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Mutations in components of the Wnt signaling pathway initiate colorectal carcinogenesis by deregulating the
B-catenin transcriptional coactivator. -Catenin activation of one target in particular, the c-Myc proto-
oncogene, is required for colon cancer pathogenesis. [3-Catenin is known to regulate c-Myc expression via
sequences upstream of the transcription start site. Here, we report that a more robust (3-catenin binding region
localizes 1.4 kb downstream from the c-Myc transcriptional stop site. This site was discovered using a
genome-wide method for identifying transcription factor binding sites termed serial analysis of chromatin
occupancy. Chromatin immunoprecipitation-scanning assays demonstrate that the 5’ enhancer and the 3’
binding element are the only B-catenin and TCF4 binding regions across the c-Myc locus. When placed
downstream of a simian virus 40-driven promoter-luciferase construct, the 3’ element activated luciferase
transcription when introduced into HCT116 cells. c-Myc transcription is negligible in quiescent HCT116 cells
but is induced when cells reenter the cell cycle after the addition of mitogens. Using these cells, we found that
B-catenin and TCF4 occupancy at the 3’ enhancer precede occupancy at the 5’ enhancer. Association of ¢c-Jun,
B-catenin, and TCF4 specifically with the downstream enhancer underlies mitogen stimulation of c-Myc
transcription. Our findings indicate that a downstream enhancer element provides the principal regulation of

c-Myc expression.

The Wnt signaling pathway is essential for normal intestinal
growth and development (37). Inappropriate activation of this
pathway, most commonly caused by mutations in the adenom-
atous polyposis coli (APC) gene, is associated with colorectal
cancer (11, 16, 19, 33). Activation of Wnt signaling or muta-
tions in APC cause nuclear accumulation of the transcriptional
coactivator, B-catenin. Nuclear (3-catenin associates with mem-
bers of the T-cell factor/lymphoid enhancer factor (TCF/Lef)
family of sequence-specific transcription factors and activates
expression of target genes involved in cell proliferation and
growth. Proper B-catenin/TCF regulation of one important
target gene, the c-Myc proto-oncogene, is required to maintain
cellular homeostasis in response to Wnt signaling within the
intestinal crypt microenvironment (21, 38).

c-Myc was among the first B-catenin target genes identified
in mammalian cells (21). In a seminal report, He et al. used
serial analysis of gene expression to identify genes that were
differentially expressed in colorectal carcinoma cells in re-
sponse to induced Wnt/B3-catenin signaling (21). c-Myc was one
of the most responsive genes detected. c-Myc is a basic helix-
loop-helix-zipper protein that predominantly functions as a
transcriptional activator (18). c-Myc exerts positive effects on
cell cycle progression and cell growth by activating an array of
target genes involved in DNA replication and ribosome bio-
genesis (12, 26). In the study by He et al., portions of the c-Myc
promoter were fused to a reporter, and the ability of these
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fragments to be activated by B-catenin was evaluated (21). Two
TCF consensus motifs were identified in the proximal 5’ c-Myc
promoter, and mutation of both largely abrogated 3-catenin-
dependent reporter activity. Sierra et al. recently expanded
upon these findings by using chromatin immunoprecipitation
(ChIP) to monitor transcription factor occupancy at the c-Myc
promoter during activation and cessation of Wnt/B-catenin
signaling (43). This study showed that Wnt signaling induced
B-catenin binding and recruitment of transcriptional coactiva-
tor complexes to the 5’ c-Myc promoter prior to c-Myc gene
expression (43). When the Wnt signal was blocked, c-Myc tran-
scription was repressed, and B-catenin and its coactivators
vacated the c-Myc promoter. Thus, it was proposed that B-cate-
nin (and associated coactivator complexes) bind to 5’ promoter
elements to activate c-Myc gene expression in response to Wnt
signaling.

A recent study confirmed the importance of c-Myc in intes-
tinal epithelial cell transformation (38). APC~/~ intestinal
crypts contain high levels of nuclear B-catenin and display
abnormal morphology, cell proliferation, and apoptosis—all
hallmarks of colorectal carcinoma (38, 39). Surprisingly, spe-
cific deletion of c-Myc within APC~/~ intestinal cells rescued
all morphological abnormalities, suggesting that c-Myc was re-
quired for generation of these abnormalities (38). Moreover,
c-Myc deletion reduced expression of the majority of B-catenin
target genes in APC /™ intestinal cells. These findings suggest
that c-Myc is critically involved in the cellular transformation
that occurs in the colonic crypt epithelium as a result of de-
regulated Wnt/B-catenin signaling. Thus, deciphering the
mechanisms involved in controlling Wnt/B-catenin regulation
of c-Myc expression is paramount to understanding the molec-
ular events that initiate colorectal carcinogenesis.
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Enhancers are DNA elements that bind transcription factors
to activate gene expression (34). Traditionally, enhancers have
been identified in mammalian systems as sites that are sensitive
to cleavage by DNase I or through reporter assays in trans-
fected cells. Recently, ChIP has been used to identify and
characterize these elements (13). Early ChIP studies focused
on localizing potential enhancer elements in regions surround-
ing the transcription start sites which include the proximal 5’
promoter and first intron (6). This bias stemmed from studies
in prokaryotes and lower eukaryotes where transcription is
primarily controlled through sequences surrounding the
transcription start site. To identify novel transcription factor
binding elements, our laboratory developed an unbiased,
genome-wide methodology, termed serial analysis of chro-
matin occupancy (SACO) (23). SACO combines ChIP with
long serial analysis of gene expression, a technique originally
designed to quantify mixtures of RNA (36). In SACO, the
immunoprecipitated DNA, corresponding to transcription fac-
tor binding regions, is processed such that large numbers of
genomic signature tags (GSTs) can be sequenced and posi-
tioned onto the genome. In a recent study, we used SACO to
identify more than 400 B-catenin targets in the HCT116 colo-
rectal cancer cell line (54). Our SACO screen discovered not
only new gene targets of Wnt/B-catenin signaling but also po-
tential novel enhancer elements.

In the present study, we identify and characterize a novel
enhancer element that is localized 1.4 kb downstream from the
c-Myc transcriptional stop site. Interestingly, this region coin-
cided with a DNase I hypersensitivity site identified by Polack
and colleagues more than 10 years ago (28). We find that the
3’ c-Myc enhancer mediated higher levels of B-catenin and
TCF4 occupancy in ChIP assays and functions as a stronger
enhancer of luciferase activity in reporter assays than the well-
characterized 5’ enhancer. Moreover, upon interrogation of
the mitogen response of c-Myc expression in cell cycle-synchro-
nized HCT116 cells, we find that B-catenin and TCF4 binding
to the 3’ enhancer precedes occupancy at the 5’ enhancer.
Finally, we demonstrate that cooperation between B-catenin,
TCF4, and c-Jun is required for c-Myc 3’ enhancer activity.
Together, these results demonstrate the utility of unbiased
genome-wide screens for transcription factor binding sites in
identifying novel regulatory elements.

MATERIALS AND METHODS

Cells. Human HCT116 colorectal cancer cells (ATCC CCL-247) were cul-
tured in McCoy’s 5A modified medium (ATCC). HEK293 cells were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen). HT29-APC cells were
grown in RPMI medium and 600 wg/ml hygromycin (29). The medium was
supplemented with 10% fetal bovine serum (HyClone), 100 units/ml penicil-
lin, 100 units/ml streptomycin, and 5 mM L-glutamine. Cells were maintained
at 37°C and 5% CO.,.

Plasmids. Construction of plasmids encoding Lef-1 and B-catenin S45F
c¢DNAs was described previously (53). For luciferase reporter constructs, the
pGL3-promoter (Promega) was used as the vector backbone. The c-Myc 5’
enhancer-pGL3-luciferase construct was made by PCR amplification of the 5’
enhancer of c-Myc from HCT116 genomic DNA (prepared using a DNeasy kit;
Qiagen) with 5'-CAT GGT ACC CTA GCA CCT TTG ATT TCT CCC-3" and
5'-CAT GCT AGC CGC TTT GAT CAA GAG TCC CAG-3'. The PCR prod-
ucts were subcloned as Nhel-Kpnl fragments into pGL3-promoter. The c-Myc 5’
enhancer-pGL3-luciferase construct containing mutations in the TCF consensus
motifs was made by amplifying HCT116 genomic DNA with 5'-CAT GGT ACC
CTA GCA CTG GTG CAT CTC CCA AAC CCG GCA GCC CG-3' and
5'-CAT GCT AGC GCC GCG TGG TGC ACA AGA GTC CCA GGG AGA
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GTG-3'. The c-Myc 5’ enhancer contains the same sequence described by
Vogelstein and colleagues (21). The c-Myc 3’ enhancer-pGL3-luciferase con-
struct was made by PCR amplification of HCT116 genomic DNA with 5'-CAT
GGA TCC GCT ATT GCT GTT CTA ATT ACC-3’ and 5'-CAT GGA TCC
CAA GAT CAG CCT GAC TTT CGG-3' and subcloning the PCR products as
BamHI fragments into the pGL3-promoter. The c-Myc 3’ enhancer reverse-
pGL3-luciferase construct was made by PCR amplification of HCT116 genomic
DNA with 5'-CAT GCT AGC GCT ATT GCT GTT CTA ATT ACC-3' and
5'-CAT GGT ACC CAA GAT CAG CCT GAC TTT CGG-3" and subcloning
the PCR products as Nhel-Kpnl fragments into pGL3-promoter. A 1-kb frag-
ment from pBluescript SK* (Stratagene) was PCR amplified using 5'-CAT GGC
TAG CTA GGC CCG CTT TCC AGT C-3' and 5'-CAT GCT CGA GGG TAA
CTG TCA GAC C-3', and the PCR product was subcloned as an Nhel-Xho
fragment into the c-Myc 3’ enhancer reverse-pGL3-luciferase plasmid to gener-
ate the c-Myc 3’ enhancer reverse-DNA spacer-pGL3-luciferase construct. The
TCF consensus motifs within the c-Myc 3’ enhancer were mutated using a
QuickChange site-directed mutagenesis kit (Stratagene). In QuickChange PCRs,
5'-TGG CAC GTC ATA TAG GCG AAT TTC AGC GGG AGA TGC AAT
C-3" and 5'-GAT TGC ATC TCC CGC TGA AAT TCG CCT ATA TGA CGT
GCC A-3'" were used to mutate the first TCF motif, and 5'-GAG ATG CAA
TCC ACA GAA GTA TAG TAG TTC AGC GGG TTA CAA AAG CAA G-3'
and 5'-CTT GCT TTT GTA ACC CGC TGA ACT ACT ATA CTT CTG TGG
ATT GCA TCT C-3’ were used to mutate the second TCF motif. The AP-1 motif
within the c-Myc 3’ enhancer was mutated with 5'-GAG TGC AGC TCT GGG
GGT ACT CACTTG GGA ATC G-3' and 5'-CGA TTC CCA AGT GAG TAC
CCC CAG AGC TGC ACT C-3'. All constructs and mutations were verified by
DNA sequencing.

ChIP assays. Antibodies used for ChIP included the following: 3 pg of anti-
B-catenin (no. 610154; BD Transduction), anti-TCF4 (no. 05-0511; Upstate
Biotechnology), anti-B-galactosidase (no. Z378B; Promega), anti-TATA-binding
protein ([TBP] no. ab818-100; Abcam), anti-RNA polymerase II (RNAPII)
C-terminal domain repeat YSPTSPS (phospho-S5) (no. ab5131-50; Abcam),
anti-RNAPII (no. ab62655; Abcam), 5 pg of anti-acetyl-histone H3 (no. 06-599;
Upstate Biotechnology), 5 ul of anti-trimethyl-histone H3 (Lys4) (no. 07-473;
Upstate Biotechnology), and 4 pg of anti-c-Jun (no. SC44X; Santa Cruz). ChIP
and quantitative real-time PCR were performed as described previously (54, 55).
Sequences of oligonucleotides used in real-time PCRs are available upon re-
quest.

SACO. For the detailed protocol used to construct the B-catenin SACO li-
brary, see the work of Impey et al. (23).

Western blot analysis. Preparation of protein extracts and Western blotting
were conducted as described previously (53). The following antibodies were used
at the indicated dilutions: 1:1,000 anti-B-catenin (no. 610154; BD Transduction),
1:200 anti-TCF4 (no. 05-511; Upstate Biotechnology), 1:10,000 antitubulin (no.
T3526; Sigma), and 1:500 anti-c-Myc (no. 05-419; Upstate Biotechnology).

Quantitative reverse transcription-PCR. RNA was isolated from 5 X 10°
HCT116 or HT29-APC cells, and cDNA was synthesized as described previously
(53). APC expression was induced in HT29-APC cells with 100 pM ZnCl, (29).
tubulin was amplified from random-primed ¢cDNA with 5'-GGG GCT GGG
TAA ATG GCA AA-3" and 5'-TGG CAC TGG CTC TGG GTT CG-3'. c-Myc
expression was detected using 5'-GCA AAC CTC CTC ACA GCC CAC T-3'
and 5'-AAC TTG ACC CTC TTG GCA GCA-3'. APC expression was detected
using 5'-CCC AAG CAA CAG AAG CAG AGA GGT-3' and 5'-TTG AAC
CCT GAC CAT TAC CAG AAG T-3'. Reactions lacking reverse transcriptase
were run in parallel as a control, and real-time PCR was conducted as for ChIP
except 10 ng of cDNA was used as template.

Luciferase reporter assays. For each sample, examined in quadruplicate, 1 X
10° HEK293 or HCT116 cells were seeded into a single well of a 24-well plate.
The following amounts of plasmids were transfected using Lipofectamine (In-
vitrogen) according to the manufacturer’s instructions: pGL3-luciferase reporter
construct, 125 ng; pcDNA3.1-B-catenin S45F, 250 ng; pME18-Lef-1, 250 ng; and
pRL-simian virus 40 ([SV40] Renilla luciferase), 25 ng. p-Catenin and Lef-1
plasmids were excluded in transfection mixtures for assays in HCT116 cells. Total
DNA was adjusted to 2 pg with pBluescript SK* (Stratagene). Medium contain-
ing transfection complexes was removed after 6 h and replaced with fetal bovine
serum containing culture medium. Luciferase assays were conducted using a dual
luciferase kit (no. E1960; Promega), and firefly and Renilla luciferase activities
were measured using an LMax II°** luminometer (Molecular Devices).

HCT116 cell synchronization. Cells were synchronized as reported by Toualbi
et al.(46). For ChIP assays, cells were grown to confluence on a 10-cm dish. The
cells were then cultured for 48 h in medium lacking serum. Serum-containing
medium was then added for 1, 2, 4, or 8 h, and ChIP assays were conducted as
described above. Prior to fixation of serum-starved cells (zero time point), serum-
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containing medium was replaced to ensure equal exposure to formaldehyde. For
luciferase assays, cells were transfected at 80% confluence and, the following day,
serum starved as outlined above.

Cell cycle analysis. A total of 1 X 107 HCT116 cells were harvested in
suspension buffer (1X phosphate buffered saline [PBS]-0.1% bovine serum al-
bumin) and collected by centrifugation at 3,000 X g. The cell pellet was washed
twice in suspension buffer, centrifuged, and resuspended in 10 ml of suspension
buffer. Three milliliters of ice-cold 100% ethanol was added to a 1-ml aliquot
containing 1 X 10° cells. The cells were fixed for 1 h at 4°C, collected by
centrifugation at 3,000 X g for 5 min, and washed twice in 1X PBS. The cell
pellets were resuspended in 1 ml of propidium iodide staining solution (3.8 mM
sodium citrate, 50 pg/ml propidium iodide [no. P4170; Sigma], 1X PBS). Before
cells were counted with a fluorescence-activated cell sorter (FACS), they were
incubated with RNase (0.5 wg) for 3 h at 4°C.

RESULTS

B-Catenin and TCF4 bind a region downstream from the
c-Myc transcription stop site in HCT116 human colorectal
carcinoma cells. One surprising finding from our SACO anal-
ysis of B-catenin binding sites was that 12% of the protein-
coding genes in the library contained a binding site down-
stream from the transcriptional stop site (54). c-Myc was one
such target, containing multiple GSTs in a region that is 1.4 kb
downstream from the transcription termination signal (Fig.
1A). Importantly, this region is as highly conserved across
mammalian species as the previously characterized upstream
B-catenin/TCF enhancer, suggesting that it may play an impor-
tant role in c-Myc gene regulation.

Binding sites represented by two GSTs in the SACO screen
(as was the case for the region downstream from c-Myc) had an
85% confirmation rate when tested for 3-catenin binding using
repeat ChIP assays (54). To confirm binding to this element,
we used B-catenin and TCF4 antibodies in ChIP assays.
B-Catenin and TCF4 bound the 5’ promoter elements of c-Myc
and cyclin DI (cycDI) in HCT116 colorectal carcinoma cells,
while little binding was detected at tubulin and B-actin genes,
which are not known to be (-catenin targets (Fig. 1B). B-Cate-
nin and TCF4 also bound the 3’ region downstream from
c-Myc, and, interestingly, binding of both factors was enhanced
relative to that at the known upstream c-Myc 5’ enhancer. No
significant B-catenin or TCF4 occupancy was detected at a
region downstream from cycDI. As an additional control for
nonspecific binding of B-catenin and TCF4 antibodies, ChIP
assays were conducted in a TIG fibroblast cell line. TIG fibro-
blasts contain cytoplasmic and membrane-localized B-catenin
but lack detectable nuclear B-catenin (30). Low levels of
B-catenin and TCF4 binding, comparable to background lev-
els, were detected using all primer sets, attesting to the spec-
ificity of the antibodies used in ChIP assays. Thus, we con-
cluded that the B-catenin SACO screen uncovered a novel
B-catenin and TCF4 binding region downstream of c-Myc that
was more robust than the element in the 5’ promoter.

We next searched for additional TCF consensus elements
across the 16-kb chromosomal sequence surrounding the
genomic c-Myc locus. In addition to the two 5" TCF sequences
reported previously, we found five more core consensus motifs
containing the sequence CTTTG(A/T)(A/T) [or the comple-
mentary sequence (A/T)(A/T)CAAAG], upstream from the
transcription start site (Fig. 2A). Nine consensus sequences
localized downstream from the c-Myc transcriptional stop site,
two of which overlapped the region identified in the B-catenin
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FIG. 1. B-Catenin and TCF4 bind a region downstream from the
c-Myc transcription stop site in HCT116 cells. (A) Diagram of the
human c-Myc gene locus. The c-Myc gene is depicted in blue with exons
as rectangles, introns as horizontal lines, and the 5" and 3’ untranslated
regions as thin rectangles. An arrow marks the transcription start site.
Coordinates of the region of chromosome 8 (chr 8) that contains c-Myc
are shown at the top. Below, a red rectangle identifies the character-
ized 5' B-catenin/TCF enhancer (21), and the green vertical lines
indicate the positions of the B-catenin GSTs identified in the SACO
screen (54). Clustered vertical lines below indicate the degree of con-
servation across mammalian species. This representation was down-
loaded from the UCSC Genome Browser (http:/genome.ucsc.edu/).
(B) Real-time PCR analysis of DNA fragments precipitated in a ChIP
assay by using an anti-B-catenin antibody (blue bars) or an anti-TCF4
antibody (red bars). Primers were designed to the 5’ promoters of
cyeDI and c-Myc to detect specific B-catenin and TCF4 binding and to
an internal region of fubulin, an internal region of B-actin, and a region
downstream of cycDI to monitor nonspecific interactions. The primers
used to detect binding to the region downstream of c-Myc were de-
signed adjacent to the B-catenin SACO GSTs. As a control, ChIP
assays were conducted in TIG fibroblasts which lack appreciable levels
of nuclear B-catenin. Data are presented as percent input signal, and
error bars indicate standard errors of the means.

SACO screen. No consensus motifs were found within the
coding region. We then utilized ChIP-scanning to detect
B-catenin and TCF4 binding across the c-Myc genomic locus
(50). For this assay, we designed 16 oligonucleotide pairs at
approximately 1-kb intervals across the c-Myc region (Fig. 2A).
These oligonucleotides were used to detect precipitated DNA
in real-time PCRs. Both B-catenin and TCF4 binding occurred
only at the 5’ promoter and the downstream site identified by
SACO (Fig. 2B). Again, binding to the 3’ element was signif-
icantly greater than to the 5’ region. Notably, not all consensus
TCF motifs were occupied by TCF4.

Earlier studies had shown that an antisense transcript was
expressed from the N-Myc locus in neuroblastomas (1, 25).
Additionally, we found that 3-catenin induced expression of an
antisense E2F4 transcript (53). These findings raised the pos-
sibility that the 3’ B-catenin/TCF4 binding region in c-Myc
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FIG. 2. ChIP scanning analysis of the c-Myc genomic locus in HCT116 cells. (A) Red boxes correspond to the amplicons produced in PCRs
using oligonucleotide primer sets designed across the c-Myc genomic locus. These amplicons are arbitrarily designated 1 to 16. Purple and green
vertical lines indicate the positions of consensus TCF motifs and B-catenin SACO GSTs, respectively. c-Myc is depicted at the top of the diagram
with an arrow marking the transcription start site. (B) Real-time PCR analysis of ChIP assays performed in HCT116 cells using antibodies directed
against B-catenin (red bars), TCF4 (blue bars), or control B-galactosidase (gray bars). The amplicons produced in the real-time PCRs are labeled
1 to 16 along the x axis. Real-time PCR analysis of ChIP assays in HCT116 cells using anti-TBP (C), anti-RNAPII S5 (D), anti-RNAPII (E), or
anti-H3K9/K14ac and anti-H3K4me3 (F) antibodies. Error bars indicate standard errors of the means.

could also drive expression of an antisense transcript. To test
this possibility, we analyzed TBP and serine-5 phosphorylated
RNAPII (RNAPII S5) occupancy across the c-Myc locus. Be-
cause these proteins associate specifically with promoter ele-
ments, binding of TBP and RNAPII S5 downstream from
c-Myc would suggest that the downstream B-catenin/TCF4
binding site regulates the activity of an antisense promoter.
However, TBP and RNAPII S5 binding localized only to re-
gions surrounding the 5’ promoter (Fig. 2C and D). Total
RNAPII, in contrast, localized throughout the c-Myc gene (Fig.
2E). Furthermore, we were unable to detect an antisense c-

Mpyc transcript using a c-Myc strand-specific reverse transcrip-
tion-PCR assay (data not shown). Together, this analysis sug-
gests that the only promoter within this chromosomal region
lies at the 5’ end of the c-Myc gene.

To further characterize the c-Myc genomic locus, we local-
ized histone modifications that correlate with gene activation.
One such modification is trimethylated lysine 4 on histone H3
(H3K4me3), which is deposited by SET domain-containing
proteins (4). Sierra et al. recently demonstrated that this mod-
ification was indeed found at the c-Myc promoter when the
Wnt signaling pathway was induced (43). We found that
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FIG. 3. The c-Myc 3' B-catenin/TCF4 binding region enhances SV40 promoter-driven luciferase gene expression. (A) Diagram of reporter
constructs with the SV40 promoter represented as green rectangles, and the firefly luciferase gene is shown as yellow rectangles. The rectangles
labeled c-Myc 5" EN correspond to the 588 bp B-catenin/TCF enhancer (21). The rectangles labeled c-Myc 3" EN correspond to a 615-bp fragment
that begins 1,410 bp downstream from the c-Myc transcription stop site and binds B-catenin and TCF4 in ChIP assays. An “X” indicates that a TCF
consensus motif was mutated. (B) The firefly luciferase reporter plasmids, a control plasmid expressing Renilla luciferase, and plasmids encoding
B-catenin S45F and Lef-1 were transfected into HEK293 cells. After 24 h, firefly luciferase levels were assayed and normalized to Renilla luciferase
levels. The activities of the respective reporters are aligned with their schematic representations. Activity is represented as relative change in the
presence of B-catenin and Lef-1 and is normalized to background B-catenin/Lef-1 activation of the pGL3-promoter vector. (C) HCT116 cells were
transfected with the indicated firefly luciferase reporters and a control Renilla luciferase plasmid. Luciferase activities were measured as in HEK293
cells, and data are represented as the change in expression relative to levels obtained with the pGL3-promoter vector alone. Error bars indicate
standard deviations.

H3K4me3 localized to a region encompassing the promoter were then transfected with a reporter construct containing the
and first intron of c-Myc (Fig. 2F). B-Catenin has also been 615-bp region flanking the c-Myc 3" GSTs inserted downstream
shown to recruit the histone acetyltransferase CBP/p300 (22, from luciferase. B-Catenin/Lef-1 activated this construct con-
45). CBP/p300 acetylates several amino-terminal histone tail siderably more robustly than the construct containing the 5’
residues on histone H3, including lysines 9 and 14 (H3K9/ enhancer alone. Two consensus TCF motifs, both consisting of
K14ac) (41). These modifications also localized to the 5’ pro- the sequence TTCAAAG and separated by 28 nucleotides, are
moter region, consistent with the involvement of CBP/p300 in localized within the 3’ enhancer region. These sequences were
B-catenin activation of c-Myc (Fig. 2F). Together, this ChIP- mutated to TTCAGCG, which has been demonstrated to dis-
scanning analysis suggests that the new B-catenin binding site rupt TCF binding (9). Mutation of either TCF consensus motif
does not identify a 3" promoter; rather, the upstream site is the alone impaired B-catenin/Lef-1 transactivation while the dou-
only promoter involved in c-Myc expression. We suggest that ble mutation was slightly repressive. Inclusion of the c-Myc 3’
the downstream region identifies a c-Myc enhancer. enhancer with the 5’ elements augmented luciferase expres-

The downstream (3-catenin and TCF4 binding region iden- sion. This activation was also largely impaired by mutations in
tifies a transcriptional enhancer. Classically, enhancers are TCF elements within the c-Myc 3’ enhancer. Luciferase assays
believed to bind transcriptional activators and function in an were then conducted in HCT116 cells, which have high levels
orientation-independent manner (2). To test whether the of endogenous nuclear B-catenin. The luciferase activities of
downstream element could function in this fashion, we used reporters in HCT116 cells largely paralleled the activities in
luciferase reporter assays. We initiated these studies by engi- the HEK293 cells (Fig. 3C). Together, these experiments in-
neering a series of plasmids designed to assess the ability of the dicate that the c-Myc 3’ element requires two coupled TCF

5" and 3’ c-Myc elements to regulate expression of a luciferase consensus motifs to activate transcription of a heterologous
gene driven by the minimal SV40 viral promoter (Fig. 3A). reporter plasmid.
These plasmids were first tested in HEK293 cells, which We then designed additional reporter constructs to deter-

contain little nuclear B-catenin. To activate the reporter mine whether the c-Myc 3’ element could activate transcription
constructs, cDNAs encoding Lef-1 and stabilized B-catenin irrespective of position or orientation relative to the SV40
(containing an S45F mutation, which impairs proteasomal promoter. These reporters were tested in HCT116 cells. The
degradation) were cotransfected. The combination of B-cate- luciferase level from a plasmid containing the c-Myc 3’ element
nin and Lef-1 activated a reporter containing the c-Myc 5’ inserted in reverse orientation and upstream from the SV40
enhancer, as previously described (Fig. 3B) (21). Mutation of ~ promoter was approximately fivefold greater than the control
the two TCF consensus motifs within the c-Myc 5’ enhancer =~ when assayed in HCT116 cells (Fig. 4). In a second plasmid, we
impaired activation, also as reported previously (21). Cells placed the c-Myc 3’ element in the reverse orientation and 1 kb
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FIG. 4. The c-Myc 3’ enhancer activates transcription in a position- and orientation-independent manner. (Left) Diagram of reporter
constructs with the SV40 promoter represented as green rectangles and the firefly luciferase gene shown as yellow rectangles. The rectangles
labeled c-Myc 3" EN (REV) correspond to the 615 bp c-Myc 3’ element inserted in reverse orientation relative to the SV40 promoter. DNA spacers
corresponding to 1-kb fragments from the pBluescript plasmid are indicated. The firefly luciferase reporter plasmids and a control plasmid
expressing Renilla luciferase were transfected into HCT116 cells. Luciferase levels were measured 24 h following transfection. Firefly luciferase
values were normalized to Renilla luciferase values, and the data are represented as the change in expression relative to levels in cells transfected
with the pGL3-promoter vector and control Renilla vector. Error bars indicate standard deviations.

upstream from the SV40 promoter. The luciferase level from
this plasmid was also enhanced relative to the control. Thus, by
using standard luciferase assays, we find that the c-Myc 3’
element activates transcription in a position- and orientation-
independent manner and thereby satisfies the criteria for its
designation as a transcriptional enhancer.

The 3’ enhancer is required for activation of c-Myc expres-
sion by serum mitogens. The response of quiescent cells to
growth factors has long been used as a model system to study
regulation of c-Myc gene expression (24). Previous studies have
shown that c-Myc expression is negligible in serum-starved
quiescent cells but is then dramatically induced upon serum
addition (42, 49). Once the cells reach the G,/S boundary, or
restriction point, c-Myc expression subsides. We first confirmed
an earlier report that HCT116 cells entered quiescence 48 h
after serum withdrawal and then reentered the cell cycle fol-
lowing addition of serum (46). FACS analysis of propidium
iodide-stained serum-deprived cells indicated that most are in
the G,/G, stage (Fig. SA). Treatment of quiescent cells with
serum over a time course of 1 to 8 h indicated that synchro-
nized HCT116 cells progressed through G, and entered S
phase. To evaluate c-Myc expression in HCT116 cells cultured
under these conditions, we collected RNAs from quiescent
cells and cells treated with serum for 1, 2, 4, and 8 h. c-Myc
expression was monitored by real-time PCR. Consistent with
other reports, we found very low levels of c-Myc RNA in
quiescent cells (Fig. 5B) (42, 49). A 10-fold increase in c-Myc
transcript was apparent after exposure to serum for 2 h, and a
70-fold increase occurred after 4 h, compared to quiescent
cells. After 8 h in the presence of serum, c-Myc RNA levels
substantially decreased. At this time, the synchronized cells
have entered S phase, where c-Myc expression is repressed.
Protein extracts were prepared under the same conditions, and
Western blot analysis was performed with a c-Myc-specific
antibody. c-Myc protein levels were not detectable in quiescent
cells, and peak levels of c-Myc protein were detected at 4 h
after the addition of serum (Fig. 5C). c-Myc protein levels then
decreased at 8 h. Using the same protein preparations, we
evaluated the expression profiles of B-catenin and TCF4.
While total B-catenin levels remained constant, TCF4 levels,
surprisingly, decreased after exposure of cells to serum for 2 h.

This low level persisted as the cells transited into S phase. To
evaluate nuclear levels of B-catenin, we isolated nuclei from
synchronized cells, and protein extracts were subjected to
Western blot analysis. Nuclear B-catenin levels were elevated
after serum addition for 1 and 2 h compared to levels seen in
quiescent cells. At 4 and 8 h after serum addition, nuclear
B-catenin was reduced to levels seen in quiescent cells (Fig.
5C). We then used this system to assess whether B-catenin
binding to the 5’ promoter and/or 3’ enhancer accompanied
c-Myc gene expression.

We along with others have shown that B-catenin and TCF4
binding to the 5’ c-Myc promoter accompanied c-Myc gene
expression (30, 43, 54). However, it is unknown whether
B-catenin/TCF4 binding occurs in response to serum. We used
ChIP coupled with real-time PCR to monitor binding of
B-catenin and TCF4 as HCT116 cells exited quiescence and
entered the cell cycle. The specific oligonucleotides used to
monitor occupancy at the c-Myc promoter amplify a region
approximately 500 bases upstream from the transcription start
site that is adjacent to the two characterized TCF motifs. Con-
sequently, these primers also interrogate occupancy at the c-
Myc 5" enhancer. B-Catenin binding to the c-Myc promoter was
minimal in serum-starved cells but was dramatically increased
following addition of serum for 2 h (Fig. 6A). This finding
indicates that B-catenin was present at the c-Myc promoter
prior to maximal c-Myc transcript induction (Fig. 5B, 4-h time
point) and suggests that B-catenin participated in mitogen-
dependent c-Myc activation in HCT116 cells. Consistent with
this idea, B-catenin binding was absent at 8 h, a time when
c-Myc transcript was reduced. TCF4 binding to the c-Myc pro-
moter, unlike B-catenin, was only marginally induced as cells
were released into the cell cycle (Fig. 6A). This finding is in
agreement with earlier reports indicating that TCF4 binding is
constitutive at the c-Myc promoter (43).

Having confirmed B-catenin/TCF4 binding at the 5’ pro-
moter, we next determined occupancy of these factors at the 3’
enhancer. Surprisingly, maximal B-catenin binding to this site
occurred after serum treatment for only 1 h (Fig. 6A), a full
hour before occupancy at the 5" promoter. Additionally, when
we interrogated TCF4 occupancy at the 3’ enhancer, we found
a dramatic (~60-fold) increase in binding in cells treated with
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FIG. 5. c-Myc expression is tightly regulated in synchronized HCT116 cells. (A) FACS profiles of propidium iodide-stained HCT116 cells that
were serum deprived for 48 h and then cultured in the presence of serum-containing medium for the number of hours indicated at the top of each
panel. FL2-H is peak emission values of propidium iodide-stained DNA fluorescence. (B) RNAs were isolated from HCT116 cells treated as
described for panel A, and cDNA was synthesized using a random primer and avian myeloblastosis virus reverse transcriptase. Real-time
quantitative PCR was conducted using primers designed against the third exon of c-Myc or the fourth exon of rubulin as an internal control. The
data are presented as relative c-Myc mRNA levels normalized to tubulin. Error bars indicate standard errors of the means. (C) Protein extracts
prepared from HCT116 cells synchronized as in panel A were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and probed
with anti-c-Myc, anti-B-catenin, anti-TCF4, or antitubulin antibodies in a Western blot.

serum for 1 h compared to serum-deprived cells. As with bind-
ing to the 5’ promoter, B-catenin and TCF4 occupancy de-
creased as cells transited into S phase (i.e., 8 h after serum
addition). These findings indicate that B-catenin binding to the
c-Myc 3" enhancer preceded binding to the 5’ promoter. Fur-
thermore, these results suggest that mitogen-stimulated acti-
vation of c-Myc expression involves recruitment of TCF4 to the
3’ element.

The general transcription factor TFIIB positions the coding
strand of DNA into the catalytic center of RNAPII to deter-
mine the first nucleotide of the nascent mRNA (7) and is
required for RNAPII-dependent transcription (35, 40). TFIIB
occupancy was coincident with that of p-catenin at the 5’
promoter element, peaking at 2 h in the presence of serum and
then decreasing as cells transited G, and entered into S phase
(Fig. 6B). The binding kinetics of TFIIB is consistent with
assembly of the RNAPII holoenzyme prior to and during c-
Mpyc expression and then disassembly of this complex during
the period when gene expression is repressed.

High levels of H3K4me3 at the promoter region accompany
c-Myc expression. Sierra et al. demonstrated that when the
Wnt pathway was blocked, c-Myc transcript levels decreased as
well as levels of H3K4me3 (43). Consistent with that study, we
found that H3K4me3 was absent at the c-Myc promoter during
repression (i.e., serum starvation) and then increased as c-Myc
was activated (i.e., 2 h after serum addition) (Fig. 6C). As was
the case for B-catenin, induction of H3K4me3 binding at the 3’

enhancer preceded the increase in H3K4me3 at the promoter.
H3K9/K14ac histone modifications paralleled the H3K4me3
changes (Fig. 6D). The finding that increases in H3K4me3-
and H3K9/Kl14ac-modified histones accompanied B-catenin
and TCF4 binding to the 3’ enhancer suggests that B-catenin/
TCF4 directly recruited chromatin-remodeling complexes to
this site. These data further suggest that B-catenin/TCF4 and
coactivator complexes assembled first at the 3’ enhancer and
then at the 5’ enhancer during mitogen stimulation.
B-Catenin and the TCF motifs in the c-Myc 3’ enhancer are
required for mitogen-dependent activation of c-Myc gene ex-
pression. The human colorectal cancer cell line, HT29, con-
tains a mutant APC allele (44). APC protein derived from this
allele no longer coordinates the destruction of B-catenin by the
proteasome. As a result, Wnt/B-catenin signaling is constitu-
tive. To block Wnt signaling in these cells, Vogelstein and
colleagues inserted a metallothionein promoter-driven trans-
gene encoding full-length APC (29). In the presence of ZnCl,,
APC is synthesized, and B-catenin is targeted for proteasomal
degradation. We used the HT29-APC cells to determine
whether B-catenin is required for mitogen activation of c-Myc
expression. Cells were synchronized by serum deprivation for 2
days. Serum-containing medium, with or without ZnCl,, was
then added, and RNA was collected at subsequent time points.
APC and c-Myc transcript levels were measured by quantitative
real-time PCR. In the absence of zinc, APC transcripts were
not detected, and c-Myc expression was induced by serum
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FIG. 6. B-Catenin, TCF4, and transcriptional regulatory factors assemble at the c-Myc 3’ enhancer prior to binding to the 5’ c-Myc promoter
following exposure of arrested HCT116 cells to serum. (A) Real-time PCR analysis of ChIP assays using anti-B-catenin or anti-TCF4 antibodies
to precipitate chromatin isolated from serum-starved cells (0) and starved cells released into serum for 1, 2, 4, or 8 h. Primers specific to the 5’
c-Myc promoter and the c-Myc 3" enhancer (primer set 5 and set 13, respectively) (Fig. 2A) were used in the real-time PCRs. (B to D) Real-time
PCR analysis as in panel A except that anti-TFIIB (B), anti-H3K4me3 (C), or anti-H3K9/K14ac (D) antibodies were used in the ChIP assays. Error

bars indicate standard errors of the means.

(Fig. 7A). In the presence of zinc, mitogen activation of
c-Myc was completely blocked by the induced APC. Western
blot analysis indicated that APC induction also blocked se-
rum-dependent accumulation of c-Myc protein and nuclear
B-catenin (Fig. 7B). Importantly, a ChIP assay demon-
strated that the enhanced B-catenin binding to the c-Myc 3’
enhancer seen after 1 h of serum addition was also blocked
by APC induction (Fig. 7C). These findings suggest that
nuclear B-catenin and B-catenin binding to the c-Myc 3’
enhancer were required for mitogen activation of c-Myc
expression.

As shown in Fig. 6A, mitogens stimulated B-catenin and
TCF4 binding to the c-Myc 3’ enhancer. We used luciferase
assays to test whether the consensus TCF motifs within the 3’
enhancer were required for activation in response to serum.
HCT116 cells were transfected with a luciferase construct con-
taining both the 5’ and 3’ c-Myc enhancers and were then
starved for 2 days. Serum-containing medium was then added,
and levels of luciferase were monitored. Serum activated the
reporter construct containing the 5’ and 3’ enhancers while
activities of reporters containing mutations in the 3" TCF mo-
tifs were attenuated upon serum addition (Fig. 7C). This sug-
gests that assembly of a transcriptional coactivator complex at
the 3" TCF sequences was required for serum-stimulated acti-
vation. Furthermore, the 5’ c-Myc enhancer alone was insuffi-
cient for mitogen-dependent transcriptional activity.

c-Jun binds to an AP-1 site within the c-Myc 3’ enhancer.
The c-Myc 5’ enhancer and 3’ enhancer both contain two
consensus TCF motifs. Why did mitogen stimulation specifi-

cally induce B-catenin/TCF4 binding to the 3’ enhancer? We
entertained the possibility that binding of an additional tran-
scription factor(s) may account for our observations. Using the
TRANSFAC database, we searched for transcription factor
motifs embedded in the c-Myc 3’ enhancer that were highly
conserved in rat, mouse, and human. We reasoned that if the
motif was functionally relevant for c-Myc transcription, it was
likely to be conserved among the three species. This search
revealed the sequence TGACTCA, an AP-1 consensus motif
(10), immediately downstream from the two TCF consensus
sequences (Fig. 8A). AP-1 is a heterodimeric transcription
factor composed of members from the c-Jun and c-Fos families
of transcription factors (15). AP-1 is induced by mitogens and
is thus classified as an immediate-early factor. Moreover, AP-1
is known to interact with TCF4 and B-catenin to activate gene
transcription in HCT116 cells (46). We used ChIP analysis to
determine whether c-Jun binding occurred at the c-Myc 5" and
3’ enhancers during mitogen activation of serum-starved
HCT116 cells. c-Jun bound the 3’ enhancer in serum-starved
cells, and this binding increased when the cells were exposed to
serum for 1 h (Fig. 8B). c-Jun binding diminished as cells
transited into S phase (i.e., at 8 h). Levels of c-Jun binding to
the c-Myc 5" enhancer were similar to those seen at a control
sequence (approximately 6 kb downstream from the c-Myc
transcriptional stop site) and therefore likely represented
background binding. The profile of c-Jun binding to the 3’
enhancer paralleled B-catenin and TCF4 binding, suggesting
that a B-catenin/TCF4/c-Jun complex may account for specific
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FIG. 7. B-Catenin and the TCF-responsive sites in the c-Myc 3’
enhancer are required for mitogen-dependent activation of c-Myc gene
expression. (A) HT29-APC cells were synchronized in the cell cycle by
serum withdrawal for 48 h followed by addition of serum-containing
medium for 1, 2, 4, or 8 h. Where indicated, 100 uM ZnCl, was
included in the medium. ZnCl, induces expression of a transgene
encoding full-length APC in the HT29-APC cells (29). At each time
point, RNAs were isolated and reverse transcribed using avian myelo-
blastosis virus reverse transcriptase, and the synthesized cDNA was
amplified in real-time PCRs using APC-, c-Myc-, or tubulin-specific
primer sets. Each point is normalized to signal generated with tubulin
primers as an internal control. Error bars indicate standard errors of
the means. (B) Protein extracts prepared from HT29-APC cells
treated as in panel A were subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and probed with anti-c-Myc- or anti-B-
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binding of coactivator complexes to the downstream c-Myc
enhancer.

We then used luciferase assays to test whether the consensus
AP-1 motif within the 3’ enhancer was required for activation
in response to serum. For these experiments, luciferase re-
porter constructs were transfected into HCT116 cells that were
then cultured in serum-deprived medium for 2 days. On the
next day, serum was added to half of the samples for 4 h. As
previously shown (Fig. 7D), mitogen activation of the reporter
containing the c-Myc 5’ and 3’ enhancers depended on the
integrity of the two TCF motifs in the 3" enhancer (Fig. 8C). To
test whether AP-1 binding was also required for the mitogen
response, the consensus AP-1 motif within the 3’ enhancer was
mutated to GTACTCA (shown previously to block this inter-
action with AP-1), and this reporter was assayed as above (27).
Mutation of the AP-1 motif abolished mitogen activation. Fur-
thermore, mutation of the AP-1 motif in the context of the
TCF double mutant did not cause an additive impairment of
3'-dependent activation. Together, these results demonstrate
that the TCF motifs and the AP-1 motif within the 3" enhancer
are required for the maximal transcriptional response to mi-
togen stimulation.

DISCUSSION

Genome-wide screens are a powerful approach to discover
new transcription factor targets. Once the binding sites have
been identified, determining which of these sites are functional
can be challenging. One characteristic of transcription factor
binding sites revealed by genome-wide approaches is that they
are commonly located in regions other than the 5’ flanking
elements of protein-coding genes (8, 20, 23, 31, 54, 55). In a
previous report, we used SACO to identify B-catenin binding
sites in human colorectal carcinoma cells and found that, of
those associated with protein-coding genes, 12% localized
downstream from the transcriptional stop site (54). In a sub-
sequent study, we described a B-catenin/TCF4-regulated en-
hancer that localized within the 3’ untranslated region of the
gene encoding the E2F4 cell cycle transcription factor (53).
Activation of Wnt/B-catenin signaling induced expression of an
antisense E2F4 transcript which, in turn, diminished E2F4
protein levels. In this study, we describe a B-catenin binding
site that localized downstream from the c-Myc proto-oncogene.
This site identified an enhancer that controlled the mitogen-
dependent activation of c-Myc expression in colon cancer cells.

catenin-specific antibodies in Western blotting. Whole-cell extracts
were used in the c-Myc experiment while nuclear extracts were used in
the B-catenin experiment. (C) Real-time PCR analysis of the c-Myc 3’
enhancer precipitated from HT29-APC cells with anti-B-catenin anti-
bodies in a ChIP assay. Prior to the ChIP, HT29-APC cells were serum
starved for 48 h (0), and then serum was added for 1 or 2 h in the
presence or absence of ZnCl, as indicated. Error bars indicate stan-
dard errors of the means. (D) The luciferase constructs diagrammed
above the graph were transfected into HCT116 cells and, the following
day, medium lacking serum was added. After 48 h, serum was added
for 1, 2, or 4 h, and then levels of luciferase were quantified. Both
TCF4 consensus sequences within the 3" enhancer are mutated in the
construct labeled 5'"EN/3"EN (mut TBE3/4). Error bars indicate stan-
dard deviations. EN, enhancer; X, mutation in a TCF consensus motif.
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FIG. 8. AP-1 is involved in B-catenin/TCF-dependent activation of
c-Myc expression in response to mitogens. (A) Diagram of the c-Myc
gene (blue) with the 3" enhancer represented by a black rectangle. The
sequence of a 158-bp segment from the enhancer containing two TCF
motifs (bold) and an AP-1 motif (underlined) is shown. (B) Real-time
PCR analysis of ChIP assays using an anti-c-Jun-specific antibody was
conducted in starved (0) HCT116 cells and starved cells cultured in
serum-containing medium for 1, 2, 4, or 8 h. Error bars indicate
standard errors of the means. (C) Diagram of luciferase constructs
where X indicates mutation in the TCF motif, and a black oval indi-
cates a mutation in the AP-1 motif. HCT116 cells were transfected
with the indicated luciferase reporters. The next day, cells were starved
in serum-deprived medium for 48 h. Serum-containing medium was
added to half of the samples for 4 h, and luciferase activities were
measured in cell lysates. Data are presented as the relative change in
luciferase activity (in relative light units [RLU]) in response to serum
and are normalized to levels obtained in cells transfected with pGL3-
promoter. Error bars indicate standard deviations. EN, enhancer.

However, unlike the downstream enhancer regulating E2F4,
the c-Myc 3’ enhancer did not regulate an antisense transcript
but rather cooperated with 5’ elements to activate c-Myc ex-
pression.

Several recent reports have described functional intersec-
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tions between Wnt/B-catenin and AP-1 signaling (17, 30, 46).
Nateri et al. demonstrated that phosphorylated c-Jun inter-
acted with TCF4 and, together with B-catenin, activated c-Jun
gene expression (30). Toulabi et al. showed using reporter
assays that c-Fos and c-Jun activated c-Myc expression and
demonstrated that a complex containing c-Jun family mem-
bers, B-catenin, and TCF4 assembled on the cycDI1 promoter
in serum-synchronized HCT116 cells (46). Whether this com-
plex associated with the endogenous c-Myc promoter in a mi-
togen-regulated manner was not addressed. Finally, Gan et al.
demonstrated that binding of c-Jun, TCF4, B-catenin, and di-
sheveled was required for full c-Myc expression (17). Our re-
sults complement and extend these findings. We suggest that
c-Jun binding underlies the specific association of B-catenin
and TCF4 at the 3" c-Myc enhancer following mitogen stimu-
lation. The fact that the AP-1 consensus motif within the 3’
enhancer is required for activation suggests that c-Jun binds
directly to this site. We failed to detect c-Fos binding, however,
suggesting that another Fos family member may be involved.
Furthermore, we detected little c-Jun interaction with the c-
Myc 5" promoter. This finding contrasts that reported by Gan
et al.; however, differences in experimental systems may ac-
count for this observation (17). Gan et al. examined B-catenin
and c-Jun interactions in cells stimulated by Wnt3A while we
focused on cell cycle-regulated associations. Our data support
a model wherein c-Jun acts as a mitogen sensor and, when
phosphorylated in response mitogen signaling, cooperates with
B-catenin and TCF4 to activate c-Myc expression via the 3’
enhancer.

Members of the TCF/Lef family of sequence-specific DNA
binding factors were thought to associate constitutively with
target sites irrespective of Wnt/B-catenin signaling activity
(48). According to this model, TCF/Lef binds to their cognate
DNA sequence motifs and provides docking sites for associa-
tions with corepressor or coactivator complexes. Wnt signaling
then induces an exchange of coactivators for corepressors, and
transcription of the target genes ensues. While this model may
apply for Wnt/B-catenin regulation of some target genes, re-
cent studies indicate that TCF binding to other targets is more
dynamic (32, 51). Wohrle et al. demonstrated that Wnt signal-
ing induced TCF binding to promoters of the developmentally
regulated target genes, Axin2, CdxI, and Tbra (51). However,
in cell types that are not Wnt responsive, these target gene
promoters contain methylated cytosines and lack TCF occu-
pancy. In addition, Parker et al. reported that TCF binding is
induced at the naked-cuticle and notum loci in response to Wg
(the Wnt homolog) signaling in Drosophila (32). Our ChIP
analysis using B-catenin and TCF4 antibodies suggests that
Wnt/B-catenin regulation of c-Myc expression involves both
inducible and constitutive TCF binding. We confirmed the
findings of Sierra et al. that TCF binding to the 5" enhancer is
largely constitutive (43). However, we find that TCF4 occu-
pancy at the 3’ enhancer is dynamic, as binding this element
was clearly induced as cells entered G, phase from quiescence.
What is not clear at this time is whether c-Myc regulation
through the downstream enhancer occurs only in cells that
contain high levels of nuclear B-catenin such as the colon
cancer cells used in this study. It is tempting to speculate that
deregulated B-catenin signaling, as occurs in colon cancer,
activates a normally quiescent enhancer.
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H3K4me3 correlates with gene transcriptional activity. With
respect to protein-coding genes (including targets of Wnt/B-
catenin signaling), this modification typically localizes to the 5’
promoters and first introns (3, 56). In agreement with Sierra et
al., we find that levels of promoter-localized H3K4me3 corre-
late with c-Myc activity; i.e., there are high levels of H3K4me3
when c-Myc is expressed in early G, and low levels when c-Myc
expression is repressed in S phase and in serum-deprived cells
(43). Surprisingly, we found that high levels of H3K4me3 ac-
companied B-catenin/TCF4/c-Jun binding to the c-Myc 3’ en-
hancer as synchronized cells entered early G,. Interestingly,
this 3’ localization of H3K4me3-modified histones was seen in
synchronized cells only and not in logarithmically growing cul-
tures (Fig. 2F and 6C). We hypothesize that cell cycle-depen-
dent epigenetic modifications may underlie the ability of a
B-catenin/TCF4/c-Jun complex to bind to the 3’ enhancer.
Alternatively, nucleosomes that block access to the 3’ enhancer
may require repositioning to allow binding by the B-catenin/
TCF4/c-Jun complex. Once these epigenetic barriers are re-
moved, c-Myc expression during subsequent cycles would not
require chromatin modifications at the 3’ enhancer.

Our findings suggest that the 5" and 3" enhancers cooperate
to regulate c-Myc expression. We envision two mechanisms
that may account for this cooperation. First, complexes assem-
bled at the 3’ enhancer may physically associate with com-
plexes at the 5’ enhancer via a chromatin loop. The resultant
enhanceosome would then recruit RNAPII and other tran-
scriptional machinery to activate c-Myc expression. There are
many examples of such regulatory chromatin loops involving
transcription factor complexes separated by several kilobases
or more (14). Alternatively, chromatin-modifying coactivator
complexes recruited by B-catenin, TCF4, and c-Jun to the 3’
enhancer may initiate spreading of histones modifications to
the 5’ promoter region. Indeed, such a process has been as-
cribed to TCF binding in Drosophila, where induced histone
changes correlate with remodeling of 5" promoters to a tran-
scriptionally facilitative state (32).

One surprising observation from our cell cycle analysis was
that the level of TCF4 protein decreased after exposure of cells
to serum. This decrease suggests that TCF4 is regulated at the
posttranslational level. Yamada et al. recently reported that
TCEF/Lef proteins phosphorylated by the Nemo-like kinase are
ubiquitinated and targeted for degradation by the proteasome
(52). Furthermore, Tran et al. found that TCF proteins are
stabilized when proteasome activity is inhibited in HEK293
cells (47). It will be of interest to determine which of the 6,868
recently identified TCF4-binding sites display differential bind-
ing throughout the cell cycle (20). Coupling analysis of TCF4
binding with large-scale transcript profiling in synchronized
cells may elucidate targets that are coregulated by the cell cycle
and Wnt/B-catenin signaling.

The idea that c-Myc expression could be controlled by a 3’
regulatory element first was proposed on the basis of DNase I
hypersensitivity mapping (28). Interestingly, the hypersensitiv-
ity site 1.5 kb downstream from c-Myc was detected in some,
but not all, cell types. Notably, the downstream hypersensitivity
site was prominent in Colo320 colorectal cancer cells. Our
results suggest that this downstream enhancer is the primary
controlling element for c-Myc expression in colorectal cancer
cells. The importance of c-Myc in intestinal carcinogenesis has
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been firmly established using conditional knockout approaches
in mouse models (38). However, the contribution of Wnt/B-
catenin signaling to pathogenic c-Myc expression was not ad-
dressed. It was subsequently suggested that deletion of the 5’
B-catenin-responsive elements would ascertain the role of c-
Myc in Wnt/B-catenin signaling (5). Our data suggest that the
3’ B-catenin-responsive element might be equally important
for c-Myc expression.
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