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In most carcinomas, invasion of malignant cells into surrounding
tissues involves their molecular reprogramming as part of an
epithelial-to-mesenchymal transition (EMT). Mutation of the APC
gene in most colorectal carcinomas (CRCs) contributes to the nucle-
ar translocation of the oncoprotein g-catenin that upon binding to
T-cell and lymphoid enhancer (TCF-LEF) factors triggers an EMT and
a proinvasive gene expression profile. A key inducer of EMT is the
ZEB1 transcription factor whose expression promotes tumorigen-
esis and metastasis in carcinomas. As inhibitor of the epithelial phe-
notype, ZEB1 is never present in the epithelium of normal colon or
the tumor center of CRCs where f-catenin remains membranous.
We show here that ZEB1 is expressed by epithelial cells in intestinal
tumors from human patients (familial adenomatous polyposis)
and mouse models (APCMin/+) with germline mutations of APC that
result in nuclear accumulation of g-catenin. However, ZEB1 is not
expressed in the epithelium of hereditary forms of CRCs that carry
wild-type APC and where f-catenin is excluded from the nucleus
(Lynch syndrome). We found that f-catenin/TCF4 binds directly
to the ZEB1 promoter and activates its transcription. Knockdown
of p-catenin and TCF4 in APC-mutated CRC cells inhibited endogen-
ous ZEB1, whereas forced translocation of p-catenin to the nucleus
in APC-wild-type CRC cells induced de novo expression of ZEB1.
Upregulation of MT1-MMP and LAMC2 by g-catenin/TCF4 has
been linked to invasiveness in CRCs, and we show here that both
proteins are activated by ZEB1 coexpressing with it in primary
colorectal tumors with mutated APC. These results set ZEB1 as an
effector of g-catenin/TCF4 signaling in EMT and tumor progression.

Loss of epithelial characteristics in favor of a mesenchymal
phenotype—a process referred to as epithelial-to-mesenchy-
mal transition (EMT)—bestows carcinoma cells at the tumor
front with stem cell-like and more motile properties needed for
their invasion into surrounding tissues (1). One of the signals
initiating an EMT is the canonical Wnt pathway whose stimula-
tion triggers the translocation of the oncoprotein p-catenin to the
nucleus, where it acts as coactivator of T-cell and lymphoid
enhancer (TCF-LEF) factors in the transcriptional activation of
target genes (2). In the absence of nuclear p-catenin, TCF-LEF
factors function instead as transcriptional repressors by binding
to corepressors of the Groucho-TLE family. In normal epithelial
cells, B-catenin associates at the cellular membrane with the ad-
hesion molecule E-cadherin, while any free cytoplasmic p-catenin
is phosphorylated and targeted for ubiquination-dependent de-
gradation—thus preventing it from reaching the nucleus—by a
protein complex formed by APC, GSK-3, CKla, and Axin (2).
Aberrant activation of B-catenin/TCF signaling has been in-
volved in a number of tumors, most notably colorectal carcinomas
(CRCs) (2). Over 80% of sporadic CRCs and the vast majority of
cases of familial adenomatous polyposis (FAP)—an autosomal
dominant inherited syndrome displaying high predisposition to
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CRC—have loss-of-function mutations of the APC gene (3). A
high predisposition to intestinal adenomas is also found in mice
heterozygous for a stop codon mutation in APC (APCM™/+ mice)
(4). In the normal intestinal epithelium of FAP patients and
APCMin/+ mice, p-catenin remains membranous. However, in the
tumors developed by FAP patients and APCM"/+ mice, a fraction
of B-catenin—which levels vary among and within tumors—trans-
locates to the cytoplasm and nucleus (5-7). Nuclear accumulation
of p-catenin is higher and more homogenous in FAP carcinomas
than in FAP adenomas and also increases as adenomas develop
in APCMi"/+ mice. In hereditary syndromes with predisposition
to CRC but carrying wild-type APC, like the Lynch syndrome,
B-catenin does not accumulate at the nucleus of CRC cells. Het-
erogeneity in the levels of nuclear p-catenin in the tumors of FAP
patients and APCM"/+ mice is also observed in sporadic CRCs.
Although in well-differentiated areas and the tumor center of
CRCs p-catenin has a membranous/cytoplasmic distribution, it
becomes mostly nuclear in scattered dedifferentiated cells under-
going an active EMT at the tumor invasive front (8). Genomic
location analyses in CRC cells have identified a large number
of genes that bind p-catenin at their regulatory regions (9). p-ca-
tenin/TCF activates a differential pattern of gene expression in
the center and front of primary CRCs with the induction of proin-
vasive genes taking place only at the tumor front (10).

A key initial step in the EMT is the downregulation of E-cad-
herin, which at the transcriptional level is repressed by several
factors; namely, ZEB1, ZEB2, SNAI1, SNAI2, Twistl, Twist2,
and E12/E47 (1). Of all of them, ZEB1 (also known as 8EF1)
has the most consistent inverse correlation with E-cadherin
across different types of carcinomas (11, 12). In inducing an EMT,
ZEBI not only transcriptionally represses epithelial markers like
E-cadherin but also activates mesenchymal genes. ZEB1 expres-
sion determines resistance to chemotherapy drugs in carcinoma
cell lines, promotes tumorigenesis and metastasis in mouse xeno-
graft models, and associates to poorer clinical prognosis in human
carcinomas (11-13). Control by ZEB1 of these cancer hallmarks
involves not only direct transcriptional activation or repression of
target genes but also indirect mechanisms. In most cell types,
ZEBI represses and is repressed by microRNAs of the miR-
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200 family that could also directly downregulate mesenchymal
genes involved in cancer cell migration (11, 14, 15).

In normal and carcinomatous colonic mucosa, ZEB1 is mostly
found in nonepithelial cells of diverse origin at the stromal com-
partment (16, 17). As expected from an inducer of EMT, ZEB1 is
never expressed by epithelial cells of the normal mucosa or the
tumor center of carcinomas. However, ZEB1 is present in the
nucleus, and often also in the cytoplasm, of the above-mentioned
dedifferentiated cancer cells at the tumor front of CRCs (13,
16, 18).

In t)his study, we show that ZEBI1 is found in the epithelial
cells of colorectal tumors from FAP patients and intestinal ade-
nomas from APCMi"/+ mice where it is coexpressed with nuclear
B-catenin. By contrast, ZEB1 is not detected in the epithelium
of Lynch syndrome CRCs with wild-type APC and lacking nuclear
B-catenin. Using established cell lines of CRC with reportedly
different levels of nuclear p-catenin (19), we found that endogen-
ous P-catenin and TCF4 bind to the promoter region of ZEB1
and induces its expression. Finally, in CRC cells with mutated
APC, ZEBI activates MT1-MMP and LAMC2, two proinvasive
genes jointly regulated by p-catenin/TCF4 at the tumor front of
CRCs, which we also found coexpressed with ZEBI1 in colorectal
tumors from FAP patients.

Results

ZEB1 Coexpresses with Nuclear p-Catenin in the Epithelium of Tumors
from FAP Patients and APCMi"/+ Mice. Expression of ZEB1 by ded-
ifferentiated nuclear p-catenin-positive cancer cells at the tumor
front of sporadic CRC:s led us to question whether ZEB1 expres-
sion also correlates with nuclear B-catenin in colorectal tumors
from FAP patients with mutated APC. In FAP adenomas and
carcinomas, B-catenin is found in the cytoplasm and nucleus of
epithelial tumor cells. Nuclear accumulation of p-catenin varies
within and among FAP tumors but is higher and more homoge-
neously distributed in FAP carcinomas (5, 6) (red in Fig. S1 4
and B). Interestingly, we found ZEBI1 in the epithelial cells of
FAP tumors (green in Fig. S1 A and B), where it was coexpressed
with nuclear p-catenin (yellow in Fig. 14 and Fig. S1B). ZEB1
paralleled levels of nuclear p-catenin in tumor epithelial cells
—highly expressed by the majority of FAP adenomas and virtually
all FAP carcinomas (Fig. 14 and Fig. S14). Obviously, no colo-
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calization was observed in nonepithelial stromal cells, positive
for ZEB1 but negative for p-catenin (green in Fig. 14). ZEB1 was
not detected in Lynch syndrome carcinomas (no epithelial cells
labeled in green in Fig. 14 and Fig. S1 A and B) with wild-type
APC and where p-catenin remains membranous/cytoplasmic
(red in Fig. 14 and Fig. S1 A and B).

Expression of ZEB1 was then examined in APCM"/* mice,
considered as an animal model of human FAP. In the normal
intestinal epithelium of wild-type and APCM™/+ mice, p-catenin
stayed membranous and ZEB1 was absent (Fig. 1B). By contrast,
in intestinal adenomas of APCMi"/* mice, nuclear accumulation
of B-catenin was accompanied by expression of ZEB1 (Fig. 1B).

An important target of ZEB1 during EMT is the E-cadherin,
expression of which is lost in those dedifferentiated cells at the
invasive front of sporadic CRCs (Fig. S1C) (8). Here, we found
that in epithelial cells of FAP colorectal tumors expression of
ZEB1 also correlated with a loss/reduction of E-cadherin
(Fig. S1C). Altogether, these results indicate that nuclear trans-
location of B-catenin in tumors with mutant APC correlates with
ZEBI expression and loss of E-cadherin.

p-Catenin/TCF4 Bind the Human ZEB1 Promoter and Activate Its Tran-
scription. The above results prompted us to investigate whether p-
catenin signaling could induce ZEBI1. To test this hypothesis, we
examined the effect on ZEBI transcription of exogenously over-
expressing f-catenin and TCF4, the most prominent TCF-LEF
factor in the intestine. In these experiments, we used two CRC cell
lines with different levels of nuclear p-catenin (19). On the one
hand, we used SW480 cells with mutant APC and where p-catenin
is predominantly nuclear (Fig. S24). As expected from the corre-
lation we found in FAP tumors between nuclear p-catenin and
ZEBI1, SW480 cells contain high levels of ZEB1 and low levels
of E-cadherin (Fig. S2B). On the other hand, we used HCT116
cells that have wild-type APC and low levels of p-catenin accumu-
lated in the nucleus (Fig. S24). In line with our results in Lynch
samples, low nuclear p-catenin in HTC116 cells associated with low
levels of ZEB1 and high levels of E-cadherin (Fig. S2B). A high
pool of nuclear B-catenin in SW480 cells translates into strong
pB-catenin/TCF-mediated transcription as assessed by the activity
of the pPTOPFLASH luciferase reporter (20) (Fig. S2C), containing
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Fig. 1. ZEB1 coexpresses with nuclear p-catenin. (A) Immunofluorescence staining for p-catenin (red, clone 14 or Ab6302) and ZEB1 (green, H-102 or E-20) in
tumor front of sporadic CRCs, FAP colorectal adenomas and carcinomas, and Lynch CRCs. A representative merge picture is shown (yellow cells for colocalization).
Single staining for p-catenin, ZEB1 and DAPI is shown in Fig. S1A and magnified in Fig. S1B. Scale bar, 25 pm. (B) Immunohistohemistry staining for f-catenin (clone
14) and ZEB1 (H-102) in normal intestinal mucosa and adenomas from 4-mo-old wild-type APC (magnification 400x) and APCM"/+ (200x) mice, respectively.
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multimerized TCF binding sites. By contrast, in HCT116 cells Wnt
signaling and pTOPFLASH transcription were low (20) (Fig. S2C).

Overexpression of TCF4 in SW480 cells, but not its corre-
sponding empty vector, increased transcription of the human
ZEBI1 promoter (Fig. 24). This effect, however, was not found
when we transfected a mutant form of TCF4 (TCF4y,-3) that
lacks the B-catenin binding domain (Fig. 24). These results
suggest that the ability of TCF4 to activate ZEB1 transcription
is dependent on the formation of a transcriptional activation
complex with endogenous nuclear p-catenin.

Because SW480 cells have high endogenous levels of nuclear
pB-catenin, overexpression of f-catenin had no effect by itself on
ZEBI transcription (Fig. 2B)—presumably, most endogenous
TCF4 is already bound to endogenous p-catenin. Exogenous
f-catenin did synergize with TCF4 when the latter was also over-
expressed, although only modestly (Fig. 2B). However, their sy-
nergistic activation of ZEBI transcription was strong when TCF4
was coexpressed with a mutant and more stable form of p-catenin
(B-catenin®*) that is not degradable by the APC-GSK3-Axin
complex (Fig. 2B). It is of note that the effect on ZEBI transcrip-
tion of overexpressing in SW480 cells TCF4 and/or p-catenin mir-
rored that obtained with the pTOPFLASH reporter (Fig. S2D).

The same set of experiments was then performed in HCT116
cells. Because these cells have low levels of nuclear p-catenin,
overexpression of TCF4—Ilet alone TCF4,4,-3p—had by itself
limited impact on the ZEB1 promoter (Fig. 24). By contrast,
exogenous expression of wild-type B-catenin and S-cateninSA
activated ZEBL1 transcription (Fig. 2C). Again, the results ob-
tained with the ZEB1 promoter in HTC116 cells paralleled those
observed with the pTOPFLASH reporter (Fig. S2E).

We next wondered whether the ability of TCF4 and/or p-catenin
to activate ZEB1 transcription was mediated by their direct
binding to the ZEB1 promoter. Examination of the human ZEB1
promoter sequence revealed the existence of several potential TCF
binding sites, two of them—located at —578 and —161 and similar
to those reported in the human laminin 5 y2 chain/LAMC2 pro-
moter (21)—within the ZEB1 promoter reporter used above. We
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therefore tested through ChIP assays if endogenous f-catenin/
TCF4 complexes assemble on the ZEB1 promoter. Indeed, it was
found that antibodies against TCF4 and p-catenin, but not their
respective control IgG, immunoprecipitated regions of the ZEB1
promoter containing the TCF binding sites (Fig. 2D and Fig. S2F).
Lower binding by f-catenin vis-a-vis TCF4 is consistent with the
fact that p-catenin interacts with DNA only indirectly via TCF4.
TCF4 and p-catenin antibodies failed, however, to immunopreci-
pate a fragment of the GAPDH promoter, which lacks TCF bind-
ing sites (Fig 2D). These results indicate that endogenous
p-catenin/TCF4 complexes bind directly to the ZEB1 promoter.

To test whether these endogenous p-catenin/TCF4 complexes
activate ZEBI transcription, we examined the effect of eliminat-
ing both proteins. In SW480 cells, where high levels of nuclear
B-catenin correlate with strong endogenous ZEB1 expression,
knockdown of either endogenous p-catenin or TCF4 with specific
siRNAs—but not a siRNA control—downregulated the activity
of the ZEB1 promoter (Fig. 2F) just as it occurred with the TOP-
FLASH reporter (Fig. S2G).

p-catenin and members of the Groucho-TLE family of tran-
scriptional corepressors competitively displace one another from
their binding to TCF4. We therefore questioned whether TLE
proteins could regulate ZEBI transcription in the opposite direc-
tion. Overexpression of TLE1 in SW480 cells efficiently blocked
p-catenin/TCF4-mediated transcription of the ZEB1 promoter
(Fig. 2F) and the pTOPFLASH reporter (Fig. S2H).

Regulation of Endogenous ZEB1 by $-Catenin/TCF4. Next, we exam-
ined if -catenin/TCF4 could regulate endogenous ZEB1. Knock-
down of endogenous p-catenin or TCF4 in SW480 cells drastically
downregulated both endogenous ZEB1 mRNA (Fig. 34) and
protein (Fig. 3B).

We also wondered whether forced nuclear translocation of
endogenous f-catenin in HTC116 cells induces endogenous
ZEBI. Leptomycin-B (LMB)—a drug that specifically blocks
CRM1/exportin-dependent nuclear export and triggers a shift of
B-catenin from the cell membrane/cytoplasm to the nucleus in

Fig. 2. p-catenin/TCF4 activates ZEB1 transcrip-
tion. (A) SW480 and HCT116 cells were trans-
fected with 0.5 pg of human ZEB1 promoter
plus 1 pg of the empty expression vector
(“=") or equal molar amounts of expression vec-
tors for TCF4 or TCF44,-3p (“+"). Transcriptional
assays were performed as described in S/
Discussion. The relative luciferase activity
(RLU) in the two cell lines with the empty vector
was set to a common value for comparison. As
for the TOPFLASH reporter (Fig. S2C), basal ac-
tivity of the ZEB1 promoter is lower in HTC116
cells. (B) SW480 cells were transfected with ZEB1
promoter and combinations of 1 pg of empty
expression vector or equal molar amounts of
TCF4, p-catenin and/or p-catenin®®. (C) Same
as in B, but in HCT116 cells. (D) TCF4 and p-ca-
tenin bind to the ZEB1 promoter. Real-time PCR
quantification (qRT-PCR) of fragments of the
ZEB1 and GAPDH promoters immunoprecipi-
tated in ChIP assays from SW480 cells with Abs
against TCF4, p-catenin, their respective control
19G, and with no Ab. Amplified ZEB1 promoter
regions contain TCF binding sites at —578 and
—161. Values represent relative binding in rela-
tion to input. (E) Endogenous p-catenin and
TCF4 regulate ZEB1 transcription. As in A,
SW480 cells were transfected with the ZEB1 pro-
0 moter along with 100 nM siRNAs against either
B-catenin (sifcat), TCF4 (siTCF4), or a control siR-
NA (siCtl). (F) As in B, SW480 cells were trans-
fected with the ZEB1 promoter and different
combinations of 1 pg of empty vector or equal
molar amounts of TCF4, p-catenin, and TLE1.
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APC-wild-type cells (19, 20)—caused a rapid accumulation of
nuclear p-catenin in HCT116 cells (Fig. S34). Nuclear transloca-
tion of B-catenin in these cells stimulated ZEB1 transcription
(Fig. 3C) with a temporal pattern that resembled the activation
of the TOPFLASH reporter (Fig. S3B). Accumulation of nuclear
B-catenin in HCT116 cells also induced endogenous ZEBI1
mRNA and protein (Fig. 3C), and, consequently, reduced E-cad-
herin mRNA levels (Fig. S3C).

p-Catenin/TCF4 Signaling Regulates ZEB1 Activation of Proinvasive
Markers. Activation of the p-catenin/TCF pathway upregulates
the expression of proinvasive genes (10). Likewise, repression
of epithelial genes and induction of mesenchymal markers by
ZEBL1 is required for the acquisition of an invasive phenotype
by carcinoma cells at the tumor front (11, 12). E-cadherin is a
direct target for ZEB1 repression, and knockdown of ZEB1 in
SW480 cells induced an upregulation of endogenous E-cadherin
mRNA that, in line with our results above, was also observed
upon the elimination of p-catenin and TCF4 (Fig. S44). These
results are consistent with the loss of E-cadherin in cells positive
for nuclear p-catenin and ZEB1 at the tumor front of sporadic
CRCs and FAP adenomas and carcinomas (Fig. S1C; also see
Discussion). On the other hand, cyclin D1 is a known target of
pB-catenin/TCF4 in CRCs (10) but not of ZEBL1 and, accordingly,
cyclin D1 mRNA levels were downregulated upon knockdown of
pB-catenin and TCF4 but not by a siRNA against ZEB1 (Fig. S44).
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Fig. 3. Endogenous regulation of ZEB1 by p-catenin/TCF4. (A) Endogenous
B-catenin and TCF4 regulate endogenous ZEB1 mRNA. SW480 cells were trans-
fected with 50-100 nM of a control siRNA or specific siRNAs for ZEB1, -catenin,
and TCF4. Relative mRNA levels were determined by qRT-PCR respect to
GAPDH. (B) Endogenous p-catenin and TCF4 regulate endogenous ZEB1 pro-
tein. SW480 cells were transiently transfected with control and specific siRNAs
and cell lysates were immunoblotted for ZEB1 (H-102), p-catenin (clone 14),
TCF4 (H-125), as well as a-tubulin (B5-1-2) to control for loading. (C) Nuclear
accumulation of B-catenin induces endogenous ZEB1. (Left) HTC116 cells were
transfected with 0.5 pg of ZEB1 promoter and, after 48 h, treated with
10 ng/mL of LMB for different periods before cell lysates were processed
for luciferase activity quantification (see Supporting Information). (Center)
HCT116 cells, treated with 10 ng/mL of LMB for different periods, were as-
sessed for ZEB1 mRNA levels by qRT-PCR. (Right) HCT116 cells, treated with
10 ng/mL of LMB for different periods, were lysed, and protein levels were
determined by Western blot with ZEB1 (H-102) and o-tubulin (B5-1-2) Abs.
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The literature reveals some overlap in the gene expression pat-
tern activated by p-catenin/TCF and ZEBI. For instance, vimentin
is activated by both p-catenin/TCF and ZEB1 (22, 23), while
knockdown of ZEB1 in CRC cells downregulates LAMC2 mRNA
levels, a well-characterized target of B-catenin/TCF4 (16, 21).

A key mechanism by which f-catenin/TCF4 promotes invasive-
ness in sporadic CRCs is through the coordinated induction of
MT1-MMP and LAMC?2 at the tumor front (10, 16, 21, 24, 25).
In addition, cleavage of LAMC2 by MT1-MMP promotes CRC
cell migration (24). Given that nuclear p-catenin and ZEBI are co-
expressed at the tumor front of CRCs, we examined the ability of
ZEBI1 also to regulate MT1-MMP and LAMC2 in APC mutant
CRC cells as well as their possible coexpression in FAP tumors.

Because SW480 cells exhibit strong f-catenin/TCF-mediated
transcription and ZEB1 expression, the basal activity of the
MT1-MMP promoter in these cells was high (Fig. 44). Still, over-
expression of ZEB1 was able to further activate MT1-MMP tran-
scription. It was also found that knockdown not only of p-catenin
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Fig. 4. Regulation of MT1-MMP and LAMC2 by ZEB1 in CRC cells with mu-
tant APC. (A) ZEB1 activates MT1-MMP expression in CRC cells. (Left) ZEB1
activates MT1-MMP transcription. SW480 cells were transfected with 0.8 pg
of the human MT1-MMP promoter along with 1.0 pg of empty expression
vector or equal molar amounts of ZEB1 expression vector. (Center) ZEB1
activates endogenous MT1-MMP mRNA. SW480 cells transfected with a
siRNA control or specific siRNAs for ZEB1, p-catenin, and TCF4 were assessed
for relative levels of MT1-MMP mRNA by gRT-PCR. (Right) ZEB1 regulates
endogenous MT1-MMP protein. SW480 cells were transiently transfected
with 50 nM of a siRNA for ZEB1 or a control siRNA. Protein expression was
assessed by Western blot with Abs for MT1-MMP (LEM2/15.8), ZEB1 (H-102),
and a-tubulin (B5-1-2). (B) ZEB1 activates LAMC2 expression in CRC cells. (Left)
ZEB1 activates LAMC2 transcription. Same as in A, but using both wild-type
LAMC2 promoter (LAMC2) or a mutant version where two ZEB1 binding sites
had been mutated (LAMC2-MUT) (Center) ZEB1 activates endogenous
LAMC2 mRNA. Same as in A, but for LAMC2 mRNA. (Right) ZEB1 regulates
endogenous LAMC2 protein. Same as in A, but a LAMC2 (D4B5) Ab was used.
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and TCF4 but also of ZEB1 reduced mRNA levels of MT1-MMP
(Fig. 4A4). Likewise, transient and stable elimination of ZEB1
in SW480 cells downregulated endogenous MT1-MMP protein
expression (Fig. 44 and Fig. S4B).

We next explored the regulation of LAMC2 by ZEB1 in CRC
cells. As for MT1-MMP, despite a high basal activity of the
LAMC?2 promoter in SW480 cells its transcription was stimulated
by overexpression of ZEB1 (Fig. 4B). The LAMC2 promoter
contains several consensus ZEB1 binding sites, two of them—at
—213 and —96—within our promoter reporter and whose muta-
tion abrogated the ability of ZEB1 to activate LAMC2 tran-
scription in SW480 cells (Fig. 4B). ChIP assays showed that
endogenous ZEB1 in SW480 cells binds to the LAMC2 promoter
but not to the GAPDH promoter, expression of which is not regu-
lated by ZEBI1 (Fig. S4 C and D). In the same line, elimination of
endogenous ZEB1 in these cells downregulated endogenous
LAMC2 mRNA and protein (Fig. 4B and Fig. S4B). These results
indicate that in CRC cells ZEB1 directly activates LAMC2
expression, although these results do not exclude the possibility
of concurrent indirect regulation via miR-200.

The expression of ZEB1 was then examined in tandem with
that of MT1-MMP and LAMC2 in FAP adenomas and carcino-
mas. High levels of MT1-MMP (in red) were detected at the cell
membrane and cytoplasm of tumor cells in FAP adenomas and
carcinomas that also expressed ZEB1 (in green) (Fig. 54 and
Fig. S54). Despite lack of nuclear p-catenin, some expression of
MT1-MMP was observed among stromal cells in Lynch CRCs
where, obviously, there was no correlation with nonexistent
ZEBI. Atypical nuclear localization of MT1-MMP has been as-
sociated with increased tumor aggressiveness (26). Remarkably,
we found that MT1-MMP (in red) colocalized at the nucleus with
ZEBI (in green) precisely on dedifferentiated nuclear p-catenin-
positive invading cancer cells at the tumor front of sporadic CRCs
(yellow cells in Fig. S5B).

Similarly, when we examined ZEB1 and LAMC?2 in FAP color-
ectal adenomas and carcinomas, we evidenced the coexpression
of both proteins (green and red, respectively, in Fig. 5B and
Fig. S5C). Again, neither expression nor correlation of ZEB1
and LAMC2 was found in CRCs from Lynch syndrome patients.
Altogether these data show that ZEB1 and f-catenin/TCF4 reg-
ulate common proinvasive target genes in colorectal cancer.

A FAP Adenoma

FAP Carcinoma

MT1-MMP
ZEB1
B FAP Adenoma
LAMC2
ZEB1
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Discussion

Aberrant activation of the p-catenin/TCF pathway—mostly by
inactivating mutations of APC—is a necessary step in the genesis
of many human cancers, including most CRCs. In this article,
we show that ZEBI, a key inducer of EMT, is a direct target of
p-catenin/TCF4. As an inhibitor of epithelial phenotype, ZEB1
is not present in the epithelium of normal colonic mucosa or in
the center of sporadic CRC:s but is expressed by dedifferentiated
cells with nuclear p-catenin at their invasive front. In this study,
ZEBI1 was found in epithelial cells of intestinal tumors from FAP
patients and APCM"/* mice, both carrying germline mutations
of APC and displaying accumulation of nuclear p-catenin. By con-
trast, ZEBL1 is absent in Lynch syndrome CRCs with wild-type
APC and lacking nuclear p-catenin. TCF4 and p-catenin bind
to the ZEB1 promoter to activate its transcription that is, in turn,
repressed by TLE1. p-catenin/TCF4 complexes regulate ZEB1 at
the endogenous level in APC mutant CRC cells as knockdown of
endogenous p-catenin and TCF4 resulted in the downregulation
of endogenous ZEB mRNA and protein. On the other hand,
forced nuclear translocation of f-catenin in wild-type APC
CRC cells activated ZEB1 transcription and induced endogenous
ZEB1 mRNA and protein. We also showed that MT1-MMP and
LAMC2—two genes whose coordinated induction by $-catenin/
TCF4 contributes to the invasiveness of sporadic CRCs—are
also activated by ZEB1 in CRC cells and coexpress with ZEB1
in colorectal FAP adenomas and carcinomas.

The upstream signals regulating most other EMT-inducing
transcription factors (e.g., SNAI1, SNAI2, Twistl, Twist2) are
well characterized (1), but it is only recently that the regulation
of ZEB1 has begun to be understood. ZEB1 is induced by several
pathways triggering an EMT (11, 12), and here we report that
ZEBLI is directly activated by p-catenin/TCF4. Redundant regu-
lation of ZEBI through several EMT-inducing signals suggests
that its expression is key in the initiation and/or maintenance of
the EMT process.

Although in established CRC cell lines mutation of APC is
accompanied by nuclear translocation of $-catenin and activation
of B-catenin/TCF4 transcription, most cells in primary CRCs with
mutated APC have membranous p-catenin and do not exhibit
mesenchymal characteristics (8). The fact that nuclear p-catenin
is only found in dedifferentiated cells at the invasive front indi-
cates that APC mutation is a necessary but not sufficient step
for nuclear translocation of p-catenin and induction of an EMT
(8). Recent evidence has shown that the microenvironment at the

Lynch Carcinoma

Lynch Carcinoma

Fig. 5. ZEB1 correlates with MT1-MMP and
LAMC2 in FAP adenomas and carcinomas.
(A) FAP adenomas and carcinomas and Lynch
carcinomas were immunostained for MT1-
MMP (red) and ZEB1 (green). Representative
merge pictures are shown. Single staining
for MT1-MMP, ZEB1 and DAPI is shown in
Fig. S5A. (B) Same as in A, but for LAMC2
(red) and ZEB1 (green). Single staining cap-
tures are shown in Fig. S5C. Scale bars, 25 pm.
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invasive front of CRCs—and, more specifically, secretion of
factors like hepatocyte growth factor by stromal myofibroblasts
in the vicinity of dedifferentiated cancer cells—play an important
role in the nuclear translocation of f-catenin and activation of
pB-catenin/TCF signaling (27). Although not as strong and homo-
geneous as in FAP carcinomas, B-catenin also accumulates in the
nucleus—and starts inducing ZEB1 expression—in relatively
well-differentiated adenomas from FAP patients and APCMin/+
mice (5-7). This observation suggests that additional mechanisms
beyond the microenvironment at the carcinoma front may regu-
late B-catenin translocation in FAP and APCM"/+ adenomas.
This study found that ZEB1 expression in these samples corre-
lates with levels of nuclear p-catenin across and within tumors
(see SI Discussion).

Lynch syndrome patients have germline mutations in mistmach
repair genes resulting in microsatellite instability and increased risk
of developing CRCs (3). Compared to sporadic CRCs, Lynch
CRC:s are less invasive and metastatic and have a more favorable
prognosis. Over 90% of Lynch CRCs also present mutations of
the TGFp receptor type II compromising their ability to undergo
an EMT in response to TGFp, thus contributing to explain their
lower invasiveness (28). Here, we have shown that, contrary to FAP
tumors, Lynch CRCs with wild-type APC do not express ZEB1. In
this regard, it is worth noting that ZEBI is not only induced by
TGFp but ZEBI1 synergizes with R-Smads to activate TGF-
dependent genes and is required for TGFf-mediated induction
of EMT (29, 30). It is therefore possible that in the same way re-
dundancy of upstream EMT-inducing signals would ensure ZEB1
expression during tumor progression, lower invasive and metastatic
behavior in Lynch CRCs requires the loss of ZEB1 through inac-
tivation of several of these pathways (e.g. wild-type APC plus mu-
tation of TGF receptor type II).

Proteolytic cleavage of LAMC2 by MT1-MMP stimulates
migration of CRC cells (24), and the coordination induction of
both proteins by p-catenin/TCF4 at the front of sporadic CRCs
associates to increased invasiveness (25). We found that both
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genes are upregulated by ZEB1 in APC mutant CRC cells and
coexpress with ZEB1 in FAP tumors. (see SI Discussion).

Altogether, our results support a model where APC mutation,
factors in the microenvironment, and, potentially, additional
signals bring about the nuclear translocation of f-catenin, which
upon binding to TCF4 induces ZEB1. ZEB1 would then initiate
the EMT process—repressing E-cadherin and other epithelial
markers and activating mesenchymal and proinvasive genes,
some jointly with p-catenin/TCF4—to promote tumor progres-
sion and metastasis. An alternative model would be that induc-
tion first of ZEB1 through some unrelated mechanism would
downregulate E-cadherin, thus increasing the availability of
B-catenin to translocate the nucleus. However, this second pos-
sibility could be rebutted because ZEB1 is known to be unable
to activate the TOPFLASH reporter (16).

In sum, this work has shown that in intestinal primary tumors
and CRC cell lines with mutant APC ZEB1 is a direct target of
B-catenin/TCF4 and acts also as an effector of this signaling
pathway in regulating genes associated to tumor invasiveness.
Given the salience of the p-catenin/TCF4 pathway in CRCs and
recent evidence about the role of ZEB1 in tumorigenesis, metas-
tasis, and chemotherapy resistance, the establishment of such
link sets ZEB1 not only as an important diagnostic predictor but
also as a potential therapeutic target in CRCs.

Materials and Methods

Details of the materials and experimental procedures used are given in S/
Materials and Methods. SI Discussion, Figs. S1-S5, and additional references
are also included in Supporting Information.
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