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The transcription factor Myc is induced by mitogenic signals and regulates downstream cellular responses. If
overexpressed, Myc promotes malignant transformation. Myc modulates expression of diverse genes in
experimental systems, but few are proven direct targets. Here, we present a large-scale screen for genomic
Myc-binding sites in live human cells. We used bioinformatics to select consensus DNA elements (CACGTG
or E-boxes) situated in the 5� regulatory region of genes and measured Myc binding to those sequences in vivo
by quantitative chromatin immunoprecipitation. Strikingly, most promoter-associated E-boxes showed
selective recovery with Myc, unlike non-E-box promoters or E-boxes in bulk genomic DNA. Promoter E-boxes
were distributed in two groups bound by Myc at distinct frequencies. The high-affinity group included an
estimated 11% of all cellular loci, was highly conserved among different cells, and was bound independently
of Myc expression levels. Overexpressed Myc associated at increased frequency with low-affinity targets and,
at extreme levels, also with other sequences, suggesting that some binding was not sequence-specific. The
strongest DNA-sequence parameter defining high-affinity targets was the location of E-boxes within CpG
islands, correlating with an open, preacetylated state of chromatin. Myc further enhanced histone acetylation,
with or without accompanying induction of mRNA expression. Our findings point to a high regulatory and
biological diversity among Myc-target genes.
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The behavior of mammalian cells is modulated by many
extracellular stimuli, which trigger a variety of intracel-
lular signaling pathways. Those signals induce expres-
sion of primary, or immediate early (IE) genes. Several IE
genes encode transcription factors that, in turn, regulate
secondary transcriptional responses (Winkles 1998). The
c-myc proto-oncogene is such an IE gene. In normal cells,
c-myc expression is generally induced by mitogens and
suppressed by growth-inhibitory signals. Oncogenic ac-
tivation of c-myc occurs by direct gene alterations, such
as translocation or amplification, or by mutations in up-
stream signaling pathways. These accidents commonly
result in deregulated and/or elevated expression of c-myc
and its product, the Myc protein. c-myc is structurally
related to two other genes, L- and N-myc, which are also
overexpressed in specific tumor types (for reviews, see
Garte 1993; Henriksson and Lüscher 1996; Grandori et
al. 2000; Oster et al. 2002).

The changes in cellular behavior imparted by abnor-
mal Myc expression have been studied extensively in
cultured cells and transgenic animals. Myc has generally
been associated with the promotion of cellular growth
and proliferation, desensitization to growth-inhibitory
stimuli, blockade of cell differentiation, cellular immor-
talization, and oncogenic transformation, as well as sen-
sitization to apoptosis-inducing signals. Myc has also
been linked to the regulation of various metabolic path-
ways, the induction of DNA damage, and genomic in-
stability (for reviews, see Henriksson and Lüscher 1996;
Amati et al. 1998; Grandori et al. 2000; Oster et al. 2002).
In addition, Myc is likely to promote tumorigenesis in
vivo through the induction of angiogenesis and tumor-
cell invasiveness (Pelengaris et al. 1999, 2002; Brandvold
et al. 2000; Ngo et al. 2000). Conversely, loss of Myc
function has been associated with defects in cell growth,
proliferation, and/or apoptosis, and is likely to pro-
foundly impair the response of cells to their environ-
ment (e.g., Mateyak et al. 1997; Johnston et al. 1999;
Bates et al. 2000; de Alboran et al. 2001; Douglas et al.
2001; Trumpp et al. 2001). In summary, the pathological
effects of Myc overexpression are likely to result from
multiple biological activities, reflecting the normal roles
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of Myc in coordinating cellular physiology with extra-
cellular stimuli.

Myc is a transcription factor of the basic helix–loop–
helix–leucine zipper (bHLH–LZ) family that can activate
or repress gene expression. Activation occurs via dimer-
ization with the bHLH–LZ partner Max and direct bind-
ing to the DNA sequence CACGTG, called the E-box
(Blackwood and Eisenman 1991; Prendergast et al. 1991;
Amati et al. 1992; Kretzner et al. 1992). Repression, in-
stead, occurs through functional interference with tran-
scription factors, such as Miz-1, that bind different DNA
sequences (Oster et al. 2002). Both transcriptional activi-
ties of Myc appear to be critical for its biological func-
tion. Most relevant to the present work, dimerization
with Max and binding to the E-box are essential for Myc
to promote cell cycle progression, apoptosis, and cellular
transformation (Amati et al. 1998). Thus, in order to un-
derstand the function of Myc, we need to identify its
target genes, and in particular the E-box elements that
Myc binds in the cellular genome.

Identification of Myc-regulated genes has generally re-
lied on experimental activation of Myc followed by
monitoring of changes in mRNA levels (Grandori et al.
2000; Oster et al. 2002). More than 10 investigative
works reported the use of high-throughput screening
based on cDNA microarrays or the SAGE assay, signifi-
cantly expanding the list of genes that are up- or down-
regulated by Myc (e.g., Schuldiner and Benvenisty 2001;
Menssen and Hermeking 2002; Oster et al. 2002; Watson
et al. 2002; O’Connell et al. 2003). Based on an updated
online compilation (http://www.myc-cancer-gene.org/
index.asp), this list now includes several hundred genes.
It remains unclear, however, how many of these genes
are direct targets of Myc. All studies based on mRNA
expression have been hampered by the fact that a large
fraction of Myc-target genes respond weakly, or even fail
to respond to Myc activation, depending on the cell type
or experimental conditions used. For example, several
target genes that require Myc for induction by serum in
Rat1 fibroblasts do not respond well to Myc alone in the
same cells (Frank et al. 2001). Underlying this limitation,
the lists of genes identified in high-throughput screens
are only partially overlapping, and many genes were
identified only once. Thus, we still possess a fragmen-
tary picture of the loci that are directly targeted by Myc,
and no accurate estimate of their numbers.

The primary criterion defining a direct target gene for
any transcription factor is binding of the factor to regu-
latory DNA elements in cellular chromatin. This can be
studied in live cells by chromatin immunoprecipitation
(ChIP), which was used to demonstrate binding of Myc
to several loci (Boyd and Farnham 1997; Bouchard et al.
2001; Frank et al. 2001; Xu et al. 2001; Zeller et al. 2001).
Here, we have devised a large-scale, ChIP-based screen to
identify E-box-containing genes that are bound by Myc
in the human genome independently of their expression.
The accompanying article (Orian et al. 2003) presents a
large-scale analysis of Drosophila Myc-target loci. Both
studies demonstrate the association of Myc with a very
large population of genomic sites.

Results

Screening for Myc-binding sites in the human genome

We aimed to identify genes directly bound by Myc
through the consensus E-box element CACGTG. Our
strategy was based on the preselection of candidate sites
with bioinformatic tools (Wang et al. 2001), followed by
the experimental analysis of a large number of individual
sites with a quantitative ChIP assay (Frank et al. 2001).
From the scrutiny of known target genes, we knew that
Myc-binding sites could be located in the promoter, first
exon, or first intron. We therefore searched human ge-
nomic DNA sequences for CACGTG motifs located
within a distance of 2 kb on either side of transcription
start sites (henceforth labeled “promoter E-boxes”).
Among a population of 6541 annotated GenBank entries,
1630 loci scored positive with one or more E-boxes
within the predetermined boundaries, identifying a total
of 2224 E-boxes. 654 of these sites were screened by
ChIP, alongside 69 additional E-boxes that were outside
the ±2-kb boundary. In total, we assayed Myc binding by
ChIP at 723 genomic sites included into 533 different
loci, listed in Supplementary Table A.

Our initial selection of cell lines was based on two
criteria: (1) using cells growing in suspension to scale up
the ChIP assay; and (2) comparing the distribution of
Myc among cells expressing different Myc levels. We
used the cell lines U-937 (monoblastic leukemia) and
HL60 (myeloid leukemia), as well as P493-6 (or P493), a
B-cell line in which expression of a c-myc transgene was
repressed by tetracycline (Tet) and was reinduced follow-
ing Tet removal (Fig. 1; Schuhmacher et al. 2001). Myc
protein levels in these cell lines covered ∼ 2 orders of
magnitude (Fig. 1). Our batch of HL60 cells, unlike oth-
ers (data not shown), expressed low levels of Myc, com-
parable to those found in primary human fibroblasts af-
ter serum stimulation (WS1). Myc levels were the high-
est in P493 cells, slightly above those seen in Burkitt’s
lymphoma cells bearing a translocation of c-myc (e.g.,
Raji). U-937 cells expressed intermediate, although sup-
raphysiological levels of Myc.

ChIP analysis was performed either in proliferating
cells (U-937, HL60) or 8 h following Myc induction
(P493). Cells were cross-linked with formaldehyde, chro-
matin was fragmented by sonication, and protein–DNA
complexes were immunoprecipitated with antibodies di-
rected against Myc. The recovered DNAwas analyzed by
real-time PCR with primer pairs spanning individual E-
boxes (or occasionally multiple adjacent E-boxes). Each
sequence was amplified in parallel reactions with either

Figure 1. Myc protein expression levels in the cell lines used in
this study. Fifty micrograms of whole cell lysates were analyzed
by immunoblotting.
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of three template DNAs purified from (1) Myc IPs, (2)
control precipitation, and (3) input chromatin. The
amount of DNA recovered in each IP was expressed as a
percentage of the input. This assay is highly specific for
Myc, because Myc IPs from myc−/− cells yielded no en-
richment over the control (Frank et al. 2001). The data
are given in Supplementary Table A.

Figure 2A shows a scatter plot of the results from
U-937 cells. Each dot represents an amplified genomic
sequence. The amounts of DNA recovered in Myc and
control precipitates are displayed on the Y- and X-axes,
respectively, on a logarithmic scale. On the basis of the
statistical analysis of our data (see Materials and Meth-
ods), a site had a >90% chance to be Myc-associated if it
was at least the triple of its control value, plus an abso-
lute threshold of 0.03 (in percentage of input). This
threshold of confidence is shown in the graph (blue line):
482 out of 805 data points including duplicates, and thus
418 out of 720 tested E-boxes (58%), were above this line
in U-937 cells. It was evident however, that the entire
population of candidate sites was shifted above the di-
agonal in Myc IPs relative to control precipitates. As a
further control in the same ChIPs, we analyzed genomic
promoters that do not contain E-boxes (“non-E-box pro-
moters”; Supplementary Table B): of these, only 4 out of
59 (6.7%) fell above our threshold of confidence for Myc-
association (Fig. 2B). Most importantly, the bulk popu-
lation of non-E-box promoters did not show any signifi-
cant shift toward higher Myc values, demonstrating the

specificity of the shift seen with promoter-associated E-
boxes (Fig. 2A). Thus, although 58% of the promoter-
associated E-boxes were associated with Myc in a statis-
tically meaningful manner, it appears that all of these
sequences showed enriched binding relative to non-E-
box promoters. Upon closer inspection, it became evi-
dent that promoter E-boxes distributed in two clusters
with different Myc-binding efficiencies, the lowest one
being intersected by our threshold of confidence (Fig.
2A). These clusters are visualized better in the distribu-
tion curves shown in Figure 3A. In HL60 cells, with very
low Myc levels, the data points for promoter-associated
E-boxes also formed two clusters (Figs. 2D, 3B). As be-
fore, the whole population was shifted above the diago-
nal, with 167 of 357 data points above the statistical
threshold (46.8%, i.e., 45.2% of different E-boxes).

The amount of a given DNA site recovered by ChIP
does not directly measure its affinity for Myc, but rather
the fraction of cells in the population in which this site
is bound at the time of analysis. Nonetheless, differences
in recovery among various sites can be taken as an indi-
cation of their relative affinities for Myc in vivo, which
account for chromatin accessibility and/or modifica-
tions. Thus, our data allow us to formally identify two
populations of promoter-associated E-boxes, which we
operationally label as “low-affinity” and “high-affinity”
sites (Supplementary Table A).

As an additional control, we analyzed a series of ran-
dom (i.e., not promoter-associated) E-boxes from Chro-
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Figure 2. Myc associates with specific ge-
nomic sites. ChIP analysis of Myc binding
in U-937 (A–C), HL60 (D,E), and P493 (F–
H) cells. The sequences amplified were
promoter-associated E-boxes (A,D,F), pro-
moters that do not contain E-boxes (B,G),
and random E-boxes (C,E,H) on Chromo-
some 21. The accession numbers, primers,
and data are given in Supplementary
Tables A–C. Each data point represents re-
covery of a given DNA site in the Myc IP
(Y-axis) and control precipitation (X-axis).
(% input) DNA recovery for each site was
quantified as the percentage of input chro-
matin (Frank et al. 2001). P493 cells were
analyzed in the presence of tetracycline
(red dots) or 8 h after its removal (black
dots).
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mosome 21 (Fig. 2C; Supplementary Table C). In U937
cells, this population of E-boxes showed a marginal shift
above the diagonal. Only 6 out of 137 (4.4%) fell above
the statistical threshold, and remained bound at low ef-
ficiency. Similar data were obtained in HL60 cells (2/
113; Fig. 2E). Thus, by selecting candidate E-boxes in the
5� region of genes, we dramatically enriched for bona fide
Myc-binding sites.

Acute overexpression of Myc enhances its association
with low-affinity E-boxes and induces binding
to nontarget chromatin

In P493 cells, which express Myc at very high levels (Fig.
1), 99% of promoter-associated E-boxes fell above our
threshold of confidence (Fig. 2F, black dots). Although
somewhat compressed by enhanced recovery of low-af-
finity sites, the two clusters of different affinities could
still be distinguished (Fig. 3C). In cells kept in the pres-
ence of Tet, DNA recovery with Myc was reduced by ∼ 1
order of magnitude, confirming the specificity of our as-

say (Figs. 2F, red dots, 3C). Myc overexpression also
caused its association with other populations of sites,
because 32 of 51 random E-boxes (62.7%; Fig. 2G) and
104 of 118 non-E-box promoters (88%; Fig. 2H) were re-
covered above the threshold (whereas none was in the
presence of Tet, red dots). In summary, the high levels of
Myc expression in P493 cells led to (1) enhanced asso-
ciation with virtually all low-affinity E-boxes in promot-
ers and (2) widespread association with sites that were
not targeted in other cells. However, these sites were
still bound at low efficiency relative to promoter E-boxes
(Fig. 2F–H).

Myc-binding sites are conserved among different cell
lines and primary cells

To address whether Myc bound overlapping populations
of target sites in the three cell lines, the ChIP data for
Myc IPs were plotted pairwise (Fig. 4A–C). In all combi-
nations, most of the high-affinity sites clustered to-
gether, as did the low-affinity sites. Thus, the relative
Myc-binding efficiencies of promoter E-boxes were strik-
ingly conserved among different cells.

We next studied the population of genes bound byMyc
following mitogenic stimulation of human glioblastoma
cells (T98G) and primary human fibroblasts (WS1),
which express Myc at low, physiological levels (Fig. 1)
and in a serum-inducible manner (data not shown). Myc
binding assayed by ChIP at NUC intron 1 was also se-
rum-inducible (Fig. 5A). As assayed by large-scale ChIP
(Fig. 5B,C), 110 of 273 tested sites (40.3%) in T98G and
51 out of 125 (40.8%) in WS1 cells fell above the statis-
tical threshold. Pairwise comparisons showed that these
populations were conserved among T98G, WS1, and
U-937 cells (Fig. 5D–F). Furthermore, although the two
affinity clusters were less readily visible in T98G and
WS1 cells, the binding data were strongly consistent
with the clustering in the other cell lines (Supplemen-
tary Table A). Thus, Myc binds a similar population of
high-affinity targets in all the tumor and primary cells
(WS1) tested here.

In all pairwise combinations, there were a minority of
“outliers,” that is, sites that were bound efficiently, or
excluded, only in a given cell line (Figs. 4A–C, 5D–F;
Table 1; Supplementary Table A). These differences
might be due to tissue-specific accessibility of chromatin
or, in tumor cell lines, exclusion of Myc binding through
de novo methylation of selected CpG islands (see below
and Discussion).

Sequence analysis of Myc-target sites reveals
a preponderance of CpG islands

The above data confirm that recognition of the E-box
motif by Myc/Max is a primary determinant of target
gene selectivity in vivo (Amati et al. 1992; Kretzner et al.
1992; Boyd and Farnham 1997; Frank et al. 2001; Zeller
et al. 2001; Orian et al. 2003). Most importantly, they
also reveal that promoter-associated E-boxes have differ-

Figure 3. Myc-binding sites cluster in two groups of distinct
affinities. Distribution curves show the percentage of data
points for promoter E-boxes (% samples) that were within a
narrow range around a given value (% input). ChIP was from
U-937 (A), HL60 (B), and P493 (C) cells.
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ent and characteristic affinities for Myc. Therefore, there
must be parameters besides the E-box that modulate
DNA binding. These might include primary DNA se-
quence, DNA methylation, chromatin structure and
modifications, or other DNA-binding proteins. To iden-
tify possible distinctive (and hence predictive) features of
Myc-target genes, we compared two groups of 199 DNA
sequences, one consisting of the highest- and the other of
the lowest-affinity E-boxes in U-937 cells.

From in vitro binding-site selection and in vivo analy-
sis of transfected DNA, it was proposed that T preceding
and/or A following the core sequence (TcacgtgA) nega-
tively restricted binding of Myc/Max, whereas CcacgtgG
was a preferred site (Solomon et al. 1993; Boyd and Farn-
ham 1997; O’Hagan et al. 2000). However, our analysis
showed that flanking bases have no strong predictive
value for Myc binding to cellular chromatin (data not
shown; but Supplementary Table A gives the three bases
on either side of each E-box). For each of the 16 NcacgtgN
combinations—including TcacgtgA—we found sites that
were efficiently bound by Myc and others that were not,

and no single combination could a priori preclude or pre-
dict Myc/Max binding. This was also true for bases far-
ther away from E-boxes, which, apart for a preponder-
ance of G and C (see below), did not allow us to derive a
consensus motif of general predictive value. We con-
clude that flanking nucleotides may influence, but are
not a major determinant of Myc/Max selectivity in cel-
lular chromatin.

We then considered the possibility that accessory
DNA-binding protein(s) may be involved in enhancing or
precluding binding of Myc to E-boxes. If such protein
existed, its cognate binding sequence should be enriched
selectively in either high- or low-affinity sites. We could
identify no sequence that fulfilled this criterion, suggest-
ing that Myc/Max binding to DNA does not systemati-
cally depend on another factor. This notwithstanding,
Myc-target genes possess a variety of putative transcrip-
tion factor-binding sites, which may influence Myc/Max
binding and/or transcriptional activity at selective loci.

Cytosines in CpG dinucleotides are methylated in
mammalian genomes, except when they occur within

Figure 4. Pairwise comparisons of Myc-binding data among the indicated cells lines. Each data point represents recovery of a given
DNA site in Myc immunoprecipitations (% input) from each of the indicated cells lines.
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Figure 5. Genomic Myc-target genes are
largely shared between cancer and primary
cells. (A) ChIP analysis of Myc binding to
NUC intron 1 before and after serum stimu-
lation. (B,C) ChIP analysis of Myc binding to
promoter-associated E-boxes in T98G (B) and
WS1 (C) cells 4 h following serum stimula-
tion. The plots are as defined in Figure 2. The
accession numbers, primers, and data are
given in Supplementary Table A. (D–F) Pair-
wise comparisons of Myc-binding data among
the indicated cell lines, as in Figure 4.
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Table 1. Myc-target genes belong to diverse functional categories

Adhesion/matrix/tissue remodeling
� integrin (ITGB1)f

Carcinoembryonic antigen (CEACAM5)
Collagen type IV (COL4A1/COL4A2)c,e

Integrin � 6 (ITGA6)d,e

Intercellular adhesion molecule 1 (ICAM1)
MUC5Bd

Mucin 1 (MUC1)
Nidogen (NID)b,c

Plakophilin (PKP1)c

Plasminogen activator inhibitor-1 (SERPINE1)f

Tartrate-resistant acid phosphatase type 5 (ACP)c,f

Ligand/receptor
Bone morphogenetic protein 4 (BMP4)
CD30
CD63/Me491
CD79B/lg �/B29c

Chemokine HCC-1 (CCL14)c

Complement receptor 2 (CR2, CD21)a

EMMPRIN (BSG)
FGFR4
G-protein-coupled receptor (GPR4)
Galanin (GAL)a

Gastrin receptor (CCKBR)
Hepatocyte growth factor receptor (MET)
Hepatocyte growth factor-like protein homolog (MST1)
IFRD2
Insulin receptor (INSR)
Interleukin-2 (IL2)
Interleukin-11 receptor � chain (IL11RA)
Interleukin-13 (IL13)c

Lymphotoxin-� (LTB)c

Melanoma growth stimulatory activity � (CXCL2)b

MHC class II HLA-SB-�-1c

Muscle nicotinic acetylcholine receptor (CHRNB1)
Netrin-2 like protein (NTN2L)
NOTCH4
P protein (OCA2)
Prepro-8-arginine-vasopressin-neurophysin II (AVP)
Prostaglandin E2 receptor EP2 subtype (PTGER2)
Transferrin receptor (TFRC)f

Transforming growth factor �-1(TGFB1)f

Transforming growth factor �-2 (TGFB2)b

Transforming growth factor �-3 (TGFB3)c

Type I � receptor (� R1)f

Structural
�-tropomyosin (TPM2)
Cytoskeletal �-actin (ACTG1)
Erythrocyte membrane protein 4.2 (EPB42)c

Lamin A/C (LMNA)
Lamin B2 (LAMB2)
Moesin (MSN)f

Neurofilament subunit M (NEF3)
Oncoprotein 18, stathmin, Pr22 (STMN1)

Channels/components
AE2 anion exchanger (SLC4A2)
CLCN6
CLNS1A
Na,K-ATPase subunit � 2 (ATP1A2)c

TIRC7 protein (TCIRG1)

Chaperone/protein folding
Hsc70 (HSPA8)f

Hsp10 (HSPE1)f

Hsp60 (HSPD1)f

Hsp90 � (HSPCAL3)f

Prohibitin (PHB)f

Translation/ribosomal protein
Initiation factor 4AI (EIF4A1)
Initiation factor 4E (EIF4E)f

Initiation factor 5AII (EIF5A2)f

Poly(A)-binding protein (PABP)
RPL13A
RPL19f

RPL22f

RPL27Af

RPS19f

RPS6
Translational inhibitor p14.5

Vesicle protein/trafficking
ADP-ribosylation factor 1 (ARF1)
ADP-ribosylation factor 4 (ARF4)
Pex3
Synaptobrevin 2 (VAMP2)
Synaptogyrin 2 (SYNGR2)

Metabolism
Amino acid
AMP deaminase isoform L (AMPD2)
Cystathionine �-synthase (CBS)
Dihydropteridine reductase (QDPR)
FAH
Folylpolyglutamate synthetase (FPGS)
Methylenetetrahydrofolate reductase (MTHFR)

Amine
S-adenosylmethionine decarboxylase (AMD1)
Spermidine synthase (SRM)f

Carbohydrate
Aldehyde dehydrogenase 2 (ALDH2)
Aldehyde reductase (AKR1A1)
�(1,2)Fucosyltransferase (FUT1)c

�-Galactosidase A (GLA)
Galactose-1-phosphate uridyl transferase (GALT)
Glucose transporter (SLC2A4)
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

Energy metabolism
Uncoupling protein 1 (UCP1)c

Uncoupling protein 3 (UCP3)

Heme
�-Globin (HBA1)
�-Globin (HBA2)
�-Globin (HBB)
Ferrochelatase (FECH)c

Heme oxygenase-1 (HMOX1)c,d

Hydroxymethylbilane synthase (HMBS)
Uroporphyrinogen decarboxylase (UROD)

Iron
Frataxin (FRDA)f

Melanotransferrin (MF12)

Table 1 continued on next page
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Table 1. Continued

Lipid
Acyl-CoA oxidase (ACOX1)
Fatty acid synthase (FASN)f

Medium chain acyl CoA dehydrogenase (ACADM)
Prosaposin (PSAP)c

Nucleotide
AIRC (PAICS)f

AMP deaminase (AMPD3)
Cadf

Deoxycytidine kinase (DCK)
GPAT (PPAT)f

Platelet-derived endothelial cell growth factor (ECGF1)b,c

Steroid
11 �-hydroxysteroid dehydrogenase 2 (HSD11B2)
Steroid 5-�-reductase (SRD5A1)

Other
Aconitase (ACO2)
�-Mannosidase IIX, MIIX (MAN2A2)
Epoxide hydrolase (EPHX1)e

Glutathione S-transferase (GSTP1)f

Inosine monophosphatase 2 (IMPA2)
Microsomal glutathione transferase (MGST1)f

Nitrilase homolog 1 (NIT1)
Pyruvate dehydrogenase � (PDHA1)
Reduced folate carrier (SLC19A1)

Miscellaneous
Angiotensin-I converting enzyme (ACE)c

bA18I14.4a

CFDP1/BCNT
dbi/acbp (diazepam-binding inhibitor/acyl-CoA-

binding protein)f

FCI-12
Growth arrest specific 11 (GAS11)
Human homolog of rat insulinoma gene (rig)
ISG20
JM26 protein
MAGE-3 antigen (MAGEA3)
Myeloperoxidase (MPO)
Outer membrane receptor Tom20 (TOM20)
Prostatic acid phosphatase (ACPP)c

QM
Ring zinc-finger protein ZNF127-Xp (MKRN4)c

SLC9A3R2

Proteolysis
Amyloid precursor protein (APP)f

Arylsulfatase B (ARSB)
Cathepsin F (CTSF)
Cystatin B (CSTB)f

Cystatin D (CST5)d

Elafin (PI3)e

Mif1/KIAA0025 (HERPUD1)f

Nexin-1 (PN1)d

Proteasome subunit HC5 (PSMB1)
Ubiquitin-binding protein p62
Ubiquitin–52-amino-acid fusion protein (UbA52)
Von Hippel-Lindau tumor suppressor (VHL)a

Wegener’s granulomatosis autoanitgen proteinase 3 (PRTN3)

Signal transduction
Acetylcholinesterase (ACHE)a

Adenomatous polyposis coli (APC)

AHSGc

AKAP1
blkc

Cyclophilin 40 (PPID)f

Cytosolic phospholipase A2 (PLA2G4A)
Glycogen synthase kinase 3 � (GSK3B)
Helix–loop–helix basic phosphoprotein (G0S8)
hper 1 (PER1)
mdm2
NRASf

Protein phosphatase-1 regulatory subunit 7 (PPP1R7)
PTEN
RCC1
RhoG (ARHG)
src-Like adaptor protein (SLAP)c

Thioredoxin (TXN)f

TSC2

Anti/proapoptosis
baxf

BBC3/PUMA/JFY1
BCL2
BCL2L12
Caspase 8 (CASP8)
Caspase 9 (CASP9)c

Familial Alzheimer’s disease (STM2)
MCL1 and MCL1 delta S/TM
NOD1

Nuclear regulatory factors
BN51f

Histone deacetylase 3 (HDAC3)
Lamin B receptor (LBR)
Menin (MEN1)a,b

Nonhistone chromosomal protein HMG-17 (HMGN2)f

OZF (ZNF146)
Poly(ADP-ribose) polymerase (PPOL)
SIRT1 (Sir2-like protein)

Nucleolus/RNA-binding protein
DKC1
Histone stem–loop-binding protein (SLBP)
hnRNPA1 (HNRPA1)f

hnRNPA2/B1 (HNRPA2B1)
hPOP1
JKTBP2, JKTBP1 (HNRPDL)
Nucleolin (NCL)f

Proliferating cell nucleolar protein P120 (NOL1)
Putative RNA-binding protein 3 (RBM 3)
Surf-6 (SURF6)
Tis11d
U50� snoRNA, U50 snoRNA: nonprotein coding (U50HG)

Transcription factors
Achaete-scute homolog 2 (ASCL2)
Activator of transcription 6 (STAT6)
ATF4
ATFa
B-myb (MYBL2)b

c-jun proto oncogene (JUN)
CCAAT/enhancer binding protein � (CEBPA)f

Chronic lymphatic leukemia protein (BCL3)
E2F1f

ear1 (NR1D1)
EGR3

Table 1 continued on next page
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CpG islands (Bird 1987). Methylation of the central CpG
in CACGTG prevents Myc/Max binding in vitro (Pren-
dergast et al. 1991), which led to the suggestion that
Myc-target sites should occur preferentially within CpG
islands (Greasley et al. 2000). To address this hypothesis,
each E-box in our collection was given a score that indi-
cated its distance from a CpG island (Fig. 6; see Materials
and Methods). Of the low-affinity E-boxes, 8.8% were

within (score 0) and 19.1% were near E-boxes
(<100–1000), yielding a total of 27.9% “CpG-island-asso-
ciated” E-boxes (0–1000). This was expected, because all
our sequences were selected a priori to be promoter-
proximal, as CpG islands are (Bird 1987; Gardiner-Gar-
den and Frommer 1987). Yet these proportions were fur-
ther increased in the high-affinity population, with
42.5% of E-boxes within a CpG island and 34.1% nearby,
for a total of 76.6% (Fig. 6). The remaining E-boxes were
at much greater distances (>1000), generally meaning
that no CpG island was found in the locus and/or avail-
able sequence. In summary, Myc binding markedly en-
riched for CpG islands independently from the initial
conditions of our search (i.e., promoter association). As a
corollary, any E-box that occurs within a CpG island has
a high probability to be a high-affinity Myc-target site in
vivo. This is a stronger predictor than simple GC con-
tent, which averaged 60.1% ± 8.2% and 51.7% ± 8.5%
for the 500 bp encompassing E-boxes in the high- and
low-affinity groups, respectively, both ranking signifi-
cantly above the average for genomic DNA (41%). These
observations support the notion that CpG methylation
antagonizes Myc/Max binding in vivo (see Discussion).

Effects of Myc on histone acetylation
and target-gene expression

Myc has been shown to regulate acetylation of histones
H3 and H4 at several chromosomal loci (Bouchard et al.
2001; Frank et al. 2001; Nikiforov et al. 2002), most
likely through the direct recruitment of various acetyl-
transferases (Oster et al. 2002). To address the generality
of this phenomenon, we selected a series of sites with
diverse levels of Myc binding in P493 cells (Fig. 7A;

Table 1. Continued

elk1 (ELK1)
Erythroid Kruppel-like factor (ELKF)
ets2 (ETS2)f

fra-1 (FOSL1)f

HB9 homeobox (HLXB9)
Helix–loop–helix protein (TCF12)
HOXD13d

HRY (Hairy, HHL, HES-1)
Hypoxia-inducible factor 1 � (HIF1A)
Id2d,f

Id3
Insulinoma-associated (INSM1)b

Interferon regulatory factor 2 (IRF2)
Interferon regulatory factor 3 (IRF3)
junB (JUNB)
L-myc (MYCL1)
MBP 1 (ENO1)f

nm23-H1 (NME1)f

Retinoic acid receptor � (RARA)f

Retinoic X receptor B (RARB)

Single-minded 2 (SIM2)d

Smad7 (MADH7)
TRIDENT/HFM11 (FOXM1)
Wilms tumor (WT1)

DNA maintenance/repair
Apurinic/apyrimidinic endonuclease (APEX)f

�-Polymerase (POLB)
brca2
DNA polymerase � small subunit (POLD2)f

DNA-PKcs (PRKDC)
H4 histone (H4/b)
H4 histone (H4/e)
Histone (H2AZ)f

MCM7
NBS1
NTHL1
Prothymosin � (PTMA)f

Telomerase reverse transcriptase (TERT)f

Topoisomerase (TOP1)f

The 257 genes identified within the high-affinity group of Myc-targets (see Results) are listed and assigned to a functional category.
The genes qualify as high-affinity targets in all cell lines tested, unless selectively indicated: aU-937, bHL60, cP493, dT98G, eWS1.
Where applicable, the HUGO nomenclature is used (http://www.gene.ucl.ac.uk/nomenclature). fPreviously identified Myc-regulated
genes (http://www.myc-cancer-gene.org/index.asp).

Figure 6. Myc-binding sites are strongly enriched for CpG is-
lands. Two groups of 199Myc-target and nontarget E-boxes each
(from data in U-937 cells) were analyzed informatically for the
presence of CpG islands. Each E-box was assigned one of the
scores indicated below the graph according to its distance from
a CpG island (see Materials and Methods). The plot indicates
the percentage of high-affinity (gray bars) and low-affinity (black
bars) E-boxes that fit each score.
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genes listed in Supplementary Table D) and used ChIP to
analyze their state of acetylation on histones H4 and H3
(Fig. 7B,C). For accurate analysis, we show both the net
values (% input) and fold induction of acetylation after

Myc binding. The data revealed an unexpected feature:
prior to Myc induction, high-affinity sites showed higher
basal acetylation of both H4 and H3 (Fig. 7B,C, black
bars), relative to the lowest-affinity sites. This finding is

Figure 7. Analysis of Myc binding, histone acetylation, and gene expression in P493 cells. The list of 70 loci and the corresponding
ChIP data are given in Supplementary Tables D and A, respectively. (A) Myc binding to selected loci before (black bars) and after (gray
bars) Tet removal. Aligned below this graph is shown ChIP data on acetylation of histone H4 (B) and histone H3 (C). (Upper graphs)
Net values (% input). (Lower graphs) Fold induction in acetylation following Myc activation. (D) mRNA induction for selected genes
following Myc activation. The maximal induction level over a time course of 12 h is given for each gene. Genes that were equally
induced by seeding in fresh Tet-containing medium were removed from this analysis. Several control genes showed constant mRNA
levels in all the samples (data not shown). The primers for mRNA analysis are listed in Supplementary Table D.

Genomic targets of Myc

GENES & DEVELOPMENT 1123

 Cold Spring Harbor Laboratory Presson November 20, 2024 - Published by Downloaded from 

http://www.cshlpress.com


discussed below. Myc binding (Fig. 7A) further increased
acetylation of both histones at a majority of high-affinity
sites (Fig. 7B,C, gray bars), but not at low-affinity sites
(<23). Even though the fold increases induced by Myc at
some target sites were modest, the net increases in
acetylation were substantial (e.g., #34, #41, #65, #66).
Our data also confirmed previous observations for sev-
eral loci in other cell types (#65: HSP10/60; #35: GPAT/
AIRC; #70: NUC; #45: TERT; Frank et al. 2001; Niki-
forov et al. 2002). A subset of sites at which Myc binding
did not enhance acetylation showed elevated net values
prior to Myc induction (e.g., #39, #40, #49 for H4; #53,
#54, #59, #62 for H3/H4; note that in other cells Myc
induced acetylation at #59, or cyclin D2: Bouchard et al.
2001). This is reminiscent of the situation for H3 in Rat1
fibroblasts, which was constitutively hyperacetylated,
and seemed therefore not to be regulated by Myc (Frank
et al. 2001). It is important to note that the antibodies
used here do not distinguish between different acetyl-
lysines in the N-terminal tails of H3 and H4. Thus, we
do not yet know which residues in the H3 and H4 tails
are targeted by Myc, and distinct acetylation events
might mask Myc-specific changes. This notwithstand-
ing, we can conclude that Myc modulates acetylation of
histones H3 and H4 at a majority of its high-affinity tar-
get loci.

To address whether Myc regulated expression of the
target genes identified by ChIP, the levels of various
mRNAs were monitored over a time course between 0
and 12 h following Tet removal. Figure 7D shows the
maximal induction point for each gene (those without
bars were either not tested, or gave no conclusive re-
sults). The effect of Myc on target-gene expression was
variable, ranging from none (#48, #60) to large increases
in relative mRNA levels (e.g., #45, hTERT). No gene
among those analyzed here was repressed upon Myc
binding. It is important to note that even genes that are
efficiently bound by Myc and become hyperacetylated
may be induced weakly, if at all (e.g., #60). Thus, as seen
previously (Frank et al. 2001), Myc binding and acetyla-
tion do not systematically correlate with gene activa-
tion. Furthermore, genes that are activated by Myc in a
given cell type and/or condition may not respond in oth-
ers. These observations emphasize the need to avoid gen-
eralizations based on the unresponsiveness of a given
mRNA in a particular cell type or experimental setting.

Myc may associate preferentially
with preacetylated chromatin

As noted above (Fig. 7), we observed a higher level of
pre-existing H3 and H4 acetylation at Myc-target
E-boxes relative to nontarget sites, prior to induction of
Myc. This is visualized better in Figure 8A, in which we
compare H3 and H4 acetylation (in the presence of Tet)
with Myc binding (after Tet removal). Although this
might be caused by a small leakiness in Myc expression
and/or defects in the dynamics of acetylation/deacetyla-
tion in this cell line, similar observations were made in
quiescent T98G cells prior to Myc induction by serum

(Fig. 8B). Thus, a basal level of histone acetylation might
be a determinant of Myc binding to E-boxes in chroma-
tin. This hypothesis is further supported by the enrich-
ment of Myc-binding sites in CpG islands (see above; Fig.
6), which are nonmethylated and expected to be associ-
ated with an open chromatin state (Richards and Elgin
2002; see Discussion).

As noted above, overexpressed Myc associated with
non-E-box promoters in P493 cells. Here again, the most
highly preacetylated sites were also the better bound by
Myc (Fig. 8C). Similar data were obtained for nonpro-
moter E-boxes (data not shown). Thus, although elevated
histone acetylation per se is insufficient for maximal
Myc binding (Fig. 8A,C), it positively correlates with
binding to both E-box and non-E-box promoters. It is
worth reminding that the latter were bound much less
efficiently and only upon acute overexpression of Myc.
Altogether, these data are suggestive of a weak, nonspe-
cific association of Myc with “open” promoter chroma-
tin, which might precede and/or facilitate its specific
binding to E-boxes.

Figure 8. A preacetylated state of chromatin correlates with
Myc binding. Each data point represents recovery of a given
DNA site in the acetyl-H3 or acetyl-H4 IPs as indicated (Y-axes)
and Myc IPs (X-axes). The cells for ChIPs and sequences ampli-
fied are indicated on top. In P943 and T98G cells, Ac-H3 and
Ac-H4 ChIPs were performed before Myc induction by Tet
withdrawal and serum induction, respectively, whereas Myc
ChIPs were performed after those treatments.
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Myc-associated genes belong to diverse
functional categories

Among those screened in this work, 272 promoter-asso-
ciated E-boxes belong to the “high-affinity” Myc-target
group. These E-boxes identify 257 genes, listed in Table
1 by functional categories. Only 53 of these genes (∼ 20%)
were previously identified as Myc-regulated genes (indi-
cated with f) and have been compiled elsewhere (http://
www.myc-cancer-gene.org/index.asp). It is important to
point out that our screen did not saturate potential Myc-
binding sites in the genome (see Discussion). Thus, our
list is still partial and may not reflect all the biological
processes targeted by Myc. In addition, Myc may regu-
late an even larger group of “low-affinity” target genes
identified in our work, which are not included in Table 1
(but see Supplementary Table A). Most of the functional
categories listed in Table 1 were expected, including ap-
optosis, cell cycle, nucleolar function, ribosomal pro-
teins and translation factors, growth factors, receptors,
signal transduction, and so on. In each category, new
target genes were identified that may shed new light on
how Myc regulates these biological processes. We iden-
tified a striking number of genes encoding metabolic en-
zymes, confirming and extending the possible involve-
ment of Myc in diverse pathways, most noticeably en-
ergy, redox, and DNA metabolism. We also identified
several new targets involved in DNA replication and re-
pair. Finally, Myc targeted many genes encoding other
transcription factors and nuclear regulators. Thus, Myc
is likely to participate in an extensive reprogramming of
gene expression, both directly and through the action of
other transcriptional regulators.

Discussion

We have performed a large-scale analysis of Myc binding
to promoters that contain the E-box consensus element
CACGTG in live human cells. As in the accompanying
study of Drosophila Myc (Orian et al. 2003), our data
reveal that the protein associates with a strikingly large
number of genomic loci, suggesting significant diversity
in the ensuing transcriptional response.

Our ChIP analysis showed that most E-boxes in pro-
moter regions showed enhanced Myc binding relative to
E-boxes in bulk genomic DNA or to promoters without
E-boxes. Therefore, the presence of an E-box in a regula-
tory domain is already an indication that Myc is likely to
bind this element. Yet, promoter E-boxes were bound
neither in a uniform manner, nor with a continuous
range of efficiencies. Instead, they were distributed in
two distinct clusters of high- and low-affinity Myc-bind-
ing sites (see Results). These clusters were conserved be-
tween cells expressing very different levels of Myc, and
thus represented an intrinsic property of cellular chro-
matin. Depending on Myc expression levels, a variable
proportion of the sites in the low-affinity group were
enriched above the threshold of statistical significance:
in P493 cells that acutely overexpressed Myc, this in-
cluded virtually all sites. Most high-affinity sites, on the

other hand, were generally Myc-associated in all cell
lines. We identified 257 genes in this category, including
53 that were regulated by Myc in previous studies (Table
1). This group represents 44% of the E-box promoters
tested in our work. Because ∼ 25% of the total promoter
entries in our database (1630 of 6541) contained one or
more E-boxes within the preset boundary (−2 to +2 kb
from the transcription start site), the conserved core of
high-affinity Myc-target genes represents ∼ 11% of all
cellular promoters.

This number of target genes is most likely an under-
estimate, because our screen was based solely on the
“canonical” E-box element CACGTG, whereas another
E-box (CACATG or CATGTG) and variant sites (e.g.,
CACGCG) can also be bound by Myc/Max (Grandori et
al. 2000; Oster et al. 2002). The frequency and efficiency
of binding to these alternative sites in vivo remain to be
determined, but individual cases have been confirmed by
ChIP (Morrish et al. 2003; P.C. Fernandez, unpubl.). This
is not counting an unknown number of repressed loci to
which Myc is recruited via interaction with other pro-
teins like Miz-1 (Oster et al. 2002). In addition, Myc can
bind E-boxes farther away than −2 kb or +2 kb, as shown
by several examples in our data set (Supplementary
Table A). The direct binding of Myc to such a large num-
ber of sites both in humans and Drosophila (Orian et al.
2003) was not anticipated and is not a general feature of
eukaryotic transcription factors. The Gal4 protein, for
example, was detected on only 10 target promoters (Ren
et al. 2000), and Rap1 bound ∼ 5% of all yeast genes (Lieb
et al. 2001).

An unresolved question is whether the oncogenic
function of Myc relies on “pathological” target genes
that are not regulated in normal cells. As noted above,
Myc overexpression results in enhanced binding to low-
affinity E-boxes. In U-937 cells, which expressed Myc
∼ 10-fold over physiological levels, the fraction of all pro-
moters bound at a significant level was 14.5% (i.e., 58%
of E-box-containing promoters), compared with 11.3% in
HL60 cells (i.e., 45.2%). In P493, an inducible B-cell line
overexpressing Myc by at least 2 orders of magnitude,
25% of all promoters were bound (i.e., virtually all E-box
promoters). Similar observations were made in Burkitt’s
lymphoma cells (Raji; data not shown). In P493 cells,
Myc was also detectable on sequences that were not en-
riched in other cells, including random (i.e., nonpro-
moter-associated) E-boxes and non-E-box promoters. Yet
these sites remained bound at relatively lower efficien-
cies. It remains to be investigated to what extent deregu-
lation of either low-affinity target genes or aberrant non-
target genes contributes to tumorigenesis. On the other
hand, it is reasonable to assume that deregulated Myc
expression (and not always great overexpression) pro-
vokes permanent binding to, and hence potential deregu-
lation of, bona fide target genes in tumor cells.

The Myc-binding patterns that we have observed in
our cell lines suggest that target sites in chromatin com-
pete for limitingMyc protein levels. The peak expression
of Myc in serum-stimulated human fibroblasts has been
estimated at 3–6000 molecules per cell (mpc), whereas
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cycling cells expressed 1–3000 mpc (Waters et al. 1991).
Thus, there may rarely, if ever, be enoughMyc in normal
cells to bind all potential targets, assuming that 11% of
cellular genes means >4000 target loci (Hogenesch et al.
2002), many of which possess multiple E-boxes. This
may explain why high-affinity sites showed a relative
independence, but the extent of binding to low-affinity
sites was more dependent on Myc levels. In this context,
it is important to point out that ChIP analysis does not
provide a cell-based but, rather, a population-based read-
out. Myc-target sites in our assays were recovered at ef-
ficiencies ranging from 0.03% (the minimal significant
value) to ∼ 6% of input chromatin. Although DNA recov-
ery in ChIP may not be fully quantitative, these values
imply that Myc is bound to any given site in a minority
of cells at a time and most likely in a transient manner.
Thus, there can be more sites bound in a cell population
than Myc molecules per cell.

Although Myc bound E-box-containing promoters, E-
boxes in bulk genomic DNA were not targeted at a sig-
nificant frequency. Yeast Rap1 and SBF showed a similar
tendency (Iyer et al. 2001; Lieb et al. 2001), suggesting
that eukaryotic promoters possess unique structural fea-
tures. These might include primary DNA sequence, ac-
cessory DNA-binding proteins, chromatin structure, his-
tone modifications, and, in mammalian cells, DNA
methylation. Our data revealed no secondary sequence
motifs systematically associated with high-affinity
E-boxes and showed that, contrary to previous expecta-
tions (Solomon et al. 1993; Boyd and Farnham 1997;
O’Hagan et al. 2000), nucleotides flanking the CACGTG
core have little predictive value. On the other hand,
high-affinity Myc-target sites showed a dramatic enrich-
ment for CpG islands. These islands are short stretches
of genomic DNA, generally proximal to promoter re-
gions, distinguished by a high GC content, normal oc-
currence of CpG dinucleotides, and lack of cytosine
methylation (Bird 1987; Gardiner-Garden and Frommer
1987). The linkage of high-affinity E-boxes to CpG is-
lands was not simply due to the study of promoter re-
gions, because promoter-associated E-boxes with the
lowest affinity for Myc were less frequently found
within or near an island (see Results). Thus, our data
formally identify CpG islands as a major determinant of
Myc binding to E-box elements. As a corollary, DNA
methylation and Myc binding must be mutually antago-
nistic in vivo.

Two mechanisms may explain the effect of DNA
methylation. First, methylation within the CACGTG
motif prevented Myc/Max binding to naked DNA in
vitro (Prendergast et al. 1991). Second, CpG methylation
is generally associated with a repressed, heterochromatic
state, characterized by hypoacetylation of histones H3
and H4, methylation of histone H3 on Lys 9, and recruit-
ment of the HP1 protein (Richards and Elgin 2002). Of
note, Myc- and HP1-binding sites were nonoverlapping
in Drosophila (Orian et al. 2003), pointing to a possible
conservation in the determinants of target selectivity. In
our work, histones H3 and H4 at low-affinity E-boxes
were generally hypoacetylated, whereas high-affinity

sites showed significant basal acetylation prior to Myc
induction. Similarly, the relatively weak and less fre-
quent association of Myc with non-E-box promoters (de-
tected only upon acute overexpression of Myc) preferen-
tially occurred on preacetylated sequences. This might
indicate the existence of a “scanning” mechanism, by
which binding of Myc to open, preacetylated chromatin
precedes and facilitates sequence-specific binding. Con-
sistent with this idea, deacetylation of histone H4 inter-
fered with binding of several transcription factors to
chromatin in vitro (Vettese-Dadey et al. 1996). Addi-
tional features of open chromatin, such as nucleosome
phasing or nonhistone proteins, are likely to modulate
Myc binding: this may explain the existence of loci
at which multiple E-boxes are targeted with different
efficiencies (e.g., TERT, AKAP1, PUMA, CAD, CBS,
STAT6, NOD1, HC8, NOTCH4, TGF-�1). Access to spe-
cific E-boxes might also be controlled by inducible or
tissue-specific chromatin remodeling events, because
some sites were either preferentially bound or excluded
in a given cell line (Table 1; Supplementary Table A).

CpG methylation is a frequent mechanism of pro-
moter silencing in tumor cells (Jones and Baylin 2002).
Interestingly, among the Myc targets identified in our
screen, we find tumor-suppressor genes that are silenced
by methylation in human tumors (e.g., CASP8, VHL,
PTEN, APC, BRCA2, GSTp, WT1; Teitz et al. 2000;
Jones and Baylin 2002). Up-regulation of those genes by
Mycmay constitute a fail-safe mechanism against tumor
progression, but may simultaneously set the selective
pressure for their silencing. An interesting example is
CASP8, whose silencing in human childhood neuroblas-
tomas correlated with N-Myc overexpression (Teitz et
al. 2000). Such a paradigm is further supported by experi-
mental systems in which genetic blockade of Myc-in-
duced apoptosis leads to a dramatic acceleration of tu-
morigenesis (e.g., Eischen et al. 2001; Pelengaris et al.
2002). We also speculate that Myc, perhaps as an abnor-
mal consequence of overexpression, may play a transient
role in initiating DNA methylation, as shown for the
chimeric oncoprotein PML-RAR� (Di Croce et al. 2002).
However, given that the overall Myc-binding pattern
was conserved between tumor and primary cells in our
study, it seems unlikely that the former have suffered
widespread methylation of Myc-target sites.

The abundance of Myc-binding sites in the genome
supports the hypothesis that only a subset of target genes
is induced in any given experimental system or condi-
tion. At a large subset—and possibly all—of its high-
affinity target loci, Myc recruits enzymes that induce
acetylation of histones H3 and H4 on lysine residues that
yet have to be mapped (see Results; Bouchard et al. 2001;
Frank et al. 2001; Nikiforov et al. 2002; S.R. Frank, un-
publ.). This event appears to be required, but is insuffi-
cient for transcriptional activation (Frank et al. 2001).
Among other effects, it may render chromatin permis-
sive for binding and/or activation by other transcription
factors. In addition, Myc may recruit other coactivators
(Oster et al. 2002). In summary, the response of any tar-
get gene following Myc activation is likely to depend on
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a variety of other factors, and may change dramatically
as a function of cell type and environment. Among the
many thousands of loci bound by Myc, we must now
identify those that are critically regulated in vivo during
development and tumorigenesis.

A complete picture of transcription factor-binding
sites has been achieved in the yeast genome by hybrid-
izing DNA recovered by ChIP onto DNA microarrays
(Ren et al. 2000; Iyer et al. 2001; Lieb et al. 2001; Simon
et al. 2001). The same strategy has been used to identify
target genes of human E2F (Ren et al. 2002; Weinmann et
al. 2002) but, as in our present work, only a fraction of all
possible binding sites was covered. The PCR-based ap-
proach used here possesses the drawback of a pre-estab-
lished sequence bias (the E-box), but the advantage of
enhanced sensitivity and resolution. This is illustrated
by the distinction between low- and high-affinity Myc-
binding sites made in this work. The advent of high-
density robotized PCR and of more extensive genomic
microarrays should improve both approaches, offering
strong complementary tools to unravel chromatin modi-
fications in mammalian cells at a large scale.

Materials and methods

Bioinformatic methods

The preselection of promoter-associated E-boxes (Supplemen-
tary Table A) and other sites (Supplementary Table B) for ChIP
analysis was performed as previously described for p53 consen-
sus sites (Wang et al. 2001). Briefly, the FindPatterns program
(Wisconsin Sequence Analysis Package Version 10) was used to
search a database of annotated human 5� region sequences
within a 2-kb boundary on either side of predicted transcription
start sites. This sequence database was derived from GenBank
release 120 (October 2000).

For further analysis of the Myc-target sites identified by ChIP
and their comparison with nontarget sequences, two popula-
tions of 199 E-boxes each were generated, one positive and the
other negative for Myc binding in U937 cells. To avoid ambi-
guities caused by adjacent Myc-binding sites, multiple E-boxes
closer than 500 bp to each other were excluded. These subsets
were derived from the data listed in Supplementary Table A.
CpG islands were identified using criteria defined by Gardiner-
Garden and Frommer (1987), using the GrailExp v1.0 software
(Xu and Uberbacher 1997).

Statistical analysis of ChIP data

A Spearman’s rank order correlation coefficient between ran-
dom subsets of background values ( ∼ 0.64; data not shown)
shows a strong consistency of the ordering of the background
values, and thus the existence of a site-dependent background.
An error range prediction model was built with matched pairs
analysis on the logarithms of duplicate values for the same ge-
nomic site (with either same or different PCR primers, for a
total of 891 pairs). This showed that the resolution of the sys-
tem is affected by a small component of random noise (not
dependent by the measured value itself) plus a scale error. These
two noise components have been merged in an estimation of
consistency of ordering between pairs with a given percentile of
certainty in the form log A < (k log B + k/100). For k = 3, the
above relationship is above the 90th percentile. Thus, if for two

readings, A and B, log A < (3 log B + 3/100), we can assert with
90% confidence that the real value of B is greater than A.
Distribution analysis of the values of ChIP showed the exist-

ence of two separate clusters of sites in promoter E-boxes (Fig.
3). To identify the members of the two clusters, we used the
K-means method in a five-dimensional space, where the input
variables to the model were the logarithms of Myc/control ra-
tios for the five cell lines used. Input data were previously nor-
malized toward a common mean and variance to avoid biases
arising from differences in size of the data sets, and missing
values in the input were handled by a dynamic substitution
model. Bootstrap analysis was done with randomly chosen ini-
tial attractors for ∼ 200 runs. In all the cases, the model con-
verged within 78 cycles, always resulting in the same clusters.
The sites belonging to each of the two clusters (high and low
overall affinity) are marked in Supplementary Table A (available
online at http://www.genesdev.org). In addition, because some
sites may be selectively targeted or excluded by Myc in a given
cell line, we also identified sites classified by the overall clus-
tering as low affinity, but which for at least one cell line could
be considered as high affinity as those having the variable cor-
responding to that cell line twice as distant from the low-affin-
ity centroid of the K-means model than from the high-affinity
one.

Cell culture

U-937 and HL60 cells were grown in RPMI supplemented with
10% fetal calf serum (FCS). For analysis of Myc by ChIP, 1.5 L
of logarithmically growing cells was split to 2 to 3 × 105 cells/
mL a day before harvesting. P493 cells were grown in RPMI
supplemented with 10% FCS, NEAA (BioWhyttaker), and 2 mM
L-glutamine (BioWhittaker). Repression and re-expression of
Myc was as described (Schuhmacher et al. 2001). For ChIP, 2 L
of logarithmically growing cells was split to 3 × 105 cells/mL,
and 0.1 µg/mL tetracycline (Sigma) was added for 72 h. To re-
induce expression of Myc, cells were washed three times in
prewarmed RPMI containing 10% FCS before culturing for the
indicated period of time. T98G and WS1 were purchased from
ATCC and grown in D-MEM supplemented with 10% FCS.
Cells were rendered quiescent by growth to confluent density
followed by incubation for 3 d in serum-free medium. To induce
cell cycle entry, cells were harvested by trypsinization and re-
seeded 1:4 onto plates containing D-MEM/10% FCS. For ChIP,
15 confluent 150-mm dishes, or the equivalent amount of cells
following splitting, were used.

Chromatin immunoprecipitation (ChIP) assay

Our ChIP protocol and quantification have been described
(Frank et al. 2001). The following modifications were made:
1.5–3.3 × 108 fixed cells were sonicated in 6 mL of SDS buffer.
The lysate was diluted with 3 mL of Triton Dilution Buffer (100
mM Tris at pH 8.6, 100 mM NaCl, 5 mM EDTA, 5% Triton
X-100). IPs were from 9 mL of lysate, with either 50 µg of poly-
clonal antibodies specific for c-Myc (N262, Santa Cruz Cat.
#SC764) or 500 µL of blocked protein A beads (50% slurry pro-
tein A-Sepharose; Amersham). For large-scale experiments,
DNA preparations from three independent ChIPs were pooled
and diluted in 6 mL of water. For analysis of histone acetylation,
we used polyclonal antibodies directed against acetylated H3
(Upstate Biotech, Cat. #06-599) and acetylated H4 (Upstate Bio-
tech, Cat. # 06-866). PCR was performed with 4 µL of DNA and
800 nM primers diluted in a final volume of 20 µL in SYBR
Green Reaction Mix (Perkin Elmer). Accumulation of fluores-
cent products was monitored by real-time PCR using a Gene-
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Amp 5700 Sequence Detector (Perkin Elmer). Primers for ChIP
analysis are indicated in Supplementary Tables A–C.

mRNA and protein analysis

For total RNA extraction, 1.5 × 107 P493 cells were used, before
and after Myc induction. RNA extraction, cDNA synthesis, and
real-time PCR were carried out as described (Frank et al. 2001).
The PCR primers are listed in Supplementary Table D. For im-
munoblotting, whole cell lysates were made from exponentially
growing cells using TX-100 lysis buffer (1% Triton X-100, 50
mM Tris at pH 8.1, 150 mMNaCl, 1 mMDTT, 20 mMNaF, 0.5
mMPMSF, and protein inhibitor cocktail; Roche). Then 50 µg of
total cellular protein was separated in a 10% SDS-polyacryl-
amide gel and blotted onto PVDF membranes. The monoclonal
antibody 9E10 was used for identification of Myc.
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