gut of Tcf#¥/ mice. The loss of epithelium is
similar to the intestinal epithelial cell depletion that follows
conditional Apc loss in Apc™" mice (17). However, whether loss
of Tcf4 directly affects differentiation or whether continued
proliferation occurs at the expense of differentiation remains to
be determined. We found that adult colonic crypts lacking Tcf4
were enlarged compared with adjacent heterozygous crypts and
that there were proliferative and differentiated cell types pres-
ent, suggesting that at least some proliferative cells are capable
of differentiating. However, we propose that the increase in crypt
size is likely due to increases in progenitor cells and partially
differentiated transit amplifying cells, because terminally differ-
entiated cells do not normally remain in the crypt; instead, they
migrate and are ultimately shed into the lumen.

The Apc™™ mouse has been useful for studying tumorigenesis in
the small intestine, and several modifiers have been found that
attenuate or enhance the Apc mutant phenotype in the mouse
colon (reviewed in ref. 30). We found that the loss of one copy
of Tcf4 dramatically increased the number of colon tumors in
Apc™™ mice. This result was unexpected, because previous studies
implicated Tcf4 in complex with p-catenin in regulating the tran-
scription of growth promoting genes during intestinal develop-
ment and CRC. However, our data are consistent with genome-
wide colon cancer sequencing efforts that found Tcf4 mutated in
these tumors (12, 13). Separately, Tcf4 RNAi-targeted CRC cell
lines demonstrated an increase in cell growth potential, also sug-
gesting a tumor suppressor role for Tcf4 in CRC (14).

There is an apparent paradox in colon tumorigenesis in our
model system. In CRC, p-catenin is well established as an on-
cogene and its activities are thought to require Tcf4, because
Tcf4 is the principle family member expressed in normal colon
and colon cancer cell lines. Therefore, how does p-catenin still
function in the absence of Tcf4? Indeed, in colon tumors isolated
from Tcf4%Apc™™ mice, p-catenin is nuclear, suggestive of its
role in transactivation of genes involved in proliferation. We
propose that Lefl and Tcfl have distinct functions from Tcf4,
where Lefl and Tcfl are obligate partners in the oncogenic ac-
tivities of p-catenin in colon tumorigenesis. This hypothesis is
supported by the increased expression of Lefl and Tcfl in
Tef4" 4pc™™ colon tumors. Further, Lefl has been shown to be
overexpressed in primary human colorectal tumors (31, 32), and
Tcf4 and Lefl are differentially regulated during colon tumor
progression (33). We hypothesize that Tcf/Lef family members
are fine-tuned for maintaining the equilibrium between normal
epithelial cell proliferation and terminal differentiation. There-
fore, Tcf/Lef members may function in distinct and opposing
roles rather than overlapping roles and are essential for main-
taining normal epithelial cell turnover.

Although the Wnt/B-catenin pathway and Tcf/Lef family
members have been intensely studied, our data refine the roles of
Tcf4 during intestinal development and colon cancer. In addition
to CRC and CCRCC, Tcf7L2 polymorphisms have been asso-
ciated with diabetes, breast cancer, and gastric carcinoma (9, 10,
34). Understanding the role of Tcf4 in normal epithelial cell
proliferation and tumor formation provides insights into the
etiology of CRC and invaluable information essential for eval-
uating the role of Tcf4 in other human syndromes. Colon tumors
that develop in Apc™"Tcf4" mice are highly relevant to human
disease and provide a unique colon cancer model for studying
human CRC. Further, analysis of the molecular mechanisms that
underlie colon tumor formation in these mice may reveal targets
for therapeutic intervention.
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Experimental Procedures

Targeted Mouse Line Production. Tcf4<® and Tcf4” alleles were generated
using standard cloning techniques as described in ref. (35). Tcf4“® and
Tcf4°* constructs were targeted in R1-45 and G456 mouse embryonic stem
cell lines, respectively. Tcf4-°*-targeted mice were crossed with a ubiquitous
Cre driver, Hprt"®, to generate Tcf4* mice. All studies and procedures in-
volving animal subjects were conducted in strict accordance with an animal
protocol approved by the University of Utah Institutional Animal Care and
Use committee.

Human and Mouse Tissue Immunofluorescence and Immunohistochemistry.
Immunofluorescence was performed on formalin-fixed human and mouse
tissues that were paraffin-embedded or frozen using conventional methods.
For isolation of intact crypts, colons were incubated with shaking Ca*> Mg*?-
free PBS containing 30 mM EDTA, followed by formalin fixation. Antigen
retrieval was done as described (23). Primary antibodies were anti-p-catenin
(R&D Systems), anti-Apc (Santa Cruz Biotechnology), anti-Tcf4 (Cell Signaling),
anti-BrdU (Caltag Laboratories), Click-iT EdU Cell Proliferation Assay Kit
(Invitrogen), anti-K;-67 (BD Pharmingen), UEA-1 biotin, (Sigma Aldrich), and
anti-Chromogranin A (Abcam). Fluorescent images were collected using a
Leica TCS SP5 laser-scanning confocal microscope.

Cell Counting and Analysis of Crypt Size. Using Image J, the percent Tcf4 lin-
eage, Phh3-positive cells, and percent BrdU-positive area were analyzed fol-
lowing randomization of three embryos each of Tcf4"** or Tcf4“** E13.5 and
E14.5 embryos. Epithelial and mesenchymal cell area was normalized be-
tween fields of view. Phh3 (mitosis)-positive cells and BrdU (S-phase)-positive
area were scored separately in two cell types and then combined for total
intestinal mitotic cell count per total area or S-phase-positive area per total
area. Two sample t tests assuming unequal variances were performed and
normalized cell number (or area per total area), genotype specific mean, and
two-tailed P-values were reported. Intact crypts were analyzed using confocal
microscopy and collection of Z-stack images that were analyzed using Imaris
software (IMARIS). Crypt size was determined using the 3-d image generated
by Imaris imported into Image J.
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Pathway-Specific QPCR Analysis. For gene expression in tumors, RNA was
isolated from the distal 2.5 cm of colon collected from four each of Tcf4"¢t,
ApcMin and Tcf4"TApcM™ littermates. RNA was isolated using an RNA-
queous RNA isolation kit (Ambion). cDNA was made from intact RNA using
QScript (Quanta Biosciences). QPCR was conducted using either 96-well or
384-well StellARrays (Bar Harbor Biotechnology), including the Mouse
Wnt Signaling and Targets of Wnt Signaling arrays, according to the
manufacturer’s instructions. Data were analyzed by Bar Harbor Bio-
technology using Global Pattern Recognition software (Lonza) as pre-
viously published (36).

Gene Expression Genomic Array and Analysis. RNA was labeled and used to
probe the Agilent 44K feature mouse genome array (Table 1). Four normal
and tumor samples were analyzed. Intensity data from Agilent one-color gene
expression arrays was log-transformed (to log base 2) and quantile normalized
(37). Data from microarray features with the same probe sequence were
averaged together to yield a single normalized intensity value for each
unique probe on each array. The normalized data set was loaded into Gen-
eSifter (www.genesifter.net) for analysis. Mutant and wild-type samples were
compared using a two-tailed t test. P-values were corrected (adjusted P-value)
for multiple testing using the Benjamini-Hochberg procedure (38).
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