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The matrix metalloproteinase matrilysin (MMP-7) is expressed in the tumor cells of a majority of mouse
intestinal and human colonic adenomas. We showed previously that matrilysin is a target gene of 3-catenin—
Tcf, the transcription factor complex whose activity is thought to play a crucial role in the initiation of
intestinal tumorigenesis. Here we report that overexpression of a stable mutant form of 3-catenin alone was
not sufficient to effect expression of luciferase from a matrilysin promoter-luciferase reporter plasmid. How-
ever, cotransfection of the reporter with an expression vector encoding the PEA3 Ets transcription factor, or
its close relatives ER81 and ERM, increased luciferase expression and rendered the promoter responsive to
B-catenin-LEF-1 as well as to the AP-1 protein c-Jun. Other Ets proteins could not substitute for the PEA3
subfamily. Luciferase activity was induced up to 250-fold when PEA3, c-Jun, -catenin, and LEF-1 were
coexpressed. This combination of transcription factors was also sufficient to induce expression of the endog-
enous matrilysin gene. Furthermore, all matrilysin-expressing benign intestinal tumors of the Min mouse
expressed a member of the PEA3 subfamily, as did all human colon tumor cell lines examined. These data
suggest that the expression of members of the PEA3 subfamily, in conjunction with the accumulation of
3-catenin in these tumors, leads to coordinate upregulation of matrilysin gene transcription, contributing to

gastrointestinal tumorigenesis.

Matrilysin (MMP-7, EC 3.4.24.23), a member of the matrix
metalloproteinase (MMP) family of proteins, is expressed in
the malignant epithelia of the majority of human colonic ade-
nocarcinomas (14, 41). Matrilysin transcripts also are found in
the tumor epithelium of 90% of intestinal adenomas resulting
from germ line-inactivating mutations in the adenomatous pol-
yposis coli (APC) tumor suppressor gene in both humans (49)
and mice (54). This pattern of expression is in contrast with the
expression of most MMPs, which are confined to the surround-
ing stromal cells in noninvasive, benign tumors (54). The
unique pattern of matrilysin expression in the neoplastic epi-
thelia of benign polyps suggests a role in the early stages of
tumor progression. Consistent with this hypothesis, in an or-
thotopic model of colon tumorigenesis, matrilysin expression
enhances tumor formation (57) and tumor formation in the
multiple intestinal neoplasia (Min) mouse is decreased by 60%
when in a matrilysin-null genetic background (54).

Loss of functional APC is thought to be the most common
initiating event in human colorectal cancer (27). This loss of
APC activity is a result of inactivating mutations that render
the APC protein incapable of targeting the proto-oncoprotein
B-catenin for degradation (39). In normal epithelial cells,
B-catenin is primarily localized to adherens junctions, where it
interacts directly with the cell-cell adhesion molecule E-cad-
herin (1). However, when B-catenin is allowed to accumulate
in the cytoplasm, it is efficiently transported into and retained
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in the nucleus (12, 22) where it acts as a transcriptional coac-
tivator through its interaction with members of the Tcf/LEF-1
DNA binding protein family (2, 25). The transcriptional activ-
ity of the B-catenin—Tcf complex has been shown to correlate
with the oncogenic potential of B-catenin protein (29). The
transcription of several cognate target genes has been shown
to be regulated by B-catenin-Tcf, including matrilysin (5, 9),
c-myc (20), cyclin D1 (50), TCF-1 (43), and fibronectin (16).
Matrilysin is a transcriptional target of the B-catenin-Tcf
complex (5, 9). In mouse and human intestinal tumors, the
expression of matrilysin transcripts strongly overlaps the accu-
mulation of B-catenin protein. Additionally, cotransfection of
an expression vector encoding a stable mutant form of B-cate-
nin with a mouse matrilysin promoter-luciferase reporter sig-
nificantly upregulates luciferase expression in most colon tu-
mor cell lines, dependent on a functional Tcf binding site in the
promoter (9). Conversely, luciferase expression is reduced in
these cell lines by cotransfection with an expression vector
encoding the cytoplasmic domain of E-cadherin, a polypeptide
that blocks association of B-catenin with Tcf factors. Taken
together, these data suggest that B-catenin transactivation is
necessary for matrilysin expression in intestinal tumors.
Despite the ability of B-catenin to transactivate the matrily-
sin promoter, other observations suggest that 3-catenin accu-
mulation is not sufficient to induce matrilysin expression. For
example, rare dysplastic glandular structures of mouse intesti-
nal tumors display high levels of nuclear B-catenin protein
without concomitantly high levels of matrilysin transcripts (9).
In addition, the abundance of B-catenin—-Tcf in human colon
tumor cell lines does not always correlate directly with the level
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of endogenous matrilysin gene expression (9). These findings
suggest that the high levels of B-catenin protein found in gas-
trointestinal tumors are not sufficient to upregulate matrilysin
transcription and that the activity or abundance of other tran-
scriptional regulatory proteins common to intestinal tumors is
required to effect matrilysin gene expression.

The tumor-associated expression of many MMP family
members requires the activity of a variety of oncogenic tran-
scription factors, including members of the AP-1 and Ets tran-
scription factor families (10, 18). AP-1 and Ets binding sites are
common features of the majority of MMP promoters (13). In
these MMP promoters, basal promoter activity is highly de-
pendent on an AP-1 site (5'-TGAGTCA-3") usually located
within the first 75 bp upstream of the transcription start site
(3). Changes in AP-1 activity have been shown to regulate these
and other promoters in response to a variety of stimuli, espe-
cially those mediated by the Ras family of small G proteins,
including oncogenic activation of Ras and extracellular signal-
ing through tyrosine kinase receptors and integrins (11, 56).

The mammalian Ets transcription factor family comprises
approximately 30 individual members (53). All Ets proteins
share highly related ETS DNA binding domains. The Ets fam-
ily has been subdivided into subfamilies based on their se-
quence similarity. Subfamily members possess nearly identical
ETS domains and share additional regions of sequence simi-
larity. Ets proteins bind to recognition sites bearing a central
core sequence, 5'-GGA(A/T)-3'; sequences flanking this core
dictate a measure of binding specificity for individual Ets pro-
teins (17). Ets proteins usually activate transcription, but rare
members of the family repress this process. Like with members
of the Jun family, the activity and expression of several Ets
proteins are regulated by extracellular signals acting through
the Ras pathway (53).

Ets and AP-1 factors have been shown to synergistically
activate MMP transcription by interacting with their cognate
binding sites in the promoters of the genes. Usually the Ets and
AP-1 binding sites in these promoters are juxtaposed or in
close proximity (10). In several MMP promoters, these closely
spaced sites constitute a Ras- or oncogene-responsive element;
mutation of either the Ets or AP-1 binding sites of such onco-
gene-responsive elements severely compromises the capacity
of the promoter to be upregulated by oncoproteins functioning
through the Ras pathway (11). Besides MMP expression, syn-
ergistic collaboration between Ets and AP-1 proteins has been
shown to regulate the promoters of multiple genes associated
with tumor progression (11). This apparent need for coopera-
tion in regulating the expression of many tumor-associated
genes suggests that this cooperation also is important for both
Ets and AP-1 proteins to act as oncogenes.

The observation that B-catenin upregulation is insufficient
under some circumstances to stimulate matrilysin gene tran-
scription suggested that other transcription factors commonly
expressed in intestinal tumor cells are involved in this process.
To test this hypothesis, we used the human kidney cell line
HEK?293, in which B-catenin expression upregulated the activ-
ity of matrilysin Tcf site artificial promoters but not the intact
human matrilysin promoter. Exploiting this characteristic, we
found that expression of any of the PEA3 subfamily of Ets
transcription factors rendered the matrilysin promoter respon-
sive to B-catenin transactivation as well as to that of the AP-1
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protein c-Jun. Furthermore, members of the PEA3 subfamily,
particularly PEA3 and ERM, were found to be expressed fre-
quently in mouse intestinal tumors and in every human colon
tumor cell line examined. We conclude that the PEA3 subfam-
ily acts in conjunction with B-catenin-Tcf to upregulate the
transcription of the matrilysin gene during intestinal tumori-
genesis.

MATERIALS AND METHODS

Cells. HEK293 (ATCC CRL-1573), CaCo-2 (ATCC HTB-37), HCT15 (ATCC
CCL-225), HCT116 (ATCC CCL-247), HT29 (ATCC HTB-38), SW480 (ATCC
CCL-228), SW620 (ATCC CCL-227), and HCA7 cells (a gift of Susan Kirkland,
University of London, London, United Kingdom) were maintained at 37°C in 5%
CO, in Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine serum
(FBS).

Plasmids. Expression vectors for chicken Ets-1 (31), mouse PU.1 (28), and
human TEL-1 (23) were the gifts of Scott Hiebert (Vanderbilt University, Nash-
ville, Tenn.). Expression vectors for human ELF-1, Fli-1, GABP-«, and GABP-
(each in the pBK-CMYV vector) were gifts of Barbara Graves (Huntsman Cancer
Institute, Salt Lake City, Utah). Expression vectors for full-length LEF-1
(pBZ13-LEF-1) and a AN-LEF-1 expression vector (p)FLAG hLEF-1) (58) were
gifts of Elaine Fuchs (University of Chicago, Chicago, Ill.). The expression vector
for Ets-2 (pSG5-Ets2) (44) was the gift of Dennis Watson (Medical University of
South Carolina, Charleston). The expression vector for c-Jun (pCMX-c-Jun)
(52) was the gift of Ronald Wisdom (Vanderbilt University). The pCMV-Bp300-
CHA expression vector was the gift of David Livingston (Dana Farber Cancer
Institute, Boston, Mass.). Expression vectors for E1A and the E1A mutants
2-36E1A and E1A-928 (47) were the gift of Roland Stein (Vanderbilt Univer-
sity).

pCANmycPEA3 was constructed by digesting a full-length mouse PEA3
c¢DNA cloned into pGEM7zf (Promega) with Sacl, followed by blunting with
Klenow fragment and digestion with BamHI. The resulting full-length cDNA was
cloned into BamHI/EcoRV-digested pCANmyc vector (Onyx Pharmaceuticals).
The mouse ER81 expression vector was constructed by cloning a full-length
Spel/Xhol cDNA fragment into Xbal/Xhol-digested pPCDNA3.1(—)Zeo (Invitro-
gen).

4X(—194Tcf)Luc and 2X(—109Tcf)Luc were constructed by synthesizing oli-
gonucleotides with Sa/l-compatible overhangs on both the sense and antisense
strands, annealing the oligonucleotides, and phosphorylating them with polynu-
cleotide kinase (Promega). Phosphorylated oligonucleotides were ligated with
Sall-digested TK-Luc (34). The number and orientation of inserts were deter-
mined by DNA sequencing. —194 Tcf oligonucleotides were as follows: sense,
5'-TCGACAAAAATCCTTTGAAAGACAAATACATG-3'; antisense, 5'-TCG
ACATGTATTTGTCTTTCAAAGGATTTTTG-3". —109 Tcf oligonucleotides
were as follows: sense, 5'-TCGACACATACTTTCAAAGTTCTGTAGACTCA
G-3'; antisense, 5'-TCGACTGAGTCTACAGAACTTTGAAAGTATGTG-3'.

The 2.3-kb matrilysin promoter construct was created by cutting a 4.2-kb
genomic clone of the matrilysin promoter (13) with Mfel and cloning the result-
ant 2.3-kb fragment into the EcoRI site of pBluescript KS. The fragment was
recovered using HindIII and BamHI and cloned into the Bg/II and HindIII sites
of pGL2Basic (Promega). The —296HMAT vector was created by digesting the
2.3-kb HMAT with Kpnl/HindIII and cloning the resulting 335-bp fragment into
Kpnl/HindIII-digested pGL2Basic. The rat stromelysin-1 promoter construct
p754TR-Luc was constructed by cloning the Smal/BglIl fragment of p754TR-
CAT (13) into pGL2Basic.

GST-LEF-1 was created by PCR of the pBZ13 LEF-1 cDNA with the oligo-
nucleotides 5'-GCCGGATCCCCAACTCTCCGGAGGA-3' and 5'-GCGCGA
ATTCTCAGATGTAGGCAGCTGTCATTCTGGGA-3' and PfuTurbo poly-
merase (Stratagene) and cloned into pCRScript vector (Stratagene). The LEF-1
cDNA sequence was confirmed, and cDNA was digested with BamHI and EcoRI
(sites engineered into oligonucleotides) and cloned into pGEX-4T2 (Amersham
Pharmacia Biotech). The glutathione S-transferase (GST)-tagged protein was
purified using the manufacturer’s directions, dialyzed overnight against 20 mM
HEPES-20% glycerol-100 mM KCI-0.2 mM EDTA, and snap-frozen in liquid
nitrogen.

Mutagenesis of the matrilysin promoter. The matrilysin promoter was mu-
tated by the PCR-splicing by overlap extension method (24) using —296HMAT
as a template and GL1 and GL2 oligonucleotides as 5'- and 3’-end primers.
Sense oligonucleotides for mutagenesis were as follows, with mutated positions
underlined: for —168Ets, 5'-GTGTGCTTCTGCCAATAACGATG-3'; for
—144Ets, 5'-GTAATACTTCTTCGTTTTAGTTAATG-3'; for —55Ets, 5'-CCT
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ATTTCTACATTCGAGGC-3'; for —194Tcf, 5'-GACAGAAAAAAAAATCA
TTGGCGATACAAATACATTGTGTG-3'; for —109Tcf, 5'-TAACACATAAT
CGCCAACTTCTGTAGACTC-3'; and for mAP-1, 5'-CAAACGAGTGACCT
ATTTCCAC-3'. Antisense oligonucleotides were the reverse complements of
the sense oligonucleotides. The double mutant Tcf site construct was created by
performing PCR-splicing by overlap extension with the —194Tcf construct as a
template and the —109Tcf oligonucleotides as primers. It should be noted that
the inactivating mutation of Tcf sites is generally a two-nucleotide alteration
(30); however, the matrilysin Tcf sites are palindromic and the 2-bp mutation
does not eliminate LEF-1 binding (data not shown). The five-nucleotide alter-
ation was made to eliminate potential Tcf interactions with the complementary
strand.

Electrophoretic mobility shift assay (EMSA). Probes were made by annealing
the —194Tcf oligonucleotide (5'-GCAAAATCCTTTGAAAGACAAATCCCT
CTCCTT-3") or the —109Tcf oligonucleotide (5'-CACATACTTTCAAAGTTC
TGTAGACTCCCTCTCCTT-3') to a 10-fold excess of a primer (5'-AAGGAG
AGGG-3'). Probes were labeled by primer extension with Klenow in the
presence of [a-*?P]dCTP for 1 h. Probes were isolated on a 5% polyacrylamide
gel and eluted.

EMSA was performed by incubating 5 X 10° cpm of probe with 5 pl of purified
GST-LEF-1 in EMSA buffer (20 mM HEPES, 20% glycerol, 100 mM KCl, 0.2
mM EDTA, 0.5 mM dithiothreitol) for 30 min at 37°C. The sample was then run
on a 4% acrylamide—2% glycerol-0.25X Tris-borate-EDTA gel at 200 V for 3.5 h.

Transient transfections and reporter assays. A transfection mixture was cre-
ated by incubating 1 pg of firefly luciferase reporter with 10 ng of the Renilla
luciferase internal control, SV40-RL (Promega), and 1 pg each of the expression
vectors indicated below. The volume was brought to 200 ul using OptiMEM
(Gibco-BRL), and 15 pl of Superfect (Qiagen) transfection reagent was added
and mixed by pipetting. After a 15-min incubation, 1 ml of DMEM containing
10% FBS was added, the contents were mixed, and 400 .l was distributed to each
of 3 wells of a 24-well plate, each well containing 1.5 X 10° HEK293 cells plated
24 h prior to transfection. Total DNA in the transfection mixture was kept
constant by including the same empty vectors as those that contained the cDNAs
being expressed. The transfection mixture was removed from the cells 2 to 3 h
after addition and replaced with DMEM with 10% FBS.

Luciferase activity was determined using the Dual Luciferase kit (Promega) 16
to 24 h posttransfection by lysing in 50 pl of passive lysis buffer and assaying both
firefly and Renilla luciferase activity in the same 30-pl aliquot of lysate. Fold
induction was determined by first normalizing each firefly luciferase value to the
Renilla luciferase internal control, averaging the normalized values, and dividing
by the mean value of the firefly reporter cotransfected with empty vectors only.
For p300 transfections, values were normalized to ratios obtained with
pGL2Basic, to control for p300 effects on SV40-RL. Normalized relative light
units (RLUs) were determined by normalizing each firefly luciferase value to the
highest Renilla luciferase value in a given experiment by the following formula:
(highest Renilla luciferase value in the experiment/Renilla luciferase value of the
individual sample) X firefly luciferase value of the same individual sample.
Whether using fold induction or normalized RLUs, each experiment was re-
peated as noted in the figure legends and the means and standard errors were
calculated using Microsoft Excel.

RT-PCR. A total of 5 X 10° HEK293 cells were plated into each well of a
six-well tissue culture dish. Cells were transiently transfected as described above,
except that the entire transfection mixture was added to a single well. Total RNA
was isolated 24 h later using the RNeasy kit (Qiagen). Total RNA (1 ng) was
reverse transcribed using 100 ng of poly(T) primer and Moloney murine leuke-
mia virus reverse transcriptase (Gibco-BRL). PCR was performed using stan-
dard methods with 5 pl of reverse transcription (RT) mixture, Tag DNA poly-
merase (Promega), 1X buffer A, and 2.5 mM MgCl,. Matrilysin-specific
oligonucleotides were 5'-TGGAGTGCCAGATGTTGCAG-3' and 5'-TTTCCA
TATAGCTTCTGAATGCCT-3'. Data shown were obtained with 35 PCR cycles.

Immunoprecipitation. Duplicate 35-mm plates containing 1 X 10° HEK293
cells were transfected with 1 wg of pCAN-AN89B-cat and 1 wg of empty pCAN-
myc vector or 1 pg pCAN-AN89B-catenin and 1 ng of pCAN-PEA3 using
Superfect reagent. After 48 h, cells were washed twice with cold 1X phosphate-
buffered saline and harvested by adding 300 I of lysis buffer (50 mM Tris-HCI
[pH 7.6], 150 mM NaCl, 5 mM MgCl,, 0.1% Nonidet P-40, 1 mM dithiothreitol,
0.1 mM sodium orthovanadate, 10 mM NaF, 1 mM phenylmethylsulfonyl fluo-
ride, 10 g of leupeptin per ml, 10 pg of aprotinin per ml) and rocking on ice for
20 min. After lysis, duplicate samples were combined. Lysates were clarified by
microcentrifugation. Clarified lysates were precleared by rocking for 4 h at 4°C
after addition of 350 pg of protein A-Sepharose beads (Amersham Pharmacia
Biotech) that were preswelled and stored in 100 mM NaCl-50 mM Tris-HCI (pH
7.5)-0.1% NP-40. Beads were spun out by microcentrifugation, and equal vol-
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umes of lysate were split into two fresh prechilled tubes. In one tube, 1 pg of a
rabbit polyclonal anti-B-catenin antibody (C-2206; Sigma) was added with 175 pg
of protein A-Sepharose. To the second tube, 175 g of protein A-Sepharose was
added as a no-primary-antibody control. Samples were rocked at 4°C for 12 h.
Beads were spun out by microcentrifugation and eluates were set aside. Beads
were washed once in 1 ml of lysis buffer and twice with 1 ml of wash buffer (20
mM Tris-HCI [pH 7.6], 100 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40). After
the last wash, beads were spun at 12,500 rpm at 4°C and any remaining liquid was
removed. Beads were then resuspended in 50 pl of 1X sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and boiled for 10
min, as was 7 ul of the eluate from the no-antibody control to use as an input
control sample. Beads were spun out and the samples were applied to an SDS—
7.5% PAGE gel. The gel was transferred to NitroME nitrocellulose and blocked
for 4 h in 5% milk-1X Tris-buffered saline plus Tween 20 (TBST). The blot was
then incubated sequentially with 2 ng of mouse monoclonal anti-PEA3 antibody
(Santa Cruz) per ml at 4°C overnight, a 1:15,000 dilution of biotinylated anti-
mouse immunoglobulin G (Vector Labs) for 30 min at room temperature, and a
1:20,000 dilution of horseradish peroxidase-conjugated streptavidin (Jackson
Labs) for 30 min at room temperature, each diluted in 1X TBST-5% milk; the
blot was washed three times in 1X TBST between each antibody. To visualize
bands, the blot was subjected to chemiluminescence using the ECL kit (Amer-
sham Pharmacia Biotech).

In situ hybridization. Plasmid pGEM7-MMATAH (55) was linearized with
Apal and antisense riboprobe was generated using T7 RNA polymerase (Pro-
mega) in the presence of 3°S-UTP. Antisense riboprobe for mouse PEA3 was
generated from pCAN-PEA3 linearized with BamHI using SP6 RNA polymer-
ase (Promega). Antisense riboprobe for ERM was generated by linearizing a
pCRII clone of nucleotides 70 to 680 with HindIII and transcribing it with T7
RNA polymerase. ER81 antisense riboprobe was generated by linearizing a
pBluescript clone of a 250-bp HindIIl/BamHI fragment with HindIII and tran-
scribing it with T7 RNA polymerase.

In situ hybridization was performed on 5-pm serial sections from paraform-
aldehyde-fixed, paraffin-embedded Min mouse small intestinal tumors as previ-
ously described (55).

Matrilysin Western blot. Cell lines were grown to confluence in 100-mm dishes
and then incubated for 48 h in 4 ml of OptiMEM (Gibco-BRL) at 37°C and
5%CO,. Conditioned medium was then concentrated in Microcon 10 concen-
trators (Centricon) and quantitated using a protein assay (Bio-Rad). Twenty-five
micrograms of protein from CaCo-2, HCT15, HCT116, SW480, and SW620
conditioned media and 5 pg of protein from HCA7 and HT29 conditioned media
were then run on an SDS-12% PAGE gel and transferred to NitroME nitrocel-
lulose. The blot was blocked as described above and probed with a 1:6 dilution
of monoclonal rat anti-human matrilysin hybridoma supernatant (45) in 5%
milk-1X TBST overnight. The blot was washed and probed as described above
except that biotinylated anti-rat immunoglobulin G (Vector Labs) was used as
the secondary antibody.

Northern blotting. Probes for the PEA3 3’ untranslated region (nucleotides
2139 to 2607), ERM 3’ untranslated region (nucleotides 1404 to 1682), and the
ERS81 3’ untranslated region (nucleotides 1932 to 2525) were generated by PCR.
Fifty nanograms of each purified probe was labeled using the random primed
DNA labeling kit (Boehringer Mannheim). Total RNA was isolated using the
RNeasy kit (Qiagen), and 15 pg of total RNA was run on a 1% agarose dena-
turing formaldehyde gel. Nucleic acids were blotted to Hybond paper (Amer-
sham Pharmacia Biotech) by capillary transfer in 10X SSC buffer (1xX SSCis 0.15
M NacCl plus 0.015 M sodium citrate). The probe was hybridized to a blot in
UltraHyb buffer (Amersham Pharmacia Biotech).

RESULTS

B-Catenin is insufficient to transactivate the human matri-
lysin promoter in HEK293 cells. To determine whether B-cate-
nin is sufficient to stimulate matrilysin transcription, we ana-
lyzed the responsiveness of the human promoter (13) to a
stable mutant form of B-catenin (AN89B-cat) (38) in an im-
mortal human embryonic kidney cell line, HEK293. The hu-
man matrilysin promoter bears two consensus Tcf binding sites
(5'-[A/T] [A/T] CAAAG-3'), one in an inverted orientation
between —194 and —188 (5'-CTTTGAA-3") and another be-
tween —109 and —103 (5'-TTCAAAG-3’) (Fig. 1A). To de-
termine whether Tcf proteins can bind to these sites, an EMSA
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FIG. 1. The human matrilysin promoter has two functional Tcf binding sites. (A) Structure of the human matrilysin promoter. The sequence
of the human matrilysin promoter has been previously reported (13) (GenBank accession no. L22525). Indicated are the sequences and positions
relative to the transcriptional start site of the two consensus Tcf binding sites as well as the positions of the Ets sites and the AP-1 site. Arrows
indicate the Tcf consensus sequence and orientation. Asterisks indicate the C residue that has been shown to enhance LEF-1 binding (32) in the
—194 Tcf site as opposed to the T residue in the equivalent position of the —109 Tcf site. (B) EMSA of the two Tcf sites with purified GST-LEF-1.
Shown are oligonucleotides representing the wild-type Tcf sites (wt-194 and wt-109) incubated with the indicated amount of GST-LEF-1. Also
shown are oligonucleotides representing the mutant Tcf sites (mt-194 and mt-109) coincubated with the maximal amount of GST-LEF-1. (C)
Responsiveness of the two Tcf sites to stable B-catenin. A total of 1.5 X 10° HEK293 cells were cotransfected with pCAN-AN89B-cat and either
a thymidine kinase minimal promoter-luciferase construct (TK-luc), a promoter-reporter construct with four copies of the —194 Tcf site cloned
upstream of the thymidine kinase minimal promoter [4X(—194Tcf)-TK], a promoter-reporter construct with two copies of the —109 Tcf site cloned
upstream of the tk minimal promoter [2X(—109Tcf)-TK], or human matrilysin promoter reporter constructs from approximately —2300 to +35
(—2.3HMAT-Luc) or —296 to +35 (—296HMAT-Luc) cloned into pGL2Basic. Results are expressed as fold induction relative to cotransfection
with an equal amount of pCANmyc empty vector. Data bars represent the means of three independent experiments, each performed in triplicate.
Error bars represent standard errors.

was performed using purified GST-LEF-1 and oligonucleo-
tides representing each site. GST-LEF-1 bound to both can-
didate sites but bound preferentially to the —194 site (Fig. 1B).
This difference may be due to the presence of a C at position
—193 compared to a T at the equivalent position in the —109
Tcf site; this nucleotide is known to affect binding of LEF-1
(33). Mutations known to diminish Tcf binding (33) were in-
troduced into these sequences and their effect on GST-LEF-1
binding was assessed. GST-LEF-1 did not bind to either mu-
tant site even at the highest protein concentrations tested (Fig.

1B), confirming that these mutations effectively eliminated Tcf
protein binding.

To confirm that B-catenin was capable of activating tran-
scription through these sites, artificial promoters were con-
structed that comprised multiple copies of the matrilysin Tcf
sites located upstream of a minimal thymidine kinase promoter
coupled to a luciferase reporter gene. These reporters were
cotransfected with an expression vector encoding a stable
B-catenin mutant (AN89B-cat) into HEK293 cells. B-Catenin
stimulated expression of luciferase approximately 10-fold from
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FIG. 2. The matrilysin promoter is preferentially upregulated by the PEA3 subfamily of Ets transcription factors. A total of 1.5 X 10° HEK293
cells were cotransfected with either the human matrilysin promoter, —296HMAT-Luc (A), or the rat stromelysin-1 promoter, —754TR-Luc (B),
and expression vectors for c-Jun and each of the Ets proteins as indicated. Data are presented as fold induction relative to cotransfection of the
promoter constructs with empty expression vectors. Values were normalized to cotransfection with simian virus 40-driven Renilla luciferase and
degree of induction to that of pGL2-Basic cotransfected with the same combination of expression vectors. Data bars represent the means of
experiments repeated a minimum of three times, each transfection performed in triplicate. Error bars represent standard errors.

a reporter bearing four copies of the —194Tcf site [4X(—194)-
TK] and 4-fold from the reporter containing two copies of the
=109 Tcf site [2X(—109)-TK] (Fig. 1C). Hence, under the
conditions of these transfection assays, both matrilysin Tcf sites
were responsive to 3-catenin.

To determine whether B-catenin could stimulate reporter
gene expression governed by the natural human matrilysin
promoter, we used two luciferase reporters. One of these bears
a human matrilysin promoter fragment from —2300 to +35
(—2.3HMAT-Luc) whereas the other comprised sequences
from —296 to +35 (—296HMAT-Luc) relative to the transcrip-
tion start site. Surprisingly, cotransfection of the B-catenin
expression vector with either of these reporters did not stim-
ulate luciferase expression (Fig. 1C) despite the presence of
the two functional Tcf sites. Because the matrilysin promoter is
activated by B-catenin in colon tumor cell lines (5, 9), we
hypothesized that induction of the matrilysin promoter re-
quired other transcription factors commonly expressed in these
colon carcinoma cells, but absent from HEK293 cells, to func-
tion in concert with B-catenin—Tcf.

The matrilysin promoter is selectively transactivated by
PEA3 subfamily Ets transcription factors. The promoters of
many MMPs are responsive to AP-1 and Ets proteins (10).
Indeed, these transcription factors act synergistically to acti-
vate the expression of reporter genes linked to the stromely-
sin-1, stromelysin-2, collagenase-1, collagenase-3, and gelati-
nase B promoters. Like these other MMP promoters, the
matrilysin promoter has a canonical AP-1 site (5'-TGAGTC
A-3") located between —67 and —61 (3) and candidate Ets
binding sites (5'-GGA[A/T]-3") located from —55 to —52,
—144 to —141, and —168 to —165 (Fig. 1A). To learn whether

AP-1 can activate transcription of luciferase from the matrily-
sin promoter-reporter, we cotransfected the —296HMAT-Luc
reporter with an expression vector encoding c-Jun, which is
capable of dimerizing to constitute AP-1 activity. c-Jun did not
stimulate luciferase expression from the reporter bearing the
matrilysin promoter (Fig. 2A). However, c-Jun stimulated
luciferase expression approximately fivefold from a reporter
bearing the stromelysin-1 promoter (—754TR-1-Luc), demon-
strating that c-Jun was expressed and was capable of activating
transcription in these cells (Fig. 2B). The unexpected finding
that the matrilysin promoter was unresponsive to c-Jun sug-
gested that the ability of c-Jun to transactivate this promoter
required additional trans-acting factors.

The capacity of Ets family transcription factors to activate
expression of luciferase from the —296 HMAT reporter and, in
parallel, from the —754TR-1 reporter was tested. The two
reporter constructs were separately cotransfected with one of
several mammalian expression vectors encoding different Ets
proteins. The Ets proteins Ets-1, Ets-2, PU.1, and Fli-1 did not
stimulate luciferase expression from either reporter plasmid
(Fig. 2). Coexpression of these Ets proteins with c-Jun also did
not stimulate expression of luciferase from the matrilysin re-
porter plasmid (—296HMAT) (Fig. 2A). However, each of
these Ets proteins functioned synergistically with c-Jun to aug-
ment luciferase expression from the stromelysin-1 reporter
(Fig. 2B). Other Ets proteins (ELF-1, GABP-a, GABP-B, and
TEL-1) did not transactivate expression of luciferase from
either reporter and indeed blocked the capacity of c-Jun to
stimulate luciferase expression from the stromelysin-1 reporter
(data not shown).

In contrast to the other Ets family members, PEA3 and its
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FIG. 3. PEAS3 synergizes with both c-Jun and B-catenin—-LEF-1 to upregulate matrilysin promoter activity and gene expression. (A) Synergistic
activation of the human matrilysin promoter and matrilysin expression by PEA3, B-catenin (B-cat), LEF-1, and c-Jun. The —296HMAT-Luc
construct was cotransfected with combinations of PEA3, c-Jun, LEF-1, and B-catenin expression vectors into 1 X 10° HEK293 cells. Data are
presented as fold induction relative to cotransfection of the reporter with empty expression vectors. Raw values were normalized with the SV40-RL
internal control and calculated as the degree of induction relative to that of pGL2Basic cotransfected with the same combinations of expression
vectors. Data bars represent the means from 21 experiments, each performed in triplicate. Error bars represent standard errors. (Inset) HEK293
cells were transiently transfected with the expression vectors indicated, total RNA was harvested from cells 24 h later, and RT-PCR amplification
was performed for matrilysin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). RT-PCR analysis is representative of three separate
experiments. (B) LEF-1 and PEA3 synergy requires the B-catenin interaction domain of LEF-1. Transient transfections of HEK293 cells were
performed and analyzed as described for panel A. ANLEF-1 is human LEF-1 with the first 36 amino acids replaced with a FLAG tag (58). Data
bars represent the mean values of three experiments, each performed in triplicate. Error bars represent standard errors.

subfamily relatives ER81 and ERM modestly stimulated lucif-
erase expression (2- to 3-fold) from the matrilysin promoter-
reporter and functioned synergistically with c-Jun to transac-
tivate this promoter (40- to 70-fold [Fig. 2A]). The PEA3
subfamily proteins also acted synergistically with c-Jun to aug-
ment luciferase expression from the stromelysin promoter
(Fig. 2B). These findings starkly illustrate the functional spec-
ificity of Ets proteins for particular promoters and demonstrate
that only the PEA3 subfamily members (PEA3, ERS81, and

ERM) can act independently and in concert with c-Jun to
significantly upregulate the matrilysin promoter.

PEA3 renders the matrilysin promoter responsive to 3-cate-
nin-Tcf transactivation. To test whether c-Jun could render
the human matrilysin promoter responsive to B-catenin trans-
activation, we cotransfected the —296MAT-Luc reporter with
expression vectors encoding c-Jun, LEF-1, or B-catenin. As
anticipated from previous experiments (Fig. 1 and 2), AN89B-
cat, LEF-1, and c-Jun individually did not significantly stimu-
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late luciferase expression from the —296HMAT-Luc reporter
(Fig. 3A). Similarly, pair-wise combinations of B-catenin,
LEF-1, and c-Jun or coexpression of all three proteins did not
stimulate luciferase expression from this reporter (Fig. 3A).
Hence, c-Jun did not cooperate with B-catenin—-LEF-1 to trans-
activate the matrilysin promoter.

To learn whether PEA3 could render the matrilysin pro-
moter responsive to the B-catenin—Tcf complex, we carried out
similar cotransfection experiments. PEA3 modestly activated
the matrilysin promoter-reporter, approximately 3-fold (Fig.
3A), and coexpression of PEA3 with either LEF-1 or B-catenin
upregulated this reporter about 7-fold. Coexpression of all
three proteins increased luciferase expression from the re-
porter 15-fold. Therefore, PEA3 cooperated with the pB-cate-
nin-LEF-1 complex to transactivate the matrilysin promoter.

In light of the capacity of PEA3 to act synergistically with
either c-Jun (Fig. 2) or the B-catenin-Tcf complex, we exam-
ined the consequence of coexpressing these activators on ma-
trilysin promoter activity. In this experiment, coexpression of
c-Jun and PEA3 increased luciferase expression more than
40-fold from the —296HMAT-Luc reporter (Fig. 3A). Coex-
pression of PEA3 with c-Jun and either LEF-1 or B-catenin led
to a dramatic increase in luciferase expression (130- or 180-
fold, respectively) (Fig. 3A). Cotransfection of all four expres-
sion vectors with the —296HMAT-Luc reporter enhanced lu-
ciferase expression nearly 250-fold. These data strongly suggest
that the transactivating abilities of c-Jun and the B-catenin—
LEF-1 complex on the matrilysin promoter are both depen-
dent on PEA3 activity and that these transcription factors
function synergistically on this promoter.

We also tested the responsiveness of the —2.3HMAT-Luc
reporter and mouse matrilysin promoter constructs to trans-
activation by the various proteins both individually and in
combination. These reporters responded similarly to the
—296HMAT-Luc reporter (data not shown). Furthermore,
ERS81 and ERM were fully capable of functionally substituting
for PEA3 in these assays, whereas none of the other Ets pro-
teins were capable of doing so on either the human or mouse
matrilysin reporter constructs (data not shown). Taken to-
gether, these data suggest that the PEA3 subfamily Ets pro-
teins are uniquely capable of synergizing with c-Jun and the
B-catenin-LEF-1 complex to transactivate the matrilysin pro-
moter.

The magnitude of the response of the —296HMAT reporter
to transactivation by PEA3, c-Jun, and the B-catenin—LEF-1
complex prompted us to test whether this combination of
transactivators could stimulate transcription of the endoge-
nous human matrilysin gene in HEK293 cells. To this end, we
transiently cotransfected HEK293 cells with the expression
vectors for these transcription factors and isolated total RNA
1 day later. RT-PCR analysis of RNA from cells transfected
with empty expression vectors revealed that matrilysin is not
commonly expressed in HEK293 cells (Fig. 3A, inset). Coex-
pression of PEA3, c-Jun, and LEF-1 did not induce detectable
levels of matrilysin transcript, but coexpression of B-catenin
with PEA3, c-Jun, and LEF-1 did.

It was somewhat surprising to find that LEF-1 alone was
capable of cooperating with PEA3 to transactivate the matri-
lysin promoter in HEK293 cells. LEF-1 has alternatively been
described as a repressor (4, 7, 32) or transactivator that can act
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through both B-catenin-dependent (30) and B-catenin-inde-
pendent (15) mechanisms. To test whether LEF-1 cooperation
with PEA3 in HEK293 cells was dependent on its interaction
with endogenous -catenin, we used an amino-terminally trun-
cated form of LEF-1 (ANLEF-1), which lacks the B-catenin
interaction domain and hence functions as a dominant-
negative with regard to B-catenin-dependent transactivation.
Unlike LEF-1, which activated the promoter with PEA3,
ANLEF-1 was not capable of cooperating with PEA3 to effect
luciferase expression from the —296HMAT reporter (Fig. 3B).
ANLEF-1 also compromised the ability of B-catenin to syner-
gize with PEA3 to activate expression of this reporter. How-
ever, ANLEF1 did not block the capacity of PEA3 to transac-
tivate the —296HMAT reporter, nor did it perturb the capacity
of PEA3 and c-Jun to cooperate to upregulate this reporter.
These findings are consistent with the contention that LEF-1
activation of the human matrilysin promoter required interac-
tion with endogenous B-catenin and thus represented a man-
ifestation of the cooperativity between PEA3 and B-catenin.

c-Jun and B-catenin-LEF-1 act independently to synergize
with PEA3. B-Catenin has been reported to upregulate c-Jun
expression (36). Our data, in turn, show that c-Jun expression
can strongly synergize with PEA3 to activate the matrilysin
promoter. Together, these data suggested that B-catenin syn-
ergy with PEA3 may be indirect, resulting from an induction of
endogenous c-Jun expression and subsequent synergy between
c-Jun and PEA3 to transactivate the matrilysin promoter. To
address this possibility, we cotransfected the HEK293 cells
with the matrilysin promoter reporter containing inactivating
point mutations in the AP-1 site together with expression vec-
tors for PEA3, c-Jun, LEF-1, and B-catenin in parallel with the
wild-type —296HMAT-Luc reporter (Fig. 4A).

Mutation of the AP-1 site had no effect on basal promoter
activity compared to the control, and as in previous experi-
ments, neither c-Jun, LEF-1, nor B-catenin alone had any
effect on either reporter (data not shown). PEA3 activated
both the wild-type and mutant AP-1 site promoter three- to
fourfold (Fig. 4A). As expected, c-Jun coexpression with PEA3
did not activate the mutant AP-1 site reporter beyond the level
observed with PEA3 alone, while c-Jun activated the wild-type
promoter an additional fivefold. This is in contrast to LEF-1
and B-catenin transactivation, which was approximately equal
on both wild-type and mAP-1 constructs, about two- to three-
fold additional activation for each factor, regardless of c-Jun
expression. As would be expected if PEA3—c-Jun synergy were
acting independently from PEA3-LEF-1-B-catenin synergy,
the combination of c-Jun, PEA3, LEF-1, and B-catenin on the
mutant AP-1 construct was approximately equal to that of
PEA3, LEF-1, and B-catenin on the wild-type promoter. These
results strongly argue that c-Jun upregulation by 3-catenin was
not involved in activating the matrilysin promoter in these
transient-transfection experiments and that PEA3 and B-cate-
nin—-LEF-1 synergized directly to activate this promoter.

Because B-catenin-LEF-1 did not appear to activate the
matrilysin promoter indirectly through the AP-1 site, we tested
whether B-catenin—-LEF-1 transactivation of the promoter was
dependent upon, and limited to, the identified Tcf sites. Re-
porter constructs mutated at the —194 Tcf site, the —109 Tcf
site, or both Tcf sites were analyzed in parallel with the wild-
type reporter with respect to their responsiveness to PEA3,



VoL. 21, 2001

-296HMAT-Luc

PEA3/LEF/B-cat
PEA3/c-Jun
PEA3/c-Jun/LE

PEA3/c-Jun/LEF/B-cat.

mAP-1HMAT-Luc
PEA3/LEF/ =5

PEA3/LEF/B-cat] " &

PEA3/c-Jun }

PEA3/c-Jun/LEF H

PEA3/c-Jun/LEF/B-cat- ?:
© W4 f\@\%‘ SIS

& &
Normalized RLUs , 103

PEA3/c-Jun/LEF
PEA3/c-Jun/LEF/B-cat

PEA3/c-Jun/LEF/B-caf__ e N

PEA3/c-Jun/LEF/B-cat W\

PEA3 SYNERGY WITH B-CATENIN TRANSACTIVATES MATRILYSIN 1377

-296HMAT-Luc

Mut(-194Tcf)

vector:

vector{} -194/-109T
rEAsED Mut(-194/-109Tcf)

PEA3/LEFLI
PEA3/c-Ju ;]

PEA3/c-Jun/LERC T

0 10 20 30 40 50 60 70100120140
Normalized RLUs, 104

FIG. 4. c-Jun and B-catenin—LEF-1 act independently to cooperate with PEA3. (A) Mutation of the AP-1 site affects only c-Jun transactivation
of the matrilysin promoter. A 2-bp inactivating mutation of the AP-1 site (TGAGTCA — CGAGTGA) was introduced into the —296HMAT-Luc
reporter to create mMAPIHMAT-Luc. The mutant promoter was cotransfected with combinations of the PEA3, c-Jun, LEF-1, and AN89B3-cat
(B-cat) expression vectors, as indicated, in parallel with the wild-type promoter. Data are presented as RLUs normalized to cotransfected simian
virus 40-driven Renilla luciferase. Data bars represent three experiments, each done in triplicate. Error bars represent standard errors. (B)
Mutations of the Tcf sites affect only B-catenin—LEF-1 transactivation of the matrilysin promoter. Inactivating mutations were introduced into each
single Tcf site as well as into both sites of the —296MAT-Luc reporter to create Mut(—194Tcf), Mut(—109Tcf), and Mut(—194/—109Tcf)
reporters. The wild-type and mutant reporters were cotransfected in parallel with combinations of the PEA3, c-Jun, LEF-1, and AN89B-catenin
expression vectors into HEK293 cells. Data are presented as RLUs normalized to cotransfected simian virus 40-driven Renilla luciferase. Data bars
represent the means of four experiments, each performed in triplicate. Error bars represent standard errors.

c-Jun, LEF-1, and B-catenin coexpression (Fig. 4B). The basal
activity of each mutant reporter was higher than that of the
wild-type control, particularly for the —109 Tcf site and the
double Tcf site mutants; these had activities fourfold higher
than that of the wild type, suggesting an inhibitory role for the
resident Tcf complex, as has been observed for other promot-
ers (9, 50).

As in previous experiments, c-Jun, LEF-1, or B-catenin ex-
pression alone had no effect on luciferase activity from these
reporters (data not shown) and the reporter response to PEA3
was unaffected, being two- to fourfold in each case. Compared
to PEA3 alone, LEF-1 coexpression with PEA3 activated the
wild-type reporter an additional 2-fold but showed only a mi-
nor additional activation of the single Tcf site mutant reporters
(<1.5-fold) and had no effect on the double Tcf site mutant
reporter. c-Jun coexpression with PEA3 effectively activated
both wild-type and mutant Tcf reporters 12- to 20-fold. Thus,
under these conditions, mutation of the Tcf sites compromised
LEF-1 transactivation without having a significant effect on
c-Jun transactivation.

Similar to its effects when expressed with PEA3, LEF-1
expressed with PEA3 and c-Jun activated the wild-type re-
porter an additional 4-fold compared to PEA3 and c-Jun
alone, while the reporters with single Tcf site mutations
showed a reduced but significant response (~2-fold) to LEF-1.
The double mutant Tcf site reporter did not respond to LEF-1
under these conditions. Not surprisingly, B-catenin transacti-
vation showed a similar dependency on the Tcf sites, activating
the wild-type reporter an additional 2.5-fold when coexpressed
with PEA3, c-Jun, and LEF-1 but activating the —194 Tcf site
and —109 Tcf site mutants less than 2-fold and having no
significant additional effect on the double Tcf site mutant re-
porter beyond the activation provided by the other factors.
These experiments indicated that B-catenin-LEF-1 transacti-
vation of the promoter can be partially mediated through ei-
ther Tcf site. Additionally, this transactivation acted wholly
through these two Tcf sites and not either through additional
cryptic Tcf sites, as has been reported for the cyclin D1 pro-
moter (50), or through upregulation of secondary trans-acting
factors. Also, because B-catenin-LEF-1 activated the matrily-
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FIG. 5. Inactivation of the Ets sites affects PEA3 synergy with c-Jun and B-catenin—-LEF-1. Inactivating point mutations of each Ets binding site
were introduced into the —296MAT-Luc construct to create Mut(—168Ets), Mut(—144)Ets, and Mut(—55Ets). Wild-type and mutant reporters
were cotransfected in parallel with combinations of the PEA3, c-Jun, LEF-1, and AN89B-catenin expression vectors into HEK293 cells. Lysates
were analyzed for luciferase activity 16 to 20 h after transfection. Data are presented as RLUs normalized to cotransfected simian virus 40-driven
Renilla luciferase. Data bars represent the means of three experiments, each performed in triplicate. Error bars represent standard errors.

sin reporter with an inactive AP-1 site (Fig. 4A) and c-Jun
activated the matrilysin reporter with inactive Tcf sites (Fig.
4B), we conclude that c-Jun and B-catenin-LEF-1 were capa-
ble of independently cooperating with PEA3 to transactivate
the matrilysin promoter.

The —144 Ets site is critical for PEA3 cooperation with both
c-Jun and -catenin—LEF-1. We have shown that the transac-
tivating abilities of c-Jun and the B-catenin—-LEF-1 complex on
the matrilysin promoter were capable of functioning indepen-
dently. However, both factors shared a common dependence
on the activity of PEA3. To gain insight as to how PEA3 might
cooperate with these transcription factors to activate the ma-
trilysin promoter, the effects of inactivating point mutations in
each putative Ets binding site (Fig. 1A) on PEA3-dependent
transactivation were determined.

No Ets site mutation had a large effect on basal promoter
activity, although the mutant promoters consistently tended to
have a higher basal activity (Fig. 5). In these experiments,
PEA3 stimulated wild-type —296HMAT-Luc 7.5-fold and each
of the Ets site mutant reporters were stimulated 3- to 6-fold.
Hence, no single Ets site mutation was sufficient to eliminate
the PEA3 responsiveness of the matrilysin promoter.

Compared to PEA3 stimulation alone, c-Jun activated the
wild-type reporter an additional 4-fold and the —168 Ets mu-
tant an additional 2.5-fold. However, c-Jun failed to signifi-
cantly coactivate either the —144 or —55 Ets mutant reporters.
Thus, the Ets sites flanking the AP-1 site both appeared to be
important for sensitizing the matrilysin promoter to c-Jun
transactivation of the promoter.

The combination of LEF-1 and B-catenin coexpression with
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FIG. 6. PEA3-B-catenin synergy depends upon the activity of p300. (A) PEA3 coimmunoprecipitates with B-catenin (B3-cat). pPCAN-AN89B-cat
was transfected independently (lanes 1 to 3) or cotransfected with pCAN-PEA3 (lanes 4 to 6) into HEK293 cells. After 48 h, total cell lysates were
immunoprecipitated with a rabbit anti-B-catenin polyclonal antibody. After being washed, the precipitated proteins were resuspended in SDS-
PAGE running buffer and subjected to Western blotting with a mouse monoclonal anti-PEA3 antibody. Lanes 1 and 4, 7 pl of input lysate; lanes
2 and 5, no-antibody control; lanes 3 and 6, anti-B-catenin immunoprecipitation. (B) p300 enhances and E1A blocks PEA3 synergy with
B-catenin-LEF-1. A total of 1 X 10° HEK293 cells were cotransfected with —296MAT-Luc and combinations of LEF-1, B-catenin, and PEA3
expression vectors as indicated. With each combination was included either an expression vector encoding p300, wild-type E1A (E1A), a mutant
E1A with its p300 interaction domain deleted (2-36E1A), or a mutant E1A with its pRB interaction domain deleted (E1A-928). Lysates were
analyzed for luciferase activity 24 h after transfection. Data are presented as fold induction relative to cotransfection of the reporter with empty
vectors. Data bars represent the means of three experiments, each performed in triplicate, and represent fold induction relative to the empty-vector

control. Error bars represent standard errors.

PEA3 activated the wild-type matrilysin reporter an additional
4.3-fold above PEA3 alone, with each protein contributing
approximately 2-fold additional activation. The activation of
the wild-type reporter by B-catenin—-LEF-1 was also about
4-fold when coexpressed with PEA3 and c-Jun. The—168 Ets
mutant reporter was not responsive to B-catenin-LEF-1 when
they were coexpressed with PEA3 and showed only an addi-
tional 1.7-fold activation when coexpressed with PEA3 and
c-Jun. The —144 Ets mutant reporter was completely unre-
sponsive to B-catenin—LEF-1, regardless of c-Jun expression.
The —55 Ets site mutant reporter was stimulated by B-catenin—
LEF-1 more than 2-fold in both the absence and presence of
c-Jun. In summary, each of the Ets sites seemed to contribute
to PEA3 synergy with B-catenin—-LEF-1, but the Ets sites
flanked by the Tcf sites in the matrilysin promoter, —168 and
—144, appeared to be especially critical for this cooperation.

Interestingly, the central —144 Ets site was important for
PEA3 cooperation with both B-catenin—-LEF-1 and c-Jun.
Synergistic cooperation of PEA3 with 3-catenin requires the
activity of the transcriptional coactivator p300. The proximity
of the cooperative Ets and Tcf binding sites suggested the
possibility that PEA3 and B-catenin may interact physically as
well as functionally. To test this possibility, HEK293 cells were
cotransfected with PEA3 and B-catenin expression vectors, and
cell lysates were harvested 48 h later. B-Catenin-containing
complexes were immunoprecipitated using a polyclonal anti-
B-catenin antibody and, following SDS-PAGE, were immuno-
blotted using an anti-PEA3 monoclonal antibody. PEA3 was
consistently detected in these B-catenin immunoprecipitates
(Fig. 6A), suggesting that these proteins associate intracellu-
larly. Reciprocal coimmunoprecipitations using anti-PEA3 for
immunoprecipitation and anti-B-catenin antibodies for immu-
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FIG. 7. Matrilysin expression in mouse intestinal tumors overlaps B-catenin protein accumulation and PEA3 subfamily expression. Shown are
serial sections of a Min mouse tumor showing -catenin protein immunohistochemistry (A) and in situ hybridization for PEA3 (B), matrilysin (C),
ERM (D), and ERS81 (E) transcripts. The asterisks mark glandular structures with junctional B-catenin localization and little to no PEA3,
matrilysin, or ERM expression. The surrounding less-organized structures have accumulated B-catenin, PEA3, matrilysin, and ERM expression.
ERS]1 expression is low and sporadic, not significantly overlapping with B-catenin, matrilysin, or the other PEA3 subfamily members. Size bar =

40 pm.

noblotting were difficult to interpret due to B-catenin associa-
tion with both agarose and Sepharose beads, in the absence of
primary antibody, under these precipitation conditions. How-
ever, the inclusion of the anti-PEA3 primary antibody consis-
tently enriched the amount of B-catenin in the precipitated
complexes three- to fivefold (data not shown).

The observation that B-catenin and PEA3 protein can asso-
ciate in intracellular protein complexes suggested a mechanism
of transcriptional synergy wherein transcription factor com-
plexes serve to accommodate the binding of coactivators on
their target promoters (37, 40). Because many recent studies
have shown that B-catenin interacts with the transcriptional
coactivator p300 (21, 48), we hypothesized that PEA3—f-cate-
nin synergy might require p300 activity. This mechanism of
synergy is considered to be particularly relevant in cells where
p300 is very limited, as would be the case in HEK293 cells,
which express adenovirus E1A, a protein that sequesters p300
from cellular promoters. To test if PEA3 synergy with B-cate-
nin—-LEF-1 was responsive to and dependent upon p300 activ-
ity, PEA3 and B-catenin—-LEF-1 were coexpressed with p300,
wild-type E1A, or mutants of E1A (47). In this study, two E1A
mutants were used; one cannot interact with p300 (2-36E1A),
whereas the other cannot interact with the retinoblastoma
gene product (E1A-928).

p300 expression was not capable of rendering the matrilysin
reporter responsive to B-catenin-LEF-1 expression (Fig. 6B),
but it did enhance PEA3 activation of the matrilysin promoter
about twofold. In the reciprocal experiments, wild-type E1A
and E1A-928 completely blocked PEA3 stimulation of the
promoter, whereas the 2-36E1A mutant had a minor inhibi-
tory effect.

p300 cooperated with PEA3-LEF-1-B-catenin activation,
boosting the 11-fold activation by PEA3-LEF-1-3-catenin to
almost 27-fold. As with PEA3, expression of either wild-type
E1A or the E1A-928 mutant was capable of completely block-
ing PEA3-LEF-1-B-catenin activation of the matrilysin re-
porter. The 2-36E1A mutant again had a minor negative effect
on the level of transactivation by PEA3-LEF-1-f-catenin.

Not surprisingly, the transactivation of the matrilysin pro-
moter by p300 in conjunction with PEA3-B-catenin—-LEF-1
required functional Ets and Tcf binding sites (data not shown),
particularly the —168 and —144 Ets sites and both Tcf sites.

These data support the hypothesis that synergy of PEA3 and
B-catenin—LEF-1 is related to an ability to coordinately recruit
p300 to the matrilysin promoter.

The PEA3 subfamily is frequently expressed in mouse in-
testinal tumors and human colon tumor cell lines. The goal of
this study was to identify those trans-acting factors that act in
concert with B-catenin-Tcf to activate matrilysin gene expres-
sion in vivo, particularly in intestinal tumors. If, as our data
suggest, the PEA3 subfamily members are candidates to fulfill
such a role, they should be commonly expressed in intestinal
tumors. To determine whether this is the case, in situ hybrid-
ization was carried out on 22 small intestinal adenomas from
the Min mouse. In this study, 86% (19 of 22) of the Min tumors
expressed matrilysin, 77% (17 of 22) expressed PEA3, 100% (7
of 7) expressed ERM, and 86% (6 of 7) expressed ER81 (data
not shown). Of the tumors examined for all members of the
PEA3 subfamily, each coexpressed two or more subfamily
members at elevated levels within the tumor cells (Fig. 7B, D,
and E). In tumors that expressed them, PEA3 and ERM were
consistently elevated in the tumor epithelium, as defined by
high levels of B-catenin accumulation, compared to the nearby
normal epithelium. ER81, on the other hand, was frequently
found at equal levels in the tumor epithelium, normal epithe-
lium, and, rarely, in the surrounding stroma. Therefore, while
ERS1 expression is frequently found in Min mouse tumors, its
pattern of expression was generally distinct from that of the
other two PEA3 subfamily members. Nevertheless, ER81 was
selectively upregulated in the tumor epithelium in some Min
tumors (3 of 7) in a manner that correlated with matrilysin
expression (data not shown). Matrilysin expression was consis-
tently found where B-catenin protein accumulation and PEA3
subfamily expression overlapped (Fig. 7).

We also examined the expression of PEA3 subfamily tran-
scripts in human colon tumor cells by Northern analysis on
total RNA isolated from the CaCo-2, HCT15, HCT11e6,
HCA7, HT29, SW480, and SW620 colon tumor lines as well as
HEK?293 cells (Fig. 8). Each colon tumor line has stable B-cate-
nin (26) and expresses matrilysin protein (Fig. 8, upper panel).
ERS81 was found in all lines except CaCo-2 and HCT15, while
ERM was found in all lines except CaCo-2. PEA3 transcripts
were found in all of the colon tumor cell lines examined. Thus,
matrilysin expression is common in human and mouse intesti-
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FIG. 8. Matrilysin and the PEA3 subfamily are expressed in every
human colon tumor cell line examined. (Upper panel) Western blot of
matrilysin protein secreted into the media from the HEK293 cells and
the human colon tumor cell lines CaCo-2, HCT15, HCT116, HCA7,
HT29, SW480, and SW620. (Lower panels) Northern analysis was
performed using 15 pg of total RNA from the same cell lines and the
blot was probed using 3’ untranslated region probes specific for human
ERS81, ERM, or PEA3. 18S rRNA is shown as a loading control.

nal tumor cells that have both stable 3-catenin protein and
PEA3 subfamily expression.

DISCUSSION

In a previous study of B-catenin transactivation of the ma-
trilysin promoter, it was hypothesized that nuclear B-catenin
was not sufficient for matrilysin expression (9). In most colon
tumor cell lines examined, the matrilysin promoter was respon-
sive to B-catenin overexpression alone, suggesting that any
other proteins necessary for matrilysin promoter activity were
constitutively present in these cells. The HEK293 kidney epi-
thelial cell line was chosen as a background distinct from colon
adenocarcinoma to identify relevant transcription factors that
cooperate with B-catenin to activate matrilysin gene expres-
sion. Here we have shown that the activity of the PEA3 sub-
family of the Ets transcription factor family, of which PEA3
and ERM were most commonly upregulated in intestinal tu-
mor cells, rendered the matrilysin promoter responsive to
transactivation by B-catenin—Tcf as well as by the AP-1 factor
c-Jun. In these cells, as well as other immortal cell lines tested,
such as COS-7 and NIH 3T3 (data not shown), neither B-cate-
nin, LEF-1, nor c-Jun had any effect on matrilysin promoter
activity unless they were coexpressed with a member of the
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PEA3 subfamily. With PEA3 coexpression, B-catenin, LEF-1,
and c-Jun synergistically transactivated the matrilysin pro-
moter and together induced transcription from the endoge-
nous matrilysin gene in the HEK293 cells.

Many mechanisms have been described for B-catenin—
LEF-1 transactivation that lend themselves to synergy with
other transcription factors. DNA bending, the original de-
scribed mechanism by which LEF-1 was shown to transactivate
the T-cell receptor (TCR) enhancer (15), required the binding
of nearby transcription factors. The organization of the human
matrilysin promoter bears a resemblance to that of the TCR
enhancer in that Ets and AP-1 binding sites flank the Tcf
binding sites. However, DNA bending is an unlikely mecha-
nism for synergy on the matrilysin promoter for a number of
reasons, including the following: (i) the matrilysin Tcf site
sequences are not compatible with LEF-1 bending (33), (ii)
LEF-1 missing its B-catenin binding region still binds and
bends DNA (33) but did not synergize with PEA3 and c-Jun in
our study, and (iii) mutation of the AP-1 site does not impair
LEF-1 transactivation in the presence of PEA3 expression.
The recent finding that B-catenin interacts with p300 (21, 48)
and other reports of transcription factor synergy being medi-
ated by stabilization of p300 on specific promoters (37, 40) led
us to examine the role of p300 in PEA3-B-catenin—LEF-1
synergy. We found that p300 could indeed enhance transacti-
vation of the matrilysin promoter and that PEA3 synergy with
B-catenin—-LEF-1 required endogenous p300 activity. This,
combined with our observation that PEA3 protein could be
coimmunoprecipitated with B-catenin, suggests that PEA3—3-
catenin—-LEF-1 can associate in a protein complex capable of
bringing p300 to the matrilysin promoter.

Although c-Jun expression is not required for synergy be-
tween PEA3 and B-catenin—-LEF-1, our studies clearly show
that c-Jun is a powerful activator of the matrilysin promoter
when it is coexpressed with these proteins. Although the fre-
quency of c-Jun overexpression in intestinal tumors has been
shown to be lower than that for either the PEA3 subfamily or
matrilysin (35), our data likely reflect an important contribu-
tion of AP-1 complexes in general to the overall level of ma-
trilysin expression. Indeed, in additional studies, JunB and
JunD also synergized with PEA3 and B-catenin-LEF-1 to dif-
ferent degrees (data not shown), indicating that AP-1 activity,
not just complexes containing c-Jun, can modulate the level of
matrilysin transcription. On the other hand, unlike the Ets sites
in the matrilysin promoter, whose inactivation has profound
effects upon activation by both c-Jun and B-catenin-LEF-1, the
AP-1 site affects only activation by c-Jun. Therefore, we con-
clude that c-Jun is not a requirement for matrilysin expression
but that the AP-1 complex is an important modulator of ma-
trilysin expression levels. Furthermore, these data draw a dis-
tinction between factors required to initiate matrilysin tran-
scription and other factors, both positive and negative, that
modulate the overall level of matrilysin production in intestinal
tumor cells.

This is the first description of the expression of the PEA3
subfamily members in intestinal tumors. Their frequent expres-
sion in Min mouse tumor cells and human colon tumor cell
lines suggests that the members of the PEA3 subfamily are
targets of a common early alteration in a tumor-associated
signaling pathway. Ets factors have been described as targets of
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Ras signaling (53). However, Min mouse adenomas do not
have mutated Ras (46), nor do the human colon tumor cell
lines HCA7 and HT29 (42). Thus, if Ras signaling is involved
in PEA3 regulation in intestinal tumors, it is just as likely to be
a result of extracellular signals mediated by Ras, such as epi-
dermal growth factor (EGF) receptor signaling. EGF receptor
signaling has been suggested to have relevance in human colon
tumor progression (8) and has very recently been implicated in
Min mouse tumor formation (51).

The matrilysin gene is not the only B-catenin—Tcf-responsive
gene that has Ets binding sites in close proximity to Tcf sites.
The human cyclin D1 (50), c-myc (20), and TCF-1 (43) pro-
moters and the Xenopus fibronectin (16) and siamois (6) pro-
moters, each of which has been shown to be regulated by Wnt
or B-catenin—Tcf, all have candidate Ets binding sites within 20
bp of Tcf sites. Thus, it is possible that the close physical
association of Ets and Tcf sites may have been selected for
throughout evolution and is not simply a phenomenon con-
fined to the matrilysin promoters. Indeed, while the manu-
script of this article was in preparation, analysis of the Dro-
sophila Eve enhancer revealed cooperation between Ets
factors and Wnt signaling (19). We have also seen cooperation
between PEA3 and B-catenin on the cyclin D1 promoter (un-
published data). Therefore, the close association of Tcf sites
and Ets sites, as well as the synergistic mode of regulation, is
not unique to the human and mouse matrilysin promoters and
may represent a novel oncogene-responsive element common
to many genes important for both development and progres-
sion of intestinal tumors.

The fact that matrilysin Tcf site artificial promoters are re-
sponsive to B-catenin overexpression, whereas the intact ma-
trilysin promoter is not, emphasizes that not all genes with
functional Tcf sites in their promoters are unconditional tar-
gets of B-catenin transactivation. Both the context of the nat-
ural promoter, as defined by other transcription factor binding
sites, and the context of the cell, as defined by the expression
of endogenous transcription activators and repressors, must be
taken into consideration. Our results suggest that the respon-
siveness of the matrilysin promoter in some colon tumor cell
lines is probably dependent upon both the preexisting expres-
sion of endogenous PEA3 subfamily members and the levels of
endogenous B-catenin—-Tcf complexes (9). Adding to the com-
plexity of the cellular context, it has been reported that TCF-1
is both a target and an attenuator of B-catenin—Tcf transacti-
vation (43). Hence, our work emphasizes that it is the complex
interaction of the natural promoter context with the cellular
context that defines what is a B-catenin target gene in any given
circumstance. As a result, it is likely that there will be sets of
B-catenin—Tcf target genes that will be distinct in different cell
types or in the same cell type at different stages of differenti-
ation during tissue development or tumor progression. We
believe that the synergistic relationship that 3-catenin exhibits
with PEA3 and its relatives will be a recurring theme that will
dictate the ability of B-catenin to act as a transcriptional acti-
vator of multiple genes and, by extension, its ability to act as an
oncogene.
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