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Previously, we have used a chromatin cross-linking and immunoprecipitation protocol for the analysis of
Myc and USF binding to the cad promoter. The adaptation of this technique for the study of mammalian tran-
scription factors was a big step forward in the analysis of transcription factor family member specificity,
allowing for the first time a definitive knowledge of which factor binds to a promoter region under normal physio-
logical conditions. However, due to limitations of the assay, our previous studies could not definitively prove
that both Myc and USF bound to the exact same site on the cad promoter, nor could we directly correlate loss
of in vivo binding of a particular factor with loss of transcriptional activity. Therefore, we have further modified
the chromatin immunoprecipitation protocol to alleviate these problems. We have now shown that it is possible
to coexamine growth-regulated transcriptional activity and promoter occupancy by using stably integrated
promoter constructs. We show that both Myc and USF bind to the exact same E box on the cad promoter,
suggesting that competition between these two factors for a single site occurs in living cells. We also find that
cad promoter constructs that retain USF binding but lose Myc binding in vivo no longer display an increase
in transcriptional activity in mid- to late G, phase of the cell cycle. Finally, we propose that cell cycle-regulated

transcriptional activation of the cad promoter may be a stochastic, rather than a predetermined, process.

In mammalian cells, gene expression is directly regulated by
DNA-binding transcription factors and their associated cofac-
tors. Most DNA-binding transcription factors can be grouped
into large families of related proteins which have similar DNA-
binding domains. Each member of a family displays conserved
sets of amino acids within the DNA-binding domain which, in
cases where the crystal structure of the protein-DNA complex
has been solved, are known to contact the DNA. Conservation
of the amino acids involved in DNA recognition between fam-
ily members suggests that the binding sites of each member will
also be conserved. In vitro binding studies have shown that this
sequence commonality between members of the same family
does indeed result in similar DNA-binding specificities. For
example, members of the bHLHzip family, which include the
proto-oncoprotein c-Myc and its heterodimeric partner Max as
well as the USF proteins, recognize a common core sequence
(5, 13, 23). In vitro gel shift experiments have defined the
consensus binding site for these factors as CACGTG (known
as an E box) and have shown that subtle changes in the con-
sensus sequence or in the nucleotides which flank the E box
can greatly influence protein binding. For example, inversion
of the internal 2 nucleotides results in a loss of binding by
factors from the Myc family but confers binding by members of
the distantly related MyoD family (26). Similarly, positioning
of the E box between a 5" T and a 3’ A (instead of C and G
nucleotides) abolishes binding of c-Myc as assayed in vitro but
enhances binding of the distantly related Microphthalmia pro-
tein (1). Based on these examples, one straightforward mech-
anism by which certain transcription factors may be excluded
from regulating specific target genes is through subtle varia-
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tions in binding site sequences. However, in vivo, chromosomal
binding sites are not isolated but are located adjacent to core
promoter elements and binding sites for other factors. Little is
known about how subtle variations in E-box sequences will
influence bHLHzip factor binding in this complex environ-
ment.

Although the sequence CACGTG was initially identified as
the highest-affinity binding site for both c-Myc and USFI,
more-recent studies indicate that these factors can bind addi-
tional sequences. For example, several studies indicate that
c-Myc can bind to a variety of noncanonical E-box elements
such as the sequence CATGTG (4, 11). USF has also been
shown to bind variant E boxes (3). Another alternative binding
site is the positioning element involved in selection of the
transcription start site termed the initiator (Inr). Both c-Myc-
and USFl-associated complexes have been shown to bind to
the initiator elements from the 7dT (terminal deoxynucleotidyl
transferase) and Ad-ML (adenovirus major late) promoters in
vitro (17, 20, 21). Binding to initiator elements is believed to
involve interaction with the basal transcription factor TFII-I
and result in transcriptional activation by USF1 and transcrip-
tional repression by c-Myc. It has been proposed that c-Myc
may bind the 5’ end of an Inr which resembles an optimal
half-site site for c-Myc binding such as CAC or CAT (20).
Finally, Mycl, an alternatively translated and longer form of
the c-Myc protein, has been shown to bind the C/EBP consen-
sus element (TTATGCAAT), which is completely unrelated to
an E box (12). Although the in vitro binding data strongly
suggests that c-Myc may regulate gene expression by binding to
sites other than consensus E boxes, binding of c-Myc or USF1
to these sites in vivo has not been directly confirmed. However,
binding of c-Myc to chromosomally located nonconsensus E
boxes has been inferred through binding site cloning experi-
ments (11) and formaldehyde cross-linking studies with intact
cells (7).

Previously, we have used the cad promoter as a model
system for studying Myc target genes. CAD is a trifunctional
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protein (carbamoyl-phosphate synthetase—aspartate carbamoyl-
transferase—dihydroorotase) the gene for which encodes the
first three rate-limiting steps of de novo pyrimidine biosyn-
thesis. We have shown that the mouse cad promoter contains
a consensus E-box element which is required for activating
cad transcription in response to growth signals (6, 7). Using a
chromatin cross-linking and immunoprecipitation assay, we
have previously shown that, within the context of living cells,
both c-Myc and USF1 are bound to DNA fragments of ap-
proximately 500 bp in length containing the cad promoter
during times of elevated cad transcription (7). However, in
these earlier binding studies, we were not able to prove that
c-Myc or USF1 bound specifically to the E box responsible for
cad growth regulation in living cells. Due to the plethora of
sites to which these factors have been shown to bind in vitro, it
was necessary to determine if the E box located at +65 was
indeed the Myc and/or USF1 binding site in the cad promoter.
Here, we have now analyzed site-specific binding by c-Myc
(referred to as Myc) and USF1 in living cells by formaldehyde
cross-linking and immunoprecipitation. Through the genera-
tion of stable cell lines which contain different cad promoter
constructs, we have shown that both factors absolutely require
the consensus E box in order to bind to the cad promoter and
that neither factor associates with the cad initiator element.
We also demonstrate that an E-box element bound specifically
by USF1 in intact cells cannot support activated cad transcrip-
tion. Thus, we have shown a correlation between in vivo occu-
pancy of the cad promoter by Myc and cell cycle-regulated
transcription of the cad gene.

MATERIALS AND METHODS

Cell culture. Subconfluent cultures of NIH 3T3 cells were maintained in
Dulbecco’s modified Eagle’s medium with high glucose (DMEM/HG) (GIBCO)
supplemented with 5% (vol/vol) defined-supplemented bovine calf serum (Hy-
Clone), 100 U of penicillin per ml, and 100 pg of streptomycin (GIBCO) per ml
at 37°C and 5% CO,. NIH 3T3 cells were passaged at 70% confluence with
0.05% trypsin-EDTA (GIBCO) in phosphate-buffered saline (PBS). Serum-
synchronized cultures of NIH 3T3 cells used for formaldehyde cross-linking were
prepared by plating cells directly into starvation medium (0.5% bovine calf serum
in DMEM/HG) and incubating them for 48 to 60 h until the cultures were
quiescent. Cells were then stimulated to reenter the cell cycle by the addition of
10% bovine calf serum into the culture medium. Growth cycle progression was
monitored by flow cytometric analysis of propidium iodide-stained cells as pre-
viously described (24).

Stable transfections. Construction of the cad reporter plasmids cad—81/+26,
cad—81/+26[wt], and cad—81/+26[mt2], which contain hamster cad promoter
fragments cloned upstream of the luciferase cDNA in the pGL2Basic vector
(Promega), have been described previously (15). Stably transfected NIH 3T3
cells were prepared by transfecting 60-mm-diameter dishes of 1.5 X 10> NTH 3T3
cells with 9 wg of cad reporter plasmid (cad—81/+26, cad—=81/+26[wt], or
cad—81/426[mt2]) and 1 pg of pcDNA3 (Invitrogen) as a neomycin resistance
marker. Following transfection and glycerol shock, cells were incubated in main-
tenance medium (5% bovine calf serum in DMEM/HG). One day following
transfection, cells were reseeded into 150-mm-diameter dishes in maintenance
medium supplemented with 1 mg of G418 sulfate (GIBCO) per ml. Following
approximately 2 weeks of selection, individual clones were generated. For each
construct, 10 to 15 clones were picked and expanded. All clones were carried as
subconfluent monolayers in maintenance medium with 1 mg of G418 sulfate per
ml. To screen for luciferase activity, clones were plated at 1.5 X 10° cells/60-
mm-diameter dish in maintenance medium lacking G418 and harvested the
following day. Clones expressing luciferase were also analyzed for growth regu-
lation by plating them at 1.5 X 10° cells/60-mm-diameter dish into low-serum
medium (0.5% bovine calf serum in DMEM/HG) lacking G418 for 48 h and then
harvesting them at intervals following the addition of high-serum (10%)-con-
taining medium. Luciferase activity of total cell lysates was measured by using a
luminometer (Analytical Luminescence Laboratory). The clones used for Fig. 4
produce very similar luciferase units; e.g., in serum-starved cells, the amount of
luciferase activity of the —81/+26, —81/+26[wt], and —81/+26[mt2] clones var-
ied about twofold. Thus, the site of integration did not greatly alter promoter
strength in these particular clones.

Electromobility shift assays. Electromobility shift assays were performed as
previously described (18) with the following modifications. Where specified,
binding reaction mixtures were incubated for 20 min with either a 50-fold molar
excess of unlabeled probe oligonucleotide as a competitor or 2 ug of polyclonal
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antibody prior to the addition of double-stranded oligonucleotide probes, which
were end labeled with [y-*P]JATP by T4 polynucleotide kinase (22). Upon
addition of the probe, binding reaction mixtures were incubated for an additional
20 min at room temperature and then resolved by electrophoresis on a 5%
nondenaturing polyacrylamide gel (29:1 acrylamide/bisacrylamide ratio) for 2 h.
The gel was preelectrophoresed for 60 min. Gels were dried, and protein-DNA
interactions were visualized by autoradiography. The gel and running buffer was
22.5 mM Tris-morpholinepropanesulfonic acid (MOPS, pH 7.0) and 0.5 mM
EDTA.

Cross-linking and immunoprecipitation of chromatin. The formaldehyde
cross-linking and immunoprecipitation protocol was adapted from references 2
and 8 with modifications. Formaldehyde (37% solution; Fisher Scientific) was
added directly to cell culture medium at a final concentration of 1% at 0, 4, 8, or
12 h following serum addition to serum-starved NIH 3T3 cells. Fixation pro-
ceeded at 22°C for 10 min and was stopped by the addition of glycine to a final
concentration of 0.125 M. To harvest cross-linked NIH 3T3 cells, plates were
rinsed with cold PBS, incubated with 5 ml of trypsin-EDTA (GIBCO) in PBS,
and then scraped. Cells were collected by centrifugation and washed in cold PBS
plus 0.5 mM phenylmethylsulfonyl fluoride (PMSF). Pellets from approximately
108 cells were resuspended in 3 ml of swelling buffer (5 mM PIPES [piperazine-
N,N'-bis(2-ethanesulfonic acid); pH 8.0], 85 mM KCl, 0.5% NP-40, 0.5 mM
PMSF, and 100 ng of leupeptin and aprotinin per ml) and incubated on ice for
20 min. NP-40 was added to 0.5%, and the cells were Dounce homogenized in a
B Dounce homogenizer. Nuclei were collected by microcentrifugation at 5,000
rpm, resuspended in 1 to 2 ml of sonication buffer (1% sodium dodecyl sulfate
[SDS], 10 mM EDTA, 50 mM Tris-HCI [pH 8.1], 0.5 mM PMSF, and 100 ng of
leupeptin and aprotinin per ml), and incubated on ice for 10 min. Samples were
sonicated with an Ultrasonics sonicator at full power for three 30-s pulses on ice
to an average length of 200 to 500 bp and then microcentrifuged at 14,000 rpm.
The chromatin solution was precleared with the addition of Staph A cells (pre-
pared as described previously [6, 7]) for 15 min at 4°C. Prior to use, Staph A cells
were blocked with 1 g of sheared herring sperm DNA per ml and 1 pg of bovine
serum albumin per ml for at least 4 h at 4°C. Precleared chromatin from 2.5 X
107 cells was incubated with 1 ug of affinity-purified rabbit polyclonal antibody
(Santa Cruz; anti-Myc sc-764-X) or 1 ul of anti-human USF1 rabbit antiserum
(gift of E. H. Bresnick) or no antibody and rotated at 4°C for 12 h. Immuno-
precipitation, washing, and elution of immune complexes were carried out as
described previously (6, 7). Prior to the first wash, one-half of the supernatant
from the no-primary-antibody reaction for each time point was saved as 50%
total input chromatin and was processed with the eluted immunoprecipitates
beginning at the cross-link reversal step.

After addition of NaCl to 200 mM and 10 png of RNase A, samples were
incubated at 65°C for 5 h to reverse the cross-links. Samples were then precip-
itated at —20°C overnight by the addition of 2 volumes of ethyl alcohol (EtOH)
and then pelleted by microcentrifugation at 15,000 rpm. Samples were resus-
pended in 100 ul of Tris-EDTA (pH 7.5)-25 ul of 5X proteinase K buffer (1.25%
SDS, 50 mM Tris [pH 7.5], and 25 mM EDTA)-1.5 pl of proteinase K solution
(Boehringer Mannheim) and incubated at 42°C for 2 h. Samples were extracted
with phenol-chloroform-isoamyl alcohol (25:24:1) and then precipitated with a
1/10 volume of 3 M NaOAc (pH 5.3), 5 pg of tRNA, and 2 volumes of EtOH at
—20°C overnight. Pellets were collected by microcentrifugation at 15,000 rpm,
resuspended in 30 pl of H,O, and analyzed by PCR. Total input samples were
resuspended in 100 wl of H,O and then diluted 1:100 prior to PCR. PCR
mixtures contained 2 pl of immunoprecipitate or diluted total input; 50 ng of
each primer; 0.88 mM MgCl,; 2 mM (each) dATP, dCTP, dGTP, and dTTP; 1X
thermophilic buffer (Promega); and 1.25 U of Tag DNA polymerase (Promega)
in a total volume of 20 pl. Integrated copies of cad were analyzed by PCR with
the primers —81cad (5'CATGGTCCCGCCCCTTACGT) and goodluc (5'GGC
GTCTTCCATTTTACCAACAGTACCGG), and endogenous cad was analyzed
with the primers mcadA (5'TGACTAGCGGTACCGGGGTTGCTGCTGTGG
AACC) and 3'cad (5'CGGGCTTGCTTACCCACCTTCCCCAGCAGTCGAC
AC). Following 32 to 35 or 13 to 15 cycles of amplification, PCR products were
run on a 1.5% agarose gel and analyzed by ethidium bromide (EtBr) staining or
Southern blot analysis, respectively. Primers were obtained from the University
of Wisconsin Biotechnology Center.

Southern blot analysis. Ten microliters of each PCR mixture was electropho-
resed on a 1.5% agarose gel (no EtBr), stained with 1.5 g of EtBr per ml in 1X
Tris-EDTA-acetate for 10 min, destained in 1X Tris-EDTA-acetate for 5 min,
and photographed alongside a fluorescent ruler. The gel was denatured for 30
min in 1.5 M NaCl-0.5 M NaOH and neutralized for 30 min in 1.5 M NaCl-0.5
M Tris (pH 7.2)-1 mM EDTA (pH 8.0). Samples were transferred onto a
Hybond-N membrane (Amersham) with 20X SSPE (3.6 M NaCl, 0.2 M NaPO,,
20 mM EDTA) overnight by standard capillary transfer. The blot was baked at
80°C for 30 min, UV cross-linked at 120,000 pJ, and incubated at 42°C overnight
in prehybridization solution (50% formamide, 3.4X SSPE, 100 ug of sonicated
salmon sperm DNA per ml, 50 pg of boiled sonicated salmon sperm DNA per
ml, 5X Denhardt’s solution, 10% dextran sulfate, 5% SDS, and 1% Sarkosyl).
Labeled probe was added to the prehybridization solution (8 X 10° cpm/ml) and
incubated at 42°C for 48 h. Blots were washed in 2X SSPE-0.1% SDS at room
temperature for 30 min, 1X SSPE-0.1% SDS at 65°C for 15 min, and 0.5X
SSPE-0.2% SDS at 65°C for 1 h. Blots were exposed to BioMax film (Kodak) for
24 to 48 h. The gel was stained, denatured, and transferred as described above.
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A 659-bp EcoRI/BamHI fragment of the mouse cad promoter from the plasmid
mcad—440/+219 was labeled by nick translation. Two hundred nanograms of
DNA was incubated in 1X labeling buffer (50 mM Tris [pH 7.5], 10 mM MgSO,,
100 mM dithiothreitol) with 50 nM (each) dATP, dGTP, and dTPP; 2.5 ul of
[«->?P]dCTP (3,000 Ci/mmol; 10 mCi/ml); 3 X 10~ * U of DNase I; and 5 U of
DNA polymerase I at 16°C for 1 h. The reaction was stopped by the addition
of 25 mM EDTA and precipitated by the addition of a 1/2 volume of 7.5 M
NH,OACc and 3 volumes of EtOH. Approximately 5 X 10° cpm of labeled probe
was boiled and added to the prehybridization fluid.

RESULTS

The E-box element is required for Myc and USF1 to bind the
proximal cad promoter in living cells. Within the context of
living cells, we have previously observed that the cad promoter
is bound by USF1 in the G, phase of the growth cycle and by
both Myc and USF1 during mid- to late G, phase and early S
phase (7). Although one might expect that recruitment of Myc
to the cad promoter would result in displacement of the bound
USF, it appeared as if the amount of USF bound to the cad
promoter was not reduced when Myc was recruited. However,
these previous studies were performed with a large number of
PCR cycles and therefore we could not be sure that the USF
signal was in the linear range. To obtain a more quantitative
answer to the question as to whether USF binding was reduced
when Myc binding increased, our approach was to analyze the
immunoprecipitated samples by using a limited number of
PCR cycles, Southern blotting the products, and quantitating
the signals with a phosphorimager.

NIH 3T3 cells were serum starved to induce a quiescent
state, and then serum was added to the medium and cells were
harvested 4 h later. The 4-h time point was chosen because we
have previously shown that Myc protein displays a dramatic
increase in abundance at this time (18) and that both Myc and
USF can be detected on the cad promoter at this time (7).
Before analyzing the immunoprecipitated samples, we first
performed a serial dilution of the input chromatin, beginning
with 0.06% of the total input chromatin and then diluting this
1:2 or 1:3 (Fig. 1A). Dilution of the sample resulted in the
respective reduction in the amount of PCR product generat-
ed, indicating that the signal obtained is proportional to the
amount of input DNA. For example, quantitation of the signals
from the two- and threefold-diluted input chromatin for the 0-
and 4-h time points showed a 1.9- and 2.7-fold and a 2.1- and
3.2-fold decrease, respectively, relative to the signal from the
undiluted total input. Next, we analyzed two dilutions of the
immunoprecipitated samples. A sixfold dilution of the Myc and
USF1 immunoprecipitates reduced the signal intensity an av-
erage of fivefold relative to the undiluted samples; thus, signal
is also proportional to input in the immunoprecipitates (Fig.
1B). As shown in Fig. 1C, the cad signal immunoprecipitated
by the Myc antibody increases eightfold by 4 h following serum
stimulation (7). The cad signal immunoprecipitated by the
USF1 antibody varies very little between the 0- and 4-h chro-
matin. In summary, analysis of the amounts of USF1 and Myc
bound in the different stages of the cell cycle indicates that
recruitment of Myc does not result in the displacement of
USF1 from the cad promoter.

Our results showing that Myc does not displace USF from
the cad promoter raise the possibility that Myc and USF1 can
bind simultaneously at different sites within the promoter. The
cad promoter contains both an E box and a consensus initiator
element. Since Myc and USF1 have been shown to bind initi-
ator elements present in other promoters (17, 21), it was pos-
sible that one of these factors also binds the cad initiator.
However, previous evidence suggests that the cad initiator is
not a good candidate site for Myc binding. First, growth-reg-
ulated cad expression, which requires c-Myc protein (9, 18), is
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FIG. 1. Myc does not displace USF from the cad promoter. (A) Fourteen
cycles of PCR amplification were performed on chromatin from quiescent cells
(0 h) or from cells which had been stimulated with serum for 4 h. Prior to PCR
amplification, samples were diluted as indicated. PCR products were electro-
phoresed on an agarose gel, Southern blotted, hybridized with a radiolabeled cad
probe, and analyzed with the phosphorimager with ImageQuant software. (B)
PCRs were performed and analyzed as described above for immunoprecipitates
from reactions containing no primary antibody (none), c-Myc antibody (Myc), or
USF antibody (USF1). (C) Graphical analysis of cad PCR signals from the
Southern blot shown in panel B. Normalized signal intensity is the quantitated
numerical value of the signals from the diluted (1:6) anti-Myc and -USF]1 lanes
at 0 and 4 h normalized to the signal intensity of the input chromatin (1:2 diluted)
for the 0- and 4-h samples, respectively. The signal intensity of the input chro-
matin (1:2 diluted) was arbitrarily set to a value of 1, and the normalized signals
are presented as a fraction of this value.

not affected by mutation of the cad initiator element (6). Sec-
ond, Myc has been reported to repress transcription through
initiator elements (16, 17), and yet our studies (7) and those by
Bush et al. (9) suggest that Myc activates cad expression.
Therefore, it seemed more likely that USF1, rather than Myc,
might bind to the cad initiator.

To evaluate whether USF1 can bind the cad initiator, we first
performed in vitro gel shift assays (Fig. 2). A double-stranded
oligonucleotide probe corresponding to the cad initiator se-
quence was radiolabeled and incubated with HeLa cell nuclear
extract. As a positive control, the double-stranded cad E-box
probe was also used in binding reactions. As expected, USF1
complexes bound efficiently to the E-box probe and were su-
pershifted by the addition of anti-USF1 antibody. Under the
same conditions, the probe containing the cad initiator se-
quences was not bound by USF1. Our observation that USF1
does not bind to the cad initiator is in agreement with studies
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FIG. 2. USF1 does not bind the cad initiator element in vitro. Gel shift
analysis of USF1 binding at the cad E box and cad initiator elements. Ten
micrograms of HeLa cell nuclear extract was incubated with radiolabeled cad
E-box and cad initiator probes. Binding complexes were supershifted by the
addition of anti-USF1 antibody or competed by the addition of excess unlabeled
probe. Samples were resolved on a 6% native polyacrylamide gel. The sequence
of each gel shift probe is shown below the gel, along with the USF1 consensus
binding sequence. The arrow indicates the nucleotide where transcription ini-
tiates. Y represents pyrimidine nucleotides, and R represents purine nucleotides.
The E-box element is underlined.
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of Roy et al. (21) which suggest that specific nucleotides within
the initiator element are required for USF1 binding. Align-
ment of the cad initiator sequence with the consensus initiator
binding site reveals that the cad sequence is not a perfect
match to the consensus. These results suggest that the cad
promoter-USF1 interaction detected in our cross-linking stud-
ies is likely to occur through DNA-binding sites other than the
initiator element.

The results of our previous in vitro binding studies (6) indi-
cate that both Myc and USF1 can bind the cad E-box element.
However, in vitro experiments do not reveal whether these
factors directly bind the cad E box within the context of living
cells. To test the hypothesis that the cad E box is the specific
binding site for Myc and/or USF1, we used the approach out-
lined in Fig. 3. The ultimate goal of these experiments was to
examine transcription factor binding to cad promoters which
either contain or lack the E-box element, by the formaldehyde
cross-linking and immunoprecipitation technique. However,
cell lines containing a natural mutation of the +65 E box
within the cad loci have not been identified. Therefore, we
created cell lines which contain stably integrated copies of the
cad promoter. The —81/+26[wt] plasmid contains the cad E-
box element which is bound by both Myc and USF1 in vitro,
whereas no E box is present in the —81/+26 construct. The
—81/4+26[mt2] construct contains an E box which we have
previously shown to be bound preferentially by USF1 in vitro
(6). All three constructs drive expression of the luciferase re-
porter, enabling characterization of growth-regulated tran-

Transfect NIH 3T3 cells with cad reporter constructs and selectable marker plasmid

-81 +1 +26

cad -81/+26

81 +26

cad -81/+26[wt] wt E box

(CCACGTGGH)

.81 +1 +26
cad -81/+26{mt2] —
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FIG. 3. Experimental approach to studying site-specific binding of Myc and USF1 to the E-box element in the cad promoter. See the text for details. Luc., luciferase;

wt, wild type; CMV, cytomegalovirus.
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FIG. 4. Analysis of growth-regulated expression from integrated cad pro-
moter constructs. Graphical representation of relative fold induction of stably
integrated cad promoter-reporter activity throughout the growth cycle. NIH 3T3
cells were transfected with the indicated constructs, and stably transfected clones
were selected with G418. Clones were serum starved for 48 h and then stimulated
to grow by the addition of 10% serum to the culture medium. Cells were har-
vested for luciferase activity at the points indicated. Relative fold activation was
calculated by normalizing the luciferase activity from serum-stimulated cells to
the activity of the same clone prior to serum treatment. Data represents the
average activity of one clone for each construct obtained from three independent
time course experiments. Error bars represent the standard errors of the means.

scription from the integrated promoters. Following selection in
G418, several individual clones of cells harboring each con-
struct were expanded and analyzed for luciferase expression
under logarithmic growth conditions. Since the site of plasmid
integration within a chromosome may influence transcriptional
regulation, we chose clones expressing both high and low levels
of luciferase activity to further examine in serum synchroniza-
tion assays. The variation in expression levels ensures that
different clones were indeed unique integration events and
allowed us to assess whether the results obtained in the regu-
lation assays were consistent within a wide range of gene ex-
pression. Results from three representative clones are shown
in Fig. 4. In general, we observed that clones which harbored
the —81/+26[wt] construct displayed increasing luciferase ac-
tivity as serum-stimulated cells progressed through the growth
cycle, while those containing either the —81/+26 or —81/
+26]mt2] construct showed little change in luciferase activity.
Therefore, transcriptional regulation of the integrated cad pro-
moter constructs recapitulates what had been observed by
transient-transfection assays (6) and reinforces the conclusion
that the wild-type E-box sequence is required for growth-reg-
ulated cad expression.

Next, we used the stable cell lines to evaluate whether Myc
and/or USF1 specifically binds the cad promoter in vivo
through the E-box motif. The first experiment was to deter-
mine if the 130-bp segment of the cad promoter contained
within the —81/+26[wt] construct is bound by both Myc and
USF1. If the binding sites for Myc and/or USF1 are not within
the fragment of the cad promoter which is sufficient to confer
growth regulation on a reporter construct, then it would be
necessary to reinterpret the in vivo binding observed on the
endogenous cad gene. Clones containing the —81/426[wt]
construct were treated with formaldehyde at 8 h following
serum stimulation of quiescent cultures, since this corresponds
to a time when the endogenous cad promoter is bound by both
Myc and USF1 (7). Prior to immunoprecipitation with anti-
bodies against Myc and USF1, cross-linked chromatin was
sonicated to an average length of 200 to 500 bp (Fig. 5A). This
step is critical to the success of these experiments, since the
integrated copies of the cad promoter may reside near other
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endogenous E-box elements. However, by sonicating the chro-
matin to a small size, we can be sure that we monitor binding
of Myc and USF only to the cad promoter and not to surround-
ing chromatin. Immunoprecipitates were assayed by using
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FIG. 5. Myc and USF1 bind specifically to the E box within the cad promoter.
Clones of stably transfected cells (—81/426[wt] clone 1 and —81/+26 clone 5)
were serum starved for 48 h, then serum stimulated for 8 h, and cross-linked with
formaldehyde. Cross-linked chromatin from each line was prepared and immu-
noprecipitated with antibodies against Myc and USF1. (A) EtBr-stained agarose
gel showing the size of the DNA fragments following sonication. Lanes were
loaded with 2.5% input chromatin from the specified clone after reversal of the
cross-links and proteinase K treatment. DNA size markers are as indicated. (B)
Schematic of the annealing position of PCR primers used to specifically amplify
either integrated or endogenous cad promoters. The luciferase and cad primers
amplify products of 200 and 350 bp, respectively. (C) PCR analysis of immuno-
precipitation reactions with luciferase or cad primers to amplify the integrated or
endogenous cad promoter, respectively. For all stable clones, immunoprecipi-
tates were resuspended in 30 pl of H,O and input chromatin samples were
diluted to 1% in 100 pl of H,O. The copy number of the integrated plasmid was
normalized by utilizing appropriate sample volumes such that the input chroma-
tin signal for all clones analyzed was approximately equivalent (last lane of each
upper panel, integrated cad). Volumes used for both input chromatin and the
immunoprecipitates (Ip) were as follows: 3 pl of the —81/+26-5 samples and 2
wl of —81/+26[wt]-1 samples. PCR mixtures with the cad primers (endogenous
cad) contained equivalent sample volumes (2 pl) for all clones examined. PCR
products were electrophoresed on a 1.5% agarose gel and stained with EtBr.
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PCR primers (Fig. 5B) specific for either the integrated cad
plasmid or the endogenous cad promoter which serves as an
internal control. As shown in the top panel of Fig. 5C, we
observed that both the endogenous cad promoter and the
integrated —81/+26[wt] cad promoter were bound by Myc and
USF1. This confirms that binding of both factors is localized to
a DNA fragment containing the 130-bp integrated cad pro-
moter.

The next step was to determine if the E box within the cad
promoter was the direct binding site for either Myc or USF1.
Therefore, stable cell clones containing the —81/4+26 con-
struct, which lacks the E box, were also analyzed by the form-
aldehyde cross-linking procedure. We found that in the —81/
+26 stable cell lines, binding by Myc and USF1 was no longer
readily detected at levels over background (Fig. 5C) on the
integrated cad promoter. However, within these same chroma-
tin samples, the endogenous cad promoter shows clear binding
by Myc and USF1, which verifies that the cross-linking and
immunoprecipitation were successful. Therefore, loss of bind-
ing is specific to the —81/+26 cad promoter. The results pre-
sented in Fig. 5C, which are representative of several different
clones examined, demonstrate that the E box is required for
both Myc and USF1 to bind the cad promoter in living cells. In
addition, the finding that Myc and USF1 no longer bind the
—81/+26 promoter which contains the cad initiator element
supports the conclusion that neither USF1 nor Myc associates
with the cad initiator in intact cells. Finally, the finding that
stably integrated promoter-reporter constructs can be used
successfully to coexamine transcription factor binding and ac-
tivity within the same cells should prove generally useful for
future studies of gene expression. Accordingly, in the following
section, we have used this approach to examine transcriptional
activity and binding of Myc and USF1 at E-box elements with
various flanking sequences.

Variation of the sequences flanking the E box can influence
relative levels of Myc versus USF1 binding in intact cells.
Previously, we presented evidence that the nucleotides flank-
ing the E box could influence binding of Myc in vitro (6). In
particular, arrangement of the E-box sequence CACGTG be-
tween a 5’ T and a 3" A abolishes Myc binding in vitro but
has no effect on USF1, which readily binds this sequence. As
shown in Fig. 4, an E-box element which has these flanking
nucleotides does not confer growth-regulated expression on
the cad promoter. Although these results are consistent with
the conclusion that USF1 could not activate cad transcription,
we had no formal proof that the E box, 5" TCACGTGA, was
bound by USF1, but not Myc, in vivo. Since we had shown that
stably integrated promoter-reporter constructs can be used
successfully to coexamine factor binding and activity, it was
now possible to evaluate more directly the consequence of
changing the E-box-flanking nucleotides on Myc and USF1
binding in intact cells by formaldehyde cross-linking. For this
experiment, binding was compared between cell lines harbor-
ing the —81/+26[wt] plasmid (which contains the endogenous
CCACGTGG cad E box and displays growth regulation) and
the —81/+26[mt2] plasmid (which contains a TCACGTGA E
box and lacks growth-regulated activity). As shown in Fig. 5
and 6, the E box in the —81/+26[wt] cad promoter can be
bound by both Myc and USF1 in living cells. Notably, similar
signals in the anti-Myc lanes, relative to the input signals, were
observed for both the integrated and endogenous cad promot-
ers. In contrast, very little Myc binding was detected on the
integrated —81/+26[mt2] cad promoter compared to that
bound to the endogenous cad E box within the same cells,
indicating that the TCACGTGC E box is a poor binding site
for Myc in vivo (Fig. 6). However, the ratio of anti-USF1 signal

MoL. CELL. BIOL.

Ip antibody
2 o L 5 Promoter
Clone g g 9 2 analyzed
integrated cad
-81/ +26[wt]
endogenous cad
integrated cad
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FIG. 6. USF1, but not Myc, binds the 5" TCACGTGA E box in intact cells.
The stable cell lines —81/426[wt] clone 1 (containing the CCACGTGG E box)
and —81/+26[mt2] clone 2 (containing the TCACGTGA E box) were serum
synchronized, cross-linked, and immunoprecipitated as described in the legend
to Fig. 5. PCR analysis was performed with luciferase primers (integrated cad)
and cad primers (endogenous cad). The copy number of the integrated plasmids
was normalized by utilizing appropriate sample volumes so that the input signals
for each clone were equivalent, as described in the legend to Fig. 5. Volumes
used were as follows: 2 ul of the —81/+26[wt] samples and 1 wl of the —81/
+26[mt2] samples. PCRs with the cad primers were performed with equivalent
sample volumes for all clones examined. PCR products were electrophoresed on
a 1.5% agarose gel and stained with EtBr. Ip, immunoprecipitation.

to the input signal was similar on each of the [wt], [mt2], and
endogenous cad E-box elements. These results indicate that, in
intact cells, USF1 binding is relatively insensitive to changes in
the nucleotides flanking the E box. Importantly, we now have
direct evidence that although the cell lines harboring the inte-
grated —81/+26[mt2] cad promoter do not display growth reg-
ulation, USF1 is bound to the [mt2] E box following serum
stimulation. Together, these results indicate that USF1 binding
does not correlate with transcriptional activation of the cad
promoter.

DISCUSSION

Using the formaldehyde cross-linking and immunoprecipi-
tation technique on cells which contain stably integrated pro-
moter constructs, we have shown that site-specific transcription
factor binding can be directly correlated with promoter activity
in parallel cultures of cells. By comparison of various cell lines
harboring cad promoter constructs differing only in the E-box
sequence, we have demonstrated that both Myc and USF1
bind specifically to a single site in the cad promoter. Although
previous studies have suggested that genes containing E boxes
may be regulated by both Myc and USF, our studies are the
first to show that both proteins have the potential to be re-
cruited to a specific basal promoter complex under normal
physiological conditions. However, our results with a change-
of-specificity mutation in the E box indicate that binding of
USF1 cannot confer growth regulation on the cad promoter.
Thus, the main determinant of Myc versus USF1 activity on the
cad promoter appears to be a post-DNA-binding mechanism.
It is likely that differences between transactivation by Myc and
that by USF1 are due to differences in protein-protein inter-
actions. For example, we have recently found that Myc, but not
USF1, binds the coactivator CREB-binding protein (9b).

The observations that both Myc and USF1 bind to the same
site in the cad promoter and that recruitment of Myc in S
phase does not displace USF suggest that Myc likely binds to
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a different subset of cad alleles than does USF. Using antibod-
ies to Max, the heterodimeric partner of Myc, in the chromatin
immunoprecipitation assays, we have observed that Max is
bound to the cad promoter in quiescent cells, even though Myc
protein is not expressed (data not shown). The Max-containing
complexes may represent either homodimers or Max com-
plexed to a member of the Mad family. Regardless, we suggest
that Myc does not displace USF because Myc-Max hetero-
dimers exchange places with the existing Max complexes. Re-
cent studies (25) have shown that Max-containing complexes
(Max-Max, Max-Myc, and Max-Mad) all have a high off-rate
from DNA (half-life of 10 to 20 min), supporting our hypoth-
esis that exchange of Max-containing complexes occurs as
Myc-Max complexes become more abundant in mid- to late G,
phase. Preliminary analysis of the dissociation rate of USF
from the cad E box by gel mobility shift assays indicates that
USF binds quite stably to the site in the cad promoter (half-life
of ~60 min) (9a). Thus, the differences between the stability of
USF bound to an E box and that of Myc-Max bound to an E
box, as measured by in vitro DNA-binding assays, are consis-
tent with our finding that USF is not displaced by Max-Myc in
cells.

Because the chromatin immunoprecipitation procedure
measures protein-DNA interactions in a population of cells,
we cannot determine if, in a single cell, one cad allele is bound
by Myc-Max and the other is bound by USF or if both cad
alleles within a given cell are bound by the same factor, the
identity of which differs between neighboring cells. Regardless,
our results suggest that, under physiological conditions in a
clonally derived synchronized cell population, all alleles of a
given gene do not have the same profile of bound transcription
factors and, therefore, may not exhibit identical patterns of
gene expression. The concept that sister cad alleles or cad
alleles in neighboring cells may not display the same transcrip-
tional profile in response to environmental signals such as
serum growth factors suggests that cell cycle-regulated tran-
scriptional activation may be a stochastic, rather than a prede-
termined, process. Previous studies have also suggested that a
cell-to-cell variation in a transcriptional response may occur.
For example, Newlands et al. (19) have shown that not all
nuclei in a muscle fiber transactivate a particular gene at the
same time, even though the nuclei have a common cytoplasm.
Other studies showing that individual promoter templates hav-
ing almost identical genetic and physiological conditions can
be induced to different levels in different cells also support the
hypothesis that alternative forms of transcription complexes
can form on a given promoter (14). Previous studies relied on
correlations between in vitro binding and in vivo gene activa-
tion (10); our results now provide evidence suggesting that two
different transcription complexes can be formed on the cad
promoter in living cells. Our future work will be focused on
further analysis of the consequences of Myc versus USF1 bind-
ing to a specific E box in the context of neoplastic transforma-
tion of cells.
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