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Upstream Stimulating Factor-1 (USF1) and USF2 Bind
to and Activate the Promoter of the Adenomatous
Polyposis Coli (APC) Tumor Suppressor Gene
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Abstract The adenomatous polyposis coli (APC) gene product is involved in cell cycle arrest and apoptosis, and
loss of function is associated with the development of colorectal carcinogenesis. Although it has been demonstrated that
the APC gene is inducible, its transcriptional regulation has not been elucidated. Therefore, we characterized the
promoter region of the APC gene and transcription factors required for basal expression. The APC gene has a TATA-less
promoter and contains consensus binding sites for Octamer, AP2, Sp1, a CAAT-box, and three nucleotide sequences for
E-box A, B, and M. The E-boxes are functional in several cancer cell lines and upstream stimulating factor-1 (USF1) and
USF2 interact with these sites, with a preferred sequence-specificity for the B site. Analysis of activation of the cloned
APC promoter by USF1 and USF2 in transient transfection assays in HCT-116 cells demonstrated that mutation of the E-
box B site completely abolished the basal promoter activity. Further, the ectopic USF1 and USF2 expression in HCT-116
cells with deletion mutations of E-box A, B, and M sites showed that these E-boxes contribute to USF1- and USF2-
mediated transcriptional activation of the APC promoter, with maximum promoter activity being associated with the

E-box B site. Thus, USF1 and USF2 transcription factors are critical for APC gene expression.
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Colon cancer is a major health problem,
representing one of the most common causes
of death from cancer in both men and women in
the United States [Landis et al., 1998]. In the
past few years, it has become clear that colon
cancer stems from a series of somatic, genetic
alterations and mutations in the adenomatous
polyposis coli (APC) gene, which are thought to
be one of the earliest events during this multi-
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step process of carcinogenesis [Ichii et al., 1992;
Miyoshi et al., 1992; Powell et al., 1992; Taso
and Shibata, 1994 ]. A direct causal relation-
ship has been established between loss of fun-
ction of the APC gene and the development of
colorectal cancer in mice that carry a targeted
conditional mutation of APC [Ahmed et al.,
1998].

The APC gene product is a homodimeric
protein, which is located both in the cytoplasm
and in the nucleus [Smith et al., 1993;
Miyashiro et al., 1995; Wong et al., 1996; Neufeld
and White, 1997]. Its functional expression has
been associated with cell cycle arrest [Baeg
et al., 1995] and apoptosis [Browne et al., 1994,
Morin et al., 1996]. In recent studies, the APC
gene product has been described as a negative
regulator of B-catenin signaling in several colon
cancer [Rubinfeld et al., 1993; Su et al., 1993]
and melanoma [Rubinfeld et al., 1996] cell
lines. In the cytoplasm, APC forms a multi-
meric complex with B-catenin and glycogen
synthase kinase-3 (GSK3p) that is assembled
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on an axin (also called conductin) backbone
[Behrens et al., 1998; Hart et al., 1998;
Nakamura et al., 1998]. Within this multimeric
complex, GSK3B phosphorylates B-catenin
resulting in dissociation of B-catenin from the
complex and its subsequent degradation in the
cytoplasm. If APC is absent or mutated, the
binding of B-catenin to APC is impaired result-
ing in an increase in the cytoplasmic levels of B-
catenin. The free cytoplasmic p-catenin is
translocated to the nucleus, where it binds to
members of the T-cell factor/lymphoid-enhan-
cer factor (Tcf/Lef) family of transcription
factors and activates target genes. It was
reported recently that the activity of the c-
myc oncogene is influenced by the B-catenin/
Tecf-4 complex [He et al., 1998]. A B-catenin/Tcf-
4 binding site in the c-myc promoter has been
identified, and it was shown that overexpres-
sion of APC in an APC-mutant cell line resulted
in a reduction in the nuclear levels of B-catenin/
Tef-4 complexes, which was associated with a
decrease in the expression of the c-myc onco-
gene [He et al., 1998]. Thus, the interaction of
APC with B-catenin may regulate an intracel-
lular signaling pathway that links the cyto-
plasm and the nucleus.

In recent studies, we have shown that the
levels of APC protein and mRNA were incre-
ased upon exposure of HCT-116 cells to DNA-
damaging agents in culture [Narayan and
Jaiswal, 1997; Jaiswal and Narayan, 1998].
Also, changes in the APC protein levels during
nerve growth factor (NGF)-induced neuronal
differentiation were examined in pheochromo-
cytoma (PC12) cells [Dobashi et al., 1996].
These studies indicated that APC is an induci-
ble gene, which can be regulated in response to
a variety of signals induced by hormones and
DNA-damaging agents. Thus, transcriptional
regulation may also contribute to susceptibility
to carcinogenesis and, an understanding of
regulation at this level may lead to the design
of more effective chemopreventive drugs that
block tumor cell progression.

In this study, to examine the APC gene
regulation, the APC promoter was cloned from
the genomic DNA of HCT-116 cells and the
transcriptional regulatory cis-elements of the
APC promoter were analyzed. Transcriptional
regulatory elements were identified that are
specific for binding of basic-helix-loop-helix
(bHLH) transcription factors (for review, see
Olson, 1990; Dang et al., 1992; Atchley and

Fitch, 1997) including the E-box A, B, and M
motifs. The E-box site contains the consensus
hexanucleotide sequence CANNTG. The cen-
tral two nucleotides (NN) of the three E-boxes
are GC (box A), CG (box B), and TG (box M).
Interestingly, the identity of these two central
nucleotides of the E-box may be sufficient to
determine how bHLH proteins regulate the
activity of a target promoter. However, the
mechanisms by which bHLH proteins distin-
guish between these sites are unclear. Re-
cently, using a yeast genetic system, Dang et al.
[1992] showed that a single arginine in the
basic region of the bHLH protein, c-Myec, is
sufficient to discriminate between related
E-box sites. bHLH proteins regulate a wide
variety of tissue-specific genes that are
involved in neurogenesis, morphogenesis, myo-
genesis, sex determination, cell proliferation,
and differentiation (for review, see Olson, 1990;
Dang et al., 1992; Reisman and Rotter, 1993;
Atchley and Fitch, 1997; Yasumoto et al., 1997;
Aksan and Goding, 1998).

The APC promoter is unusual in that it
includes each of the E-boxes A, B, and M, which
suggests a high degree of complexity in its
regulation. Thus, the present study was under-
taken to examine the roles of the E-box sites
in the regulation of the APC promoter. Our
results show that upstream stimulating factor-
1 (USF1) and USF2 may serve as important
regulators of APC promoter activity by bind-
ing to the E-box sites of different cell types
including colon cancer cells.

MATERIALS AND METHODS
Oligonucleotides

For use in electrophoretic mobility shift
assay (EMSA) complimentary single-stranded
oligonucleotides were annealed to produce
double-stranded oligonucleotides with the indi-
cated sequence: E-box A (—48 to —29), 5'-GAG-
AGAAGCAGCTGTGTAAT-3; E-box B (+33
to +52), 5'-GTGGGCGCACGTGACCGACA-3;
EboxBmutl (+33 to +52), 5-GTGGGCtgAtG-
TGACCGACA-3’; EboxBmut2 (+33 to +52),
5-GTGGGCGCACGgGACCGACA-3'; E-box M
(+44 to +63), 5'-TGACCGACATGTGGCTGT-
AT-3'. Several other oligonucleotides were
synthesized with Xbal and Kpnl restriction
endonuclease sites on the 5’ and 3’ ends of the
E-box sites, respectively, for cloning and gene
expression studies. After annealing with the
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complimentary oligonucleotides, the DNA was
digested with Xbal and Kpnl restriction endo-
nucleases and then subcloned into CAT-repor-
ter plasmids. The cloned plasmids and their
oligonucleotide sequences were: p(EboxA)P
(—44 to +7), 5'-GAAGCAGCTGTGTAATCC-
GCTGGATGCGGACCAGGGCGCTCCCCATT-
CCCG-3’; p(EboxB+M)P (+33 to +105), 5'-GT-
GGGCGCACGTGACCGACATGTGGCTGTA-
TTGGTGCAGCCCGCCAGGGTGTCACTGGA-
GACAGAATGGAGGT-3’; p(EboxB)P (+33
to +105), 5-GTGGGCGCACGTG-ACCGA-
CAcGcGGCTGTATTGGTGCAGCCCGCCAG-
GGTGTCACTGGAGACAGAATGGAGGT-3;
p(EboxM)P (+33 to +105), 5-GTGGGCG-
CACGgGACCGACATGTGGCTGTATTGGT-
GCAGCCCGCCAGGGTGTCACTGGAGACAG-
AATGGAGGT-3'; p(Inr)P (+83 to +105), 5'-
GTCACTGGAGACAGAATGGAGGT-3. The
bold letters of the oligonucleotide sequences
indicate the E-boxes and transcriptional initia-
tion (Inr) sites, and the lower case letters
indicate the mutations in these sites. The
underlined letters indicate the transcriptional
initiation site of the cloned promoters.

Plasmid Constructs

The APC promoter, located in the genomic
sequence surrounding the 5'-exon of the gene,
was identified and isolated previously [Eibner
et al., 1994; Thliveris et al., 1994; Hiltunen
et al., 1997; Esteller et al., 2000; Tsuchiya et al.,
2000] (see Fig. 1). The nucleotide sequence of
the APC promoter has been submitted to the
gene bank (accession No. U02509). We cloned a
920 bp region of the APC promoter from the
genomic DNA (pAPC) of HCT-116 cells and
joined it to a chloramphenicol acetyl transfer-
ase (CAT)-reporter gene (pAPCP). This 5'-reg-
ion of the APC gene is the major APC promoter,
denoted as promoter 1A [Horii et al., 1993] or
promoter.3 [Thliveris et al., 1994; Hiltunen
et al., 1997; Esteller et al., 2000; Tsuchiya et al.,
2000], from which the major APC transcript is
initiated. Sequential unidirectional deletion of
the pAPCP plasmid was performed to localize
the APC core promoter and to assess the roles
of different regulatory elements in positive or
negative regulation of basal (uninduced) or
induced APC gene expression. A site-specific
mutation at +44 nt (T — G) was introduced
within the E-box B site of the pAPCP promoter.
This construct retains all other cis-elements
with similar base pair spacing to the wild-type

APC promoter, but lacks a functional E-box B
site. This plasmid was named pAPCP(EboxB-
mut2). The proper orientation of the insert was
analyzed by DNA sequencing and/or restriction
endonuclease digestion of each DNA construct.

Cell Culture and CAT-Reporter Assays

The human colon cancer cell line, HCT-116,
was purchased from the ATCC (Rockville, MD).
Cells were grown in MaCoy’s 5a medium supp-
lemented with 10% fetal bovine serum and
100 pg/ml penicillin and streptomycin. After
reaching 60% confluence, cells were co-trans-
fected with pAPCP (1 pg/ml) and B-galactosi-
dase (B-gal) overexpressing plasmid pCMV-p-
gal (0.2 pg/ml) using the Lipofectamine reagent
(7 pg/ml) as described by the manufacturer
(GIBCO BRL, Gaithersburg, MD). When indi-
cated, cells were also co-transfected with 0.5 pg/
ml of pSVO (control), pSV-USF1, and pSV-
USF2 overexpression plasmids. After 60 h of
transfection, cell lysates were prepared for the
CAT-reporter assay [Hodge et al., 1995]. The
CAT activity of each assay was normalized to -
gal activity in order to correct for differences in
transfection efficiency.

Determination of Transcription Initiation Site

To identify the transcription initiation site,
primer extension analysis of endogenous APC
mRNA was performed as described previously
[Jones et al.,, 1985]. A 26-mer primer, corre-
sponding to positions +195 to +220 (5'-TGTC-
TTAAACCGATGGCCTTTCCTTG-3') of the
APC promoter region in the anti-sense orienta-
tion, was used for primer extension analysis. To
determine the transcriptional start sites, the
primer extended products were analyzed using
the above primer to sequence a segment of the
cloned genomic DNA by the chain termination
method [Sanger et al., 1977]. To further iden-
tify the transcriptional initiation site of the
cloned pAPCP promoter, an in vitro run-off
transcription assay was performed as described
previously [Narayan et al.,, 1994]. A 973 bp
DNA fragment, including 920 bp of the promo-
ter region, was isolated by digesting the pAPCP
plasmid with Xbal (5’ end) and Kprl (3’ end)
restriction enzymes. The in vitro run-off assay
was performed using the Xbal/Kpnl fragment
and a nuclear extract of HCT-116 cells. The
run-off product and DNA size markers were
analyzed by electrophoresis in a 6% denaturing
polyacrylamide gel containing 8 M urea.
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Xba 1
Octamer
5-CT AGAATT’[I‘_GCATTAAAATACT ACATTAAAGC CTCAGATTTG TAGTAGCTAA -649
PAPC(8)

CAGCACTTCT ATGTATGTGT CAGGGACTGC TCTAAATACT TCATATATAT TAACTCCTCT -589
ATTCTGTACT TCTGTTCCCG TTTTATACAG CAGGAAATTG AAACACTGAG AGGTTAAGTA -529
ACTAAAGTTA CAGAGCTAGA GTGACAGGAGTAAAGCTTCA ACTCAGGCAA CCCAGACTTC -469
CAGAGTTCTG ATCTCCACTA CTAAGCTGCT AGCATAGCTT TTCTGGTAAC TATTTTTAAT -409
TCAAATATAA TTCGAGTGAT CTATCTAACA AGTCATCACT CTGACAACTC AGTGACTTGT -349
AATGTAAAAT TATTCATTGT AATTCATTTA ATATTATTGT TTCTCTGTGC TGCAAAAATC -289
ACAGCAATCG AGATGTAATT TATTACTCTC CCTCCCACCT CCGGCATCTT GTGCTAATCC -229
AP2
TTCTGCCTGCGGACCTCCCC CGACTCTTTA CTATGCGTGT CAACTGCCAT CAACTTCCTT -169

GCTTGCTGGG GACTGGGGCC GCGAGGGCAT ACCCCCGAGG GGTACGGGGC TAGGGCTAGG -109

Spl
CAGGCTGTGC GGTTGGGCGG GGCCCTGTGC CCCACTGCGG AGTGCGGGTC GGGAAGCGGA -49
L pAPC(592) L pAPC(622)
E-box A > +1
GAGAGAAGCA GCTGTGTAAT CCGCTGGATG CGGACCAGGG CGCTCCCCAT TCCCGTCGGG +12
L pAPC(668) > +52
CAAT-box E-box B E-box M
AGCCCGCCGA TTGGCTGGGT GTGGGCGCAC GTGACCGACA TGTGGCTGTA TTGGTGCAGC +72
L pAPC(737) L pAPC(752)

+123
> +95 +121
CCGCCAGGGT GTCACTGGAG ACAGAATGGA GGTGCTGCCG GACTCGGAAA TGGGGTAGGT +132

> +134

L pAPC(812)

GCTGGAGCCA CCATGGCCAG GCTTGCTGCG GGGGGAGGGG GGAAGGTGGT TTTCCCTCGC +192

ACTGTCTTAA ACCGATGGCC TTTCCTTGaa gccaattcc agcacactgg cggecgttac  tagtggatee +262

gagcteggta $—3’

Kpn 1

Fig. 1. Nucleotide sequence of the APC promoter region. The
PCR-amplified promoter region of the APC gene was subcloned
at the Xbal and Kpnl sites of the CAT-reporter gene. The putative
cis-elements are shown in bold and underlined. Solid arrows

Electrophoretic Mobility Shift Assays

The nuclear extracts were prepared as des-
cribed previously for the electrophoretic mobi-
lity shift assay (EMSA) [Narayan and Jaiswal,
1997; Jaiswal and Narayan, 1998]. DNA-

indicate the transcriptional initiation sites of the gene and the
initiating nucleotides are italicized. The functional cis-elements
are underlined and written in bold letters. Endpoints of
sequential deletion mutant plasmids are also shown.

protein binding reactions were carried out in
20 ul containing 20 mM HEPES, pH 7.9; 1 mM
DTT, 3.5 mM MgCl,, 100 mM KCIl, 0.03% (v/v)
Nonidet P-40, 10% (v/v) glycerol, 1 ug poly
(dI.dC), and 5 pug nuclear extract. Reactions
were incubated at 22°C for 10 min, followed by
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the addition of 1 ng [32P]-labeled E-box oligo-
nucleotide and incubation for 20 min. The ent-
ire reaction mixture was loaded directly onto a
native 4% polyacrylamide gel. After electro-
phoresis, the DNA-protein complexes were
visualized by autoradiography. For competi-
tion experiments, a molar excess of unlabeled
oligonucleotide was added to the reaction mix-
ture 10 min before the addition of [**P]-labeled
probe as indicated in the figure legends. For
super-shift analysis, 1 ug each of USF1, USF2,
c-myc (C-33), and Max (C-124) antibodies from
Santa Cruz Biotechnology Inc. (Santa Cruz,
CA) were added to the reaction mixture and
incubated for 20 min before the addition of
[3?P]-labeled probe.

UV Cross-Linking

UV cross-linking was performed by a
previously described procedure [He et al.,
1996]. The reaction mixture was assembled as
described above for EMSA. After 20 min incu-
bation at 22°C to permit DNA—protein binding,
the reaction mixture was spotted on parafilm
and irradiated for 10 min at 254 nm using a
UV-Stratalinker (Stratagene, La Jolla, CA).
After boiling, the samples were analyzed by 9%
SDS-PAGE. The gel was dried and exposed to
X-ray film for identification of cross-linked
DNA-protein complexes.

RESULTS

The Transcriptional Initiation Site
of the pAPCP Promoter

The nucleotide sequence of the cloned APC
promoter region (pAPCP) is shown in Figure 1.
A 920 bp DNA fragment, amplified by PCR,
containing 53 bp of the known pCR2.1 vector
DNA sequence (Invitrogen, San Diego, CA) at
the 3’ end was cloned into a CAT-reporter gene.
The structure of the cloned promoter was deter-
mined by nucleotide sequence analysis, and
was found to be identical to those published
earlier except for a single nucleotide change at
—171 (T— C) [Eibner et al., 1994; Thliveris
et al., 1994]. It is likely that the transition from
T — C residue was a result of PCR artifact,
which does not seem to have an impact on the
pAPCP promoter activity. To determine the
transcriptional initiation sites, we first used
primer extension analysis of the endogenous
APC mRNA. The results shown in Figure 2A
revealed several potential initiation sites in the

APC promoter. Among these, we identified a
consensus transcriptional initiation sequence
(5’-CACTT-3') located in the 5 end of the
APC promoter [Smale and Baltimore, 1989].
The ‘A’ residue of this transcriptional initiation
motif was designated +1. Other transcriptional
initiation sites were then designated as +52,
+95, +121, +123, and +134 (Fig. 2A). Inspec-
tion of the sequences indicated that the cloned
APC gene has a TATA-less promoter.

To determine whether the multiple tran-
scriptional initiation sites of the APC promoter
are functional in the cloned gene, we performed
an in vitro run-off transcription assay using
pAPCP promoter DNA and a nuclear extract of
HCT-116 cells [Narayan et al., 1994]. Three
major run-off transcripts were identified,
which were initiating at the sites identified by
primer extension analysis, i.e., +1, +52, and
+95 (Fig. 2B, lane 1). One diffused faint band of
run-off transcript can be seen (more visible
after longer exposure of the gel) at the DNA
molecular size of ~155 bp, which may be gene-
rated from the transcriptional initiation sites
at +121 and 4123 of the pAPCP promoter.
Another faint band of the run-off transcript
was present at the DNA molecular size of ~115
bp, which may be generated from the transcrip-
tional initiation sites at +134 of the pAPCP
promoter. These run-off transcripts were initi-
ated by RNA polymerase II, because their pro-
duction was sensitive to the presence of the
specific inhibitor a-amanitin at a concentration
of 1 ng/ml (Fig. 2B, lane 2).

Characterization of APC Promoter Activity
Using a CAT-Reporter Assay

The object of this study is to elucidate the
mechanisms by which the APC gene is tran-
scriptionally regulated. Thus, it was necessary
to identify the role of functional cis-regulatory
elements in the APC promoter. The APC gene
contains several different consensus cis-ele-
ments (Fig. 1), including potential binding sites
for Oct-1, AP2, Spl, and an element for a
CAAT- box. In addition, there are three con-
sensus sequences for E-box A, E-box B, and
E-box M, which are binding sites for bHLH
transcription factors (Fig. 1).

To examine the role of different cis-elements
in the regulation of basal expression of APC
gene, deletion mutants were generated in
the promoter of the cloned pAPCP plasmid
(Fig. 3A). These mutants were tested for
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A. Primer extension B. Run-off transcription
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Fig. 2. Characterization of the pAPCP promoter transcriptional
initiation site. Panel A: primer extension analysis. Lanes 1-4,
chain termination sequencing reaction. Lanes 5, 6, a product
from primer extension (without and with MuLV-RT, respec-
tively) of total RNA of HCT-116 cells. The positions of the
primer extended products are numbered starting from the
extreme 5" end product. Panel B: in vitro run-off transcription
assay. The standard 25 pl transcription reaction contained 50 pg
HCT-116 nuclear extract, 1 ug pAPCP plasmid, 5 mM MgCl,, 65
mM KCl, 2 mM DTT, 10% (v/v) glycerol, and 20 units RNasin
(Promega Inc., Madison, WI). The reaction mixture was incu-
bated for 60 min to form preinitiation complexes. Transcription
was initiated by adding ATP, UTP, GTP (500 pM), and 25 pM
CTP with 7.5 uCi of [a-*2P]JCTP (800 Ci/mmol; ICN Biochem-
icals, Inc., Costa Mesa, CA) for a 30 min incubation at 22°C.
Reactions were stopped and run-off products were analyzed on
a 6% acrylamide/8 M urea gel. The dried gel was exposed to
X-ray film for autoradiography. Lane 1: run-off products
matched with initiation sites of the primer extended products.
Lane 2: run-off products in the presence of 1 pg/ml a-amanitin.
Lane 3: DNA size markers.

promoter function in a CAT-reporter assay
(Fig. 3B). The results show that Oct-1, AP2
and Spl-binding sites, E-box and CAAT-box
sites, and factors interacting with these sites
may play an important role in the function of
the pAPCP promoter. The Octamer site may
act as an enhancer, because deletion of the
Octamer site in mutant plasmid pAPCP(8)
decreased promoter activity. The mutant plas-
mid pAPCP(592), which lacks the AP2-binding
site and possibly other unknown cis-elements,

displays increased promoter activity indicating
that this region of 586 bp DNA may have
repressor element(s). Deletion up to the E-box
A site did not change pAPCP promoter activity,
but further deletion that resulted in the
removal of the CAAT-box site decreased pro-
moter activity (Fig. 3B, compare CAT-activities
of pAPCP(622), pAPCP(668) and pAPCP(737)).
The results suggest that CAAT-box element is
an activator site of the pAPCP promoter.
Deletion up to the E-box B and E-box M sites
reduced the level of pAPCP promoter activity to
that observed on deletion up to the CAAT-box.
Based on the promoter deletion studies, the
results indicate that the region between the
transcriptional start site and the CAAT-box
included in plasmid pAPCP(668), is the core
APC promoter which is responsible for basal-
level activity.

However, from the promoter deletion analy-
sis, it is unclear whether E-box sites play a role
in the regulation of the APC gene expression.
The pAPCP mutants generated by directional
deletion do not reveal the specific effect of each
cis-acting regulatory element on the promoter,
because all of the constructs, except for
pAPCP(8), resulted in deletion of more than
one cis-acting element from the wild-type pro-
moter. The plasmid that was deleted through
the CAAT-box displayed a similar level of
promoter function as the plasmid bearing the
deletion that removed the E-box B and E-box M
sites; thus, these constructs may not clearly
illustrate the potential functions of the E-box
B and E-box M sites. Therefore, site-directed
mutation of the E-box B sequence was per-
formed, so that the CAT-reporter assay system
could be used to test the functional importance
of the E-box B and E-box M elements. A single
(T — G) base mutation was created at nt posi-
tion +44 of the E-box B site, yielding the plas-
mid pAPCP(EboxBmut2). When this construct
was transfected into HCT-116 cells, the CAT-
reporter activity was 85% lower than that of
the wild-type pAPCP (Fig. 3B, compare results
of the first lane of the pAPCP with the last lane
of the pAPCP(EboxBmut2) promoter). These
results suggest that the E-box B site and the
proteins binding to this site function as activa-
tors of the APC promoter in vivo, and that an
intact E-box B site is required for full promoter
activity. Furthermore, a single T residue at nt
position +44 of pAPCP appears to be critical for
E-box B-mediated promoter activity.
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Fig. 3. Characterization of pAPCP basal promoter activity and
identification of functional cis-elements by the CAT-reporter
assay. Panel A: structure of the APC promoter-CAT construct
and deletion mutants thereof. Panel B: CAT activity. HCT-116
cells were co-transfected with various deletion mutants using

Characterization of the E-box-Binding Sites
of the pAPCP Promoter by Electrophoretic
Mobility Shift Analysis

Electrophoretic mobility shift analyses
(EMSA) were carried out to analyze the inter-
actions and binding specificities of HCT-116
nuclear factors with the E-boxes of the pAPCP
promoter. Double-stranded DNA oligonucleo-
tide-binding substrates were constructed con-
taining 20 nt segments of the pAPCP promoter.
The substrates included sequences from either
E-box A (—48 to —29 nt), E-box B (+33 to +52
nt), or E-box M (+44 to +63 nt) (see Materials
and Methods). The proteins in the HCT-116
nuclear extract formed DNA-protein com-
plexes with all of the E-box oligonucleotides,
but with different binding affinities (Fig. 4A).
The binding of the nuclear extract with the E-
box A oligonucleotide substrate was very weak.
The DNA-protein complex formed with the
E-box B oligonucleotide was eliminated by

CAT activity (% of control)

Lipofectamine Reagent. The CAT-reporter activity for each
promoter construct is shown. Data were normalized to B-gal
activity in the same experiment and are the mean + SE of three
different experiments.

competition with a 50-fold excess of unlabeled
E-box B oligonucleotide (Fig. 4A, lane 7), but
was unaffected by a 50-fold excess of unlabeled
E-box A or E-box M oligonucleotides (Fig. 4A,
lanes 6 and 8). The DNA-protein complex
formed with the E-box M oligonucleotide was
eliminated by competition with a 50-fold excess
of unlabeled E-box B and E-box M oligonucleo-
tides, but not with a similar concentration of
unlabeled E-box A oligonucleotide (Fig. 4A,
compare lane 9 with lanes 10-12). These
results indicate that proteins of the HCT-116
nuclear extract interact and bind to the E-box B
and E-box M sites, with the binding affinity for
E-box B being much greater than that for E-box
M. Thus, E-box B and M sites may play a major
role, and E-box A, a minor role in the trans-
criptional regulation of the pAPCP promoter.
Furthermore, the differences in the competi-
tion of unlabeled E-box oligonucleotides with
cross-competing [*?P]-labeled E-boxes may be
due to influence of neighboring nucleotides on
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Fig. 4. Characterization of binding of E-box A, B, and M sites
of the pAPCP promoter to HCT-116 nuclear extract. Panel A:
binding of [*?P]-labeled E-box A, B, and M site oligonucleotides
of the pAPCP promoter to the HCT-116 nuclear extract. The
oligonucleotide sequences used in these studies are shown in
Materials and Methods. After the binding reaction, the DNA-
protein complexes were resolved on a 4% non-denaturing
acrylamide gel. The [*?P]-labeled E-box A, B, and M site
oligonucleotide probes were used as binding substrates. The
positions of the shifted DNA-protein complex and the free
probe are shown with arrows. A 50-fold excess of unlabeled

the promoter region, which may determine
binding affinity of E-box-binding proteins on
the E-box sites.

We next analyzed the specificity of binding
to E-box B and E-box M oligonucleotides in
greater detail through the use of different
concentrations of unlabeled wild-type and
mutant oligonucleotide competitors (Fig. 4B,
C). The DNA—protein complex with the [*?P]-
labeled E-box B was eliminated with as little as
a 25-fold excess of unlabeled wild-type E-box B
oligonucleotide (lanes 2—4), but was unaffected
even with a 100-fold excess of unlabeled
EBoxBmutl (lanes 5 and 6) or EBoxBmut2
(lanes 8—10) oligonucleotides (Fig. 4B). Similar
to the E-box B site, the DNA—protein complex

B. 32P-E-box B

WU W -
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C.3P-E-box M

“h & ““M < Shifted
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9 10

competitor E-box-binding site oligonucleotide was present in
the lanes where indicated. Sequence-specific binding of the
HCT-116 nuclear extract with the E-box B site (Panel B) and the
E-box M site oligonucleotides (Panel C) of the pAPCP promoter
is shown. The fold excess of the competitor oligonucleotides
were: E-box B, 0, 5, 10, 25; EboxBmut1 and EboxBmut2, 0, 25,
50, 100; Sp1 and CAAT-box, 0, 10, 25, 50. The shifted DNA-
protein complex and the free probes are shown with arrows
(Panel A). The autoradiograms of Panel B and C are a portion of
the gel showing only the shifted bands of the DNA-protein
complex.

of the [*2P]-labeled E-box M oligonucleotide
was competitively inhibited by a 50-fold excess
of unlabeled wild-type E-box B oligonucleotide
(Fig. 4C, lanes 1-4). Identical results were
obtained when the competitor was unlabeled
wild-type E-box M oligonucleotide (data not
shown). The [*2P]-labeled E-box M oligonucleo-
tide-binding also was competitively inhibited
by a 50-fold excess of unlabeled EboxBmutl,
but not with EboxBmut2 oligonucleotides.
Taken together, these results indicate that
the DNA-protein complex formed between
the HCT-116 nuclear extract and the E-box B
and E-box M oligonucleotides of the APC pro-
moter is sequence-specific, and that the binding
shows greater specificity for the E-box B site.
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Identification of Nuclear Factors That Bind
to the E-Box Sites of the pAPCP Promoter

The following experiments were carried out
to determine the identity of the bHLH pro-
tein(s) that interact with the E-box sites of the
APC promoter. In EMSA studies, one DNA—
protein complex was detected as a single band
that represents the complex formed between
the [3?P]-labeled E-box A, B, and M oligonu-
cleotides and HCT-116 nuclear extract proteins
(Fig. 4). We used UV cross-linking of the DNA—
protein complex(es) to facilitate identification
of their protein components. UV cross-linking
is carried out on the DNA—protein complex(es)
in solution under non-denaturing conditions
followed by separation of the cross-linked pro-
teins by SDS-PAGE, such that the molecular
size of the protein(s) can be determined. Con-
sistent with the EMSA results, one strong
DNA-protein band was observed after UV
cross-linking with [*?P]-labeled E-box B and

A. UV cross-linking
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Fig. 5. Analysis of the binding of [*?P]-labeled E-Box B site
oligonucleotide to USF1 and USF2 in HCT-116 nuclear extract.
Panel A: UV cross-linking of the [32P]-labeled E-box A, B, and M
site oligonucleotidse to HCT-116 nuclear extract. The [**P]-
labeled E-box site oligonucleotides were incubated with HCT-
116 nuclear extract under non-denaturing conditions and then
exposed to UV radiation as described in Materials and Methods.
The cross-linked DNA-protein complexes were analyzed by
SDS-PAGE under denaturing conditions and detected by
autoradiography. The approximate molecular sizes of the pro-
teins of these complexes (shown in a parenthesis) were deter-
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E-box M oligonucleotides. This diffused DNA—
protein band had a molecular size in the range
of 54—57 kDa. After subtracting the molecular
mass of the E-box B or E-box M oligonucleo-
tides (~13 kDa), the apparent molecular
weight of the major protein in the DNA-
protein complex was calculated to be in the
range of ~42-44 kDa (Fig. 5A). Two minor
bands of 75 and 137 kDa also were detected.
The apparent molecular weight of these pro-
teins (after subtracting the molecular mass of
the oligonucleotide) matches those of c-Myc and
initiator-binding protein (TFII-I), respectively.
The specificity of the ~54-57 kDa DNA-
protein complex for the E-box A, B, and M sites
was determined by carrying out UV cross-
linking in the presence of a 50-fold excess of
unlabeled wild-type E-box A, B, and M oligonu-
cleotides. Under these conditions the ~54-57
kDa DNA-protein complex in the presence
of excess of unlabeled E-box B oligonucleotide
was not detected. Furthermore, when a 50-fold

B. Super-shift
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mined after subtracting the molecular mass (~13 kDa) of the
[*?P]-labeled E-box site oligonucleotides. Where indicated, a
50-fold excess of the competitor oligonucleotide was included
in the incubation mixture. Panel B: USF1 and USF2 bind to
pAPC-CAT promoter as a heterodimer. The DNA-protein
complex of shifted and antibody super-shifted bands were
resolved on a 4% non-denaturing acrylamide/bis-acrylamide
gel. The shifted and super-shifted DNA—protein complex bands
and free probes are shown with arrows. Antibodies were
included in binding assays as indicated.
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excess of the E-box A or E-box M oligonucleo-
tides was used as an unlabeled competitor, the
formation of the ~54-57 kDa DNA-protein
complex was unaffected (Fig. 5A, lanes 6 and
8). The ~54—-57 kDa DNA-protein complex of
the [32P]-labeled E-box M oligonucleotide, on
the other hand, was competed with a 50-fold
excess of unlabeled E-box A, B, and M oligonu-
cleotides (Fig. 5A, lanes 9—12). Taken together,
these results indicate that the ~54—-57 kDa
DNA-—protein complex is specific for the E-box
B site but, a similar protein(s) could also bind to
the E-box M site of the pAPCP promoter.

Since ~54-57 kDa DNA-protein band was
diffused, it might consist of one or more simi-
larly sized DNA—protein complexes. The appar-
ent molecular masses of bHLH proteins USF1
and USF2 are 43 and 44 kDa, respectively.
These proteins bind to E-box sites of their
target gene promoters [Sawadogo, 1988; Sirito
et al., 1994] suggesting that USF1 and USF2
are candidates to complex with E-box sites of
the pAPCP promoter. We performed EMSA in
the presence of antibodies against USF1 and
USF2 to test this possibility. Since the bHLH
proteins, c-Myc and Max, bind to the E-box site,
c-Myc and Max antibodies were also included
in super-shift assays. Figure 5B shows that
the DNA—protein complex of the [*?P]-labeled
E-box A, B, and M was super-shifted only by
antibodies to USF1 and USF2 (lanes 4 and 5, 9
and 10, 14 and 15, respectively), and was
unaffected by antibodies to c-Myc and Max
(lanes 2 and 3, 7 and 8, 12 and 13, respectively).
These results suggest that a heterodimer of
USF1 and USF2 may bind to the E-box sites
and act to activate the pAPCP promoter.

USF1 and USF2-Dependent Activation
of the pAPCP Promoter After Co-Transfection
Into HCT-116 Cells

The results presented in Figure 5 demon-
strate that USF1 and USF2 bind specifically at
the E-box sites of the pAPCP promoter and so,
suggest that USF1 and USF2 may have func-
tional roles in the regulation of the pAPCP
activity. To test this hypothesis, HCT-116 cells
were co-transfected with either empty vector
(pSVO), or with USF1 (pSV-USF1), or with
USF2 (pSV-USF2) expression constructs, along
with CAT-reporter plasmids pAPCP (wild-
type), pAPCP(737) (containing E-box B and
E-box M sites, and two major transcriptional
initiation sites around +52 and +95 nt),

pAPCP(752) (containing only the transcrip-
tional initiation site around +95 nt), and the
pAPCP(812) plasmid which is devoid of +1,
+52, and 495 transcriptional initiation sites.
The cells also were co-transfected with a -gal
expression plasmid to normalize CAT-activity.
Our results show that the ectopic expression
of USF1 and USF2 significantly stimulated
the reporter activity of pAPCP (wild-type),
pAPCP(737), and pAPCP(752) promoters. The
CAT-reporter activity of the pAPCP promoter
(3—4-fold), pAPCP(737) promoter (9-11-fold),
and pAPCP(752) promoter (~2-fold) were
enhanced (Fig. 6A). These results indicate that
binding of USF1 and USF2 to E-box B and E-
box M sites may enhance pAPCP(737) pro-
moter activity (Fig. 6A). Furthermore, ~2-fold
increased CAT-reporter activity of the
pAPCP(752) promoter (which does not contain
E-box B or M sites) and the pAPCP(812) pro-
moter (which lacks the major transcriptional
initiation sites +1, +52, and +95), after ectopic
USF1 or USF2 expression, appeared to be
independent of the presence of the transcri-
ptional initiation site. These results suggest
that ~2-fold increase in the CAT-activity of
pAPCP(752) and pAPCP(812) promoters might
be due to transfected DNA, instead of the over
expression of USF1 and USF2 proteins. Thus,
the transcriptional initiation sites of the pAPCP
promoter may not affect USF1- and USF2-medi-
ated regulation of the APC gene expression.
Examination of CAT-reporter activity in
HCT-116 cells co-transfected with both pAPC-
P(EboxBmut2) and pSV-USF1 or pSV-USF2
overexpression vectors resulted in a 12-fold
increase in the pAPCP(EboxBmut2) promoter
activity in the presence of ectopic USF1 or
USF2 (Fig. 6A). Since the pAPCP(EboxBmut2)
plasmid contains functional E-box A and E-box
M-binding sites, it is likely that USF1 and
USF2 interact with and stimulate pAPCP
(EboxBmut2) promoter activity through these
sites. However, the mechanism by which USF1
and USF2 regulate the promoter activity of
these CAT-reporter constructs is not readily
apparent. Furthermore, the nature of the
interaction of USF1 and USF2 with the dif-
ferent E-box sites and the function of these
transcription factors cannot be examined using
this approach in which other cis-regulatory
elements of the pAPCP promoter are present.
To determine whether the E-box sites of the
pAPCP promoter function independently or
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Fig. 6. Transcriptional activation of the cloned APC promoter
after ectopic USF1 and USF2 expression in HCT-116 cells.
Panel A: HCT-116 cells were co-transfected with pAPCP,
pAPCP(737), pAPCP(752), pAPCP(812), and pAPCP(EboxB-
mut2) promoters with pSVO (control), pSV-USF1, and pSV-
USF2 overexpression vectors as indicated. The CAT-reporter
activity was normalized to B-gal activity. Data are mean =+ SE of
three different experiments. Panel B: E-box A, B, and M sites
independently can stimulate USF1- and USF2-mediated CAT-

whether the presence of all three E-boxes is
required, and to further determine whether
transcriptional initiation sites can respond to
USF1 or USF2 in the absence of the E-box sites,
synthetic oligonucleotides corresponding to
different E-boxes and transcriptional initiation
sites were cloned into a CAT-reporter plasmid.
Each reporter construct was then co-trans-
fected into HCT-116 cell line with pSVO
(control), pSV-USF1, or pSV-USF2 overexpres-
sion vectors. Results showed that ectopic
expression of both USF1 and USF2 into the
HCT-116 cell line stimulated the activity of the
p(EboxA)P, p(EboxB)P, and p(EboxM)P promo-
ters (Fig. 6B). As revealed by the EMSA studies
described above, both USF1 and USF2 have
strong binding affinity for the E-box B site
(Figs. 4, 5), and a similar effect was found on
promoter activity. Activation of the p(EboxB)P
promoter, but notthe p(EboxA)P and p(EboxM)P
promoters, by USF1 or USF2 was comparable to
that of pAPCP (wild-type) promoter (Fig. 6B).
The activity of the p(EboxB-+M)P promoter was
higher than pAPCP or p(EboxB)P promoters
after co-transfection with USF1 or USF2.
These results indicate that all three E-boxes
can regulate the APC promoter activity inde-
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reporter activity. To study the transcriptional regulation of
pAPCP by E-boxes, different oligonucleotides containing E-box
A, B, B+M, and M were synthesized and cloned into a CAT-
reporter plasmid. These plasmids were co-transfected with
pSVO, pSV-USF1, or pSV-USF2 vectors into HCT-116 cells and
the CAT-reporter activity was determined. After normalization
with B-gal activity, the data of mean =+ SE of three independent
experiments is shown.

pendently, but with a varying degree of speci-
ficity. The p(Inr)P plasmid showed less than 2-
fold activation of the CAT-reporter activity
after ectopic expression of USF1 or USF2, fur-
ther suggesting that E-box sites rather than
the transcriptional initiation site are important
for USF1- and USF2-mediated activation of the
pAPCP promoter. The p(Inr)P plasmid con-
tains the nucleotide sequences of the transcrip-
tional initiation site at +95. However, from
these studies, it is not clear whether other
transcriptional initiation sites play a role in the
USF1- and USF2-mediated transcriptional
regulation of the pAPCP promoter.

DISCUSSION

In order to understand the mechanism(s)
underlying the transcriptional regulation of
the APC gene, it is critical that the functional
cis-regulatory elements in the gene’s promoter
region be identified. In previous studies, the
5-end of the genomic DNA containing the
APC promoter region was described [Eibner
et al., 1994; Thliveris et al., 1994; Hiltunen
et al., 1997; Esteller et al., 2000; Tsuchiya et al.,
2000]. In the present work, the APC promoter
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region was cloned from the genomic DNA of
HCT-116 cells and studies were carried out to
elucidate the mechanisms of APC gene regula-
tion. The results are consistent with previous
studies of APC promoter 1A [Horii et al., 1993]
or APC promoter.3 [Eibner et al., 1994;
Thliveris et al., 1994; Hiltunen et al., 1997,
Esteller et al., 2000; Tsuchiya et al., 2000] and
indicate that the mammalian APC gene has a
TATA-less promoter. Multiple transcriptional
initiation sites at +1, +52, +95, +121, +123,
and +134 residues were observed for the APC
promoter, which is a common feature of many
TATA-less promoters [Widen et al., 1988;
Tatsuka et al., 1995; Suzuki et al., 1998], but
their functional significance in the APC pro-
moter is unclear. The APC promoter contains
potential binding sites for Oct-1, AP2, and Sp1.
Besides these, the APC promoter also contains
three consensus sequences for E-box A, B, and
M, and one for the CAAT-box. The results
presented here suggest that the DNA seq-
uences for Octamer, AP2, Spl, E-box B, and
CAAT-box sites may be important for the
regulation of APC promoter’s basal activity in
vivo. These cis-elements and the factors inter-
acting with these sites may also play an
important role in the activation of the APC
promoter.

Although, Octamer and CAAT-box binding
sites of the APC promoter are important for the
regulation of APC gene expression, in this
study we focused on characterizing the func-
tional role of the three E-box consensus sites in
the APC promoter. We identified three E-boxes
on the cloned pAPCP promoter. Several reports
have indicated that many bHLH transcription
factors binding to E-boxes act as regulators of a
large number of genes. The bHLH factors of the
MyoD family, which regulate muscle-specific
structural genes, bind to the E-box A site
of their target promoters [Blackwell and
Weintraub, 1990; for review, see Olson, 1993].
Other bHLH proteins regulate promoters con-
taining E-box B sites [Atchley and Fitch, 1997].
These proteins include USF1/USF2 [Luo and
Sawadogo, 1996; Sirito et al., 1998], Myc/Max
[Blackwell et al., 1990; Blackwood and Eisen-
man, 1991], Mad/Max [Ayer et al., 1993], Max/
Myn [Ayer et al.,, 1993], Mad/Mxil [Zervos
et al., 1993], and Max/Mxil [Schreiber-Agus
et al., 1995]. Another class of bHLH proteins
binds to E-box M sites in a tissue-specific
manner and regulates tyrosinase gene family

promoters [Yasumoto et al., 1997; Akson and
Goding, 1998]. In the present studies, we exa-
mined the binding specificity of HCT-116
nuclear extract with different E-box sites of
the APC promoter. Binding studies using elect-
rophoretic gel-mobility shift assays demon-
strated that the E-box A site oligonucleotide
formed only a weak DNA—protein complex with
the HCT-116 nuclear extract. In contrast, the
E-box B and M site oligonucleotides showed
specific binding with the HCT-116 nuclear
extract, indicating that the E-box B and M
sites of the pAPCP promoter are important for
the regulation of APC gene expression (Fig. 4).
It was also demonstrated by UV cross-linking
and antibody super-shift analyses that USF1
and USF2 bHLH proteins bind with higher
affinity to the E-box B and M sites of the
pAPCP promoter, although the binding of the
E-box B site was found to be more specific than
the binding of the E-box M (Fig. 5). These re-
sults suggest that factors binding to these sites
are critical in regulating APC gene expression.

As discussed above, several well-known
bHLH transcription factors bind to E-box sites
of their target promoters, including USF1,
USF2, c¢-Mye, Max, Mad, Myn, and Mxi-1.
These were shown to bind to and regulate the
activity of target promoters containing E-box B
sites [Blackwell et al., 1990; Blackwood and
Eisenman, 1991; Prendergast et al., 1991; Ayer
et al., 1993; Zervos et al., 1993; Schreiber-Agus
et al., 1995; Luo and Sawadogo, 1996; Sirito
et al. 1998]. The transcription factor c-Myec is
known to form a heterodimeric complex with
Max, and the binding of this complex to an
E-box B site results in the transactivation of
target genes that include p53 [Reisman and
Rotter, 1993], ornithine decarboxylase [Bello-
Fernandez et al., 1993; Pena et al.,, 1995],
cdc25A [Galaktionov et al., 1996], and a-pro-
thymosine [Gaubatz et al., 1994]. The USF1
and USF2 transcription factors are expressed
ubiquitously and form homodimers or hetero-
dimers that stimulate the transcriptional acti-
vity of promoters [Sirito et al., 1994]. Unlike
the Myc family of proteins, the USF1 and USF2
proteins have not been reported to heterodi-
merize with other bHLH proteins. In the pre-
sent studies, we found that both USF1 and
USF2 can bind and activate the pAPCP pro-
moter in transient transfection assays. The
selective interaction of these factors with the
consensus DNA-binding site may depend upon
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the flanking nucleotide sequences and/or tis-
sue-specificity, because different factors may
be involved in competition for the same binding
site. In addition, transcription factors binding
adjacent to the E-box B and M sites can influ-
ence the binding specificity of these factors
[Bendall and Molloy, 1994; Genetta et al., 1994,
Weintraub et al., 1994; Desbarats et al., 1996].
However, currently it is not known how USF1
and USF2 selectively discriminate and bind to
the pAPCP promoter, especially when c-Myc
and other bHLH proteins apparently do not. In
previous studies, discrimination among the
family members that bind to the E-box sites of
certain genes has been described [Blackwell
et al., 1990]. Recently, an alternative model
has been suggested in which the specific
binding of bHLH proteins (by, for example,
the c-Myc target genes) was shown to be
determined through discrimination at the level
of post-DNA binding mechanisms [Boyd et al.,
1998].

The mutational studies described here indi-
cate that the E-box B site of the APC promoter
is important for basal level gene expression.
Overexpression of USF1 or USF2 in HCT-116
cells stimulated promoter activity of the wild-
type pAPCP (2.5-fold), as well as of pAPCP(737)
(9—11-fold), which contains only the E-box B
and M sites (Fig. 6A). These results suggest
that the lower wild-type promoter activity of
the pAPCP induced by USF1 and USF2 may be
due to interference by other transcription fac-
tors such as those binding to the Octamer,
ISRE, AP2, Spl, and CAAT-box sites. It is not
known which other transcription factors may
be interacting with USF1 and USF2 during
assembly of the transcriptional preinitiation
complex at the APC promoter. Similar results
were obtained when artificially cloned E-box
sites were examined for USF1- or USF2-medi-
ated CAT-reporter activity (Fig. 6B). Taken
together, our results suggest that USF1 and
USF2 might be key regulators of APC gene
expression.

Site-directed mutagenesis of the E-box B site
allowed precise analysis of the role of E-box B
in APC promoter function. Our results
obtained with the E-box B-mutant promoter,
pAPCP(EboxBmut2) suggest that USF1 and
USF2 can activate the APC promoter indepen-
dent of the E-box B site, perhaps through invol-
vement of the E-box A and M sites. However,
the mechanism by which USF1 and USF2 may

be regulating the APC gene expression through
the E-box sites is currently unknown. USF1
and USF2 can function independently or inter-
act with other transcription factors to form
transcriptional preinitiation complexes. In
fact, previous studies described interactions
between USF1 and an initiator-binding protein
TFII-I1[Roy et al., 1991; Duet al., 1993; Liet al.,
1994; Roy et al., 1997]. USF1 has also been
shown to enter into the transcriptional pre-
initiation complex through binding with the
TAF155 subunit of the TFIID complex [Chiang
and Roeder, 1995]. The TFIID complex can be
recruited onto a TATA-less promoter through
interaction with the initiator-binding protein
TFII-I[Roy et al., 1993]. Thus, it is possible that
USF1 and USF2 may interact with the TATA-
less promoter of APC through the TFIID/TFII-I
complex. However, it cannot be ruled out that
USF1 or USF2 interact with transcription
factors other than transcriptional initiation
site-binding factors, such as those binding to
Octamer, ISRE, AP2, Spl, or CAAT-box sites.
Although the significance of the interaction of
USF1 and USF2 with different transcription
factors in regulating APC gene expression is
not clear, the activation of the pAPCP promoter
by USF1 and USF2 may require a transcrip-
tional initiation site. These results indicate
that the interaction of different transcription
factors with the transcriptional initiation site
may establish a stable and transcriptionally
active preinitiation complex. Alternatively,
USF1 and USF2 may form multimeric com-
plexes with transcriptional initiation site-bind-
ing proteins, occupy E-box B and M sites along
with an Inr-binding site, and may activate the
APC promoter. For example, expression of CAT-
reporter activity was induced with pAPCP or
pAPCP(737) promoters after ectopic expression
of USF1 or USF2, which contained functional
E-box B and M sites and the transcriptional
initiation site. Furthermore, even in the ab-
sence of the E-box B site, USF1 and USF2 may
form multimeric complexes with E-box M and
transcriptional initiation site-binding pro-
tein(s) and other transcription factors to sti-
mulate the APC promoter activity, e.g., the
stimulation of promoter activity of the pAPC-
P(EboxBmut2) plasmid by ectopic USF1 and
USF2 (Fig. 6). A similar phenomenon has been
suggested for USF-dependent regulation of the
adenovirus major late promoter [Du et al.,
1993; Li et al., 1994; Roy et al., 1997].
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USF1 and USF2 can bind to and activate
their target promoters by binding to an E-box
site as homo or heterodimers and the cytoplas-
mic levels may vary among different cell types
[Sirito et al., 1994]. In HCT-116 cells, the level
of USF1 is higher than the level of USF2, and
they may interact with the APC promoter as a
heterodimer. However, overexpression of eith-
er USF1 or USF2 activates the APC promoter
in the transient expression assay indicating
that these factors may function as homo or
heterodimers, and may be able to substitute for
one another during APC gene expression.
Consistent with this concept, experiments
using USF1 and USF2 knockout mice suggest
that USF1 and USF2 play overlapping roles in
the regulation of specific target genes [Sirito
et al., 1998].

An increased level of c-myc mRNA and
protein is well documented in colorectal cancer
[Erisman et al., 1985; Guillem et al., 1990].
Furthermore, the loss of APC gene function
is correlated with deregulation of the c-myc
gene expression in colorectal and lung cancers
[Erisman et al., 1989; Jaiswal et al., 1999].
Recently, a detailed study has been reported
examining the role of APC in regulating the
c-myc gene expression through a B-catenin/
Tecf-4 complex [He et al., 1998]. c-Myec, a highly
studied oncoprotein, is implicated in the control
of cellular proliferation, differentiation, and
apoptosis (for reviews, see [Marcu et al., 1992;
Zornig and Evan, 1996]). USF1 and USF2 are
known to antagonize the effects of c-Myc on
cellular proliferation [Luo and Sawadogo,
1996]. Thus, these studies suggest a link
between USF1/USF2, APC, and c-Myc. It is
tempting to hypothesize that under normal
conditions USF1 and USF2 regulate APC gene
expression, and that an increased APC protein
level downregulates B-catenin expression, and
thus ultimately c-myc gene expression, and
that this multi-step process is required for the
normal homeostasis of the cell cycle. If APC
expression is reduced due to impaired function
of USF1 and USF2, then the APC protein level
is reduced and the entire predicted sequence of
events is reversed, resulting in increased c-myc
expression and its consequences for cell cycle
regulation. Future studies to test this hypo-
thesis will enhance our understanding of the
role of APC and c-Myc in the progression of
colorectal cancer. It will also be of interest to
explore the possibility of manipulating APC

gene expression via the USF1 and USF2
transcription factors. These findings may have
significant implications for the discovery of
potential therapies for colorectal cancer, espe-
cially for those cancers involving dysregulation

of APC.
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